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The Discovery of DNA: An Ironic Tale of Chance, 
Prejudice and Insight

Third Griffith Memorial Lecture

By M. R. P O L L O C K
Department o f Molecular Biology, University o f Edinburgh

(Delivered at the General Meeting of the Society for General Microbiology
on 6  April 1 9 7 0 )

‘Truth emerges more readily from error than from confusion.’
Francis Bacon (1620), N ovum  Organum

The Council o f  our now alm ost venerable Society must, in inviting me to  give the 
third lecture in this series, have been at their wits’ end to have had to  scrape the barrel 
so desperately.

Unlike my two illustrious predecessors who were—in very different ways—natural 
choices for the job , I cannot claim to have made any significant contribution to 
scientific knowledge in the areas where Fred Griffith did m ost o f his work. Sincerely 
honoured though I am, it is obvious to  me th a t I am no t really qualified to  follow in 
their footsteps.

So I shall no t try  to. A nd I thought that, instead o f talking about recent researches 
o f  personal appeal to  myself, it m ight be m ore appropriate to  stand aside and view 
some o f the historical aspects o f  D N A  in those early days before, during and shortly 
after Fred Griffith recorded his all-im portant discovery o f  transform ation o f  pneum o
coccal types.

Hence the rather grandiose title.
O f course I could never a ttem pt to  produce anything approaching a complete 

history—or even a balanced summary— of D N A  in the space o f  one lecture. A nd I 
certainly would no t wish to  compete with Jim  W atson’s Double Helixi 1) or try to  touch 
on all the events after 1953 which comprise, in fact, m ost o f m odern molecular 
biology.

It is a tricky business, involving considerable personal risks, touching on contem 
porary history. Erwin Chargaff, very appropriately, if  ra ther cynically, wrote (2) tha t 
such an attem pt ‘ m ust be very difficult as long as some o f the witnesses, wi:h all their 
quirks, senilities and dubious recollections are still alive’. ‘Later it will be easier,’ he 
added, ‘ no one being left to  protest against tru th  or falsehood.’

I  want, if  I can, to  try  to  capture the scientific atm osphere o f the years between 1928, 
when Griffith published his now famous paper (3), through 1944 when Avery and his 
colleagues(4) showed th a t the transform ing agent was D N A , to the great breakthrough 
in 1953 when W atson & C rick(5) published their structure o f D N A  and showed how it 
m ight explain the chemical mechanism by which cells passed on their characters
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2 M. R. POLLOCK
accurately to  their daughter cells. A nd let us have no illusions about this discovery o f 
1953. W ithout doubt it represented—th a t is, it was the culminating point in—one o f 
the m ost fundam ental and  im portan t discoveries in biology o f all time. This was 
because it shows no t only how living systems replicate themselves (and no t something 
different) bu t has led directly to  an  understanding o f how their functional characters 
are expressed.

But, having emphasized the excitement o f the concluding stages in this development 
o f  biology, it is wise to  remember th a t the im portance o f the three crucial points— 
Griffith’s discovery o f  transform ation (3), Avery’s dem onstration th a t the transform ing 
m aterial was DNA(4), and Crick & W atson’s solution(5) o f its structure—rested on 
w hat M aurice W ilkins (6) has emphasized were three essential and much older basic 
concepts: the gene, the macromolecule and the hydrogen bond.

We could paraphrase these concepts respectively as: the ‘discreteness’ o f  the 
inheritance o f  characters, the huge size o f  molecules concerned with biological 
specificity and the great im portance o f  weak inter-atom ic bonds (as distinct from  the 
strong covalent links o f  classical chemistry) in biological systems.

The theme o f D N A  has now perm eated so deeply into the consciousness o f  m ost 
educated people th a t it is unusual still to  find someone—at least in academic circles— 
who has never heard o f it. But it still occurs. Only the other day Bill Hayes and I were 
showing off our laboratories to  a charm ing and distinguished personality in the Fine 
A rts D epartm ent o f  Edinburgh University. We stopped proudly before our three- 
dimensional atom ic model o f the D N A  double helix. ‘W hat is th a t? ’ ou r visitor 
queried. ‘T hat,’ we replied, ‘is D N A .’ His face was blank. ‘Y ou surely know about 
D N A ?’ we unwisely reproached him. ‘N o ,’ he answered, ‘I’ve never heard o f  such a 
thing. W hat is i t? ’ Now, th a t’s no t a particularly interesting story as it stands. W hat 
m ade it especially odd for us was th a t the individual concerned happened to  be the 
perfect double o f  Francis Crick. The incident had  a  macabre, alm ost nightm arish 
quality that, for an  instant, was quite alarm ing: time passing backwards, visions o f all 
the great scientists denying their discoveries and pleading to tal ignorance o f  the field in 
which they m ade their names. But at least, after recovery, it reminded us th a t it takes a 
very long time for great basic discoveries—as distinct from  purely technical advances— 
to take a real hold on ordinary people.

A nd we are only really a t the very beginning o f  the sequence o f  repercussions tha t 
the discovery o f D N A  has initiated. Freud, it is said, believed th a t there were three 
really outstanding events in the evolution o f  hum an knowledge: the Copernican 
Theory o f the Solar System; the D arw inian Theory o f Evolution; and (no t sur
prisingly) the Recognition o f  Unconscious M ental Processes.

M any will, o f  course, disagree w ith such a  list, which by its nature m ust be a gross 
over-simplification. But the U nderstanding o f  the Chemical Basis o f Life (which must, 
o f  course, include Heredity) m ight now be a strong candidate for inclusion as a fourth 
item, though this may be prem ature and, unlike the others, would not, I think, 
am ount to  a  new scientific paradigm  in the sense used by Kuhn(7). However tha t may 
be, it is interesting th a t all four items share the property o f whittling down the cosmic 
significance o f  m an. The first showed th a t m an is ju s t part o f the Universe (not the 
centre), the second th a t m an is ju st part o f  all living systems (not something funda
mentally distinct), the th ird  th a t m an’s will and personality—his ‘sou l’—are ju st parts 
o f m ental processes in  general, and the fourth  (the discovery o f  D N A ) th a t living



systems themselves are ju st parts o f  all chemical processes, albeit ra ther complicated 
ones and no t subject to  transcendent vitalistic forces.

Through these discoveries the mystic concept o f  the stature o f m an and his cosmic 
significance has been superseded by a complementary increase ir_ his potential control 
over the Universe— or w hat should now be paraphrased as a ‘recognition o f  the 
increasingly im portant p a rt the phenom enon o f man is playing in the evolution o f  the 
U niverse’. A t all events, he still thinks he is awfully im portant.

I am rather afraid th a t F red  Griffith m ight have been rather shocked, if  no : horrified, 
to know th a t his own w ork was considered a vital link in the chain o f  advances in 
knowledge which could be analysed in such materialistic terms.

But this is the way with history. A nd I am very conscious th a t in choosing to  tackle 
this subject o f  D N A  historically I am running many risks— not least o f  whicli is th a t o f 
being a terrible bore—especially to  the young.

Peter M edawar, paying tribute to  the vital p a rt played by Griffith’s discovery, 
wrote in a review (8) o f  Jim  W atson’s Double Helix (which makes no m ention o f 
Griffith): ‘A great m any highly creative sc ien tists .. .take it quite for granted th a t an 
interest in the history o f science is a sign o f  failing or unawakened powers... Science in 
some sense com prehends its history within itself. N o Fred, no Jim : th a t is obvious, a t 
least to  scientists, and  being obvious, it is understandable tha t it should be left unsaid 
. . .  the history o f  science does no t often interest the scientist as science.’

W hitehead (9)—in a rather different sense—went further when he rem arked almost 
cynically th a t: ‘A science th a t hesitates to  forget its founders is lost.’

Science history need no t be a bore, bu t my apology tonight is rather in the nature o f 
hoping tha t it can interest the scientist as science; o r a t least in close relation to  the 
practice o f  science; th a t attem pts to  follow w hat in fact has been taking place over the 
period o f  an im portan t discovery—the prejudices, the mistakes, the desires and per
sonalities o f  the participants, the lucky and unlucky chances, the synthesis o f ideas, the 
symbols and analogies, the relationships between entities and the sequence c f  events— 
may help in understanding the way hum an beings behave in their search for knowledge 
and  so give some hints as to  how to try to  do it better.

The early history c f  D N A  is full o f instances o f  irrational forces th a t seem both  to  
hinder and to  help. But I  can really do little m ore than  indicate how the wind was 
blowing. It is surely prem ature to  try  to  offer any sort o f  general theory o f  discovery. 
The story of D N A  will m ean different things to  different people; but I believe it carries 
with it a few clues o f how such discoveries are made— or perhaps, rather, o f  what sorts 
o f  things confuse us and delay the rate o f  progress.

The beginning o f the story— of course, there is really no true beginning—lies long 
before 1928. F red Griffith never hinted in his paper (3) th a t he contem plated th a t 
nucleic acid m ight have had  a p art to  play in his transform ation. But it would have 
been quite logical and possible for him to  have done so, and  ‘nucleopro teirs’ were in 
fact discussed in his laboratory(lO) in relation to  the phenom enon.

In  fact, nucleic acids were first discovered and characterized by M iescher in 1869, 
i.e. alm ost exactly 100 years ago (11). Indeed, this rem arkable chemist devoted m ost o f 
his life to  studying them . M oreover, as pointed ou t by Olby & Posner(12), his views on 
the chemical basis o f  inheritance were rem arkably far-seeing when, in 1892, he postu
lated heredity being derived from  the ‘stereo-architecture o f  only a few very large, 
complicated m olecules’.
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It m ight have been supposed th a t he was thinking o f  nucleic acids since he worked 

for m ost o f his life on little else. Ironically enough, however, it seems he was probably 
referring to  proteins because M irsky (ll) quotes him as saying in an article attacking 
W eismann (who was in favour o f nuclein being the heredity substance) tha t ‘his 
[W eismann’s] speculations are unclear and derived from an outm oded kind of 
chemistry. W hen, as is quite possible, a protein molecule has 40 asymmetric C atom s 
so tha t there can be a billion iso m ers .. .m y [stereochemical] theory is better suited 
than any other to account for the unimaginable diversity required by our knowledge of 
heredity.’

I t was, indeed, a t about th a t time tha t Staudinger was emphasizing a completely new 
idea for chemistry—the m acrom olecular polymer o f biological origin. Even earlier 
than th a t v. Nageli was developing the idea o f  an ‘idioplasm ’— an intracellular 
substance th a t was continuous through cell division and carried with it hereditary 
determ inants (a sort o f W eismann substance at the intercellular level), a concept 
which was well received by people such as de Vries and E. B. Wilson. The possibility 
came to  be considered by several contem porary biologists tha t it might be identical 
with chrom atin, the m aterial associated with chromosomes.

‘ In the physiological aspect’, wrote W ilson in the first edition of his famous book (13) 
‘inheritance is the recurrence, in successive generations, o f like forms o f m etabolism ; 
and this is effected through the transmission from  generation to generation o f  a specific 
substance or idioplasm  which we have seen reason to  identify with c h ro m a tin ... .  
In 1895, in another context(14), he had stated tha t: *.. .[this] seems to show th a t the 
chrom osom al substance, the chrom atin, is to  be regarded as the physical basis of 
inheritance ’. And he went o n : ‘ Now, chrom atin is known to be closely similar to, if not 
identical with, a substance known as nuclein, which analysis shows to be a tolerably 
definite chemical com pound composed o f  nucleic acid and albumin. A nd thus we 
reach the rem arkable conclusion th a t inheritance may perhaps be effected by the 
physical transm ission o f a particular chemical com pound from parent to  off
spring.’

I have quoted these passages by W ilson at length because I think they illustrate two 
interesting points. The first is the rem arkable extent—under the existing circumstances 
—to which the great biologists at the end of the last century had begun to  grasp the 
situation: had got the right end o f  the stick, so to  speak. The second is their failure to  
recognize the need to explain the basic phenom enon o f inheritance: namely, the 
mechanism by which a character, o r the chemical basis o f  a character, is copied, is 
multiplied—indefinitely—through successive generations. They talk only o f  ‘trans
m ission’ o f a character o r by a substance—taking it for granted th a t the substance will 
be faithfully replicated somehow. They barely do that, because in fact I do no t believe 
they are completely clear th a t something m ust be increased, although—and this is the 
point—they have arrived a t the conclusion tha t the ‘som ething’ is a definable chemical 
substance. The problem —as it was seen much later on, in the present century—was not 
then being defined. N o r was it, as I shall emphasize later on, apparently appreciated by 
Griffith. The ‘self-reproducing’ molecule was not an idea tha t appeared until much 
later. A t the best, heredity was, in ancient days, the passing on o f a minute replica o f 
the parent to  the progeny: the hom unculus in the head o f the sperm, etc. Self-repro
duction m ust have been regarded vitalistically, as an essential and natural property 
of ‘life’ and ‘living system s’—not properly recognized as a phenom enon needing an



explanation, barely recognized as a phenom enon at all— as universal gravity before 
Newton, o r the relativity o f m otion before Einstein.

It was regarded as being as natural and inherent a feature o f ‘life’, as falling 
bodies were regarded by the A ristotelians as ‘ naturally ’ seeking their true home (the 
Earth) o r the heavenly spheres were regarded ¡by Copernicus and Galileo as moving 
naturally in circles, or by Descartes and  Newton naturally in straight lines by their 
own inertia.

This problem  o f recognizing a problem  may, o f  course, depend upon there being the 
tools for beginning to  solve it. But, above all, it makes one w onder w hat sorts o f 
problem  we may no t be capable o f recognizing a t the moment. Biologists no doubt 
would like to th ink they were all a m atter for physicists!

W ith the tu rn  o f  the century, nucleic acids began to  suffer a  decline in prestige which 
persisted until the mid 1930s. F o r a long time their possible biological significance 
seems to  have been almost completely rejected or forgotten. Even E. B. Wi.son(15) in 
the second edition o f his book, published in 1900, seems to  have begun to  lose the 
original excited interest he showed in his first edition w ritten only five years previously. 
He already comes ou t clearly against the ‘ genetic continuity o f chromosomes depend
ing upon a persistence o f  ch rom atin ’.

In 1909 Strasburger explained the diminishing interest in ‘nuclein’ when he reasoned 
th a t ‘ chrom atin cannot itself be the hereditary substance [because] the am ount o f it is 
subject to  considerable variation in the nucleus according to  its stage o f developm ent’ 
(11). (This argum ent was still operative in the 1940s.)

A nd in the th ird  edition (1925) W ilson now writes(16): ‘I t  is an interesting fact, 
which has been emphasized by biochemists, th a t apart from  the characteristic differ
ences between animals and plants referred to  above [he means R N A  for plants and 
D N A  for animals—the dogm a then current], the nucleic acids o f the nucleus are on the 
whole rem arkably uniform , showing w ith present m ethods o f analysis no differences 
in any degree com m ensurate with those from  the various species o f cells from  which 
they are derived. In  this respect they show a rem arkable contrast to  the proteins which, 
whether simple o r com pound, seem to be o f  inexhaustible variety. I t has been suggested, 
accordingly, th a t the differences between different “ chrom atins depend upon their 
basic or protein com ponents and  not upon their nucleic acids” . ’

The cause o f  this ‘eclipse period ’ was paradoxically, bu t unquestionably, the rise of 
biochemistry; in particular, o f course, the recognition of the vast variety o f proteins 
(definable as chemical com pounds the m ore strikingly after the crystallization o f 
haem oglobin and egg albumen) with their huge range o f  distinct biological specificities.

F o r the chemists who were tearing to  pieces the delicate structure o f the cell with 
ever-mounting violence, naturally flushed with the success o f isolating the key and 
relatively robust small molecules o f am ino acids, vitamins and co-enzymes, tbe delicate 
m acrom olecular ‘g o o ’ o f  nucleic acid may have seemed an am orphous m ixture o f 
irrelevancies. I t  is surprising th a t the integrity and native configuration o f a t least some 
proteins seem to  have survived their attack. Nucleic acids were still isolated, bu t grossly 
degraded in w hat was believed to  be a tetranucleotide state—containing an emasculated 
sequence o f  only four bases.

Even as late as the 1920s argum ents were occurring as to  whether nucleic acids might 
possibly range up to  a  size as could include five or even six bases. A nd it was no t until 
the 1930s th a t the older, gentler m ethods fo r their extraction began to  be reinstated
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and  it was slowly realized tha t their molecular weights m ight be very much larger than  
the 1500 daltons appropriate for a single tetranucleotide. Even then, m ost nucleic acid 
chemists, such as Levene & Bass (whose large book(17) on their properties barely 
touches on their possible biological significance), regarded them as homopolymers o f 
balanced tetranucleotides containing all four bases in the same order and proportions.

A  lo t o f the trouble, o f  course, was poor techniques—both for estimating nucleotides 
and separating w hat were the grossly degraded hydrolytic products o f macrom olecular 
nucleic acids from  each other.

I t  was also misleading th a t the proportions o f bases in the only types o f D N A  then 
being studied—those from  higher animals—‘happened’, so to  speak, to  be roughly 
equal. We would say now th a t their proportions o f  guanine and cytosine (G  +  C) o f 
total base present being no t far off 50 %, and since content o f guanine m ust equal that 
o f  cytosine, and adenine content m ust equal tha t o f  thymine in all double-stranded 
D N A , all four bases would inevitably be present in roughly equal am ounts. H ad the 
chemists o f those days systematically studied bacterial D N A  where G  +  C content can 
vary between 25 % and 75 %, the tetranucleotide hypothesis might have died an earlier 
death.

I t is interesting and somewhat ironical to note tha t in 1931 Levene & Bass (17) do in 
fact m ention the nucleic acid o f tubercle bacilli, with a G  +  C content o f D N A  now 
known to be around 66% (Hill(18)), as yielding a m aterial which showed great 
difficulty in giving a constant com position. But this anxiety was concentrated on the 
finding that the m aterial contained both thymine and uracil. T hat was either against the 
great current dogm a or showed th a t bacteria were neither plants nor an im als!

The dogm a in those days, it will be remembered, was th a t the nucleic acid o f  plants 
(‘ yeast nucleic acid ’) was always RN A  and th a t o f animals (‘ thy monucleic acid ’) D N A . 
A nd this further confused the picture.

By then, however, things were perhaps just beginning to  look up. The chemical 
nadir for nucleic acids m ust surely be represented by some o f the opinions expressed in 
a well-known ‘m onograph’ on Nucleic Acids{ 19) published in 1914, with a preface 
beginning ‘The Nucleic Acids constitute w hat is possibly the best understood field o f 
physiological chem istry’, at the time o f the m ost rapid advances in the H opkins 
School o f Biochemistry! Its contents include sections such as: ‘Both nucleic acids 
[thymus and yeast] also yield cytosine. . .  but where animal nucleic acids yield thymine, 
p lant nucleic acids yield uracil and this distinction holds in every case. Finally, plant 
nucleic acids contain a pentose g ro u p .. .O n the contrary, all animal nucleic acids give 
rise to  laevulinic acid which is formed from  a hexose group in their molecule. These 
statem ents are universally granted, and one sufficiently alert to  the possible sources o f 
experimental error cannot obtain results which differ from them .’ And a little later o n : 
‘ . . .  I t is therefore necessary to  discuss only two nucleic acids in order to  have an 
understanding o f  them  all.’ It is possible to  understand and forgive ignorance and 
m istakes; but surely not such com placent arrogance as that?

I t seems to have been almost in the very nature o f biochemistry in its early days— 
perhaps its need to  ‘prove itself’ as respectable chemistry applied to  biological tissues— 
to operate against ultra-dangerous concepts such as those o f huge molecules, weak 
inter-atom ic forces and a type o f  inter-m olecular specificity tha t m ight appear ludi
crous to  the orthodox chemist and mechanistic to  biologists.

Even G owland Hopkins, who pulled no punches in his support for the analytic



attack  chemists were making on biological systems a t th a t time, was very much on 
the defensive when he pointed ou t in a lecture a t H arvard  in 1936(20) th a t ‘so long as 
[the m odern biochem ist’s] analysis involves the isolation o f events, and  no t merely o f 
substances, he is no t in danger o f so departing from  reality th a t his studies have no 
longer biological m eaning’. Thinking o f  the structure o f  D N A  and how its solution 
only 17 years later provided the clue to  an  understanding o f heredity and the 
biosynthesis o f  proteins, one is struck by how wide o f  the m ark this observation proved 
to be. Hopkins, indeed, considered chemical structure could form  the basis for explain
ing m orphology, bu t no more. A nd two years later he was hard  pu t to  it confronting 
the Cambridge school o f  cytology under James G ray in defending even th a t possi
bility (21).

A t the same time, many o f the earlier biochemists, like some o f the younger and 
lesser m olecular biologists o f  the present day in their turn, were brash in their claims 
and interpretations. They tended to  shorten and oversimplify the gap between the 
function and structure o f biological systems (on the one hand) and the chemistry o f the 
molecules o f which such systems are composed (on the other). As so often happens, 
the rise o f one science set back the development o f another.

This, then, was the climate into which Fred Griffith’s famous transform ation paper 
was born in 1928 (3). A nd he entered the field laterally, so to  speak, w ithout, I believe, 
realizing it and w ithout appreciating much o f w hat we now, with hindsight, know  to 
have been vitally relevant to  the whole history o f  D N A .

Fred Griffith was a m odest and  retiring personality who enjoyed w orking quietly on 
his own, shunning scientific meetings. According to  his colleague V. D . Allison(lO), he 
had to  be practically forced into a  taxi to  attend the London International M icro
biology Congress in 1936. A nd then, I am  to ld (22), he reluctantly and nervously read 
ou t his ra ther boring paper in such an  unenthusiastic m anner th a t those not closely 
concerned with the detailed streptococcal typing techniques he was expounding m ust 
hardly have felt it was w orth listening to . This was, it seems, the only paper he ever 
delivered a t an  open meeting and it had, o f course, nothing to  do w ith transform ation.

He would no t even be persuaded to  give an  inform al paper to  the M edical Research 
Club w ith a  view to becoming a member (22).

H e was also very reluctant to  write papers; bu t immensely hard-working, m eticu
lously careful and scrupulously honest in  his researches. Before 1928 he had m ade 
im portan t contributions to  the epidemiology o f  infectious diseases, first with his brother 
Stanley in  typing tubercle bacilli and later, m ore or less on his own, in  the classifi
cation o f  streptococcal types as well as Salmonella and  staphylococci. A t th a t time, 
G raham  W ilson has pointed out (23), he was firmly convinced o f  the fixity o f bacterial 
types—at least in so far as the m am m alian tubercle bacilli were concerned. The 
vagaries o f the pneumococcus in the changes from  sm ooth, virulent (S) to  rough, 
attentuated  (R) and back again may well have been a source o f irritation  as well as 
interest. His description (3) o f  his great discovery occupied quite a small proportion  o f 
w hat would nowadays be regarded as an immensely long 46-page paper on ‘The 
significance o f pneumococcal types’. In  this he showed th a t heat-killed S pneumococci 
o f (for instance) type I could, when inoculated into mice along with living R  cells 
originally o f  type II, lead to  the appearance o f virulent S cells o f type I (and vice versa). 
I t  m ust surely have been m ade alm ost, despite his own em otional inclinations, rather 
than , as is so often the case, because o f  them.
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We are used to hearing about how Copernicus, the mystic Sun-worshipper, must 

have been irrationally impelled towards a theory of the Universe that made the Sun, 
rather than the Earth, its centre. And, again, about how Pasteur himself, a devout 
Christian of the old school, launched himself so fiercely into the controversy against 
the then quite fashionable doctrine of Spontaneous Generation because the idea of the 
creation of life without God was an impious thought.

With Fred Griffith, it must, if anything, have been quite the opposite. It was his 
great care, perfectly planned controls and scrupulous honesty that forced him not to 
hedge and towards the correct conclusion that (to quote) ‘there seems to be no alterna
tive to the hypothesis of transformation of type’(3). One almost wonders to what 
extent he might have wished for an alternative! And he adds that ‘this is considered 
less unacceptable than previously because it is now (since the last few years) widely 
recognized that R forms occur spontaneously and can spontaneously revert to th e ir  

o w n  S type’. In fact, ironically enough, the S to R change (in the presence of immune 
serum) was well appreciated even in the previous century, and we now know that it and 
the reversion of R to S must (presumably) be due usually to point mutations—quite a 
different process from transformation, which involves substitution of one or more 
genes (i.e. a long stretch of DNA), through DNA recombination, by their allelic 
homologues.

The dem onstration o f specific transform ation was an achievement in other respects, 
as perhaps would only be properly realized if it is appreciated how confusing the 
situation must have appeared at the time, due to  facts such as the following:

(1) N o t only could R types revert to  their ‘ow n’ S types spontaneously, but it had 
long been known th a t this reversion could be greatly enhanced by a num ber o f  non
specific factors, in c lu d in g  th e  a d d i t io n  o f  h e a t - k i l l e d  p n e u m o c o c c i  o f  th e  s a m e  o r  a n o th e r  

ty p e . (This was currently thought to  be due to  the action, in the culture, o f  toxic 
‘aggressins’ which operated against leucocytes.)

(2) The temperatures used for killing the S types of cell affected the transforming 
abilities of different types differentially. Quite apart from that, transforming abilities 
differed between types, as also did non-specific stimulation of reversions.

However, the key fact elucidated by Griffith was th a t if c h a n g e  of type occurred, it 
was only in the presence o f heat-killed cells o f a n o th e r  type and towards the same type 
as tha t o f the added, killed cells.

I hope it will not be taken in any way depreciatory o f his achievement if I point 
ou t tha t Griffith seemed to  have had little idea o f  how this transform ation came 
about, nor even o f  its great and ultim ate significance. His discovery was a classic 
instance o f pure serendipity.

After all, he was, in essence, a naturalist. His interpretation was teleogical and looked 
at from  the point o f view o f the pneumococcus which, being the kind o f organism  with 
which he was associated for m ost o f his working life, I suspect he m ust have loved, 
with the quiet, bu t usually unexpressed, p a s s io n  that all true biologists have for the 
system with which they work.

‘The apparent transform ation,’ he writes, ‘is not an ab rup t change o f one type into 
another, but a process o f  evolution through an interm ediate stage, the R form, from 
which the type characters have been obliterated.’ In this, o f  course, he is quite wrong, 
although, for purely technical reasons, it was a long tim e before it was found possible 
to  transform  S types directly into one another. This view is also rather inconsistent with



the a ttitude he takes elsewhere in the same paper postulating the idea o f  ‘cycles of 
states ’ through which the pneumococcus m ay pass, and the feeling that, perhaps, in 
the R  state rem nants o f  the previous S state had not been entirely elim inated: ‘m in o r’ 
com ponents o f  all types could have been present in all types after all, he points out.

‘I t  would ap p ear’, he says, ‘th a t the type I  antigen no longer serves its purpose 
[my italics] in  the presence o f  the immune substance form ed during convalescence, and 
the pneum ococcus consequently develops its type II side.. . .  The idea o f a  regular 
sequence o f  changes in the type o f pneumococcus before the development o f  pneu
m onia and during reco v ery .. .is in harm ony w ith the experimental da ta .’

A lthough apparently quite clear th a t the controlling factor in m anifestation o f  type 
specificity was the substance responsible for form ing the ‘ specific soluble substance ’ 
(SSS) (i.e. the polysaccharide o f  the capsule) and  no t the SSS itself, he did no t distin
guish clearly between it and the factor actually responsible for transform ation which, 
very understandably  he took  for granted m ust be a protein. The actual words he used 
were: ‘W hen the R  form  o f either type is furnished under suitable experimental 
conditions with a mass o f the S form  o f the other type, it appears to  utilize th a t antigen 
as a pabulum from  which to  build up a similar antigen and  thus to  develop into an S 
strain o f th a t type.’ This seems somewhat inconsistent with his clear conclusion th a t the 
heat-lability o f  the transform ing factor indicated th a t it could no t be the heat-stable 
polysaccharide antigen itself.

A part from  that, and, as with the biologists o f  the last century to  whom  I have 
already referred, there does no t appear to  be any realization th a t there is a fundam ental 
problem  here. ‘P abu lum ’ simply means a source o f food, and there is no indication 
th a t w hat had  to  be explained was how such a specific pabulum  (be it antigen itself or 
antigen-forming factor) gave rise—indefinitely—to m ore o f  the same pabulum . In  fact, 
scientists were only ju st beginning seriously to  a ttem pt to  do this a t the time, nor 
indeed was the problem —clear and obvious though it seems to  us now—really 
form ulated properly for another eight years, when J. B. S. H aldane wrote a  rem arkable 
article to  which I will refer in detail later on.

However, H . J. M uller, in a brilliant essay (24) w ritten as early as 1922, had pointed 
to  the difficulty o f understanding the ‘self-propagation’ property o f the ger.e: ‘ . . .the 
fact tha t, w ithin the complicated environm ent o f the cell protoplasm , it reacts in such 
a way as to  convert some o f the com m on surrounding m aterial into an  end-product 
identical in  kind with the original gene itself’. But he later (in the same article) admits 
th a t ‘there is yet no means o f  deciding whether the chief features o f the autocatalytic 
mechanism [of the gene] reside in the structure o f  the genes themselves, and  th a t the 
outer protoplasm  does little m ore than  provide the building m ateria l. . .  ’, o r whether 
‘gene structure m ight m ean nothing m ore than  the possession by each gene o f  some 
very simple c h a ra c te r .. .which enables each gene to  enter into com bination with 
certain highly organized m aterials in the outer protoplasm  in such a way as to  result in 
the form ulation “ b y ” the protoplasm  o f m ore m aterial like this gene which is in 
com bination with i t ’.

We should now, o f  course, describe the problem  o f deciding between these two 
alternatives as th a t o f  determ ining where the exclusive inform ation for gene replication 
resides: in the D N A  itself or in molecules used for the biosynthesis o f  D N A , namely 
the enzymes and  building blocks concerned.

Fred Griffith’s paper was no t ignored (as m ight alm ost have been expected). His
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findings were confirmed by Neufeld & Levinthal(25) and others only a year or two 
later. But there was considerable scepticism and even frank disbelief am ongst many 
bacteriologists, none o f  whom, however, as G raham  W ilson emphasized (23), would 
‘dare express their doubts in public’ because o f his great reputation for scientific 
integrity. ‘Griffith,’ W ilson says, ‘they thought m ight have been misled by some 
technical error, bu t he would never have pu t his nam e to  anything in whose tru th  he 
was no t profoundly convinced.’

In  fact, his firm conclusion on the reality o f type transform ation m ust have been all 
the more convincing to  others—and therefore more effective in stim ulating their 
interest—just because he was so well known as a sceptic and as one who dem anded the 
m ost rigorous p roo f o f  a new discovery before accepting it. According to  his assistant,
W. R. Maxted(26), who knew him well during the last few years o f his life, he was 
only ju st beginning to  accept the Lancefield group classification o f  streptococci in 
1940, several years after it had been generally acknowledged in bacteriological circles.

He never pursued the phenom enon o f transform ation further himself. S. D . 
E llio tt(22) remembers him explaining th a t it was now ‘up to  the chem ists’. N o r did he, 
bu t rarely, refer to  it in conversations with others. Indeed, he turned his own attention 
increasingly to  the new problem  o f typing haemolytic streptococci—a m atter o f  great 
im portance in epidemiology—and left others to  continue the task o f  pneumococcal 
typing, using the sera th a t he had himself prepared.

I do not believe he really could have been very much interested in the phenom enon 
o f transform ation which he himself had discovered. But he certainly had started 
something, and the research developments thus initiated continued—albeit slowly—in 
a pretty  well unbroken series continuously on tow ards the present time.

So, after 1928, the centre o f interest and activity passed to the Rockefeller Institute 
in New Y ork, under the stim ulating guidance o f Oswald Avery.

A fter again confirming type transform ation in vivo in 1930, Dawson (27) together 
with Sia(28) dem onstrated the phenom enon in vitro in 1931, and Alloway’s(29) 
successful transform ation with crude cell-free extracts in 1932 and more purified 
preparations in 1933(30) strengthened the interest and im portance th a t was beginning 
to be attached to  it.

I  do not th ink there is m uch doubt th a t Avery had a fair idea o f w hat he was after 
and certainly o f the fundam ental im portance o f transform ation. He never actually 
visited Griffith’s laboratory  in Endell Street, nor did he and Griffith ever correspond. 
But, according to  one who knew them both well (22), they held each other in high esteem 
and there is no doubt th a t Avery was greatly stim ulated by Griffith’s discovery. He 
shared his preoccupation with pneumococci and streptococci and in some ways was a 
rather similar character. Both men were born within a few m onths o f  each o ther and 
were confirmed bachelors. Both were exceedingly modest, meticulously careful in their 
experimental work and  extremely generous w ith the time they spent in helping others. 
Both were alm ost obsessively cautious in reaching conclusions. Avery is quoted (31) as 
rem arking to  his bro ther Roy, in 1943, tha t ‘it is lots o f  fun to  blow bubbles bu t it is 
wiser to  prick them  yourself before someone else tries to ’. A nd bo th  m ade their m ajor 
contributions to  knowledge relatively late in life. Griffith was over 50 when he dis
covered transform ation, and Avery 67 when he published his paper on D N A  as the 
transform ing agent. Perhaps th a t will be an  encouragem ent to  those o f  us in our sixth 
decade, o r beyond, to  hope th a t even now all is not quite lo s t!



II
In  o ther respects, however, they were rather different: Avery being m uch more 

openly friendly and communicative whereas Fred Griffith was very shy and aloof and 
difficult to  get to  know.

There were others, besides Avery’s group, who had been excited by Fred Griffith’s 
discovery. In 1936 Berry & Dedrick(32) claimed to  have transform ed the virus o f 
Shope’s rabbit fibrom a into th a t o f the closely related infectious myxomatosis by the 
addition o f heat-inactivated myxomatosis virus. This effect was confirmed by others 
and served to strengthen Avery’s interest in the whole field.

It is, however, ironic now to know th a t this virus ‘transform ation’, which at the time 
emphasized the general significance o f the pneumococcal transform ation, is no longer 
considered to  be a genetic effect a t all, but according to  Fenner(33), a rather complex 
and purely phenotypic ‘ rescue ’ o f  the inactivated myxoma virus due to  the induction o f  a 
de-coating enzyme in the host cell which liberates, and so reactivates, the myxoma DNA.

D N A  itself was still very much in the background in those days. Berry is quoted as 
believing th a t ‘nucleoprotein’ was the operative transform ing principle in his effect. 
A nd Avery has been mentioned as ‘wistfully suggesting’ to H otchkiss(34), as early as 
1936, th a t the transfarm ing agen t‘m ight be a nucleic ac id ’. But proteins still completely 
dom inated the field of biclogical specificity; and even if nucleic acids were recognized 
as respectable chemical entities (still, o f course, largely as tetranucleotides!), they were 
closely linked for biologists with proteins in the ‘ nucleo-proteins ’ often referred to  and 
well known as the m ajor constituent o f  viruses which were then first being studied 
intensively by biochemists such as the Piries and B arbara Holmes. F o r instance, as 
late as 1938 H opkins(21) could write: ‘My colleague, M r N. W. Pirie, has shown tha t 
the active unit in each case [of plant viruses] is, in essential, a complex protein molecule ’, 
even though I believe th a t Bill Pirie (35) was not himself rushing to  such a conclusion 
and  already suspected th a t the R N A  was playing a m ore vital role.

Avery himself, however, may have had good reason not to  be so affected by the 
prevailing fashion regarding the exclusive role o f  proteins in biological specificity. F o r 
he had been chiefly responsible (36) for dem onstrating the very high biological specifi
city shown by the polysaccharides o f the pneumococcus capsule. I t  could have been 
easier for him, than  for m any others, to  avoid the strong prejudice against considering 
molecules other than  proteins—nucleic acids themselves, for instance, known for half 
a century or m ore to  be present in, or a t least associated with, chromosomes and the 
nucleus—as possible repositories o f powerful specificity.

But despite the rem arks quoted above, even Avery seems to  have been somewhat 
surprised a t his own finding, because in a guarded letter to  his brother Roy ir_ 1943(31), 
previously referred to, a t the time o f his great discovery he writes o f  his conclusion th a t 
the transform ing agent ‘ is in all probability D N A : who could have guessed it? ’

In fact, however, the possible significance o f nucleic acids was beginning to  be 
appreciated by others, and Mirsky(37) had  w ritten an im portant review in 1943 on 
‘Chrom osom es and nucleoproteins’ in which he pointed out th a t ‘the specificity o f a 
nucleoprotein may reside in its nucleic acid as well as in its protein m oiety’. A nd, 
discussing the chemistry o f heredity, he also m ade the im portant point th a t ‘ the kind o f 
experiment th a t is needed to  place the chemistry o f the gene on a firm basis is one in 
which substances extracted from  the chromosomes o f an organism are administered to 
a m utan t form  o f the same organism which suffers from  a deficiency in its germinal 
m ateria l’. This is a pretty shrewd observation for those days and was, of course,
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exactly w hat Avery was doing at th a t very time, though neither he nor M irsky could 
possibly then have analysed it precisely in th a t way.

M oreover, during this period, too, there were parallel relevant general advances in 
biology th a t served to  prepare the way for the final breakthrough.

Caspersson and his school (38) had  been developing techniques o f  ultraviolet 
spectroscopy applied to  intact cells w ith which it was possible to dem onstrate the 
intense absorption o f wavelengths around 260 nm. (characteristic o f nucleic acids— 
and, o f course, the single nucleotides and bases o f which they were composed) within 
the nucleus o f living cells and by this means dem onstrate a rise and fall o f nuclear 
nucleic acid in phase w ith the m itotic cycle.

D uring this period, too, the chemists and  physicists were a t last beginning to 
realize th a t molecules o f nucleic acid were m uch larger than  the 1500 daltons appro
priate for a single tetranucleotide, though they still tended to  be regarded as aggregates 
o r simple polymers o f ‘balanced’ tetranucleotides containing all four bases. But the 
idea o f  the statistical polytetranucleotide was gaining ground, largely due to  the work 
o f  Gulland(39).

Their biological role, in so far as it was form ulated at all, tended to be considered in 
the nature o f  structural support for the gene protein—or (at the best) as w hat was 
referred to  by D arling ton(40) as a ‘m idwife’ molecule to  assist non-specifically, in 
enabling the protein o f  the gene to replicate itself.

The constant association o f nucleic acids with ‘self-propagating’ systems such as 
chromosomes and viruses was, however, being stressed by workers such as Caspersson 
and Astbury, bu t w ith reproduction by a direct copying process analogous to  
crystallization. Astbury (41) in particular was understandably misled by the coincidental 
fact tha t the spacing (3-34 A) o f successive nucleotides in a polynucleotide colum n was 
alm ost exactly equal to  the spacing o f successive side-chains in a fully extended 
polypeptide.

W hen Avery (4) m entioned th a t his transform ing D N A  m ight have a molecular 
weight as large as 500,000, this was not out o f  keeping with views o f chemists and 
physicists, though we now know th a t such a size, being barely enough for a single gene, 
m ust have been grossly below th a t actually operative in his transform ations, which 
involve m any linked genes. I t  was difficult to  remove DNA-ase completely from  the 
system, and the chain length o f the D N A  m ust often have been shortened by enzymic 
hydrolysis both  before and after uptake by the pneumococcus. This, alongside 
variability o f competence factors, m ust have been largely responsible for the exasperat
ing irreproducibility o f  the transform ation reaction.

D uring this period and the early years after the identification o f  D N A  as the 
transform ing factor, the lack o f  consistency in transform ation experiments was a 
continual source o f frustration am ongst workers on the problem. Indeed, inexplicable 
‘bad periods’ still occur, a t least with other transform ation systems. ‘M any were the 
times’, Avery is quoted(31) as saying, ‘when we were ready to  throw  the whole thing 
out o f  the window.’

Ideas prevalent 40 to  50 years previously, at a much less sophisticated level, were 
now beginning to  revive. But times were no t yet ripe for a concerted attack by bio
chemists on possible mechanisms for the biological replication o f key molecules. The 
problem  had still not been properly broadcast.

But it had been defined— defined brilliantly and correctly—if  not quite for the first



time, a t least fo r the first time in a m anner th a t m ade an  im pact in term s th a t could 
have been appreciated (even if  they were not). This was done by J. B. S. H aldane in an 
article for H opkins’ ‘festschrift’(42) published in 1937. Here, in passages which m ust 
be quoted a t length, no t only is the problem  properly defined, bu t the whole field o f 
m olecular biology is outlined, emphasized and characterized— 15 years or sc before it 
really became properly recognized.

Two possibilities are now open. The gene is a catalyst making a particul ar antigen [referring to 
blood groups. M.R.P], or the antigen is simply the gene or part of it let locse from its connection 
with the chromosome. For one essential property of the gene is that it reproduces its like at 
each nuclear division. . Since a mutated gene is reproduced in its altered form it fellows that 
one gene is reproduced from another. This is an exceptional situation. [This point was origin
ally stressed by Muller (24) in 1922. M .R.P.] A molecule of haemoglobin in a cell is not 
derived from another similar molecule. If it were, slight changes in the molecule would be 
perpetuated, and extra-nuclear inheritance would be as common as it is actually rare. But one 
gene is derived from a like gene. As the gene is of the dimensions of a protein molecule and 
does not consist of a number of similar parts, we cannot regard its reproduction as a process 
of growth by accretion ending in division when a limiting size is reached.

It must, on the contrary, be a process of copying. The gene, considered as a molecule, must 
be spread out in a layer one Baustein deep. Otherwise it could not be copied. The most likely 
method of copying is by a process analogous to crystallization, a second similar layer of 
Baustein being laid down on the first.

But we could conceive of a process analogous to the copying of a gramophone record by 
the intermediation of a ‘negative’ perhaps related to the original as an antibody to an antigen. 
The process normally stops when one copy has been made, or at least the further copies are 
not attached to the chromosome.

The whole problem cf synthesis is an almost virgin field in biochemistry. And it is absolutely 
fundamental. If genetics had done no more than pose the question in its sharpest form, it 
would still be a valuable stimulant to biochemical research. But it has done a great deal more 
than this. Whereas the classical biochemistry has largely been concerned in analysis of the 
stages of catabolic processes such as the breakdown of carbohydrates to lactic acid or 
alcohol and the digestion of proteins, the new brand of biochemistry which will, I believe, 
arise from genetics, will be concerned largely with the stages of synthesis of such molecules as 
chlorophyll and cyanin [i.e. macromolecules, such as proteins. M .R.P.] And its final goal will 
be the explanation and control of the synthesis of genes.

Thus the rise o f m olecular biology was predicted alm ost two decades before it 
began to  m ake its real impact. I t  was a very rem arkable piece o f  insight—though there 
was still no m ention o f  nucleic acids.

So I reach the last phase o f my historical sketch : the bare decade between Avery and 
W atson-C rick.

This was very far from  a m opping-up period. I t  was o f immense significance th a t the 
specificity o f  the transform ing agent had  been shown to reside in D N A  and no t in 
protein—though there was great reluctance by many, particularly chemists, to  accept it.

Even in 1948, and  succeeding years, Hotchkiss (43) was still having to  argue fiercely 
to  support his exceedingly careful w ork eliminating the participation o f trace am ounts 
o f  protein in the transform ation phenom enon. However, w ith Hershey & Chase’s(44) 
dem onstration in 1952 th a t bacteriophage left all (tha t is, experimentally, m ore than  
99 % ) ° f  their protein coat and other superficial ‘ap p ara tu s’ behind on infection o f  the 
cell, it became very difficult still to  m aintain th a t nucleic acid was no t the key substance 
in the m aintenance o f genetic continuity.

In  the period immediately after the Second W orld W ar it was still fashionable and 
perfectly respectable, despite Avery’s work, to  consider proteins as the key self-
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replicating molecules, while in 1946 a chemist(45) could still argue th a t the specificity 
o f  the transform ing principle might lie in the polysaccharide molecule o f the capsule 
itself, acting as a specific prim er (on analogy with the ‘directing’ action o f  dextran in 
biosynthesis o f m ore dextran from  sucrose) for further production, by a non-specific 
enzyme, o f the same type o f polysaccharide.

It took another 15 years or so for m ost workers to  realize th a t D N A  was no t just 
another type o f specificity bu t the origin, the fount, o f all or most specificities: th a t all 
heteropolymeric proteins derive their inform ation from  D N A  and R N A  and not vice 
versa. Even Avery him self(4) leant over backwards to  emphasize th a t showing the 
role o f D N A  in pneumococcal transform ation did not m ean it was the key heredity 
substance for all living system s! The attitude o f  m ost biologists a t tha t very time could 
be typified by Dubos(46), who, in 1945, giving a full and fair account o f  Avery’s 
discovery published only a few m onths previously, w rote: ‘Definition o f  their nature 
(referring to  competence factors) will eventually elucidate the mechanism o f the 
transform ation and will, one may hope, provide a pattern  for the analysis o f  the 
phenom ena o f  bacterial variability.’ This was a restrained bu t perfectly reasonable 
com m ent which, however, completely avoided any tem ptation (if, indeed, any tem pta
tion existed) to extrapolate the phenom enon o f pneumococcal transform ation to the 
mechanism of heredity in general. Transform ing D N A  might explain some o f those 
curious variations th a t were continually cropping up in bacterial cultures; th a t is all.

There were, indeed, a num ber o f  misleading clues and confusing facts which delayed 
progress.

Peter W alker(47) pointed out two o f the m ost im portant o f those red herrings. The 
first were the ideas o f the 1940s stemming mainly from  some leading geneticists (48) 
indicating th a t nuclear D N A  was broken down to nucleotides and resynthesized, 
possibly through R N A , during each cell division cycle. Despite m any other facts 
supporting Caspersson’s theories on the vital role of nucleic acids in cell heredity, these 
ideas served to im plant considerable scepticism regarding genetic continuity o f D N A .

The doubts were supported by the second o f the red herrings which arose from  the 
apparent decrease in the ultraviolet absorption o f the nucleus during telophase—an 
observation which was in fact due to  a big relative increase of the u.v. absorption in the 
cytoplasm, from  the synthesis o f RN A , only later properly established by Brachet(49), 
and  accum ulation o f  nucleotides therein, and did not represent any absolute loss o f 
nucleic acid from the nucleus.

However, during those days, other workers, in particular Chargaff and his colleagues 
in New Y ork, and Randall and his group (including, o f course, M aurice W ilkins and 
Rosalind Franklin) a t King’s College, London, had become interested in nucleic acids 
(from  a chemical and physical standpoint respectively) as large molecules having an 
im portant biological activity. Their objectives were to  try to  discover, with the 
greatly improved techniques then rapidly becoming available, the basis o f the specificity 
th a t m ust surely be present in the molecule. U nquestionably, one o f the possibilities 
envisaged was the sequence o f  nucleotides in the molecule.

But Chargaff(50) was well aware o f the difficulties, pointing out th a t identity of 
natural polymers is necessarily difficult because in m any cases they will be ‘ substances 
th a t differ from each other in the sequence, no t in the proportion, o f  their constituents’.

U p to  this time—the late 1940s—the only D N A s properly analysed for base com posi
tion were those from  higher organisms where the G  +  C proportion  o f  to tal base
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present in the D N A  in different species is now known to range no more than from  40 
to  45%, in contrast with th a t in viruses and bacteria, which spreads from  25 to 
75% (51).

Since the ratios A /T  and G /C  m ust be unity in double-stranded D N A  (and tha t 
means practically all D N A ), in D N A s where the G  +  C proportion  o f the total 
‘happened’, so to speak, to be nearly 50 %, it follows tha t the proportions o f all bases 
m ust be approxim ately equal, and that, therefore, no variations between D N A s from 
w hat were then, o f course, considered to be widely differing sources, could possibly 
emerge. One o f the vital clues which led W atson & Crick to  the correct solution of the 
structure o f  the D N A  double helix(l) was therefore lacking until Chargaff and his 
colleagues(52) started to  analyse the D N A  o f yeast and tubercle bacilli in 1948/9. 
The G  +  C content o f D N A  from  these two micro-organisms are 36%  and from 62 to 
70 % respectively of the total. This big difference thus highlighted the cons:ant ratios 
o f near-unity found for A /T  o f 0-95 and for G /C  o f ro .

Chargaff, though quick to  spot a possible clue, was understandably reluctant to 
push it too far and simply commented as follows a t the end o f h:s 1949 paper(52): ‘A 
com parison o f  the m olar proportions reveals certain striking, bu t perhaps meaningless, 
regularities.’ Further work(53) on D N A  o f Serratia marcescens, Bacillus schatz and 
Haemophilus influenzae showed analogous species differences and the same (approxi
mate) relationship c f  A to  T  and G  to C, despite big, overall diTerences in G  +  C % .

But an explanation had no t been offered when two years later in 1951 Chargaff (54) 
wrote: ‘As the num ber o f examples o f  such regularity increases, the question will 
become pertinent whether it is merely accidental or whether it is an expression of 
certain structural principles th a t are shared by m any deoxypentose nucleic acids, 
despite far-reaching differences in their composition and the absence o f  a recognizable 
periodicity in their nucleotide sequence.’

Others were also working on D N A  base compositions, no doubt with the same idea 
in mind, bu t they never got so far.

M irsky’s group (55) com pared the pneumococcal transform ing D N A  wkh thymus 
D N A  and found a rather lower G +  C %  in the former. A lthough the A/T and G /C  
ratios approached unity in both cases, no com m ent was made on their possi ole signifi
cance. The vital point may here have been obscured by the large num ber o f  other base 
compositions they analysed at the same time, mainly from  animals, where approxi
mately equi-m olar proportions o f the four bases would, o f course, have been expected.

W yatt(56) analysed the D N A  of certain insect viruses and found G +  C %  values 
varying a t least twofold with A /T  and G /C  ratios all around unity bu t came to  the 
rather surprising conclusion th a t ‘no direct parallel can e x is t.. .between biological 
relationship and  D N A  composition, since the groups having equal A + T /G  +  C ratios 
include viruses as unlike as any exam ined’. This argum ent is difficult to  understand if 
he had conceived th a t a m ost likely, or even a possible, basis o f D N A  specificity was in 
the nucleotide sequence rather than overall base composition. But, o f course, it is easy 
to  forget th a t a t th a t time there could have been no theories about the nature o f the 
D N A /protein code and th a t m ost people, in spite o f C hargaff’s warning, were probably 
thinking in terms of gross differences both  in composition and sequence.

It m ight be, and often has been, asked why Chargaff did not pursue his fine ings more 
boldly. But in fact there were not then sufficient data available to  go much further. 
N o satisfactory techniques were available for sequencing nucleotides, and i; needed a
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synthesis with the equally significant findings o f W ilkins and Rosalind Franklin  for the 
true solution to  emerge.

The base ratio part o f  the story contains, nevertheless, more than its fair share o f the 
irony in scientific discovery. N o one yet knows why, so to  speak, the D N A  o f all higher 
organisms has a G  +  C content so close to  50 % o f the to tal bases as to have obscured a 
vital clue for so long and to  have been at least partly responsible for persistence o f  the 
balanced tetranucleotide hypothesis which long delayed progress in the chemistry of 
D N A . There is no known molecular reason why this should be so, since bacteria and 
viruses seem to get on very well with percentages o f G  +  C ranging between 20 and 75. 
Such a spread is quite consistent with w hat is known o f the degeneracy o f  the nucleo- 
tide/am ino acid code. It is, however, difficult to  believe tha t the use o f the code, which 
appears to  be universal, and other factors which may contribute to  the determ ination 
o f overall base com position, have no biological significance. A t all events a  m ajor 
piece o f ill fortune seems here to  have been involved.

On the other hand, it is very lucky th a t Chargaff did no t begin his bacterial work 
with Escherichia coli (as m ost m odern molecular biologists would assuredly have 
done !). This species has a G  +  C content (50 to  52 %) not differing strikingly from th a t of 
animals and plants and such an analysis, a t th a t particular time, would perhaps have 
so disappointed him and his colleagues th a t they might have concluded tha t there was 
nothing to be found out in D N A  by th a t approach and given it up. An im portan t clue 
might thus have been missed for even longer.

* * *

This short historical essay is, o f course, a lam entably over-simplified account o f  a 
fascinating and all-im portant advance in knowledge. But the story is not, I believe, 
atypical o f the sorts o f  factors th a t operate for many scientific discoveries. The 
eccentricity o f hum an personalities, their prejudices, their personal am bitions, their 
««reason, combine it would seem with the vagaries o f fortune to  exert more influence 
on the detailed short-term  course o f events than the cold force o f logic.

Above all, it shows how extraordinarily difficult it is for people to accept new ideas 
and thus how reluctant they are to try to  do so—even though the ideas are simple, 
clarifying and basically quite easy to understand if approached directly, from  scratch, 
so to  speak, as a child would do. W hat a prison we seem to make o f our own minds!

A striking instance o f  the slow perm eation o f  a new concept is illustrated by the 
inclusion, in a textbook published as recently as 1960(57), o f  a diagram  showing 
H aurow itz’s 1949 (then not unreasonable) hypothesis (58) on the mechanism o f protein 
self-replication by a direct copying process with itself as the tem plate: an inclusion not 
introduced as an historical curiosity bu t as an indication o f the type o f mechanism 
which m ust be accepted as a serious contem porary possibility—with very little 
emphasis on the W atson-C rick hypothesis for the mechanism o f D N A  replication and 
all the evidence in support o f it, as the fundam ental process o f biological replication.

‘G reat discoveries’, as A ndré Lwoff puts i t (59), ‘are dangerous.’ They are often 
hated because they require the immense em otional (and therefore intellectual) effort o f 
abandoning preconceived dogm ata. A nd, because they are hated and feared, they are, 
as Goethe himself pointed out, nearly always subjected to  ridicule. In the present story 
one particular instance, cited by Hotchkiss(31), occurred as late as 1954 a t a  sym
posium on transform ation in the U nited States where an eminent bacteriologist asked
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sardonically, bu t in all seriousness, w hether the genetic activity o f D N A  was ‘based on 
evidence o r was merely a voting agreem ent’.

Even now there are still a few sceptics in the sense o f  those who suspect th a t perhaps 
some (possibly biologically irrelevant) inform ation can be supplied by proteins to 
D N A  and other polynucleotides—as they are being formed. I suspect they may even 
be right. But very few would now say th a t such instances are com m on or very signifi
cant, although some well-known voices (60) are still heard as recently as 1968 with 
vitalistic and alm ost meaningless rem arks such a s :

Biologists have confronted successively—like a nest o f Chinese boxes—levels o f com
plexity ranging from the eco-system to the internal chemistry of the cells. The last box has 
been opened. According to the Watson-Crick theory, it should have contained the single 
source of all the inherited specificity of the living organisms—DNA. It is my view that the 
last box is empty and that the inherited specificity of life is derived from nothing less than 
life itself.

There are, however, o ther sceptics o f  quite a different and much more interesting 
and valuable type who try  to  look into the future and consider how our present ideas 
may develop: those few who feel, like Pirie (himself one o f the earliest workers to  be 
concerned in the biology o f  nucleic acids), th a t the mechanism o f inform ation replica
tion may no t be so exclusively centred on nucleic acids as is fashionably supposed a t 
the moment.

We may still be being misled by thinking we know m ore then we do— in a m anner 
analogous, as Pirie(61) puts it, to  the card-player who ‘assumes tha t, although there 
are 52 types o f  care, only he knows which ones are in his hand because there is only 
one type o f back tc  a  card. H e will fare badly when confronted with a card-sharper 
who has m arked the backs so th a t there are 52 types o f  back as well. We may be 
victims o f a similar subtlety when we discuss “ in form ation” tra n s fe r .. .fo r we have 
no means o f  knowing th a t we know all the clues th a t exist. Accumulated biological 
experience suggests th a t N ature  is as subtle as any card-sharper.’

As a purely fanciful example, suppose we postulate the existence o f seme highly 
specific, hitherto  unrecognized, slim macromolecule th a t is in fact necessary for proper 
replication o f  D N A  (it could even be a type o f  natural D NA-replicating enzyme). 
A nd we suppose th a t this substance undergoes an extremely slow sequence c f  chemical 
changes th a t result in the ‘inaccurate’ replication o f D N A  o f a nature such as to  lead to 
a  sequential series o f  modifications in the resultant proteins o f  a type th a t is biologically 
significant to  the species concerned—a substance, th a t is, having the property o f  a 
directing entity responsible for non-D arw inian evolution. Weil, such a hypothesis 
would, quite reasonably, be rejected with impatience because not only is there no 
evidence th a t an  entity exists with such properties bu t (much more im portant) there is 
no real need for it at the moment.

Some time later on, when molecular biology becomes m ore complicated again, we 
can be pretty sure th a t analogous ‘ needs ’ will arise (probably in a very different context) 
and some m ajor reorientation will again be required o f us. Just because it is practically 
impossible to  guess w hat this will be should no t absolve us from realizing th a t it m ust 
certainly occur. I t  should serve to  keep our minds as clear as possible from  too m ono
lithic and rigid assumptions.

In  conclusion, it emerges th a t in the discovery o f  D N A  there could be few more 
contrasting pairs o f  personalities than , on the one hand, W atson and Crick, who were
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prepared to stick their necks out and go well beyond the facts in a brilliant thrust of 
insight, and, on the other hand, Avery and Griffith, who were, if anything, unreasonably 
careful and almost too modest in their conclusions.

Both types of personality have their drawbacks and virtues, but in this instance what 
seems to have been of really crucial importance was that they followed each other in the 
right order: a matter of natural selection, of course, but still worth remembering as an 
occurrence of critical significance.

Since more is heard of glamour stories and flamboyant personalities in the advance 
of scientific knowledge than of the quiet workers and those long, tedious and super
ficially unexciting experiments, with careful controls, that may be just as important, it 
is well that we should also pay tribute to those who can do great work without noise. 
And I can do no better than to conclude by quoting Rollin Hotchkiss’s tribute(34) to 
Avery: ‘When men and ideas rub against each other, the ideas receive maximal polish 
if the man is gentle and his principles hard’, because I think that applies equally 
to Fred Griffith.

1 am most grateful to Professor E. Chargaff, Mr N. W. Pirie, Professor P. M. B. 
Walker and Professor M. F. H. Wilkins, who responded generously to my request for 
information of a personal nature relevant to the more scientific part of this lecture.

I am also much indebted to former colleagues and friends of Fred Griffith who, by 
providing first-hand glimpses of his life from their own recollections, enabled me to 
give some sort of picture of his personality as a background to this story. These include 
Dr V. D. Allison, Dr S. D. Elliott, Sir Graham Wilson, Mr W. R. Maxted and (very 
particularly) his sister-in-law, Mrs Stanley Griffith, whose vigorous and vivid reminis
cences of 30  years or more ago were invaluable and themselves unforgettable.
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Mutants of N e u ro sp o ra  c ra ssa , E sch erich ia  c o li and S a lm o n e lla  
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By GILLIAN A. ROBERTS a n d  H. P. CHARLES
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S U M M A R Y

Mutants of N e u ro sp o ra  cra ssa , E sch erich ia  c o li and S a lm o n e lla  typ h im u riu m  
are described which are inhibited by COa at concentrations which da not 
inhibit the parental strains from which the mutants were derived. Sensitivity 
to inhibition by C02 is caused by single gene mutations. The COa inhibitions 
are reversed by specific substances; for example, the CO£ inhibition of a 
methionine-requiring mutant of N . c ra s sa  is reversed by purines, and the C02 
inhibition of a prototroph of E . c o li is reversed by methionine or vitamin B12.
The nature of the defects in the C02-inhibited mutants is discussed.

I N T R O D U C T I O N

Several mutants of N e u ro sp o ra  c ra ssa  and E sch erich ia  c o li grow in minimal medium 
without their specific growth factors when the gas phase is air containing 20  to 30  % 
(v/v) of carbon dicxide (Broadbent & Charles, 1 9 6 5 ; Charles & Roberts, 19 6 8). 
Mutants which are stimulated by C02 in this way are called ‘ C02 mutants ’ (Charles & 
Broadbent, 1964); they are not usually stimulated by bicarbonate. The mechanism of 
the stimulation is not known with certainty and may not be the same for all C02 
mutants. In some C02 mutants the mutations affect enzymes which catalyse C02- 
incorporation reactions, and it is probable that high concentrations of C02 may 
compensate for decreased enzymic activity by a mass action effect; this may be the 
mechanism of the stimulation in some purine-requiring and arginine-requiring mut
ants which are C02 mutants. In other C02 mutants, for example certain mutants of
E . c o li which require isoleucine + valine, the mutations apparently affect enzymes 
which do not catalyse C02-incorporation reactions and it is not known how C02 
stimulates their growth.

C02 mutants have also recently been isolated from S a lm o n e lla  typ h im u riu m  (H. P. 
Charles, unpublished).

The present report describes mutants of a new class; these are inhibited rather than 
stimulated by C02. These mutants will be called ‘C02-inhibited mutants’. They have 
been found in N e u ro sp o ra  c ra ssa , E sch erich ia  c o li and S a lm o n e lla  typ h im u riu m . They 
are inhibited by concentrations of C02 which stimulate the C02-requiring mutants and 
which do not inhibit the parental strains from which the C02-inhibited mutants are 
derived.
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METHODS

Strains. The Neurospora crassa wild-type strains used were Emerson 5256 A and 
Emerson 5297 a, kindly provided by Professor D. G. Catcheside (D epartm ent of 
Genetics, John C urtin School o f M edical Research, A ustralian N ational University, 
Canberra, A .C.T., A ustralia), and 74-or23-i ,4 and 74-or8-io , kindly provided by 
D r F. J. de Serres (Oak Ridge N ational Laboratory, U.S.A.). The N. crassa methionine- 
requiring strains met-i (35599), met- 2  (K44), met- 3  (36104), met- 4  (39816), met- 3  

(9666), met- 6  (35809), met-y (4894), met- 8  (P53) and met- 9  (C124), the lysine-requiring 
strains lys- 2  (37101a) and lys- 3  (28815) and the para-am inobenzoic acid-requiring 
strain pab-i (1633,4) were kindly provided by M r W. Ogata (Fungal Genetics Stock 
Center, D artm outh  College, Hanover, New H am pshire 03755, U.S. A.). The methionine- 
requiring strains mac (65108) and me (S2706) were kindly provided by D r N oreen E. 
M urray (M .R.C. M olecular Genetics U nit, D epartm ent o f M olecular Biology, K ing’s 
Buildings, W est M ains Road, Edinburgh 9).

The strain o f Escherichia coli from  which the C 0 2-inhibited m utants were isolated 
was strain ab 1621 (F~; T6 -r, thi, mil, xyl, str-r, ara, gal, lac, T4 -r), kindly provided by 
Professor E. A. Adelberg (D epartm ent o f M icrobiology, Yale University, New Haven, 
Connecticut 06510, U.S.A.).

The C 0 2-inhibited m utant of Salmonella typhimurium was isolated from  strain LT2, 
kindly provided by D r P. E. H artm an (Johns H opkins University, Baltimore, M ary
land, U.S.A.).

Media. The minimal medium used for Neurospora crassa was that o f Vogel (1956) 
solidified with agar (Difco Bacto, 1-2%  w/v) when necessary. Sorbose (5 g./l.) was 
added to  the solid minimal medium to restrict the growth o f colonies. The complete 
medium used for N. crassa was the conidiation medium o f H orowitz (Ryan, 1950).

The minimal medium used for Escherichia coli and Salmonella typhimurium was 
th a t o f Vogel & Bonner ( 1956). It was supplemented with thiam ine (2 mg./l.) for
E. coli, and was solidified when necessary with Difco Bacto agar (1-2% w/v). The 
complete medium used contained the following (g./l.): tryptone (Oxoid), 10; yeast 
extract (Difco), 5 ; K H 2P 0 4, 3; glucose, 5; agar (when required), 15.

Unless otherwise stated, all cultures o f Neurospora crassa were incubated a t 30° and 
all cultures o f Escherichia coli and Salmonella typhimurium at 37°.

The effect o f C 0 2 on growth was tested by incubating cultures in Petri dishes in 
5 litre vacuum desiccators containing an appropriate mixture o f air and C 0 2 as 
described by Charles ( 1964).

Isolation o f mutants. The COa-inhibited m utant o f Neurospora crassa, F4, was ob
tained from ultraviolet-irradiated conidia o f the wild-type strain 74-OR23-1.4 by the 
filtration enrichm ent procedure (Catcheside, 1954; W oodward, De Zeeuw & Srb, 
1954). The filtration procedure was modified in tha t the irradiated conidia were incu
bated throughout the filtration period in a gas phase of air supplemented with C 0 2 
(about 30 %, v/v). This modification was introduced in order to  suppress growth of 
any COa-inhibited m utants which might be present in the population and which would 
otherwise grow and be removed from the suspension by filtration. The duration o f the 
incubation period in the filtration enrichm ent experiment was 48 h. and the suspension 
was filtered approxim ately every 5 h. during this period. Samples o f the final filtrate 
were plated on conidiation medium, and after incubation for 3 days conidia from  the



colonies which appeared were tested for ability to grow on minimal medium in air and 
in air supplemented with 30 % (v/v) C 0 2. The growth factor requirements o f  auxo- 
trophs were determined by the auxanographic method (Pontecorvo, 1949). All auxo- 
trophs obtained were tested to  determine w hether or no t the response to  their respec
tive growth factor was inhibited by the presence o f  30 % CO , (v/v) in the gas phase.

The C 0 2-inhibited m utants o f Escherichia coli and Salmonella typhimurium were 
isolated as follows. Samples of an ultraviolet-irradiated cell suspension were 
plated on complete medium and incubated in air. Colonies which grew were then 
printed by the replica plating technique (Lederberg & Lederberg, 1952) on to  each o f 
two plates o f minimal medium, one o f which was incubated in air and the ether in air 
supplemented with 20 % (v/v) C 0 2. Plates were observed after incubation for 24 h. and 
any colonies which failed to  appear on the plates incubated in C 0 2-supplemented air 
were picked from  the corresponding air-incubated plates and retested to confirm their 
C 0 2-inhibited phenotype.

Crosses. Crosses between strains o f Neurospora crassa were made on corrm eal agar 
medium (Smith, 1954) supplemented with the growth factor requirem ent o f the proto- 
perithecial parent. They were incubated at 250 and analysed about 2 weeks after 
ejection of the ascospores. G erm ination o f the ascospores was induced by placing 
them at 6o° for 45 min. Germ inated ascospores were individually transferred to tubes 
o f conidiation medium and the resulting cultures were tested for phenotype after 
incubation for 3 to  4 days.
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RESULTS

One m utant o f Neurospora crassa which showed inhibition by C 0 2 (30%, v/v, in 
air) was a newly isolated lysine-requiring m utant, F4, derived from wild-type strain 
74-OR23-1T by the procedure described in M ethods. This m utant shows the charac
teristics of C 0 2-inhibited m utants in their simplest form. The sensitivity o f toe m utant 
to  inhibition by C 0 2 was no t due to  the m utation which causes the lysine recuirem ent, 
because a cross o f the m utant to wild-type (strain 74-or8-i «) yielded some segregants 
which were inhibited by COa (30%, v/v) bu t which did not require lysine. These 
COa-inhibited segregants were prototrophic in ordinary air. Crosses o f C 0 2-inhibited 
prototrophic segregants to  wild-type strains gave only wild-type and C 0 2-inhibited 
prototrophic segregants in equal proportions, showing tha t C 0 2-sensitivity was deter
mined by a single gene m utation. This suggested tha t an enzyme in the m utant did not 
function effectively in the presence o f 30 % (v/v) C 0 2. The function o f  this enzyme 
might be revealed if the C 0 2-inhibition could be reversed by supplying a nutrient in 
the medium. By auxanographic experiments it was found tha t cytidine reversed the 
C 0 2-inhibition o f m utant F4 and o f  the prototrophic segregants derived from  it and 
caused them to grow as well as wild-tvpe in the presence o f 30 % (v/v) CD2. O ther 
metabolites, including other pyrimidines and pyrimidine derivatives, did not reverse 
the C 0 2 inhibition. Later experiments showed that only one o f  several samples o f 
cytidine reversed the C 0 2 inhibition, indicating tha t an impurity in the active sample 
was responsible for reversal o f the inhibition. The sample o f cyticine was too small to 
perm it identification of its active com ponent and it was not possible to obtain more 
cytidine o f the same batch. The possibility tha t the im purity was a vitamin was unlikely 
since all available vitamins were tested on the m utan t and failed to reverse the 
inhibition.



G .  A .  R O B E R T S  A N D  H .  P .  C H A R L E S

Analysis o f  crosses between C 0 2-inhibited prototrophic segregants derived from 
m utant F4 and various m arker strains indicated th a t the m utation causing sensitivity 
to  C 0 2 was located in the right arm  o f linkage group V. Crosses with the G roup VR 
m arkers lys- 2  (37101a) a n d pab-i ( 1633T) gave recom bination frequencies o f  23 and 
7 % respectively. Crosses o f C 0 2-inhibited prototrophs with m utants in other linkage 
groups gave recom bination frequencies ranging from  45 to 70 % recom bination.

The first C 0 2 inhibition to  be discovered was in Neurospora crassa m utant 35809 a 
which has a m utation a t the me- 6  locus (Beadle & Tatum , 1945; Perkins, 1959)- U nder 
ordinary cultural conditions, when the gas phase is air, the m utant requires methionine 
for growth and does not respond to  methionine precursors (M urray, i 960). W hen the 
gas phase was 70 %  (v/v) a ir+30 %  (v/v) C 0 2 the m utant did not grow on methionine- 
supplemented medium. A uxanographic experiments showed tha t the m utan t grew on 
methionine-supplemented medium, in the presence o f 30 % (v/v) C 0 2, when adenine 
or other purines were supplied. Purines therefore reversed the inhibitory effect o f  COa. 
The me- 6  m utant 35809 thus seemed to  have two defects, one expressed as a require
m ent for methionine and the other expressed as a requirem ent for adenine in the 
presence o f  30 % (v/v) C 0 2. I t  is difficult to understand how such defects could be caused 
by a single gene m utation, and it seemed tha t the m utan t had m utations in two different 
genes. However, the requirem ent for methionine and the sensitivity to  inhibition 
by C 0 2 did no t segregate when the m utan t was crossed to  wild-type, showing th a t C 0 2 
sensitivity was caused either by the same m utation as tha t which caused the m ethionine 
requirem ent {me-6 ) or by a second m utation closely linked to  the me- 6  locus. On the 
assum ption th a t COz sensitivity was caused by a second m utation closely linked to 
me-6 , attem pts were m ade to  separate it from  me- 6  by crossing the m utant to  m utants 
lys- 3  (28815) and mac (65108), which carry m utations close to, and on either side of, 
the me- 6  locus. P rototrophic segregants arising by recom bination in the chromosome 
interval between me- 6  and lys- 3  or mac were selected from  the crosses and tested for 
sensitivity to  C 0 2 inhibition. N one o f the prototrophic segregants obtained was C 0 2- 
inhibited. I t  therefore seems tha t the COa sensitivity o f  m utant 35809 was caused by 
the me- 6  m utation.

Recently, a second m ethionine-requiring m utant me (S2706), kindly given to  us by 
D r N oreen E. M urray, has been found to  resemble m utan t me- 6  (35809) in its nutri
tional characteristics. M utan t me (S2706) is leaky but shows a good growth response 
to  m ethionine; the methionine-dependent growth is inhibited by COz, and  the C O , 
inhibition is reversed by adenine and other purines. The occurrence o f  a second m utant 
resembling m utant me- 6  (35809) provides additional evidence th a t the methionine 
requirem ent and COa sensitivity result from  a  single gene m utation. M ethionine 
m utants representative o f the other known me loci, me-i (35599), me- 2  (K44), me- 3  

(36104), me- 4  (39816), me- 5  (9666), me-y (4894), me- 8  (P53) and me- 9  (c  124) were not 
C 0 2-inhibited.

W hen growing in C 0 2, m utan t me- 6  (35809) partially resembles m utan t mac 
(65108), which is reported to  require methionine +  adenine-(-cysteine for growth 
(Dubes, 1953; Perkins, 1959). This similarity in growth requirem ent together with the 
apparent close linkage o f mac to  me- 6  (Perkins, 1959) suggested tha t the m utants might 
be allelic.

The nutrition o f  mac was investigated. I t  was found th a t mac grew m ost quickly 
with methionine-(-adenine and less quickly with methionine alone. A  requirem ent for
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cysteine was no t dem onstrable. C 0 2 did not inhibit the growth o f  mac under any 
conditions. Thus mac differed from  me- 6  (35809) in th a t it required adenine for growth 
under all conditions. Experiments by D r N . E. M urray (personal communication) 
have shown tha t mac (65108), me- 6  (35809) and me (S2706) may be allelic.

O f the C 0 2-inhib:ted m utants isolated from  Escherichia coli only one has been 
studied. It grew prototrophically in minimal medium in air but its growth was com 
pletely inhibited in a  gas phase o f a ir+ 20% (v/v) C 0 2. The inhibition by C 0 2 was 
reversed by vitamin B12, l- and D-methionine and was partially reversed by cysteine, 
cystine, thymidylic acid and DL-serine.

The C 0 2-inhibited m utan t o f  Salmonella typhimurium similarly grew p ro to tro 
phically in minimal medium in air and failed to  grow in a ir+20 % (v/v) CO,. The C 0 2 
inhibition o f  this m utant was specifically reversed by lysine and by the lysine pre
cursor, diaminopimelic acid.

The m utations responsible for the C 0 2 sensitivity o f  the bacterial m utants have not 
been mapped.

There is evidence th a t C 0 2 does no t inhibit grow th o f the Neurospora crassa and 
bacterial m utants by changing the pH  o f the medium. U nder conditions similar to  those 
o f the present experiments, C 0 2 caused only trivial changes in the pH  o f the medium 
(Broadbent, 1965). Furtherm ore, the C 0 2-inhibited m utants are no t m ore sensitive 
than the parental strains to  changes in this pH . It is therefore unlikely tha t C 0 2 
inhibits grow th o f  the m utants by changing the pH  o f the medium. I t is possible that 
un-ionized C 0 2 may penetrate the cells and change the intracellular pH  after ioniza
tion, bu t this should cause non-specific inhibition and should not be reversed by single 
metabolites.
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DISCUSSION

Sensitivity to  inhibition by C 0 2 is caused by single gene m utations a t least in 
Neurospora crassa. The C 0 2 inhibitions are reversed by single metabolites, and the 
inhibition o f each m utant is reversed by a different metabolite o r group o f related 
metabolites. These facts show tha t the C 0 2 inhibitions are specific and affect particu
lar metabolic processes.

Identification o f an im purity in one sample o f cytidine which reversed the C 0 2 
inhibition o f one o f the Neurospora crassa m utants (F4) was unfortunately no t pos
sible. I t may have indicated the nature o f the defect in the m utant and have revealed a 
new growth factor. This is the second unidentified growth factor encountered in the 
study o f  m utants showing COz effects; a C 0 2-requiring m utant o f  Escherichia coli 
responds to  an unidentified factor in yeast extract (Charles & Roberts, 1968).

The fact th a t inosine, adenine and other purines reverse the C 0 2 inhibition o f  the 
m ethionine-requiring m utan t o f Neurospora crassa {me-6 , 35809) suggests tha t COz 
specifically inhibits an enzyme required for purine biosynthesis. However, the m uta
tion which causes :he COz sensitivity does not m ap a t a purine locus; both the 
methionine requirem ent and the C 0 2 sensitivity are caused by m utation at the me- 6  

locus. This suggests th a t the me- 6  locus is concerned with the biosynthesis o f  a 
substance required for both  methionine and purine biosynthesis. Derivatives o f  folic 
acid are required for methionine and purine biosynthesis and it is possible tha t a 
reaction in their biosynthesis may be controlled by the me- 6  locus. M utan t me- 6  

(35809) may have an incomplete block a t this locus, resulting in a requirem ent for



26 G .  A .  R O B E R T S  A N D  H .  P .  C H A R L E S

methionine only, whereas m utan t mac may have a complete block causing a require
ment for both  methionine and a purine. CO , may cause the purine requirem ent of 
me-6 (35809) by converting the incomplete block into a complete block. A nother 
possible function for the me-6 locus is control o f the biosynthesis o f S-adenosyl 
methionine from its precursors, methionine and adenosine triphosphate. N either o f 
these suggestions explains why m utation at the me-6 locus should cause sensitivity 
to  inhibition by COa.

The COa-inhibited m utant of Escherichia coli resembles certain m utants o f Salmon
ella typhimurium which also require methionine or vitamin B12 for growth. It differs 
from  them in tha t its requirem ent is expressed only in the presence o f a high C 0 2 
concentration. The Salmonella m utants have defects in the enzyme V 5-methyltetra- 
hydropteroyl-triglutam ate-hom ocysteine transmethylase (Smith & Childs, 1966) 
which catalyses the direct m ethylation o f homocysteine in the biosynthesis o f m ethion
ine (Guest, Friedm an & Foster, 1962). Vitamin B12 supports the growth o f the Salmon
ella m utants by stim ulating the synthesis o f methionine from homocysteine by an 
indirect mechanism (G uest et al. 1962; Cauthen & Foster, 1966). I t may be tha t the
E. coli m utant is unable to  effect the direct methylation of homocysteine when the gas 
phase is air supplemented with COa, and thereby becomes dependent upon m ethionine 
or vitamin B12.

T h e  C O , - i n h i b i t e d  m u t a n t  o f  Escherichia coli a l s o  s h o w s  s i m i l a r i t i e s  w i t h  s p o n 

t a n e o u s l y  o c c u r r i n g  v a r i a n t s  o f  Mycobacterium tuberculosis d e s c r i b e d  b y  S c h a e f e r  

( 1957). S c h a e f e r ’ s  v a r i a n t s  w e r e  i n h i b i t e d  b y  C 0 2 w h e n  g r o w n  o n  a n  o l e i c  a c i d  +  a l b u m i n  

m e d i u m  c o n t a i n i n g  g l u t a m i c  a c i d  a s  s o l e  o r g a n i c  n i t r o g e n  s o u r c e .  T h i s  C 0 2 i n h i b i t i o n  

w a s  r e v e r s e d  b y  v i t a m i n  B12, l -  a n d  D - m e t h i o n i n e ,  D L - h o m o s e r i n e ,  D - s e r i n e  a n d  

D - a l a n i n e  a n d  ‘ l e s s  r e g u l a r l y ’  b y  v a r i o u s  o t h e r  a m i n o  a c i d s .

We can propose no explanation o f  the apparent inhibition o f lysine biosynthesis 
by C O , in the C 0 2-inhibited m utant o f  Salmonella typhimurium.

The general significance o f inhibition by C 0 2 is not obvious. Species o f  m icro
organisms differ widely in their relative sensitivity to  C 0 2. It may be that C 0 2 inhibits 
some micro-organisms by causing non-specific effects such as pH  shifts, but it is more 
difficult to  explain large differences in C 0 2 sensitivity in the same way. The occurrence 
o f C 0 2-sensitive m utants raises the possibility tha t inhibition o f wild-type strains by 
C 0 2 may often be due to  effects on single enzymes.

The C O , effects shown by the C 0 2-inhibited and C 0 2-stimulated m utants o f 
Neurospora crassa, Escherichia coli and Salmonella typhimurium suggest tha t the role 
o f  C 0 2 in cell physiology is more complex than m ight be expected from  our present 
knowledge o f CO , metabolism.

The authors wish to  acknowledge a Science Research Council Studentship awarded 
to  G. A. R., a research grant from  the A gricultural Research Council and the technical 
asisstance o f  M r Ian M cM urray.
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SUMMARY

The effects o f  varying the concentrations o f  the nitrogen sources in 
glycerol+ asparagine, glycerol+asparagine+casein hydrolysate and glycerol 
+am m onium  sulphate media on the com position and growth rate o f  Myco
bacterium tuberculosis bcg  grown in shaken culture for various periods were 
investigated. The bacteria were fractionated and the soluble, alkali- 
extractable, ho t acid-soluble and residual fractions analysed for carbohydrate, 
R N A , D N A , free lipid, soluble am ino com pounds and soluble phosphates.

The results indicate th a t several forms o f grow th restriction operated in 
these experiments : a progressive reduction in growth rate even in condit.ons 
when nutrients were no t limiting, due to  clumping o f  cells; a reduction in 
growth rate following any reduction in the am ino acid content o f the medium ; a 
m arked reduction in growth rate when the am ino acid content o f the medium 
fell below a critical level, or was replaced by am m onium  ions. W hen the 
growth rate was reduced because o f  nutrient lim itation, the carbohydrate 
content o f the bacteria increased, bu t the pattern  o f  accum ulation varied 
w ith the experimental conditions. The R N A  : protein ratio o f the cells was 
little affected by growth rate.

INTRODUCTION

A lthough m uch is known about the chemistry o f m ycobacteria, including Myco
bacterium tuberculosis, quantitative studies on how their com position varies with 
environm ental conditions have been few. U ntil very recently, only in the case o f 
Mycobacterium phlei had studies been made o f the effects o f environm ent on carbo- 
hycrate content (Tepper, 1965; Antoine & Tepper, 1969a). The studies outlined in this 
paper were carried ou t prim arily to obtain background inform ation against which to  
interpret the effects c f  isoniazid on the carbohydrates o f  M. tuberculosis (W inder, 
Brennan & M cDonnell, 1967; W inder & Rooney, 1970). Since this work was done, 
Aneoine & Tepper ( 19695) have given a short report on the environm ental control o f 
the carbohydrate and lipid content o f M. tuberculosis r i R v , and their results are 
essentially in agreem ent with some o f those in this paper.

As far as variations in D N A , R N A  and soluble phosphate contents o f mycobacteria 
are concerned, only in the case o f Mycobacterium smegmatis and M. phlei have detailed 
studies been m ade (W inder & Denneny, 1956; W inder & O ’H ara, 1962; Tepper, 1965;
F. G. W inder & M. P. Coughlan, unpublished observations). Consequently, observa
tions on the effects o f  environm ent on the am ounts o f these m aterials in M. tuberculosis 
are included in this paper.
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METHODS

Media. The glycerol +  asparagine medium usually had the com position o f Sauton 
medium, as described by Soltys ( 1952), except th a t the concentration o f  glycerol was 
75'5 g-/l- The glycerol +  asparagine + casein hydrolysate medium usually had the same 
com position, with the addition o f 3 g. pancreatic casein hydrolysate/1. W here required, 
variations in the com position o f  these two media are noted in the text. All o f  these 
m edia contained am m onium  ions (about 400 mg. N /l.) in addition to  the organic 
nitrogen. In the glycerol +  am m onium  sulphate media, the am ino acids were replaced 
by am m onium  sulphate, normally 8 g./l.

Growth of bacteria. Mycobacterium tuberculosis, var. bo vis, strain bcg  (Glaxo L abora
tories Ltd) was grown as described previously (W inder et al. 1967) under stationary 
conditions for 4 days and then with shaking for further periods.

Extraction procedures. The ‘soluble’, ‘free lip id’ and ‘alkali-extractable fractions’ 
were obtained as described by W inder & Rooney ( 1970), and the remaining insoluble 
fraction was used to obtain the ‘ hot acid-soluble ’ and ‘ residual ’ fractions in the m anner 
described by W inder et al. (1967).

Assays. Except where otherwise stated, carbohydrates were determ ined by an 
anthrone procedure (W inder et al. 1967). The phenol m ethod was th a t o f  D ubois 
et al. ( 1956). In bo th  cases the results are given in terms of glucose as the standard. 
‘Combined phosphate’ is the difference between to tal phosphate and inorganic 
phosphate, which were determ ined as described by W inder & O ’H ara (1962), as were 
to tal nitrogen (determined in the insoluble fraction), R N A  and D N A . Am ino acids 
were determined by the m ethod o f M oore & Stein ( 1954), using leucine as the standard.

The organic nitrogen content o f  the medium a t the time o f harvesting was estimated 
by subtracting the insoluble nitrogen content o f  the bacteria from  the initial organic 
nitrogen content o f  the medium.

RESULTS

The effects o f  age on the composition o f  bacteria from  relatively young batch 
cultures o f  Mycobacterium tuberculosis bcg  grown in our norm al glycerol +  asparagine 
+  casein hydrolysate medium are shown in Tables 1 and 2. The data  on yields in the 
tables showed that, although the cultures were young and far from exhaustion o f any 
com ponent in the medium, growth was not truly exponential: the generation time 
increased from rather less than  24 h. to  ra ther m ore than  48 h. over the 6 days o f the 
experiment. These cultures showed a  small increase in to tal carbohydrate content per 
unit o f nitrogen with age over the period stud ied ; this increase was due to  an upw ard 
tendency in the soluble and alkali-extractable fractions partly balanced by a dow n
w ards tendency in the carbohydrate content o f the residue. There was no trend in the 
R N A  content per unit o f nitrogen o f  such cultures, but there were m arked upward 
trends in the D N A  and lipid contents and perhaps in the content o f  soluble amino 
com pounds, and a m arked downward trend in their soluble combined phosphate 
content.

W hen the casein hydrolysate was omitted from  the medium, the cultures o f  Myco
bacterium tuberculosis bcg  grew m ore slowly (Tables 1 and 2, Expt. b). Their carbo
hydrate content at low yields was higher than in the richer medium, largely due to  a 
much higher content o f  hot acid-soluble carbohydrate. The carbohydrate content o f
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Table 1. Effect o f age of culture and medium constituents on the carbohydrate 
composition of Mycobacterium tuberculosis bc g

All the media contained glycerol together with (a) 4 g. asparagine +  3 g. casein hydrolysate/1., 
(b) 4g. asparagine/I. and (c) reduced asparagine + casein hydrolysate (respectively 1 g.+ 
075 g/1.). Data in 'a), (b) and (c) from different experiments. Results are expressec per g. 
insoluble nitrogen.

Carbohydrate fractions

Yield of cells Organic nitrogen
r

Alkali- Hot acid- Total carbo-
Age (mg. insoluble in medium Soluble extractable soluble Residue hydrate

(days) N/l.) (mg. N/l.) (as mmoles ‘glucose’)
(a) Medium with 41g. asparagine+ 3 g. casein hydrolysate/1.

6 T 9 I3IO 2-67 1-91 2-39 2-28 9-24
7 17-1 I3OO 2-74 2-14 2-64 2-45 9-96
8 32*0 I29O 3*20 201 2-87 2-35 IO-42
9 513 I27O 3-64 2-36 231 2I9 10-50

10 72 '5 I25O 3’43 2-26 2-67 2-13 10-49
12 135-2 1180 3'43 3-03 215 1-57 10-17

(b) Medium with 4 g. asparagine/I.
9 4'3 840 2-35 2-62 IO-IO 2-86 17-93

11 15-4 825 — — — — 16-63
13* 42-2 798 2-48 3*20 8-21 2-37 16-26
15* 55-8 784 3-52 2-56 6-55 1-74 14-37

(c) Medium with 1 g. asparagine+ 075 g. casein hydrolysate/1.
8* 32-5 297 318 2*29 965 3-71 18-83

12* 1415 188 3-29 4-27 11-56 6-73 25-83
I7 t 3180 12 8-82 9-03 26-06 5-87 49-53
20t 3540 — 7-84 11-03 27-52 8-76 55-15

* Mean values from two experiments. f  Mean values from four experiments.

Table 2 . Effect of age of culture and medium constituents on the phosphorus 
components, amino compounds and lipids of Mycobacterium tuberculosis bcg

Data in (a) and (6) refer respectively to same experiments as (a) and (b) in Table 1. Results are 
expressed per g. insoluble nitrogen.

Soluble fraction

Nucleotides Amino compounds Combined
Age (as /«noies (as /¿moles phosphate RNA DNA Lipids

(days) AMP) leucine) (/ig. atoms P) (/-ig. atoms P) (fig. atoms P) (g.)
(a) Medium with 4 g. asparagine+  3 g. casein hydrolysate/1.

6 220 II4O 1650 1350 670 2-40
7 235 I23O 986 1440 783 2-78
8 225 IO9O 900 1290 716 3-08
9 234 I75O 976 1460 784 3-28

10 204 I27O 728 1310 857 3-40
12 208 267O 483 1450 1460 4-41

(6) Medium with 4 g. asparagine/1.

9 466 1610 1210 1340 935 3 9 5
11 495 3210 1097 1300 1030 5-23
13* 299 6450 1054 1260 1013 3-85

Mean values from two experiments.
M i c 63



F.  G .  W I N D E R  A N D  S.  A .  R O O N E Y

this fraction and o f the residue decreased with age, leading, in spite o f an increase in the 
combined soluble and alkali-extractable fractions, to  a smaller to tal carbohydrate 
content. The content o f soluble am ino com pounds increased markedly with age. 
Initially the bacteria had higher D N A , soluble nucleotide and lipid contents per un it of 
nitrogen than the bacteria from  the richer medium.

Cultures were also grown in a medium containing only one-quarter o f the norm al 
concentration o f asparagine and  casein hydrolysate (Table 1, Expt. c), so th a t the 
initial concentration o f amino acid nitrogen in the medium was only 330 m g./l.; this 
fell to  below 200 mg./l. after 12 days and practically to  zero after 17 days. Such

32

Table 3. Effect of concentration of asparagine + casein hydrolysate in the glycerol + 
asparagine + casein hydrolysate medium on the carbohydrate composition of Myco
bacterium tuberculosis bcg

Bacteria harvested after (a) 9 days growth and (b) 14 days growth, (a) and (6) are different experiments. 
Results expressed per g. insoluble nitrogen.

Carbohydrate fractions

Alkali- Hot acid- Total
Soluble extractable soluble Residue carbohydrates

Me dium composition
,------------- *------------- , Yield of

Casein cells
Asparagine hydrolysate (mg. insoluble

(g./l.) (g./l.) N/l.)

8 6 43-0
4 3 39-0
2 1-5 28-0
I 0-75 25-0

8 6 250
4 3 250
2 1-5 204
I 075 177
0-5 0-375 33-8

Organic N 
in medium 
(mg. N/l.)

(a)
2600 2-37 I -54
1280 3-26 2-28

630 3 0 6  I -93
305 3 1 6  18 3

0b)
2390 1-55 2-30
1070 1-98 3-07

456 3-20 4 0 7
153 4'o8 3-69
131 6-45 5-98

(as mmoles ‘glucose’)

2-06 0-922 6-89
3-16 1-90 10-74
3 '8 i 2-38 11 -18
5-25 3-73 1397

2-09 0-593 6-54
2-38 0-918 8-34
5-43 3-12 15-82
8-07 5-23 21*07

10-32 5-03 28*04

Table 4. Effect o f concentration of asparagine + casein hydrolysate in the glycerol + 
asparagine + casein hydrolysate medium on the phosphorus components, amino compounds 
and lipids of Mycobacterium tuberculosis bcg

Expts (a) and (6) are the same as (a) and (b) in Table 3. Results are expressed per g. insoluble nitrogen.

Medium composition Soluble fraction
l ~\ (

Casein
Asparagine hydrolysate

Nucleotides 
(as /¡moles

Amino compounds 
(as /¡moles

Combined
phosphate RNA DNA Lipids

(g./l.) (g./l.) AMP) leucine) (/¡g. atoms P) (/¡g. atoms P) (/¡g. atoms P) (g.)

8 6 210
( a )

1200 1300 60S
4 3 259 — 1350 1620 75C —
2 1-5 267 — I4IO 1280 66r —
I 0-75 259 — 1470 IO7O 56S —

8 6 139
lb)

2340 533 1020 4-25
4 3 I61 2500 610 I25O 681 4-58
2 1-5 216 1120 890 1440 785 4-52
1 075 255 890 II30 1150 570 —



cultures grew initially m ore slowly than  norm al cultures. This can be seen from  the 
results in Table 3 bu t is no t apparent from  those in Table 1 since the picture is confused 
by the fact th a t in different experiments (e.g. a, c in Table 1) the length o f  the lag period 
frequently varied. This slower grow th was accom panied by a higher content o f 
carbohydrate, even after 8 days, than  in the richer cultures, largely due to  an increase 
in hot acid-soluble carbohydrate and, to  a  smaller extent, in residual carbohydrate. As 
the grow th rate declined after about 12 days, due to  the falling amino acid content o f 
the medium, the carbohydrate content o f all fractions increased.

In  order to  confirm  the effects on carbohydrate content o f changing the conce n trations 
o f nitrogen sources, and to  avoid complications due to  interexperim ental variation, 
cultures containing different initial concentrations o f asparagine and casein hydroly
sate were incubated together and all were harvested after a fixed time. Tables 3 and 4 
show the results o f  two experiments employing different growth periods. In  the early 
stages o f  grow th o f  such cultures (e.g. up to  9 days), even though the am ino acid 
nitrogen content o f  the medium in all the cultures was still m ore than  300 mg./l., the 
growth rate diminished slightly bu t progressively w ith decreasing concentrations o f 
asparagine and casein hydrolysate. Accompanying this diminished growth rate there 
was a  m arked increase in the ho t acid-soluble and residual carbohydrate, while the 
carbohydrate content o f  the other two fractions rem ained relatively unaffected. There 
were no consistent changes in  nucleic acid content w ith the nitrogen content o f  the 
medium. W hen the organic nitrogen content o f  the medium was reduced to  half o f  the 
lowest concentration o f 0-5 g. asparagine and 0-375 g- casein hydrolysate/1., growth was 
extremely slow and insufficient material was available for analysis after 9 days growth.

After longer incubation periods there was a tendency for the differences in growth 
rates to  become reduced, probably due to  the grow th-retarding effect o f the form ation 
o f  cell clumps (see below) which would operate sooner in the m ore rapidly growing 
cultures. A fter 14 days growth the cultures w ith 2 g. asparagine + 1-5 g. casein/1. 
showed signs o f  a general increase o f carbohydrate content in  all fractions, a decrease 
in soluble am ino com pounds and an  increase in soluble combined phosphate. All o f 
these results are characteristic o f  lim itation o f  am ino acids in the medium, even 
though there was still abou t 450 mg. am ino acid nitrogen/1. o f medium. These effects 
were decidedly m ore m arked in the cultures containing 1 g. asparagine+ 0-75 g. 
casein hydrolysate/1., in which the organic nitrogen content o f the medium had fallen 
to  150 mg./l. after 14 days growth. Cultures which initially had  a still lower concentra
tion  o f  am ino acids in the medium grew very slowly and the accum ulation of carbo
hydrate in all the fractions (except the residue) was m ore marked.

The results indicate th a t grow th rate and carbohydrate content o f  the bacteria, 
particularly in the ho t acid-soluble and residual fractions, was affected by the amino 
acid content o f  the m edium  w ithin a wide range o f  concentrations, bu t th a t the effects 
became m arked when the organic nitrogen content o f  the medium dropped below 
about 500 m g/1., and  particularly when it dropped to  200 m g/1. o r below.

Results in general conform ity with this were obtained in glycerol +  asparagine m edia 
(Tables 5, 6). R eduction in the asparagine content o f  the medium in the range 16 to  
4 g./l. reduced the growth rate, though the results fo r the carbohydrate content o f the 
cells were som ewhat erratic. A t the lower asparagine concentrations, corresponding to  
about 400 and  200 mg. am ino acid nitrogen/1. m uch m ore m arked changes occurred. 
The growth rate was strikingly reduced. The cells had  a high carbohydrate content and,
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particularly a t the lowest nitrogen level ( ig . asparagine/1.), a low content o f  soluble 
am ino com pounds and some increase in soluble combined phosphate. In one respect, 
however, the effects o f reduction in the amino acid content o f the glycerol +  asparagine 
media differed from  the effects o f reduction in nitrogen content o f the glycerol +

Table 5. E f f e c t  o f  c o n c e n t r a t i o n  o f  a s p a r a g i n e  in  g l y c e r o l  +  a s p a r a g i n e  m e d i u m  a n d  

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

c o m p o s i t i o n  o f  M y c o b a c t e r i u m  tu b e r c u l o s i s  BC G

Bacteria harvested after 15 days growth. Results are expressed per g. insoluble nitrogen.
D ata in (a) and (6) from different experiments.

Carboyhydrate fractions
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Nitrogen
source

Yield
(mg. insoluble

Organic N (a) or 
N H j-N (6) in

medium SolubIe
Alkali-

extractable
H ot acid- 

soluble Residue

Total
carbohy

drate
(g./l.)

16

N/l.)

104-7

(mg. N/l.) 

3260

(as mmoles ‘glucose’)

(a ) Asparagine
3-42 4-70 4'94 1-61 14-67

8 85-7 1590 3-26 4-06 8-56 2-73 18-61
4 58-7 780 3-04 6-40 5-20 1-95 16-59
2 1 1-3 409 274 346 15-35 4 10 25-65
i 1-8 208 r i o 7’55 25-80 869 43-14

8 169
(è) Ammonium sulphate 

1680 9'95 4-55 23-25 4-77 42-52
2 17-8 407 7'43 444 23-10 5-58 40-55

Table 6. E f f e c t  o f  c o n c e n t r a t i o n  o f  a s p a r a g i n e  in  g l y c e r o l  +  a s p a r a g i n e  m e d iu m  a n d  

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

c o m p o n e n t s ,  a m i n o  c o m p o u n d s  a n d  l i p i d s  o f  M y c o b a c t e r i u m  tu b e r c u l o s i s  b c g

Bacteria harvested after 15 days growth. Results are expressed per g. insoluble N. Expts (a ) 
and (b) are the same as (a ) and (6) in Table. 5.

Soluble fractions

Nitrogen
source

Nucleotides 
(as /¿moles

Amino compounds Combined 
(as /¿moles phosphates RNA DNA Lipids

(B-/1-) AMP) leucine) (/¿g. atoms P) (/¿g. atoms P) (/¿g. atoms P) (g.)

16 230 7470
(a) Asparagine 

995 1808 1045 3-82
8 227 7500 — 1509 1165 3-84
4 227 6850 1260 1260 1013 3-83
2 258 1750 1323 1528 1044 —

8 528
(b)

7620
Ammonium sulphate 

1880 1559 1408 3-67
2 428 2500 1670 1715 1545 —

asparagine +  casein hydrolysate media : in the form er case the reduction led to a reduced 
content o f soluble carbohydrate in the cells, while in the latter case it led to an increase 
in this material.

The use o f an am m onium  salt as the sole nitrogen source led to slow growth and a 
high carbohydrate content o f all fractions (Tables 5, 6). I t also led to  a high soluble 
pool o f nucleotides and combined phosphates, and to a rather high D N A  content.



Reducing the concentration o f  (N H 4)2S 0 4 from  1700 mg. N H 4-N/1. to  400 mg. 
N H 4-N/1. o f  medium had  little effect on the com position o f  the cells, apart from  the 
concentration o f soluble am ino com pounds, which showed a substantial decrease 
(Tables 5, 6). I t  sho uld be noted, however, th a t the ninhydrin m ethod, which was used 
to  measure the am ino com pounds, also responds to am m onium  ions, and it seems likely 
tha t it was the concentration o f  these which changed in response to the external 
am m onium  ion concentration.
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Table 7. Changes in the composition of Mycobacterium tuberculosis BCG grown in 
glycerol +  asparagine +  casein hydrolysate medium and then transferred to ether media 
for 6  h.

Figures for insoluble nitrogen were obtained by dividing final values by initial values. Other 
figures were obtained by dividing final values per g. of insoluble nitrogen by initial values 
per g. of initial insoluble nitrogen. The results are the means from two experiments.

Alkali- Hot acid-
Transfer Insoluble Soluble extractable soluble Residual Total
medium nitrogen carbohydrate carbohydrate carbohydrate carbohydrate carbohydrate

Glycerol 
Glycerol +

1*00 1-35 i-27 1-33 1-24 1-32

ammonium
sulphate 

Glycerol +
r o 6 1-82 1 1 5 096 076 1 1 8

asparagine + casein
hydrolysate 1 1 8 r n  r n 1-25 1-03 ITS

Soluble fraction

Amino
%

Combined
Nucleotides compounds phosphate RNA DNA

Glycerol I I 9 r o i 1-29 P l6 1-05
Glycerol +  ammonium

sulphate 
Glycerol +

1-22 i ■ 17 1-05 i 06 1*03

asparagine +  casein
hydrolysate 1-24 i-6o 1*09 1-02 1-02

In  order to  study the speed with which the com position o f Mycobacterium tuberculosis 
b c g  responded to  altered growth conditions, bacteria which had been grown in 
glycerol +  asparagine +  casein hydrolysate medium were washed and resuspended either 
in the same medium or in glycerol +  am m onium  sulphate medium, or in glycerol medium 
with no nitrogen, and incubated for 6 h. (Table 7). As judged by to tal nitrogen content, 
organisms resuspended in the original medium resumed growth a t something like the 
previous rate, those in the am m onium  sulphate medium grew slightly, while those in 
the nitrogen-free medium did not change in nitrogen content. Even in the short period 
o f the experiment, the carbohydrate per unit o f nitrogen increased markedly in all the 
fractions obtained from  the bacteria incubated in the nitroger_-free medium, while 
only a slight increase took place in the original medium. In  the am m onium  sulphate 
medium there was an unexpected fall in the carbohydrate content o f the residue and a 
m arked increase in the soluble fraction. A n increase in soluble nucleotide content took 
place in all media, there was a  marked increase in the soluble amino acid content in the 
original medium and in the soluble phosphate in the nitrogen-free medium. O ther
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changes in the composition o f the bacteria during the experimental period were 
marginal.

Since the glycerol concentration in the media employed in this work was high 
(75-5 g./l.), experiments were carried out to  com pare the carbohydrate content of 
Mycobacterium tuberculosis bcg  grown in such media with its content in media with 
one-tenth the am ount o f glycerol. The lower concentration was still sufficient to  provide 
a substantial excess of glycerol, since the concentration in the medium had no t been 
appreciably reduced at the time o f harvesting. It was found both  with asparagine +

Table 8. The effect o f reducing the glycerol concentration in the medium on the 
carbohydrate content o f Mycobacterium tuberculosis b c g

Carbohydrate was assayed by the phenol method. Results are the mean values from two 
experiments.

- ,  .. Carbohydrate content of fractionsMedium , ___________________
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f Alkali- Hot acid-soluble TotalNitrogen
source Glycerol Soluble extractable plus residue carbohydrate

(g./i.) ( g / 1.) (as mmoles ‘ glucose ’/g. insoluble nitrogen)

Asparagine (4) + casein
hydrolysate (3) 75'5 2-88 3-56 8-15 1459

7'55 278 2-99 5-89 11-66
Ammonium sulphate 75'5 6-87 473 15-17 26-80

(8) 7'55 6-6i 4'55 9-65 20-82

Table 9. Carbohydrate compounds of the soluble fraction from Mycobacterium tubercu
losis B C G  grown with different amounts of glycerol in asparagine + casein hydrolysate 
medium and in ammonium sulphate medium

The fraction was concentrated, de-ionized with Amberlite M B-i, chromatographed in ethyl acetate +  
pyridine +  water (10 :4 :3, by vol.) and the bands eluted and assayed by the phenol method, all as described 
by Winder & Rooney ( 1970). The results are given as /¿moles ‘glucose’/g. insoluble nitrogen.

Medium Total
t  \

Nitrogen 
source Glycerol 
(g./l.) (g./l.)

Total
soluble

carbohydrate

Recovery
after

de-ionization
(%) Trehalose

Polysac
charide Glucose

M annose+  
arabinose

Oligo
saccharide

recovery
from
paper
(%)

Asparagine
(4) + casein 75-5 3140 84 IO7O 642 65 186 l 6 75
hydrolysate 7-55 3040 56 850 350 55 69 1 4 79
(3)

Ammonium
sulphate 75-5 6415 91 2570 1415 274 1 7 4 251 81
(8) 7-55 6645 63 2000 978 94 56 415 85

casein hydrolysate medium and am m onium  sulphate medium tha t this reduction in 
glycerol concentration slightly reduced the carbohydrate content o f the bacteria, the 
reduction taking place mainly in the insoluble fraction (Table 8). N o experiments in 
glycerol-limited media were carried out.

In one such experiment the carbohydrates o f the soluble fraction were subjected to 
further fractionation by paper chrom atography, followed by elution and assay 
(Table 9). It was found tha t the change from the asparagine +  casein hydrolysate medium



to  the am m onium  sulphate medium increased the am ounts o f trehalose and poly
saccharide in about the same proportion  and also caused a large increase in the oligo
saccharide content o f the fraction. R eduction in the glycerol content in both media 
reduced the trehalose and polysaccharide content o f the fraction to  a greater extent 
than the to tal carboyhdrate content. I t  was noticed tha t when m aterial from  bacteria 
grown in the low glycerol medium was de-ionized by a  mixed-bed resin treatm ent, the 
recovery o f to tal carbohydrate was poor, suggesting th a t the soluble fraction o f these 
bacteria had a high content o f  ionic derivatives o f carbohydrates, presumably phos- 
phorylated compounds.
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DISCUSSION

The results obtained suggest th a t complex com binations o f  environmental effects 
operate even in the apparently simple experimental systems employed. Even in young 
cultures, in which all the known nutrients are far from  exhaustion, the growth rate of 
Mycobacterium tuberculosis b cg  declines progressively with age o f culture This has 
been observed also in shaken cultures o f M. smegrnads when dispersing agents are not 
employed (F. G. W inder & M. P. Coughlan, unpublished observations). The reduction 
in growth rate is probably due to  growth in the form  o f clumps, which increase in 
average size during the life o f the culture, and within which the ill-defined phenom enon 
o f ‘cellular crow ding’ may take place. Effects o f crowding have been dem onstrated in 
M. smegmans (M aruyam a, Ono & Sato, 1963), and in Escherichia coli crowding 
appears to  operate by leading to  a shortage o f energy sources which can be utilized 
under the redox conditions prevailing (Freter & Ozawa, 1963): such conditions may 
exist within the clumps. Decline in growth rate in M. tuberculosis BCG under these 
conditions is characterized by constant carbohydrate content and an  increased 
D N A :pro te in  ratio.

A second form  o f growth rate lim itation is observed when the concentration or 
variety o f  am ino acids in the medium is reduced. A progressive impoverishment o f the 
medium in this fashion leads to  a progressive decline in growth rate, even though the 
to tal pool o f soluble am ino com pounds in the bacteria is relatively constant. This 
decline in growth rate is accompanied by a relatively small increase in total carbo
hydrate, confined to  the ho t acid-soluble and residual fractions. I t is suggested tha t the 
richness o f the medium in am ino acids affects the steady state concentration o f  a 
limited num ber o f  am ino acids within the cell, presumably amino acids whose carbon 
skeleton can only be synthesized slowly from  glycerol, and th a t this affects the rate of 
protein synthesis. The cellular carbohydrate is largely derived from  glycerol (F. G. 
W inder, P. J. B rennan & S. A. Rooney, unpublished observations) and hence its 
synthesis tends to  outrun  th a t o f protein when the synthesis o f the latter is thus slowed.

A third form o f growth lim itation appears when the am ino acid concentration in the 
medium drops below a certain critical value, o r when amino acids are replaced by 
am m onium  salts. The critical organic nitrogen concentration in the medium varies with 
circumstances, bu t lies in the region o f 200 to  500 mg. N /l. Calculations based on the 
figures o f Antoine & Tepper ( 19696) suggest th a t a similar range o f organic nitrogen 
concentrations is also critical for Mycobacterium tuberculosis r iR v . W hen the amino 
acid concentration is below the critical level, the growth rate is very markedly reduced 
and high levels o f all carbohydrate fractions o f  the bacteria are reached. It is suggested 
th a t a t concentrations o f amino acids below the critical one the organisms have
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difficulty in abstracting them  from  the medium, leading to  the observed reduction in 
the intracellular pool o f  soluble am ino com pounds and to  a reduction in the rate o f 
protein synthesis with consequent carbohydrate accumulation. These conditions oper
ate even when am m onium  ions are present in high concentration, leading to  a large 
intracellular soluble nitrogen pool, as can occur in the glycerol +  am m onium  sulphate 
medium ; in this case it m ust be assumed th a t the provision o f a t least some o f the 
organism ’s am ino acid requirements from  am m onium  salts and glycerol is a slow 
process. Bowles & Segal ( 1965) have reported tha t glutam ate represses glycerol 
utilization o f M. tuberculosis H 37 Rv, so tha t de-repression o f glycerol utilization might 
reinforce the tendency o f the bacteria to  accumulate carbohydrate a t low concentra
tions o f  am ino acids. However, investigations into the uptake o f labelled glycerol, 
asparagine and glutam ate in each other’s presence do no t suggest th a t this process 
plays a m ajor role in regulating the carbohydrate'.protein ratio (W inder & Rooney, 
1970; F. G. W inder, S. A. Rooney, & P. J. Collins, unpublished observations).

Characterization o f  the carbohydrates present in the various fractions o f Myco
bacterium tuberculosisBCG grown in glycerol +  asparagine +  casein hydrolysate medium 
is reported elsewhere (W inder & Rooney, 1970). In the present studies, only in the case of 
the soluble fraction was an attem pt m ade to  identify the individual carbohydrates 
whose concentration changed in response to growth conditions. In this case, trehalose 
and a glucan were found to be mainly involved. The carbohydrates which were usually 
measured in the other fractions contained hexose, since the anthrone m ethod responds 
only slightly to  pentose. Antoine & Tepper (1969a, b) reported th a t glycogen is the 
main carbohydrate which accumulates in Mycobacterium phlei and M. tuberculosis 
under their accum ulation conditions.

The relative constancy o f the R N A : protein ratio  in spite o f large changes in growth 
rate is somewhat surprising in view o f the fact th a t in several bacteria it has been 
found th a t the am ount o f R N A  (mainly ribosom al RN A ) per unit o f nitrogen varies 
approximately linearly with growth rate over a range o f  conditions (M agasanik, 
M agasanik & N eidhardt, 1959; N eidhardt, 1963). However, a t lower grow th rates 
bacteria appear to approach a constant minimal R N A :pro tein  ratio  (M agasanik et al. 
1959 5 M aaloe & Kjeldgaard, 1966) and even the maximal growth rate o f  Myco
bacterium tuberculosis is far below the range studied with o ther organisms, so th a t 
presumably its whole range o f growth rates can be dealt with by a minimal concentra
tion o f ribosomes, though the constancy o f this value still requires explanation. In the 
more rapidly growing M. smegmatis, variation in this ratio  can be observed (W inder & 
O ’H ara, 1962; F. G. W inder & M. P. Coughlan, unpublished observations), even 
though its maximal growth rate still lies below the rates which have been studied with 
other bacteria.

On the other hand, mycobacteria appear to  have a ra ther variable D N A : protein 
ratio. This ratio  is generally constant in growing bacteria, although a limited increase 
can occur during starvation (N eidhardt, 1963; M aaloe & Kjeldgaard, 1966). In Myco
bacterium smegmatis substantial variations in this ratio can occur (W inder & O ’H ara, 
1962; F. G . W inder & M . P. Coughlan, unpublished observations), while in M. 
tuberculosis there is clear evidence for an increase in the ratio  as the growth rate in a 
rich medium declines through clump form ation.

The maximal R N A  : D N A  ratio achieved by Mycobacterium tuberculosis bcg  is very 
low a t 2: 1, com pared with 4:1 achieved by M. smegmatis and the higher values
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reached by other micro-organisms. This is presumably related to  its low maximal 
grow th rate. The values reported here for this ratio for b c g  are similar to  those found 
for a  num ber o f  o ther strains o f  M. tuberculosis (W inder & Denneny, 1956). In ter
ference by inorganic polyphosphate in their assay probably contributed to  the some
w hat high value o f 5 : 1 reported for M. tuberculosis b c g  by Tsum ita & Chargaff ( 1958), 
while the very high ratios reported by Y oum ans & Youm ans ( 1968) for H37R a were 
probably due to  interference by arabinose-containing polysaccharides in the orcinol 
m ethod used for m easuring RNA.
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S U M M A R Y

Exposure o f growing Mycobacterium tuberculosis b c g  to  1 pg. isoniazid/ml. 
inhibited the incorporation o f  14C from [U-14C] and [2-lsC]glycerol and [i-14C]- 
glutam ate into its walls by about 50 % over 12 h. because 14C incorporation into 
the mycolic acids o f the walls was prevented. Isoniazid, 0-5 /¿g./ml. with 
M. tuberculosis BCG or o-i /¿g./ml. with M. tuberculosis H37Ra, inhibited 
incorporation o f 14C from  [U-14C]glycerol into to tal mycolic acids by about 
90 % over 6 h., indicating tha t inhibition began within 1 h. o f the addition of 
the drug. There was no effect on mycolic acid synthesis in an isoniazid- 
resistant strain o f M. tuberculosis b c g . The prim ary inhibitory acticn of 
isoniazid in sensitive mycobacteria is probably on mycolic acid synthesis, and 
this leads to  form ation o f  defective boundary layers o f  the bacteria.

I N T R O D U C T I O N

A  detailed exam ination o f the effects o f isonicotinic acid hydrazide (isoniazid) on the 
carbohydrates o f  Mycobacterium tuberculosis suggested tha t this drug interferes with 
the form ation o f  the cell envelope o f this organism (W inder & Rooney, 1970). O ther 
lines o f  evidence, discussed by these authors, support this conclusion. This present 
paper gives an account o f  subsequent studies into the inhibition o f mycolic acid 
synthesis by isoniazid. Some o f these results have appeared in preliminary form 
(W inder, Collins & Rooney, 1970).

M E T H O D S

Organisms and growth conditions. Mycobacterium tuberculosis, var. bovis, strain b c g  

was obtained from  Glaxo Laboratories Ltd, G reenford, Middlesex. The isoniazid- 
resistant strain was obtained by transfer o f  a heavy inoculum  onto Lowenstein-Jensen 
medium containing 100 pg. isoniazid/ml., followed by repeated subculture on the same 
medium. Mycobacterium tuberculosis, var. hominis, strain H37Ra was obtained from 
Trudeau Laboratories, Saranac Lake, New Y ork, U.S.A. Both organisms were grown 
in shaken culture a t 37° as previously described (W inder, Brennan & M cDonnell,
1967). The medium was based on Sauton medium (Soltys, 1952), but had less glycerol 
(7 55 §•/!•) and asparagine was replaced by n -2 g. m onosodium  glutam ate/1 

Exposure to [u C]glycerol and isoniazid. After about 9 days similar small am ounts of 
[2-14C]glycerol o r [U-14C]glycerol o f high specific activity was added to  each culture. 
Isoniazid was simultaneously added to  half o f  the cultures, the rem ainder serving as 
controls, and bo th  sets o f  cultures were harvested after 6 or 12 h. by filtration through
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W hatm an no. 1 paper in a Büchner funnel. The collected m aterial was washed several 
times on the filter with 0-9 % (w/v) NaCl, the fluid removed by suction and the bacteria 
weighed (wet weight).

Preparation o f bacterial walls. The bacteria were suspended in 67 mM-phosphate 
buffer, pH  7-8 (10 g. wet w t o f bacteria to  50 ml. o f buffer), cooled in ice and treated 
for 20 min. with a 100 W 20 kH z ultrasonic generator (Soniprobe type 1130 A, Dawe 
Instrum ents Ltd, London W. 3), turned to maximal output. The hom ogenate was then 
fractionated as described by K otani, K itaura, H irano & T anaka ( 1959) to  give a 330g  
sediment (unbroken bacteria and clumps), a  4200g  sediment (crude-wall fraction) and a 
4200g  supernatant. The crude-wall fraction was treated with trypsin, as described by 
K otani et al. ( 1959), after which the residue was freeze-dried. To remove unbound 
lipids, the walls were then treated for 2 days with chloroform  +  m ethanol (2+ 1, v/v) 
a t room  tem perature, centrifuged after adjustm ent o f  the chloroform  : m ethanol ratio 
to  unity, and the residue extracted with ethanol +  water (1 +  1, v/v) a t 40° for 1 h. 
The residue o f purified cell walls was then dried in vacuo. The chloroform  +  m ethanol 
and ethanol +  ether extracts were pooled to  provide the unbound lipids.

Extraction of mycolic acids from bacterial walls. Purified walls were saponified by 
refluxing with 2-5 % (w/v) K O H  in methanol-)-benzene (1 +  1, v/v) for 6 h. After 
removing the insoluble residue by centrifuging, the extract was adjusted to  pH  4-0, 
and mycolic acids (along with o ther fatty acids and possibly other lipids) were ex
tracted with ether. Mycolic acids were precipitated from  the etheral extract by adding 
two volumes o f ethanol, separated by centrifugation and dried in vacuo.

Extraction of mycolic acids and other fatty acids from whole bacteria. The bacteria 
were extracted three times with ethanol +  ether (3+ 1, v/v) a t 6o° for 10 min. to  remove 
unbound lipids. The extracts were pooled, evaporated to  dryness, saponified and fatty 
acids extracted as described above. The bacterial residue was then saponified, fatty 
acids extracted and mycolic acids precipitated as described above.

Thin-layer chromatography of mycolic acids. Mycolic acids were converted to  their 
methyl esters by the use o f  diazom ethane (Lipsky & Landowne, 1963). The esters were 
chrom atographed on thin-layer plates o f silica gel G  (E. Merck, A .-G ., D arm stadt, 
W est G erm any) using light petroleum  (b.p. 40 to  60°) +  diethyl ether (9 +  1, v/v) as 
solvent. Samples o f  authentic mycolic acid esters (gifts from  D r P. J. Brennan o f  this 
D epartm ent) were used as standards. Mycolic acid esters and other lipids on the plates 
were detected by exposing plates to  I2 vapour or by spraying with R hodam ine 6G. 
The chrom atogram  o f each sample was divided into 2 cm. bands, the gel removed 
from  each band and its radioactivity counted.

Measurement o f 14C. All samples were counted in Bray’s solution (Bray, i 960) 
containing 2 % Cab-O-Sil (Packard Instrum ent Company) in a  Packard 3380 liquid 
scintillation counter. The results were converted to  d.p.m . using the external standard 
channels ratio m ethod in conjunction with a quench curve prepared with the same 
scintillation mixture.

Materials. Isotopically labelled com pounds were obtained from  The Radiochemical 
Centre, Amersham, Buckinghamshire.
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R E S U L T S

Effects o f isoniazid on bacterial wall synthesis 
The incorporation o f  14C from  [2-14C]glycerol into Mycobacterium tuberculosis 

b c g  and fractions derived therefrom  is shown in Table i .  Over oo%  o f the 14C taken 
up was found in the 42005- supernatant and in the 3305 sediment. Exposure to  ison
iazid 1 pg.jm\. for the 12 h. uptake period had no appreciable effect on the total uptake 
o f  14C. I t had a very slight effect on the relative am ounts o f radioactivity in the 3305 
sediment and the 42005 supernatant flu id ; this was probably due to  a greater fragility 
o f  isoniazid-treated bacteria, which was m ore apparent when shorter periods o f  dis
integration were used (W inder et al. 1970). Isoniazid slightly decreased the radio
activity in the crude-wall fraction; when this m aterial was further fractionated, the 
14C content o f the purified walls was half tha t o f the control while there was little effect 
on the trypsin extract or the free lipid.

Table 1. Effect o f isoniazid on the incorporation o fu C from [u C]glycercl into 
Myobacterium tuberculosis B C G  and its subcellular fractions

Fifteen 100 m l. cultures were treated  with 1 f ig . isoniazid/m l. fo r 12 h . a n d  the sam e num ber 
used as controls. [2- 14C]Glycerol (0-26 /¿Ci/culture) was added to  give a final specific activity 
o f approxim ately 66 d.p.m .//tm ole. Yields o f bacteria (g. wet wt) were: control, 2-6 ; isoniazid- 
treated , 2-3.

14C content (d.p.m .)

Fraction C ontrol Isoniazid-treated

330g  sediment 127,000 111,000
4200g  su p :rn a tan t
W all fractions (4200g  sediment)

189,000 207,000

T rypsin extract 20,000 17,000

U nbound lipid 4,000 3,800

Purified walls 5,900 3,000

T otal in bacteria 346,000 342,000

Yield (mg. dry wt)
Purified walls 12-6 14*0

Specific activity (d.p.m ./m g. d ry  w t 1
Purified walls 468 214

F urther experiments confirmed this result. In three separate experiments, the incor
poration  o f  14C from  [2-14C]glycerol into purified walls over 12 h. in the presence o f 
t ug. isoniazid/ml. was 0 51 ± 0-03 (s .e .m .) of the control incorporation, and in two 
further experiments the incorporation in the presence o f  10 fig. isoniazic/m l. was 
0-38 ± 0-08 o f  the control. In neither set o f  experiments did the total incorporation of 
14C into the bacteria in the presence o f isoniazid differ appreciably from  the control 
value. Thus isoniazid had a specific inhibitory effect on the incorporation o f carbon 
from  glycerol into the cell walls o f  Mycobacterium tuberculosis b c g .

In a similar experiment in which [i-14C]-DL-glutamate, the other carbon source in 
the medium, was used a t 1-25 /¿Ci/1. o f  medium, the carbon from glutam ate was 
incorporated into wads to  a smaller extent than carbon from  glycerol. This incorpora
tion was reduced by 20 % during a  12 h. exposure to  1 ¡ig. isoniazid/ml. Thus isoniazid 
inhibited the to tal incorporation o f carbon into the bacterial wall.

To identify the wail com ponent whose synthesis was affected by isoniazid, purified
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walls from  bacteria which had been exposed to  [14C]glycerol in the presence and ab
sence o f isoniazid were separately saponified and extracted with ether a t pH  4-0. 
Three fractions were obtained: a mycolic acid fraction; an aqueous fraction which 
contained part o f the cell-wall polysaccharide; and a residue mainly o f  peptidoglycan. 
Isoniazid strongly inhibited the incorporation o f radioactivity into the mycolic acid 
fraction, had a much smaller effect on incorporation into the aqueous fraction and no 
appreciable effect on the residue (Table 2). These results suggested tha t isoniazid had 
a prim ary effect on the synthesis o f mycolic acid or its incorporation into the wall and 
tha t the effect on the polysaccharide fraction was secondary to this.
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Table 2. Effect o f isoniazid on the incorporation of 14C from [14C]g/ycm>/ into fractions 
obtained on saponification of purified walls o f Mycobacterium tuberculosis b c g

Seventeen 100 ml. cultures were treated  with 1 f ig . isoniazid/ml. for 12 h . and the same 
num ber used as controls. [2-14C]GIycerol (0 63 /tC i/culture) was added to give a  final specific 
activity o f  approxim ately 168 d.p.m .//tm ole. Yields o f  bacteria (g. wet wt) were: control, 
15-5 ; isoniazid-treated, 15 4 .

14C content (d.p.m .)

Fraction Control Isoniazid-tr

Purified walls 2,944 1,508
Mycolic acids 768 126
Aqueous fraction 1,112 552

(polysaccharide) 
Insoluble residue 800 694

Table 3. Effect o f isoniazid on the incorporation o f u C from [u C]glycerol into fatty 
acids from free and bound lipids of Mycobacterium tuberculosis B C G

Six 100 ml. cultures were used for each treatm ent (6 h.). [U-,4C]Glycerol ( 1-25 /tC i/culture) 
was added to give a final specific activity o f approxim ately 333 d.p.m . Yields o f bacteria 
(g. wet wt) were: control, i-o ; with o-l /tg. isoniazid/m l., 1 -2 ; w ith 1 f ig . isoniazid/m l., 0 9 .

Isoniazid-treated

Fraction
C ontrol o*i /tg./ml.

14C content (d.p.m .)
I /tg./ml

F a tty  acids from  free lipids 
F a tty  acids front bound lipids

53,470 50,440 63,120

M ycolic acids 1 1 ,840 9,040 1,112
O ther fatty  acids 19,902 25,050

Yield (mg. dry wt)
13,640

M ycolic acids 16-4 18 0

Specific activity (d.p.m ./m g.)
1 1-8

Mycolic acids 722 502 94

Effects of isoniazid on mycolic acid synthesis
To determine w hether this effect o f  isoniazid was on the synthesis o f  mycolic acid or 

on its incorporation into the wall, experiments were made in which the total mycolic 
acid was extracted from  Mycobacterium tuberculosis BCG which had been exposed to  
[14C]glycerol for 6 h. with and w ithout isoniazid. The results o f a typical experim ent 
(Table 3) showed tha t isoniazid o-i /tg./ml. slightly inhibited the synthesis o f  mycolic 
acid and  tha t it had a strong inhibitory effect a t 1 /tg./ml. O ther experiments showed



tha t results w ith 0-5 /tg./ml. were similar to  those w ith 1 /¿g./mh Effects on the free 
lipids, and on the non-mycolic fatty acids and related com pounds o f the bound lipid 
fraction were relatively small.

Since incorporation o f  14C from  [14C]glycerol in the medium into the mycolic acid 
o f  control bacteria :s effectively linear under these experimental conditions for the 
period involved (F. G. W inder, P. J. Brennan & S. A. Rooney, unpublished observa
tions), the degree o f  inhibition by 1 ¡ig. isoniazid/ml. o f incorporation o: 14C into 
mycolic acid over a  6 h. period indicated th a t it produced an inhibition o f  sy nthesis of 
mycolic acid between 90% immediately and 100% after a delay o f less than  1 h. In 
view o f this degree of inhibition, we conclude tha t the synthesis o f all the mycolic 
acids present in m ajor am ount in this organism  was affected.
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Fig. i .  Thin-layer chrom atography o f the m ethylated m ycolic acids from  the bound lipids 
o f M y c o b a c te r iu m  tu b ercu lo sis  b c g  which h ad  been exposed to  [2-u C]glycerol w ith and 
w ithout i /ig. isoniazid/m l. fo r 6 h. (a )  D istribution  o f radioactivity in  chrom atogram s of 
contro l (—) an d  isoniazid-treated (---) m aterial, (b )  D iagram  o f spots on  p late after 
exposure to  iodine vapour.

Thin-layer chrom atography o f the methyl mycolates showed tha t they were con
tam inated with small am ounts o f fatty acids, bu t th a t m ost o f the radioactivity in  the 
case o f mycolic acids from  the control cells was associated with the mycolic acid area 
o f the plate (Fig. 1). The am ount o f radioactivity associated with the mycolic acid area 
from  isoniazid-treated cells was m uch less than  with th a t from  control cells. Separation 
o f  different com ponents o f the mycolic acid fraction was only slight with the chrom ato
graphic system used, bu t the chrom atogram s confirmed th a t the m ajor mycolic acid 
com ponents were all affected by isoniazid, though there was some suggestion th a t no t 
all were affected equally.

In contrast to  the above results w ith an isoniazid-sensitive strain o f b c g , isoniazid
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did no t inhibit the incorporation o f 14C into the mycolic acids o f an isoniazid-resistant 
strain (Table 4).

W hen similar experiments were made with isoniazid-sensitive Mycobacterium tuber
culosis H37R a .i t  was found tha t isoniazid a t o-i /tg./ml. led to almost complete 
inhibition o f mycolic acid synthesis over 6 h. (Table 5).
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Table 4. Effect of isoniazid on the incorporation of UC from [u C]glycerol into 
mycolic acids of isoniazid-resistant Mycobacterium tuberculosis b c g

N ine 100 ml. cultures were treated with 1 /tg. isoniazid/ml. for 6 h. and the same num ber used 
as controls. [U-14C]GlyceroI ( 1-25 /tC i/culture) was added to  give a  final specific activity o f 
approxim ately 333 d .p .m .//«noie. Yields o f  bacteria (g. wet wt) were: control, 1-2 ; isoniazid- 
treated , 1 4 .

C ontrol Isoniazid-treated

d.p.m .
T otal 14C mycolic acids 14,108 17,736

mg. dry wt
Yield o f m ycolic acids 29-8 34-2

d.p.m . fing.
Specific activity o f mycolic acids 474 519

Table 5. Effect of isoniazid on the incorporation o f u C from [u C]glycerol into 
mycolic acids of Mycobacterium tuberculosis HßyRa

Five 100 ml. cultures were treated  with o-i //g. isoniazid/ml. fo r 6 h. and the same num ber 
used as controls. [U-14C]Glycerol (2-5 /¿Ci/culture) was added to  give a final specific activity 
o f approxim ately 666 d.p.m .//tm ole. Yields o f  bacteria (g. wet wt) were: control, o-68; 
isoniazid-treated 0 58.

Control Isoniazid-treated

T otal 14C in mycolic acids
d.p.m .

2,660 80

Yield of mycolic acids
mg. dry wt 

11-5 8-2

Specific activity o f mycolic acids
d.p.m ./m g.

231 9'7

D I S C U S S I O N

These results show tha t isoniazid at 0-5 /tg./ml. and upwards produced complete, 
or alm ost complete, inhibition o f  synthesis o f mycolic acids in 1 h. o r less in growing 
Mycobacterium tuberculosis b g c , while total incorporation o f carbon into the cells as 
a whole was substantially unaffected for much longer periods. Isoniazid a t o-i /tg./ml. 
gave even more rapid and complete inhibition o f synthesis o f mycolic acids in M. 
tuberculosis H37Ra.

Two questions arise. First, is this inhibition related to  the bactericidal action o f  the 
drug or is it some completely unrelated phenom enon? The fact tha t this inhibition 
occurred to  a marked extent in both sensitive strains a t isoniazid concentrations close 
to  the minimal inhibitory ones under the conditions of the experiment, but did not 
occur under similar conditions with an isoniazid-resistant strain, is strong evidence 
tha t this effect is related to  the bactericidal action o f the drug. This conclusion is 
supported further in tha t isoniazid also inhibits mycolic acid synthesis in Myco



bacterium smegmatis and M. phlei bu t requires higher concentrations, proportional to 
their minimal g ro w ti inhibitory ones (P. J. Brennan, P. B. Collins & F. G. W inder, 
unpublished observations).

The second question which arises is, accepting tha t inhibition of mycolic acid syn
thesis is related to  the bactericidal action o f isoniazid, where does it fit in to  the chain 
o f events involved? We suggest tha t inhibition o f mycolic acid synthesis leads to  the 
form ation o f envelope m aterial low in mycolic acid and hence defective, that this re
sults in loss o f  further m aterials from  the boundary layers o f the bacteria, and tha t it 
leads ultimately to  less o f acid-fastness and death. We base this hypothesis partly on 
evidence in the present paper bu t mainly on evidence discussed elsewhere (W inder & 
Rooney, 1970). The inhibition o f mycolic acid synthesis is established quickly as com 
pared with the time required for m ost other observed effects o f isoniazid (see Win der 
1964; Y ouatt, 1969), while m ost such effects can be interpreted in terms o f it (W inder 
& Collins, 1969; W inder & Rooney, 1970). The only effects o f isoniazid action, other 
than  inhibition o f mycolic acid synthesis, which have been shown to occur within 1 h. 
o f exposure are the uptake o f  the drug, its metabolism and the form ation o f  pigments 
(Y ouatt, 1969); these effects may be involved in its action on mycolic acid synthesis. 
Hence we suggest tha t the prim ary site o f  the inhibitory action o f  isoniazid lies 
somewhere in the biosynthetic pathway to the mycolic acids. Since the biosynthetic 
pathw ay to  mycolic acids is alm ost unknow n (Étémadi, 1967), we do not suggest which 
enzyme or enzymes may be sensitive to  isoniazid nor a mechanism by which isoniazid 
acts.

The relatively slight inhibitory effect on the incorporation o f radioactivity into the 
polysaccharide fraction derived from  the bacterial walls (Table 2) is presum ably an 
indirect effect o f  inhibition o f  mycolic acid synthesis. Some o f the polysaccharides in 
this fraction occur, p rior to  saponification, as mycolic acid esters (Imaeda, K anetsuna 
& G alindo, 1968) and failure o f  mycolic acid synthesis may result either in an indirect 
inhibition o f  synthesis o f  the polysaccharides o r in their elution from  the bacterial 
envelope, a process for which there is evidence (W inder & Rooney, 1970).
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S U M M A R Y

Am inoacetone was formed from D-  or L-i-aminopropan-2-ol, or both, 
by a variety of micro-organisms. A n oxidoreductase capable of oxidizing 
D-i-aminoprc)pan-2-oi to aminoacetone was purified 38-fold from Escherichia 
coli. I t was inactive with L-i-aminopropan-2-ol, L-threonine and DL-glycerol-
1- phosphate It was highly active with a variety o f diols and hydroxyketones 
and not namowly specific as reported by other workers (Decker & Swain,
1968). The effect o f growth conditions on activity suggested involvement 
in mono- o di-hydroxyacetone metabolism. A lthough D -i-am inopropan-
2- 0I oxidation was dem onstrated in crude extracts o f a num ber o f other 
bacteria, a  relationship between L-threonine and D -i-am inopropan-2-ol 
dehydrogenases and vitamin B12 biosynthesis does no t appear likely.

I N T R O D U C T I O N

A previous study with Escherichia coli showed tha t N A D -dependent oxidoreductase 
activities toward: L-threonine, and both l - and D -i-am inopropan-2-ol were present 
in extracts and t i e  properties o f the first two enzymes were described (Turner, 1967). 
A m inoacetone was the product in both cases. The present paper describes the 
properties o f a martially purified oxidoreductase acting on D -i-am inopropan-2-ol 
also to  form  aminoacetone. Interest in this enzyme arises because o f its possible 
involvement in t i e  reduction o f am inoacetone to  give D -i-am inopropan-2-ol which 
then may be incc rporated into vitamin B12 (Turner, 1966), although it still remains 
to be dem onstra ed tha t it is the D-isomer which is the product o f aminoacetone 
reduction in this organism. Some support for this hypothesis comes from  the work 
o f K rasna, R oseib lum  & Sprinson (1957), who showed that the incorporation of 
isotope from  [15N]-L-threonine into the D -i-am inopropan-2-ol fragm ent o f vitamin 
B12 occurred in Sireptomyces griseus.

Some o f this work has been summarized previously in a preliminary note (Lowe & 
Turner, 1968).

M E T H O D S

Micro-organist? s and media. Escherichia coli, type I (N ational Collection of Industrial 
Bacteria (NCIB) no. 8114) was m aintained and cultured as described previously 
(Turner, 1966). Pseudomonas strains 8,/ix and d l 8 a  were isolated by enrichm ent

* Present address: D epartm ent o f  M icrobiology, University o f  A lberta, E dm onton, A lberta, 
C anada.
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culture on D L-i-am inopropan-2-ol as the m ain carbon and nitrogen source, as 
described by Higgins, Pickard & Turner ( 1968). O ther micro-organisms were obtained 
from  the NCIB, Aberdeen, Scotland, the N ational Collection o f  P lant Pathogenic 
Bacteria (NCPPB), Hatching Green, H arpenden, H ertfordshire, or were laboratory 
strains. All m icro-organisms were m aintained as slope or stab cultures on nutrient 
agar (2-5 %, w/v). Some vitamin B12-producing micro-organisms (see Table 7) were 
grown on peptone-yeast extract medium, modified from  tha t described by Hall, 
Benedict, Wiesen, Smith & Jackson ( 1953) and consisting o f 10 g. glucose, 3 g. yeast 
extract, 3 g. soya peptone, 1 g. C a C 0 3, 15  g. K 2H P 0 4, 1 g. K H 2P 0 4 and 10 mg. 
CoS0 4.7H 20  made up to  1 1. with glass-distilled water. O ther micro-organisms 
were grown on nutrient broth  medium (Oxoid no. 2) o r simple basal salts media 
containing 7 g. K 2H P 0 4, 3 g. K H 2P 0 4, 12  g. N a2S 0 4. io H 20 ,  01 g. MgS0 4.7H 20 ,
1 g. (N H 4)2S 0 4 and 5 g. o f  various carbon sources per litre. Synthetic media were 
adjusted to pH  7-0 p rior to  sterilization. C arbohydrates were autoclaved separately.

Preparation of enzyme extracts. Bacteria were harvested in the exponential growth 
phase and extracts prepared as described by T urner ( 1966).

Measurement o f aminoacetone production and utilization by washed suspensions of 
bacteria. Am inoacetone production and utilization were measured as described by 
Higgins et al. ( 1968). The partially resolved am ino alcohols were used as substrates 
for aminoacetone production.

Uptake of radioactive [3-u C]-DL-i-aminopropan-2-ol by growing and resting bacteria. 
W ashed suspensions o f  Escherichia coli were incubated a t 4 mg. dry wt/ml. with 
0-3 mg. o f [3-14C]-dl- i-am inopropan-2-ol (o-o85|mCi/mmole) and 0-5 mmole K 2H P 0 4 +  
K H 2P 0 4 buffer, pH  7-0, in 5 ml. at 30° with shaking. Samples o f culture o r bacterial 
suspensions were then filtered through 0-45 ¡i M illipore mem brane filters (M illipore 
Filter C orporation, Bedford, M assachusetts, U.S.A.). The bacteria were washed 
with o-1 M-phosphate buffer before attaching the filters to  planchets and drying. 
Samples o f the combined filtrates and washings were also dried on planchets and 
examined for radioactivity. Radioactivity was measured using a N uclear Chicago 
M odel D  47 Gas Flow D etector (Nuclear Chicago, Des Plaines, Illinois, U.S.A.), 
which had a calculated counting efficiency o f  31 %.

M e a s u r e m e n t  o f  L - th r e o n in e , D - a n d  L - i - a m in o p r o p a n - 2 - o l  d e h y d r o g e n a s e  a c t i v i t i e s  

in  e n z y m e  e x t r a c t s .  D- and L-i-am inopropan-2-ol dehydrogenase activities were 
assayed in reaction mixtures containing 50 /¿mole D- or L-i-am inopropan-2-ol, either 
as the optically pure bases or partially resolved tartrates, 500 /¿mole diethanolam ine +  
HC1 buffer pH  9-6, 10 /¿mole NAD+, and 0-5 mg. protein (dialysed crude extract) or 
50 fig. o f partially purified enzyme preparation, in a total volume o f i -6 ml. Unless 
otherwise indicated, 30 /¿mole (N H 4)2S 0 4 was included in the D -i-am inopropan-2-ol 
dehydrogenase assay mixture. Reactions were started by addition o f  enzyme to  the 
otherwise complete reaction mixtures equilibrated a t 370. All incubations were for 
20 min. a t 370. Reactions were stopped with 0-3 ml. 25 % (w/v) trichloroacetic acid. 
A fter centrifuging, i-o ml. o f  supernatant fluid was assayed for aminoacetone. W hen 
assaying for L-threonine dehydrogenase, 100/¿mole o f  L-threonine was used as substrate 
with 500 /¿mole tris +  HCl buffer pH  9-0.

Assay of aminoacetone and protein. Assays were carried ou t colorimetrically as 
described previously (Turner, 1966).

Spectrophotometric enzyme assays. D -i-A m inopropan-2-ol and secondary alcohol-
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dependent reduction o f NAD+ was m easured in reaction mixtures containing 750 //mole 
diethanolam ine+H C 1 buffer pH  9-6, 10 //mole NAD+, 50 //mole secondary alcohol 
substrate, 50 //mole (N H 4)2S 0 4 and 0-02 to  0-50 mg. protein :n a to tal volume o f
2-5 ml. A m inoacetone and hydroxyketone reductase activities were carried ou t using 
750 //mole sodium acetate+ acetic acid (or 3,3'-dim ethylglutaric ac id + N aO H ) buffer 
pH  6-o, 10 //mole am inoacetone or 2-5 //mole hydroxyketone, 0-75 //mole N A D H  or 
N A D PH , 50 //mole (N H 4)2S 0 4 and 0-02 to  0-50 mg. protein in 2-5 ml. total volume. 
Substrate or cofactor was om itted from  the com pensating cells and the reactions 
were started by the addition o f  enzyme to otherwise complete reaction mixtures 
equilibrated a t 37°.

Enzymic activities are expressed as m//moles o f  N A D H  produced, o r N A D H / 
N A D PH  oxidized/ntg. protein/m in. a t 370.

P u r if ic a t io n  o f  D - i- a .r . in o p r o p a n - 2 - o l - a m in o a c e to n e  o x id o r e d u c ta s ? a c t i v i t y

(a) Heat treatment. Crude extract was adjusted to  8 mg. protein/m l., heated for 
10 m in., and precipitated protein was removed by centrifuging a t io,ooog to  give 
a clear supernatant fluid.

(b )  Molecular exclusion chromatography. Portions o f  heat-treated enzyme were 
further purified by gel filtration on Bio-Gel P-300 as described by Turner (1967). 
Enzyme activity was eluted immediately after the void volume (VJV,, = 1-3). The 
active fractions were combined for further purification.

(c) Ion-exchange cellulose chromatography. The enzyme was next adsorbed on 
30 g. D EA E cellulose ‘Chrom edia D E 52’ (pre-swollen) previously equilibrated with 
o-02M-phosphate buffer pH  7-0 a t 4°. Protein was eluted from  the cellulose by a 
gradient o f 0 to  i-OM-NaCl in o-02M-phosphate buffer pH  7-0, a t a flow rate o f about 
30 ml./h. U nder these conditions enzyme activity was eluted by 0-35 to  o-40M-NaCl.

P r e p a r a t io n  o f  o p t i c a l l y  a c t i v e  i - a m in o p r o p a n - 2 - o l s

(a )  P a r t i a l l y  r e s o lv e d  D - { — ) - i - a m in o p r o p a n  2 -0I D - ( — ) - ta r t r a t e .  This was prepared 
by the procedure o f Sullivan ( 1963) as described by Turner ( 1967), except tha t l( + )  
tartaric acid was replaced by d ( —) tartaric  acid. The optical ro tation  o f the recrystal
lized d - ( —)-1-am inopropan-2-ol D -(-)- ta r tra te  dihydrate, was [a]?,2'8 =  —31-5° 
(C .5 and 10 in water).

(b )  O p t i c a l l y  p u r e  D - a n d  L - i - a m in o p r o p a n - 2 -o l . The m ethod used was a modification 
o f tha t described by Chatelus ( 1964). F o r the preparation  o f D -i-am inopropan-2-ol, 
10 g. o f L-threonine and 66 g. o f  freshly distilled acetophenone (mole ratio  3:20) 
were heated with constant stirring a t 130° for 7 h. The resultant deep-red solution 
(Schiff’s base) was hydrolysed by shaking with four 50 ml. volumes o f  3N-HCI at 50° 
to  release the base. The combined aqueous fractions were dried. The hydroscopic 
residue was dissolvec in the m inimum o f warm  dry absolute ethanol. A fter cooling 
the solution, D -i-am inopropan-2-ol HC1 was precipitated by adding 7 vol. dry 
diethyl ether and removed by filtration. The crystals were dissolved in ethanol and 
re-precipitated by ether to  yield a flakey white product which was stored under 
vacuum over a desiccant. The product had a  m .p. o f  970, cf. authentic DL-i-amino- 
propan-2-ol m .p. 963; and  exhibited [a]?2-6 =  - 58° (C. 2 and 5 in water) and 
[a]“ -5 =  —33-6° (C. 1 and 3 in methanol), cf. [a]|5 =  - 31-5° (C. 1 in methanol), Clark,
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Jones, Raich & Folkers (1954), and [a]D =  -5 8 °  (unknown solvent), K arrer & 
K larer (1925), reported for synthesized D -i-am inopropan-2-ol H C 1.

Similarly, L-i-am inopropan-2-ol H C 1, prepared from  D-threonine, exhibited 
[a]!2'5 =  +38° (C. 5 in water). Optical ro tation  values were determined as described 
previously (Turner, 1967).

Detection of i-aminopropan-2 -ol formation. Am inoacetone (10 mM) and N A D H  
(0-4 mM) were incubated a t 37° with purified enzyme (0-3 mg./ml.) in phosphate 
buffer, pH  6 (50 mM), in the presence of (N H 4)2S0 4 (20 mM). A fter 1 to  2 h ., reaction 
mixtures were deproteinized and applied to  a column o f BioRex 70 cation exchange 
resin. Basic com pounds were eluted with o-i n -HCI and freeze-dried. Concentrated 
solutions were streaked on to thin-layer cellulose plates and chrom atographed in 
bu tan -1-ol + prop ion ic  acid +  water (47 +  22 +  31, by vol.). A m inopropanol was 
detected as a distinct ninhydrin-positive band running slightly ahead o f aminoacetone 
(Rf values 0-4 and 0-3 respectively).

Chemicals. The sources o f chemicals were those described previously by Turner
(1967) and Higgins et al. (1968). In addition, D-tartaric acid, w<?io-butan-2,3-diol, 
DL-propan-i,2-diol, hydroxyacetone and DL-acetoin were obtained from British D rug 
House Ltd, Poole, D orset; D-threonine, DL-i-bromopropan-2-ol and DL-i-fluoro- 
propan-2-ol from K  and K  Laboratories Inc., Plainview, New Y ork, U .S.A .; soya 
peptone L  44 and yeast extract L 21 from the Oxoid Division o f Oxo Ltd, L ondon; 
dihydroxy acetone from  Calbiochem. Inc., Los Angeles, California, U .S.A .; D E  52 
Chrom edia ion-exchange cellulose from  H. Reeve Angel and Co. Ltd, London. 
[U-14C]-L-Threonine was purchased from The Radiochemical Centre, Amersham, 
Buckinghamshire. All chemicals were o f analytical reagent grade, o r o f highest 
quality available commercially.

R E S U L T S

Aminopropanol and aminoacetone metabolism by intact bacteria
Previous results had shown tha t Escherichia coli was unable to  utilize the nitrogen 

o f DL-i-aminopropan-2-ol for growth on a variety o f carbon sources (Turner, 1967). 
The same results were obtained in the present study using aminoacetone. The ability 
o f washed suspensions o f E. coli to  form the am ino ketone from DL-i-aminopropanol 
was shown to be due to the oxidation o f only the L-isomer (Table 1). Some m icro
organisms among those tested were found, however, to produce aminoacetone from 
both stereo-isomers (Table 1).

The possible utilization o f am inopropanols for biosynthetic rather than catabolic 
purposes by Escherichia coli was studied by adding [3-14C]-DL-i-aminopropan-2-ol 
(o-66 /<Ci, 4-2 /«mole) to  freshly inoculated to ml. cultures o f E. coli, growing either 
on nutrient b ro th  or on succinate basal salts media. Only about 6 % o f the radio
activity was incorporated into bacterial substance within 36 to  60 h. In contrast, 
micro-organisms capable o f growth on DL-i-aminopropan-2-ol, e.g. Achromobacter 
sp. p 6 (Gottlieb & M andel, 1959) and Pseudomonas sp. N C IB 8858  (Higgins et al. 1 9 6 8 ), 
incorporated about 86 % o f the radioactivity under the same conditions. W ashed 
suspensions o f E. coli, grown on a variety o f media, utilized [3-14C]-DL-i-aminopropan-
2-0I only after a lag o f about 10 h. Virtually all the radioactivity was taken up by the 
organism  within 24 h. and no trace o f radioactive products was detectable in suspension 
media. Suspensions o f broth-grow n bacteria utilized am inoacetone immediately at
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rates o f  1 to  2 m/tmoles/mg. dry wt/min. a t 30° and pH  7. A m inoacetone uptake 
was decreased 50 % by an  equim olar am ount o f L-i-am inoprcpan-2-ol whereas the 
D-isomer lowered uptake by only 5 %. Cultures growing on b ro th  also utilized 
am inoacetone at slow rates.
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Table 1. A m in o a c e to n e  p r o d u c t io n  f r o m  d -  a n d  L - i- a m in o p r o p a n - 2 - o l  

b y  w a s h e d - c e l l  s u s p e n s io n s  o f  m ic r o -o r g a n is m s

Micro-organisms were grown on nutrient broth, or DL-i-aminopropan-2-ol medium 
(values in  parentheses), and aminoacetone production by suspensions was measured as 
described in the Methods section.

Aminoacetone production (m/xmoles/ 
mg. dry wt/min. at 30°) from

M i c r o - o r g a n i s m S t r a i n
1

D - A m i n o p r o p a n o l * L - A m i n o p r o p a n o l t

A chrom obacter anitratum L a b o r a t o r y 0 1 * 2
Aerom onas iiquefaciens L a b o r a t o r y 0 3 1
Erwinia carotovora N C P P B 1 2 8 0 5 - o 2-6
Escherichia coli,  t y p e  I N C i B 8 r i 4 0 3-2
K lebsiella  aerogenes,  t y p e  I N C I B 4 1 8 6 1 5-2
Proteus vulgaris L a b o r a t o r y 0 1 * 2
Pseudom onas aeruginosa N Œ B 8 2 9 3 6-2 3-2
Pseudom onas  s p . N C I B 8 1 9 4 0 4 0-7
Pseudom onas  s p . N C I B 8 8 5 8 o -7 ( o - 2) 0 - 9  < 8 - 9 )
Pseudom onas  s p . 8/ixt 0-2  ( - ) 1 - 2  ( T 3 - 2 )
Pseudom onas  s p . dl8aî 7 '5  ( o - 6 ) 3 - 2  ( 1 0 - 4 )

* Composition 82 % D-i-aminopropan-2-ol, 18% L-i-aminopropan-2-ol. 
t  Composition 88 % L-i-aminopropan-2-ol, 12 % D-i-aminopropan-2-ol.
X Isolated in this laboratory for ability to grow on DL-i-aminopropan-2-ol.

Table 2. E f f e c t  o f  a c t i v a to r s  a n d  in h ib i to r s  o n  D - i - a m in o p r o p a n - 2 - o l  

d e h y d r o g e n a s e  a c t i v i t y

A c t i v i t y  w a s  m e a s u r e d  c o l o r i m e t r i c a l l y  a s  d e s c r i b e d  i n  t h e  M e t h o d s  s e c t i o n ,  e x c e p t  
t h a t  ' ’ N H i h S O ,  w a s  o m i t t e d  f r o m  r e a c t i o n  m i x t u r e s  i n  E x p t .  1 .

Concentration Activity
Addition (mM) (%)

Experiment 1
None — 100
Thioglycollate 5 83
Cysteine 5 81
2-Mercaptoethanol 5 48
(N H 4)2S C 4 10 200
N a 2S0 4 10 140
k 2s o 4 10 103

Experiment 2
DL-Serine 30 91
DL-i-Dimethylaminopropan-2-ol 30 90
Ethan-i,2-diol 30 86
d l -3-FIuc ro-i-aminopropan-2-ol 30 58
Glycerol 30 58
dl- i  -Flueropropan-2-ol 30 57
Propan-i,3-diol 30 52
mej0-Butan-2,3-diol 30 43
DL-i-Bromopropan-2-ol 30 17
DL-Propan-1,2-diol 30 9
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D - i- A m in o p r o p a n - 2 - o l  o x id a t io n  b y  c e l l - f r e e  e x t r a c t s

The N A D +-dependent oxidation o f  D -i-am inopropan-2-ol to  am inoacetone was 
assayed colorimetrically (see M ethods section). U nder optim um  conditions, activities 
o f 12 to  15 m/imoles am inoacetone formed/mg. protein/m in. a t 370 were found in 
fresh extracts. A m inoacetone reductase activity could not be m easured accurately 
in crude extracts due to  the presence o f high N A D H  oxidase activity.

Fig. 1. Heat-treatment of crude cell-free extracts of E s c h e r ic h ia  c o li . Aliquots o f crude 
cell-free extract, adjusted to 8 mg. protein/ml., were held at various temperatures for 10 min. 
After removing the precipitated protein by centrifuging, supernatants were assayed for 
D-i-aminopropan-2-ol dehydrogenase activity (O) colorimetrically, DL-propan-i,2-diol 
dehydrogenase activity (•) ( x £ given scale) spectrophotometrically, and protein content 
(■ ) as described in Methods. Enzyme activities are expressed in relation to the original 
protein concentration of untreated extract.

Table 3. P a r t ia l  p u r if ic a t io n  o f  D - i - a m in o p r o p a n - 2 - o l  d e h y d r o g e n a s e

Extracts from E s c h e r ic h ia  c o l i  grown on nutrient broth were fractionated 
as described in Methods.

Fraction
Volume

(ml.)
Protein

(mg./ml.)

Enzyme activity 
(m/rmoles/mg. 
protein/min.)

Total
units
(IU)

Activity ratio 
D-1 -aminopropan-2-ol 

DL-propan-1,2-diol

Crude extract 20 19 12 4560 0-15
Heat-treated 20 4 7 46 4300 0-15
BioGel P-300 70 045 144 4530 0-14
D E  52 cellulose 25 0-14 178 590 0-14
Peak fraction 3 0-12 450 162 0-14

The enzyme was activated by a num ber o f m onovalent cations, but inhibited by 
sulphydryl com pounds and m ore markedly by substrate analogues (Table 2). Substances 
with little or no effect at 5 m M  included AM P, A D P, ATP, iodoacetate and glutathione.



D -i-Am inopropan-2-ol dehydrogenase was rem arkably stable to heat: heating at 
70° fo r 10 min. caused an  increase in activity, as well as purification due to  protein 
precipitation (Fig. 1).

P u r if ic a t io n  a n d  p r o p e r t i e s  o f  a n  o x id o r e d u c ta s e  a c t in g  o n  D - i - a m in o p r o p a n - 2 - o l  a n d  
a m in o a c e to n e

Purification was carried out as a preliminary to  studies on substrate specificity 
and content o f  am inoacetone reductase activity (Table 3). The relative activities o f 
D -i-am inopropan-2-ol and DL-propan-i,2-diol remained constant during 38-fold 
purification. D uring exclusion chrom atography on Bio-Gel P-300, the oxidoreductase 
was completely separated from  L-threonine and L-i-am inopropan-2-ol cehydro- 
genases. The enzyme was eluted immediately after the initial nucleoprotein indicating 
a  mol. wt o f  about 300,000 (see Turner, 1967).
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Fig. 2. Effect of p H  and buffers on D-i-aminopropan-2-ol and DL-propan-:,2-diol dehydro
genase activity. Enzyme activities in partially purified preparations were measured spectro- 
photometrically as described in Methods, although in the absence of (N H 4)2S0 4: d - i -  

aminopropan-2-oi dehydrogenase activity (O), DL-propan-i,2-diol dehydrogenase activity 
(•) x i  given scale. 0-3 M-Sodium acetate+ acetic acid buffers were used at p H  5-1 to 5 9,
03  m -K 2H P 0 i- K H 2P 0 4 buffers at p H  6 o to 7-5, 0-3 M-tris + H C l buffers at p H  7-4 to 9-0 
and 0-3 M-diethanoIamine+HCl buffers at p H  8-5 to 10 2.
Fig. 3. D-i-Aminopropan-2-ol dehydrogenase activation by monovalent cations. Activity 
in partially purified enzyme preparation was assayed colorimetrically as described in 
Methods, except that 'N H ihSO ,! in the incubation mixtures was replaced by L i2S0 4 (•), 
(N H 4)2S0 4 (O), N a 2S0 4 (□), K 2S0 4 (■ ) or R b 2S0 4 (A).

P H  o p t im a .  Optim um  activity for the oxidation o f  either D-1 -am inoprop in-2-0] 
or DL-propan-i,2-diol with NAD+ occurred a t pH  9-8 in diethanolam ine +  H C 1 
buffer. Dehydrogenase activities were m arkedly lower in tris +  HCl buffer (Fig. 2), 
particularly in the absence of N H 4+. For the reduction o f am inoacetone and h jdroxy- 
acetone with either N A D H  or N A D PH , optimum activity was at pH  6-o.

C a t io n  a c t i v a t io n .  The activity o f the enzyme was stimulated by N H 4+, Li+ and Na+ 
at about 10, 50 and 100 mM respectively (Fig. 3). These effects, which were not 
additive, occurred with all substrates tested (see below). Cations were equally effective 
in bo th  directions o f the oxidoreductase.
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Substrate and cofactor specificities. B r o a d  s u b s t r a t e  s p e c i f i c i t y  w a s  f o u n d  ( T a b l e  4 ) .  

I n a c t i v e  a s  s u b s t r a t e s  w e r e  L - t h r e o n i n e ,  L - s e r i n e ,  D L - 2 - h y d r o x y - 2 - p h e n y l e t h y l a m i n e  

a n d  D L - g l y c e r o l - 1- p h o s p h a t e .  I n  t h e  a l c o h o l  o x i d a t i o n  d i r e c t i o n ,  a c t i v i t y  w i t h  NADP+ 
w a s  o n l y  3 %  o f  t h a t  w i t h  NAD+. W i t h  t h e  r e d u c t i o n  o f  a m i n o a c e t o n e  a n d  o t h e r  

k e t o n e s ,  N A D PH  w a s  a t  l e a s t  60 %  a s  a c t i v e  a s  N A D H  a t  t h e  o p t i m u m  c o n c e n t r a t i o n s  

o f 0-3 t o  0-4 m M ,  b u t  i t s  r e l a t i v e  a c t i v i t y  w a s  h i g h e r  a t  h i g h e r  ( i n h i b i t o r y )  c o f a c t o r
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Fig. 4. Double reciprocal plots showing the effect o f N H 4+ on D-i-aminopropan-2-ol 
dehydrogenase activity. Activity in partially purified enzyme preparation from E s c h e r ic h ia  
c o l i  was assayed colorimetrically as described in Methods except where noted, (a )  Incubation 
mixtures contained 2 /¿mole N A D +  with D-i-aminopropan-2-ol from r o  to 20-0 /¿moles in 
presence o f (N H 4)aS0 4 at 1 mM (□) and 20 mM (O). N o  (N H 4)aS0 4 control (•). (6) 
Incubation mixtures contained 20 /¿mole D-i-aminopropan-2-ol with N A D + from o-i to 
2-0 /¿moles in the presence of (N H 4)aS0 4 at 1 mM (□) and 20 mM (O). N o  (N H 4)2S0 4 
control (•).

T a b l e  4 .  Substrate s p e c i f i c i t y  o f  e n z y m e  a c t in g  o n  D - i - a m in o p r o p a n - 2 - o l

Substrate-dependent reduction of N A D +  and oxidation of N A D H  was measured spectro- 
photometrically at 340 nm. as described in the Methods section. Activities are expressed 
relative to those with D-i-aminopropan-2-oI, or aminoacetone, measured under appropriate 
optimum conditions.

Substrate Activity ( %)
Oxidation

D-1 - Aminopropan-2-ol 100
DL-Propan-1,2-diol 680
d l - l  -Bromopropan-2-ol 350
mejo-Butan-2,3-diol 320
Propan-i,3-diol 320
DL-i-Fluoropropan-2-ol 240
Glycerol 220
d l - i -Aminopropan-2,3-diol 90
L-i-Aminopropan-2-ol* 3

Reduction
Aminoacetone 100
Dihydroxyacetone 1840
Hydroxyacetone 1200
Methylglyoxal 960
DL-Acetoin 250

* Composition 88 % L-i-aminopropan-2-ol; 12 % D-i-aminopropan-2-ol, used as their L-tartrates.



concentrations. Activities with each cofactor were no t additive. i-Am inopropan-2-ol 
form ation by reduction o f  am inoacetone was dem onstrated chrom atographically 
(see M ethods), bu t the identity o f  the stereoisomer was no t established.
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Table 5. Michaelis constants f o r  s u b s t r a t e s  a n d  c o f a c to r s  o f  e n z y m e  a c t in g  

o n  D - i - a m in o p r o p a n - 2 - o l  a n d  a m in o a c e to n e

K m values were obtained using method of Lineweaver &  Burk (1934). The effects of 
substrate concentrations were determined in the presence of saturating amounts o f cofactors, 
and vice versa.

Limiting component Michaelis constant (mM)

D-l-Aminopropan-2-ol 2-o to 5-0
DL-Propan-i,2-diol 0-3
NAD-  o-2 to 0-5

Aminoacetone
Hydrcxyacetone
N A D H
N A D P H

3 0 to 4-5 
o-l to 0-2 

0-07 
0-12

Kinetic behaviour. The effect o f D -i-am inopropan-2-ol and N AD+ on dehydrogenase 
activity, a t various N H 4+ concentrations, are shown as double reciprocal plots in 
Fig. 4 .  Am m onium  ions increased V rl,ax and decreased Km values for the substrate. 
Michaelis constants for various substrates and cofactors are given in Table 5. Activities 
in the direction o f  alcohol oxidation were unaffected by high substrate or cofactor 
concentration and were no t influenced by nucleotides. In contrast, ketone reduction 
was extremely sensitive to  high substrate and cofactor concentrations and was 
inhibited by ATP bu t not by A D P or AM P. W ith N A D H  at the optim um  concentration 
(0-4 mM), excess substrate inhibition with am inoacetone and hydroxyacetone occurred 
above about 10 and 1-2 mM respectively. Am inoacetone was reduced twice as rapidly 
as hydroxyacetone when each was tested a t 10 mM. W ith am inoacetone a t 10 mM, 
N A D H  and N A D PH  were both  inhibitory a t above about 0-4 mM

Inhibition by ATP. W hereas ketone reduction with N A D PH  was inhibited by 
8 4  % by ATP a t 0-3 mM, reduction with N A D H  was inhibited only 10 %. Inhibition 
by A TP was non-competitive. W hen the ketone concentration was varied, with 
N A D PH  saturating a t 1 mM, the A', for A TP was 0-07 mM. W hen the cofactor was 
varied, with ketone constant, the corresponding Ah was o-6o mM.

Inhibition by substrate analogues and related compounds. A m i n o a c e t o n e  p r o d u c t i o n  

f r o m  D - i - a m i n o p r o p a n - 2 - o l  w a s  i n h i b i t e d  b y  s u b s t r a t e  a n a l o g u e s  ( T a b l e  2 ) ,  m a n y  

o f  w h i c h  w e r e  m o r e  e f f e c t i v e  s u b s t r a t e s  ( T a b l e  4 ) .  D L - P r o p a n - i , 2 - d i o l ,  w e . s o - b u t a n - 2 , 3 -  

d i o l  o r  D L - i - b r o m o p r o p a n - 2 - o l  ( i g n o r i n g  i s o m e r i c  f o r m s )  c a u s e d  9 1 ,  8 3  a n d  5 7  %  

i n h i b i t i o n  o f  a m i n o  a l c o h o l  o x i d a t i o n  w h e n  a d d e d  i n  e q u i m o l a r  a m o u n t s .  I n h i b i t i o n  

b y  D L - p r o p a n - i , 2 - d i o l  w a s  f o u n d  t o  b e  c o m p e t i t i v e  ( A h  a b o u t  o - i o  m M ) .  D L - 3 - F l u o r o -  

i - a m i n o p r o p a n - 2 - o l  a l s o  a c t e d  a s  b o t h  s u b s t r a t e  a n d  i n h i b i t o r  o f  D - i - a m i n o p r o p a n - 2 - o l  

o x i d a t i o n .  L - i - A m i n o p r o p a n - 2 - o l  w a s  i n a c t i v e  a s  i n h i b i t o r  o r  s u b s t r a t e .

Effect o f growth condi'ions on dehydrogenase activities
G r o w t h  o f  Escherichia co'ii o n  s i m p l e  s y n t h e t i c  m e d i a ,  c o n t a i n i n g  g l u c o s e ,  s u c c i n a t e ,  

f u m a r a t e ,  m a l a t e ,  a s p a r t a t e ,  g l y c e r o l ,  l a c t a t e ,  p y r u v a t e  o r  a c e t a t e  a s  s o l e  s o u r c e  o f  

c a r b o n  a n d  e n e r g y ,  y i e l d e d  e x t r a c t s  w i t h  l o w  D - i - a m i n o p r o p a n - 2 - o l  d e h y d r o g e n a s e  

a c t i v i t y .  A c t i v i t y  t o w a r d s  a l l  s u b s t r a t e s  t e s t e d  w a s  a b o u t  o n e - f i f t h  t h a t  f o u n d  i n
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extracts o f broth-grow n organisms. DL-i-Aminopropan-2-ol added as a  supplement 
to  either broth  or glucose-mineral salts m edia had no effect on enzyme activity. O f 
o ther alternative substrates tested, only hydroxyacetone induced enzyme form ation 
markedly. Six- to  tenfold increases occurred when washed suspensions o f bacteria 
grown on glucose were incubated with hydroxyacetone a t 150 m M .  Dihydroxyacetone 
and am inoacetone stimulated 2-5- and 1-6-fold respectively. Similar results were 
obtained when inducers were added as 0-4 % supplements to  cultures o f  E. coli 
growing on glucose. Escherichia coli was incapable o f growth on the hydroxy and

Table 6. Dehydrogenase activities in crude extracts o f micro-organisms
Micro-organisms were grown on nutrient broth and dehydrogenase activities were 

assayed spectrophotometrically as described in the methods section.

Dehydrogenase activity (m/imoles/mg. 
protein/min. at 37°) with substrate shown
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Micro-organism Strain
D-i-Am ino-
propan-2-ol

L-l-Am ino-
propan-2-ol

meso-Butan 
2,3-diol

DL-Propan-
1,2-diol

Achromobacter sp. p 6 n c ib  10431 2-8 o -7 32-0 13*0
Arthrobacter globiformis NCIB9759 1-5 o-i n.d. n.d.
Bacillus licheniformis n c ib  8061 2-6 o-3 136-0 170-0
B. polymyxa NCIB8524 21-0 4-o 850-0 700-0
B. subtilis Laboratory 1-0 3-o 20-0 3 i*o
Enterobacter cloacae n c ib  8529 1-0 o-3 185*0 166-0
Erwinia carotovora NCPPB1280 4-1 9'9 n.d. n.d.
Escherichia coli, type I NCIB8114 9 0 10-0 35-0 58-0
E. coli, K 12 n c ib  9481 11-4 n.d. n.d. 150-0
E. coli, K12 NCIB 9482 8-5 n.d. n.d. 125*0
E. coli, K12 NCIB 9483 7 7 n.d. n.d. 95*o
Klebsiella aerogenes, type I NCIB 418 2-0 8-o n.d. n.d.
K. aerogenes, type II NCIB 8017 0-5 0-3 125*0 90-0
Proteus vulgaris Laboratory 2-0 1 7 n.d. n.d.
Pseudomonas ovalis n c ib  9229 2-0 0-3 n.d. n.d.
Pseudomonas sp. NCIB 8858 0-3 1-0 n.d. n.d.
Pseudomonas sp. d l 8 a 8 - o 2 - 0 34-0 64-0

* n.d. = not determined.

Table 7. L-Threonine and D-aminopropanol dehydrogenases in micro-organisms 
used for production of vitamin -®12

Micro-organisms were grown on peptone-yeast extract medium and enzymes in extracts 
assayed colorimetrically as described in the Methods section.

Dehydrogenase activity 
(m/tmoles/mg. protein/min. at 370)

Micro-organism
Strain 

(n c ib  no.)
Growth

conditions D-Aminopropanol
1

L-Threonine

Flavobacterium devorans 8195 Aerobic 0 4 I  I
Nocardia rugosa 8926 Aerobic 31 17-0
Propionibacterium freudenreichii 5959 Anaerobic 0 0
P. shermanii 5964 Aerobic 3-2 190
P. shermanii 5964 Anaerobic 0 0
P. shermanii 8099 Anaerobic 0 0
Pseudomonas dentrificans 8376 Aerobic I I 3 7
Streptomyces griseus 9004 Aerobic 0-8 I4 O
S. olivaceus 8238 Aerobic 0-8 2-0



amino ketones tested, or on the corresponding alcohols. Dehydrogenase activity 
towards L-i-aminopropan-2-ol was unaffected by hydroxy ketones and analogues, 
which reduced L-threonine dehydrogenase activity when included in growth media.

Dehydrogenase activities of various micro-organisms
Extracts of micro-organisms grown on broth were examined for dehydrogenase 

activities towards several secondary alcohols, including D-i-aminoprcpan-2-ol. 
Results are shown in Table 6.

A number of micro-organisms known to produce relatively large amounts of 
vitamin B12 were examined for L-threonine and D-i-aminopropan-2-ol dehydrogenase. 
Two of the propioni oacter species would grow only anaerobically, although a third 
was capable of aerobic growth. The results are shown in Table 7.
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D IS C U S S IO N

The small and slow uptake of radioactivity from [3-14C]-DL-:-aminopropan-2-ol 
by growing cultures of Escherichia coli does not allow us to make any unequivocal 
statement regarding a biosynthetic role for the D-isomer of the amino alcohol. Neither 
DL-i-aminopropan-2-ol nor aminoacetone act as a growth substrate or nitrogen 
source for the E. coli in synthetic media, although L-i-aminopropan-2-ol can be 
readily oxidized to aminoacetone by several intact micro-organisms including E. coli. 
However, the enzyme responsible for oxidation of L-aminopropanol in E. coli has 
been studied (Turner, 1967) and its metabolic significance is uncertain.

The enzyme responsible for D-i-aminopropan-2-ol oxidation :n cell-free extracts 
of Escherichia coli is concluded to be an oxidoreductase of broad specificity in each 
direction. Evidence includes the constant activity for D-i-aminopropan-2-ol relative 
to DL-propan-i,2-diol, throughout purification; the inhibition of amino alcohol 
oxidation by alternative substrates; and induction of activity by hydroxy acetone or 
dihydroxyacetone but not aminoacetone or i-aminopropan-2-ol. In a comparative 
study, the highest D-i-aminopropan-2-ol dehydrogenase activity was found in Bacillus 
poivmyxa, known to possess only the D-specific butan-2,3-diol dehydrogenase (Taylor 
& Juni, i960), whereas negligible activity was found in species with the L-specific 
enzyme, e.g. Enterobacter cloaca (Taylor & Juni, i960).

The metabolic function of the enzyme studied in Escherichia coli is not clear, 
although specificity studies indicate involvement in diol and hydroxyketone meta
bolism. The acetoin fermentation, however, yielding butan-2,3-diol, is characteristic 
of Aerobacter aerogenes rather than E. coli, although the butan-2,3-diol-NAD+ 
oxidoreductase of A. aerogenes studied by Taylor & Juni (i960) was stereospecific 
for the D-enantiomorphs of the diol substrates tested. Alternatively, the heat-stability 
of the enzyme, its activation by monovalent cations, pH optimum and Km for NAD+, 
all suggests close similarity to the glycerol-NAD+ oxidoreductases studied in E. coli 
(Asnis & Brodie, 1953) as well as A. aerogenes (Burton, 1955; Lin & Magasanik, 
i960; Strickland & Miller, 1968). It should be noted that glycerol but not glycerol-1- 
phosphate was a substrate for the enzyme described here (Table 4). The failure of 
suspensions of E. col: to produce aminoacetone when incubated with D-i-amino- 
propan-2-ol may well be due to competition by endogenously generated substrates 
for the oxidoreductase found in extracts. The Km for glycerol found by Asnis &
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B r o d i e  (1953) w a s  10-7 m M ,  c o m p a r e d  w i t h  t h a t  o f  2-0 t o  5-0 m M  f o r  D - i - a m i n o p r o p a n -

2-0I r e p o r t e d  h e r e .

The significant activity of NADPH as a cofactor for ketone reduction, in contrast 
to the inactivity of NADP+ in the oxidation direction, is noteworthy. It is possible 
that the oxidoreduction between NADPH and hydroxy- or aminoacetone may be 
catalysed by a separate contaminating enzyme. Work to establish this has not been 
carried out. Whether aminoacetone reduction, by either NADH or NADPH, yields 
the D- or L-stereoisomer has not been determined.

The enzyme from Escherichia coli K12, claimed by Dekker & Swain (1968) to be 
specific for the reversible oxidoreduction reaction between aminoacetone and d - i -  

aminopropan-2-ol, appears to differ from the enzyme described here. The enzyme 
was optimally active with the D-amino alcohol in tris + HCl buffer between pH 8-0 
and 8-6, and inactive with all of a large number of substrate analogues. No activation 
by monovalent cations or activity with NADPH was reported. The activity with 
D-i-aminopropan-2-ol in crude extracts was about 14-0 to 14-6 m/imoles/mg. protein/ 
min. at 370 and pH 8-4 (Dekker & Swain, 1968). This activity is about the same 
as that of the non-specific enzyme described here, and found to be present not only 
in E. coli type I, but also in E. coli K12 strains.

No convincing evidence for the joint involvement of L-threonine and D-i-amino- 
propan-2-ol dehydrogenases in the biosynthesis of the vitamin B12 was found, in that 
Propionbacterium species, which are known to produce good yields of the vitamin 
during anaerobic growth (Mervyn & Smith, 1964), did not possess either enzymes 
when grown under such conditions. It now seems clear that in addition to the 
non-specific nature of the oxidoreductase acting on D-i-aminopropan-2-ol and 
aminoacetone, L-threonine dehydrogenase may be involved in catabolism yielding 
glycine and acetyl-CoA (McGilvray & Morris, 1969) as an alternative to aminoacetone.

The interest and support of Professor T. W. Goodwin, F.R.S., in this work is 
gratefully acknowledged. The authors thank Miss E. Duggan for expert technical 
assistance, and Miss A. Faulkner for some of the results in Table 1. The [3-14C]-DL- 
i-aminopropan-2-ol used was the valuable gift of Pfizer Ltd (Sandwich, Kent), to 
whom we are grateful for interest and encouragement. The work was aided by a 
research grant from the Medical Research Council.
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S U M M A R Y

The respiratory activities and cytochrome a2 contents of nitrogen-fixing 
continuous cultures of Azotobacter chroococcum (n c i b  8003) increased with 
the partial pressure of oxygen encountered during growth. Above o-6 atm., 
wash-out of the culture occurred. Acetylene reduction by culture samples of 
low respiratory activity was far more easily inhibited by oxygenation thar. was 
that of samples cf high respiratory activity, though their maximum acetylene- 
reducing activities at their optimal p0 2 values were similar. Inhibition by 
oxygen was reversible after mild oxygenation: 70 to 100% of the original 
activity returned immediately when the degree of oxygenation was decreased. 
Irreversible inhibition occurred after vigorous oxygenation and was associated 
with a loss of activity in cell-free extracts, which was restored by adding the 
oxygen-sensitive protein component of Azotobacter nitrogenase. These 
observations support earlier proposals that augmented respiration can 
scavenge oxygen from the nitrogen-fixing site and that a conformational 
change in the state of nitrogenase can prevent damage to the enzyme by 
oxygen. Vigorous aeration, however, may overcome these protective 
mechanisms.

IN T R O D U C T IO N

Inhibition of growth of nitrogen-fixing Azotobacteriaceae, but not of populations 
using fixed nitrogen, by oxygen has been known since Meyerhof & Burk’s (1928) 
report. Dalton & Pos ;gate (1969 a) summarized earlier work and extended the investi
gation to continuous cultures of Azotobacter chroococcum of known nutritional 
status. Populations whose growth was limited by availability of the phosphate or 
carbon+ energy source were extremely sensitive to oxygen inhibition; populations 
whose density was limited by their intrinsic rate of nitrogen fixation (called ‘N2- 
limited’ by Dalton & Postgate, 1969b) were less oxygen-sensitive, though scill much 
more sensitive than populations assimilating ammonia. Dalton & Postgate (1969 a) 
assumed that the oxygen sensitivity of Azotobacteriaceae was related to the known 
oxygen sensitivity of components of nitrogenase (Bulen & LeComte, 1966; Kelly, 
1969a, b) and proposed the hypotheses that: (i) in resting bacteria, the nitrogenase 
became ‘conformationally protected’, i.e. it assumed a conformation in which 
oxygen-sensitive sites were inaccessible to 0 2; (ii) in growing bacteria, nitrogenase 
assumed a conformation which would be susceptible to damage by oxygen but that 
the o rg a n ism  adjusted its respiration rate so as to prevent oxygen reaching sensitive 
sites. They called this control process ‘respiratory protection’. Yates (1970) and 
Drozd & Postgate (1970) observed that growing cultures of A. chroococcum, A. vine-
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landii and Azomonas macrocytogenes partly or completely ‘switched-off’ nitrogenase 
activity, assayed as rate o f acetylene reduction, when vigorously shaken in air. This 
process was readily reversed on standing and it represented a possible source o f error 
in the practical application o f the acetylene reduction test to  nitrogen-fixing aerobes 
in field conditions described by Stewart, Fitzgerald & Burris (1967) and H ardy 
Holsten, Jackson & Burns (1968).

The concept o f an active ‘respiratory p ro tection’ and a passive ‘conform ational 
p ro tection’ o f nitrogenase in A zotobacter implies tha t strains o f high respiration 
rate should be more efficient at ‘respiratory p ro tection’ and less disposed to  bring 
about ‘conform ational p ro tection’. We report here a study of the oxygen relations 
o f Azotobacter chroococcum ‘acclim atized’ to  high and lo w p 0 2 values.

64

M E T H O D S

Organisms and medium. Azotobacter chroococcum (NCIB8003) was grown a t 30 + 0-5° 
in a  modification o f Burk’s medium containing m annitol (D alton & Postgate, 1969 a, 
b). To avoid transient precipitation in batches o f medium which they described, the 
CaCl2 was autoclaved separately as a 20 % solution and added aseptically to  the 
rest o f the autoclaved medium when cool.

Apparatus. F or batch cultures, 250 or 500 ml. Erlenmeyer flasks approxim ately 
one-quarter full of medium were incubated a t 30° on a rotary shaker; we recognize 
th a t such cultures became 0 2-limited during growth. For continuous culture, apparatus 
with working volumes o f approxim ately 200 ml. (Baker, 1968) were used with a po rt 
in the side for a Clark-type oxygen electrode (Protech Ltd, 21 High Street, Rickmans- 
worth, Hertfordshire). The residual current in the oxygen electrode varied from  day 
to  day, so low oxygen tensions were measured by switching off the oxygen supply 
and stirrer in order to  obtain the zero reading; this was then subtracted from  the 
observed value. One po rt in the lid was closed by a ‘ Suba-seal ’ closure for injection 
o f acetylene. Silicone rubber tubing (Esco R ubber Ltd, Seething Lane, London E.C. 3) 
was used for connexions. The initial pH  o f the medium was 7-8 and it buffered 
sufficiently to  m aintain the pH  value constant a t 6-7 in the growth vessel with the 
populations used, so autom atic pH  control was unnecessary. Partial pressures o f 
gases were regulated using gas flowmeters.

Analytical procedures. A n estimate o f culture density was obtained from  its optical 
density in an Eel ‘Spectra’ spectrophotom eter. To determine organism concentration 
m ore exactly, quadruplicate 10 ml. samples o f  culture were centrifuged in dry, 
weighed, glass centrifuge tubes, washed once in 0 85 % N aCl and once in distilled 
water before drying to  constant weight in air a t 8o°. Respiratory activity was measured 
directly on culture samples in conventional W arburg manom eters containing o-2 ml. 
o f  40%  K O H  in the centre well, shaken at 150 strokes/min., am plitude 2 cm., a t 
30°. Samples were transferred as rapidly as possible from  the culture vessel to  the 
W arburg flask, where they were gassed with argon and oxygen mixtures o f the desired 
p 0 2. N o extra m annitol had to be added. Cytochrom e spectra o f whole organisms 
were measured using a diffuse reflectance unit on a Unicam  SP 700 spectrophotom eter. 
To allow for non-specific adsorption, peak heights were measured from  an in ter
polated theoretical scatter curve. Protein in culture samples was estimated by the 
m ethod o f Lowry, Rosebrough, F a rr & R andall (1951); protein in crude extracts



was estimated by the m ethod o f G ornall, Bardawill & David (1949). The standard 
was bovine serum albumin (Sigma Chemicals Ltd, London).

Acetylene reduction. Acetylene reduction rates were accepted as measures o f nitro- 
genase activity. Samples o f culture (2 ml.) were transferred to  25 ml. conical flasks 
and gassed with argon/oxygen mixtures o f the desired p 0 2 value. The flasks were 
sealed with ‘Suba-seal’ closures, 1 ml. o f acetylene (freshly prepared from C aC 2 
and water) was injected and they were shaken a t 30°. Gas samples (1 ml.) were taken 
by syringe for gas chrom atography at 5 or 10 min. intervals and replaced by 1 ml. of 
the appropriate argon and oxygen mixture. This procedure introduced a small 
systematic error in rate determ inations which was unim portant. F or tests on samples 
in W arburg m anom eter flasks, 1 ml. acetylene was injected through a vaccine cap 
(Scientific Furnishings, Chichester) on the side-arm o f the m anom eter flask and gas 
samples (1 ml.) were taken by the same method. W ith crude extracts (see below) an 
ATP-generating system was added and acetylene reduction was measured in 8 ml. vials 
under argon as described by Kelly (1969¿2). The procedures used with continuous 
cultures are described in the Results section.

Gas chromatography. Ethylene was detected by flame-ionization in a Pye series 104 
gas chrom atograph with a 5 ft (152 cm.) Porapak R. column, 4 mm. internal diameter, 
a t 450 in a stream of 50 ml. N 2/min. Peak height was taken as being proportional to 
ethylene concentration.

Preparation of crude cell-free extracts. The culture sample (100 ml.) was centrifuged 
at 28,000# for 10 min. a t 40. The pellet was resuspended in 10 ml. 0-025 M-tris-HCl 
buffer, pH  7-4, and disrupted under a stream o f nitrogen, while cooled in ice, with 
a Dawe ‘Soniprobe’ ultrasonic disintegrator at 2 to 5 A for 2 min. This preparation 
was centrifuged a t 38,000# for 20 min. to give a clear, light-brown supernatant liquid 
containing nitrogenase and a pellet containing whole bacteria, membranes and 
other debris. The supernatant was stored under nitrogen and in ice for up to 2 h. 
before use, or stored :n liquid nitrogen for longer periods. ‘Fraction 2 ’, the non-haem 
iron com ponent o f nitrogenase, was prepared from  Azotobacter chroococcum by 
D r M. Kelly in this laboratory.

Oxygen and Azotobacter 65

R E S U L T S

Effect of growth p 0 2 on bacterial density and respiratory rate 
A  population o f Azotobacter chroococcum was established growing in continuous 

culture a t a dilution rate of 0-2 h .“1 under 0-2 atm. oxygen+ o-8 atm. nitrogen from 
separate cylinders; the combined gas flow rate was 1 culture vol./min. Cytochrome 
contents, Q„2 values and dry weights were measured on culture samples. The p 0 2 
was then altered and com parable analyses made when the culture was considered 
to  be in a new steady state. Population densities of organisms under various partial 
pressures o f oxygen agreed closely with those obtained by D alton & Postgate (1969 a) 
and an alm ost exact duplicate o f their Fig. 1 was obtained. According to  population 
density measurements, oxygen became the growth-limiting nutrient below a p 0 2 of 
0-09 atm .; above o-6 atm . 0 2, wash-out o f the culture occurred. Table 1 shows that 
the Q0¡¡ values o f the organisms increased with increase in growth p 0 2.
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Fig. i. Rates of acetylene reduction at various molarities of dissolved 0 2 by A z o to b a c t e r  
c h r o o c o c c u m  grown in continuous culture at D  = 0-2 h.“1. Tests made on whole contents 
of growth vessel with medium pump off; O t  molarities determined from oxygen electrode 
readings (see text). Populations grown at 0 09 atm. 0 2 (•) and at 0-55 atm. 0 2 (■ ).

Table 1. Relationship between p 0 2 of growth, Q0% and cytochrome content in Azoto
bacter chroococcum grown in continuous culture under N2-fixing conditions at D = 0  2  h r 1

<2 o2 values of 1 ml. samples of culture measured in Warburg flasks at 30° under 
0-6 atm. A r  + o-4 atm. 0 2, with o-2 ml. 40 % K O H  in the centre well. Cytochrome spectra 
were measured by diffuse reflectance spectroscopy in a Pye Unicam SP 700 spectro
photometer in cuvettes with a 1 cm. light path. Cytochrome levels in the bacteria expressed 
in terms of extinction (E ) at reduced a  peak. Bacteria from continuous culture at various 
p 0 2 values were centrifuged and resuspended to 11 mg. dry wt/ml. 0 025 M-tris-HCl buffer 
(pH 7-4). Reduced spectra obtained by gassing the sample with H 2.

Cytochrome levels
Q 02 ( E x  io3/mg. dry wt)

Growth p 0 2 ( p i .  0 2/mg. dry ( ----A---------------
(atm.) wt/h.) a t C4 + C5

005 300 0-23 5-25
0*10 1510 0-45 6-83
0'35 2300 I-I4 5-60
0'55 2700 1-36 5-50

Effect of dissolved oxygen on acetylene reduction by whole cultures 
The rate o f acetylene reduction by whole chem ostat cultures was assessed by 

injecting 20 ml. o f acetylene into the vessel with the gas inlet and outlet ports clipped 
off and with the medium pum p off (the cultures, of course, ceased to be continuous



during the test). By adjusting the stirrer manually, the dissolved oxygen level could 
be held a t any selected level below saturation. The rate o f  acetylene reduction over 
10 min. was m easured at various levels o f dissolved oxygen, starting a t the highest 
and then lowering it. Between each determ ination the culture vessel was hushed out 
with the gas mixture used for growth. Figure 1 shows tha t the optim um  concentration 
o f dissolved oxygen for acetylene reduction by culture grown at a p 0 2 o f 0-09 atm. 
was 12 j i M ,  though reduction could be detected up to 150 j i m . The culture grown at 
a p 0 2 o f 0-55 atm . showed an optim um  at 25 /¿M-oxygen and acetylene reduction 
could be detected up to  260 j i m .
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Effect of ambient p0 2 on respiratory rate and acetylene reduction rate o f culture samples
M eyerhof & Burk (1928) reported tha t respiration in azotobacters is depressed at 

high p0 2 values. The Q0% values o f samples o f cultures grown at p0 2 0-09 atm . and 
0-55 atm . were measured under a range o f  p 0 2 values in the m anom eter flask.

§1
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Fig. 2. 0 2 uptake (as Q o 2, • )  and acetylene reduction (■ ) at various p 0 2 values by 1 ml. 
samples of continuous cultures o f A z o to b a c t e r  c h r o o c o c c u m  ( D  = 0 2 h._I). In (a )  organisms 
grown with 0 55 atm. 0 2; in (b ) grown with 0 09 atm. 0 2. (For detailed conditions see text.)

Figures 2(a) and (b) show that, over 20 min., high p 0 2 depressed the respiration rates 
only slightly. Acetylene reduction measured under similar ccnditions was much 
more sensitive to  elevated p 0 2 and was completely inhibited in populations tested 
a t p 0 2 values which gave their maximum respiration rate. The population grown 
a t a p 0 2 o f 0-09 atm . showed acetylene reduction up to 0-15 atm. with a maximum 
at 0-05 a tm .; the population grown at 0-55 atm. showed activity up to  0-55 atm. with 
a maximum at 0-2 atm. oxygen. The maximum specific activities a t optimal pOo 
values were the same in both  cases.

Effect of p 0 2 on cytochrome content
Azotobacter vinelandii was reported to  possess cytochromes c4, c5, bu a1, a2 and o 

(Jones & Redfearn, 1967). although cytochrome o was difficult to establish because 
it was usually only present in traces. Table 1 shows that, with increased p0 2, the 
cytochrome a2 content of the organisms increased in parallel with the increase in
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Qo2 mentioned earlier. The a  peaks o f cytochromes c4 +  c5 showed a slight maximum 
at o-1 atm . oxygen, the cl peaks o f cytochrome b1 appeared as a shoulder on the c4 +  c5 
peak and was difficult to  measure in these conditions.

Effect of N2 on cytochromes
Several reports have been published suggesting tha t the cytochromes of N 2-fixing 

A zotobacter species interact with N 2 (Wilson, 1958; Ivanov, Sitonite & Belov, 1965; 
Ivanov, M atkhanov, Belov & Gogoleva, 1967; Ivanov et al. 1968). D alton & Postgate 
(1969b) found no such interaction with carbon-limited populations o f Azotobacter 
chroococcum. Since growth /;0 ,  might influence the response o f N 2, we tested 
populations grown a t 0-09 and 0-55 atm . in the following m anner. Azotobacter 
chroococcum from  the effluent vessel of a continuous culture was resuspended at 
11 mg. dry wt/ml. 0-025 M-tris-HCl buffer, pH  7-4. The preparation was gassed 
successively in a diffuse reflectance cell with high purity H 2, Ar, N , and 0 2 (Air 
Products Ltd); the fully reduced spectrum was finally checked by adding dithionite 
after the 0 2 treatm ent. Hydrogen gave the fully reduced spectrum ; A r did not give 
any change, nor did N 2. Oxygen gave a 70 % decrease in the /? peaks o f cytochromes 
c4 +  c5 and bu a 90 % decrease in their cc peaks and a shift in their combined y  peaks 
from  420 to  412 nm.

Effect o f NHt on cytochromes
Dalton & Postgate (19696) observed no substantial differences between the cyto

chrome patterns o f N 2-grown and N H 4+-grown continuous cultures in otherwise 
com parable conditions. Knowles & Redfearn (1968) observed considerable differences 
in cytochrome contents o f subcellular particles from urea- or N 2-grown batch cultures 
o f Azotobacter vinelandii, so we repeated Dalton & Postgate’s experiment using 
a different p0 2. Azotobacter chroococcum from an N H 4+-grown (1-5 g. N H 4C1/1.) 
continuous culture, D =  0-2 h ._1 under d-7 atm . a rg o n +  0-3 atm. 0 2, had a cytochrome 
spectrum similar to that o f bacteria from the nitrogen-deficient medium grown at the 
same dilution rate but with 0-7 atm. N 2 +  o-3 atm . 0 2.

Michaelis constant for acetylene reduction by whole bacteria
Samples o f the cultures grown at low and high p0 2 were tested with a rg o n +  0 2 

at various partial pressures o f acetylene. The Km values were similar and within the 
range 0-0028 ± 0-0005 atm. acetylene. Plots o f reciprocal velocity against reciprocal 
substrate concentration showed that nitrogen acted as a competitive inhibitor of 
acetylene reduction. The Km values were independent o f the p0 2 a t which they were 
determined. A few tests with batch cultures gave similar Km values.

Reversible inhibition of acetylene reduction by 0 2
Samples o f Azotobacter chroococcum from continuous cultures grown a t the high 

or the low p 0 2 value were exposed for 5 to  10 min. in atmospheres o f p 0 2 just 
sufficient to  inhibit acetylene reduction completely when shaken at 75 strokes/m in., 
am plitude 4 cm. If  the p0 2 value was then altered to the optimum for that population, 
the reduction o f acetylene was immeciately resumed, usually completely but some
times up to 30 % below the original specific rate (Fig. 3a). This is the ‘switch o n ’ 
and ‘switch o ff’ process reported by D rozd & Postgate (1970). The process was too



rapid for destruction and resynthesis o f nitrogenase to  be involved; this point was 
nevertheless checked by experiments in which ‘switch ofiP and ‘switch o n ’ were 
induced in the presence o f 75 /¿g. chloramphenicol/ml. to  inhibit protein synthesis. 
The drug had no effect at all on either step in the process. As would be expected, 
both from  our work and tha t o f Yates (1970), culture samples shaken a t a fixed 
p 0 2 decreased in activity when shaken m ore rapidly; on lowering the shaking to
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Fig. 3. ‘ Switch on ’ and ‘ switch off’ o f acetylene reduction by oxygenation in A z o to b a c t e r  
c h r o o c o c c u m .  In the first experiment oxygenation was altered by increasing the p 0 2 (•). 
A  sample (2 ml.) from a continuous culture ( D  =  0-2 h r 1, p 0 2 = 0-09 atm.) was shaken 
in a 25 ml. conical flask at 150 strokes/min., amplitude 4 cm., at 30° under 0-05 atm. 
0 2 + 9'95 atm. Ar+o-o3 atm. C 2H 2. A t A  the flask was opened, flushed and resealed within 
20 sec. with 0-2 atm. 0 2 + o-8 atm. Ar+o-03 atm. C 2H 2; at B  it was returned to the original 
atmosphere by a similar procedure. In the second experiment oxygenation was altered by 
increasing the shaker speed and amplitude (■ ). A  sample (details as for first experiment) 
was shaken at 75 strokes/min., amplitude 1-5 cm., at 30° under o-2 atm. O 2 + 0 8 atm. 
A r  + o-03 atm. C 2H 2. The shaking was changed to 150 strokes/min., amplitude 4 cm., at A  
and returned to the original at B.

the original frequency the activity returned immediately, usually completely, but 
never m ore than 30 % below the original (Fig. 3 b). Consistent with the work described 
earlier, the lower the g o 2 o f the population, the more readily was acetylene reduction 
suppressed by oxygen. These observations show tha t 70 to  10c % o f the inhibitory 
effect o f  oxygen was immediately reversible.

Irreversible inhibition of acetylene reduction by 0 2
P art o f the inhibition by oxygen was sometimes not reversible. To study the 

question further, a continuous culture of Azotobacter chroococcum was set up at 
D =  o-2 h ._1, p N 2 =  o-8, p0 2 =  o-2 atm . and the atm osphere replaced by pure
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0 2 for 30 min. or 1 h. Nearly all the organisms in the growth vessel were harvested 
and the rem ainder left to  grow at o-2 atm . 0 2 again. Extracts o f the harvested organisms 
had no acetylene-reducing activity; populations from  the same continuous culture 
treated similarly, on a different occasion, but with pure argon in place o f the 0 2, 
gave extracts showing 80 % o f the acetylene-reducing activity o f undamaged organisms 
harvested from the culture. A ddition of purified ‘fraction 2 ’ to extracts o f the 
oxygen-treated population restored 90 % o f the original activity. These findings are 
illustrated in Table 2, which includes a further control, in which a population which 
had been grown with sufficient N H 4+ :o repress nitrogenase synthesis was exposed 
to argon, to show tha t the acetylene-reducing activity which was recovered was not 
due to  use o f impure ‘fraction 2 ’.

Table 2. Restoration of acetylene-reducing activity to extracts of oxygenated 
Azotobacter chroococcum cultures by addition of fraction 2'

Continuous cultures of N.-fixing A z o to b a c t e r  c h r o o c o c c u m  were interrupted while the 
contents o f the growth vessel were exposed to the gases indicated, harvested and the 
acetylene-reducing activities o f extracts determined. For details see text. Final assay 
mixture contained 10 mmoles MgCI2, 5 //moles A T P , 40 //moles creatine phosphate (Sigma 
Chemical Co., London, S.W.6), 25 //moles tris-HCl buffer, p H  7-4, 0 2 mg. creatine 
phosphokinase (E.C. 2 .7 .3 .2 , Sigma, London), 20 //moles N a 2S,0 .,, 0 5  ml. extract 
(8-5 mg. protein/ml.), 0 025 ml. ‘ fraction 2 ’ (0 2 mg. protein) when added, H .O  to 1-5 ml.
The reaction was started by adding o-2 ml. acetylene and stopped after 10 min. with 01 ml.
30 % trichloroacetic acid.

n-mole ethylene 
formed/mg. protein/

Treatment Addition min.

A r  + o-2 atm. 0 2 for 30 min. None 20

A r for 30 min. None 16
0 2 for 30 min. None 2

‘ Fraction 2’ [8
Grown with N H 4+ None 0

‘ Fraction 2 ’ 3

D IS C U S S IO N

Respiratory protection of nitrogenase in Azotobacter chroococcum 
Evidence for increased efficiency o f nitrogen fixation (mg. N  fixed/g. carbon source 

consumed) by azotobacters at low p 0 2 values, and concom itant inefficiency at high 
p0 2 values, has been reported by several workers (Parker, 1954; Parker & Scutt, i960; 
Phillips & Johnson, 1961; D alton & Postgate, 1969a). As a rationalization o f the 
effects o f nutritional status on the oxygen sensitivity o f continuous cultures, D alton 
& Postgate (1969a) proposed that respiration in Azotobacter chroococcum, apart from 
its normal metabolic function, played a part in protecting functional nitrogenase from 
damage by oxygen. O ur findings logically support their view; culture o f A. chroococ
cum a t low p02 and high p 0 2 values led to  no differences in the nitrogenase contents 
o f  the populations (as expressed in their maximum rates o f acetylene reduction) but 
influenced markedly the p0 2 value at which the maximum rate was obtained. We 
found a direct relationship between optim al p 0 2 for acetylene reduction and QUi 
of the p o pu la tion : the greater the Q0i, the more environmental oxygen the population 
could tolerate before inhibition of acetylene reduction appeared. This was true o f



samples o f  cultures grown a t high and at low p 0 2 values and tested with acetylene 
over a range o f  p 0 2 values and o f samples tested a t various shaking frequencies a t 
the partial pressure o f 0 2 in a ir; it was also true o f the effect o f am bient molarities 
o f dissolved oxygen (as registered by oxygen electrodes) on acetylene reduction by 
the actual ‘continuous’ cultures (which ceased to  be continuous for the duration of 
the experiment).

Reversible oxygen inhibition and ‘conformational protection ’
O ur observations tha t 0 2 inhibition, in both high and low oxygen populations, 

is 70 to  100 % reversible if  exposure to  oxygen has no t been prolonged is direct 
evidence for a  response too rapid to involve damage to and resynthesis o f  enzymes 
or portions o f  enzymes. O ur experiments with chloramphenicol, which inhibits 
nitrogenase synthesis in Azotobacter vinelandii (Strandberg & Wilson, 1968) support 
this view. Rapidly reversible 0 2 inhibition o f nitrate reductase activity, also w ithout 
protein synthesis, occurs in anaerobically grown cultures o f Aerobacter aerogenes 
(Pinchinoty, 1963) and the tetrathionate reductase activity of a similarly grown 
unidentified coliform bacterium (Pinchinoty & Bigliardi-Rouvier, 1963) is also 
oxygen-sensitive. Pinchinoty attributed these responses to  an auto-oxidizable flavin 
at which 0 2 competed with the inorganic acceptors for electrons. Com petition by 
0 2 at the prosthetic s.te o f such enzymes would lead to  similar responses. Com petition 
fc r electrons a t the prosthetic site o f nitrogenase, or at an auto-oxidizable electron 
carrier, m ight equally well account for the ‘switch on-sw itch o ff’ effects described 
in this paper, but other evidence argues against this view. Since the purified enzyme 
is oxygen-sensitive yet the crude form is not (Bulen & LeComte, 1966; Kelly, 19690, 
b), this indicates that a ‘pro tected’ conform ation does exist; in populations from 
batch culture, ‘switch o n ’ is not immediate (D rozd & Postgate, 1970), which a 
kinetic interpretation o f  the process would require it to  be. Though we accept tha t 
there is still no direct evidence tha t the conform ation o f the intracellular nitrogenase 
changes (D alton & Postgate, 19690, b), certainly some event takes place which 
prevents interaction with oxygen, acetylene and, by implication, nitrogen. Oppenheim 
& M arcus (1970) and Oppenheim, Fisher, M arcus & W ilson (1970) showed tha t 
N 2-fixing A. vinelandii is particularly rich in internal membranes and that insoluble 
oxygen-tolerant enzyme preparations are obtained by a m ethod which yields n itro
genase associated with mem brane m aterial; osmotic rupture yielded preparations 
not associated with mem brane which were both soluble and oxygen-sensitive. These 
two forms o f nitrogenase might correspond to  the ‘switched o ff’ and ‘switched o n ’ 
states o f the enzyme. ‘Conform ational p ro tection’, as we shall continue to  call it, 
was sometimes less than perfect in that up to  30 % o f the original activity was some
times not restored, and exposure to  pure oxygen induced irreversible oxygen damage 
directly attributable to  the oxygen-sensitive com ponent (‘fraction 2 ’) o f nitrogenase. 
Kelly (1969/)) reported that the normally air-stable particulate nitrogenase from 
Azotobacter chroococcum, which we regard as representative o f the conform ationally 
protected enzyme complex in vivo, lost about 75 % activity over 30 min. in pure 0 2. 
Both our work and tha t of Kelly (1969 a, b) are consistent with the report o f Strandberg 
& W ilson (1968) that prolonged (4 h.) shaking of A. vinelandii cultures in air cecreased 
Nj-fixing activity of extracts 28-fold and tha t synthesis of nitrogenase by N H 4+-limited
A. vinelandii was inhibited by hyperbaric (0-4 atm .) oxygen but not by air.
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72 J. DROZD AND J. R. POSTGATE

Effect o f growth conditions on cytochromes in nitrogen fixation
The cytochrome patterns obtained on altering the growth p0 2 showed that, in 

(Delimiting conditions (below p 0 2 =  0-09 atm .), the ci + c5 level was the same as in 
N 2-limited populations, bu t the decrease in a2 content with decrease in p0 2 continued. 
This is contrary to  the report o f Swank & Burris (1969) that the c4 +  c5 content o f
0 2-limited Azotobacter vinelandii was twice tha t o f populations which were presumably 
N elim ited. Lisenkova & Khmel (1967) m easured the cytochrome content o f whole
A. vinelandii from a continuous culture growing a t D = 0-3 h . 1, bu t their maximum 
Q,h values are so low (430 pi. 0 2/mg. dry w t/h.) th a t the populations m ust have been 
(Delimited and not N 2-limited in the sense used by D alton & Postgate (19696). 
Com parisons o f their results and ours are therefore difficult. Like D alton & Postgate 
(19696) and consistent with the experiments o f Swank & Burris (1969) using bacterial 
extracts, we could obtain no evidence for direct involvement of cytochromes in 
nitrogen fixation either from  the cytochrome patterns o f organisms grown in various 
conditions or by direct tests for cytochrome oxidation by N 2.

We acknowledge useful critical comments by D r M. G. Yates during preparation  
o f  this m anuscript.

E R R A T A

Two publications from the laboratory contain mistakes due to  oversight in preparing
the m anuscripts. They a re :

D alton & Postgate (19696), Fig. 2, p. 313:
The rate o f ethylene production should be /min., not /h.
Biggins & Postgate (1969), Fig. 1, p. 187:
The figures for /¿moles ethylene produced should be divided by 45.

J. R . Postgate and his co-authors apologize for any confusion they may have caused.
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Wild-type and Mutant Aspergillus nidulans Cell Walls. The 

Nature o f Polysaccharide and Melanin Constituents
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S U M M A R Y

Chitin and a  /?-l inked glucan were the m ajor chemical com ponents o f 
Aspergillus nidulans cell walls. O ther m onom eric residues identified in 
enzymic and acid hydrolyses o f whole cell walls and cell-wall fractions 
included galactose, m annose, glucuronic acid and galactosamine. The 
/?-glucan contained (1 -> 3) and (1 -» 6) linkages and was two-thirds digested 
by an exo-/?-D-i,3 glucanase prepared from  a cell-wall lysing Streptomyces 
species. A n a-glucan was identified as a cell-wall com ponent and it also 
contained (1 -» 3) linkages. This latter polysaccharide was distinguishable 
from  nigeran (an a - 1,3; a -1,4 glucan present in other Aspergillus species) by 
infrared spectroscopy and by its low susceptibility to  hydrolysis by an 
endo-a-1,3; a - 1,4 glucan glucanohydrolase. Both glucans were alkali-soluble, 
bu t the ^-glucan was completely solubilized only after acid extraction of 
the wall. The TV-acetylglucosamine to  galactosamine ratio in the A. nidulans 
cell wall was 1-32 and the two hexosamines were shown to be constituents 
o f distinct polymers. The remaining cell wall was accounted for by protein, 
lipids, readily extractable and bound, and, in the wild-type, melanin.

The melanin was distributed throughout the cell wall but was associated 
particularly with the chitin fraction. The pigm ent has been partially 
characterized chemically and contains indolic residues; this result does not 
substantiate earlier views tha t indolic melanins are peculiar to  the animal 
kingdom. M elanin appears to  be a finite heteropolym er both  in terms o f its 
m olecular size and its chemistry.

I N T R O D U C T I O N

A  positive correlation has been dem onstrated in several species between the 
presence o f  melanin, o r melanin-like pigments, in the cell walls o f  fungi and resistance 
to  microbial and enzymatic lysis (Potgieter & Alexander, 1966; Bloomfield & 
Alexander, 1967). Furtherm ore, studies on Aspergillus nidulans (K uo & Alexander,
1967) established that the resistance to  lysis was affected by the melanin concentration 
in the cell wall. The mechanism by which melanin may exert its antilytic effect in 
this fungus has recently been discussed (Bull, 1970 a).

As an essential prelude to  investigations o f the melanin effect the cells walls o f 
Aspergillus nidulans were examined chemically with reference to  the nature of

* Permanent address: Department o f Microbiology, Queen Elizabeth College (University of 
London), Campden H ill, London W .8.
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melanized and non-melanized walls. Extensive chemical analyses o f  cell walls o f 
filamentous moulds remain few in com parison with bacteria and, in particular, only 
two fungal melanins have been studied in any detail (Nicolaus, Piattelli & Fattorusso, 
1964).
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METHODS

Microbiological techniques. W ild-type strain 13 and an albino m utant 13.1.OL of 
Aspergillus nidulans Eidam (W int.) have been described previously (Bull & Faulkner, 
1964, 1965). The two strains were distinguished by the presence and absence respec
tively o f  melanin in their cell walls. Stock cultures were m aintained on a glucose-salts 
agar medium and 10 1. batch cultures for cell-wall preparation were grown in a liquid 
medium o f similar composition (Carter & Bull, 1969; Bull, 1970a).

Cell walls o f Aspergillus nidulans 13.1 . ol  were degraded extensively by a complex 
o f lytic enzymes synthesized by a Streptomyces species. The lytic organism was 
isolated from soil enriched with Phytophthora megasterium mycelium (W ang, 1964). 
Cultures o f the streptomycete were m aintained on a mineral salts agar containing 
2 % (w/v) wet wt o f blended Aspergillus oryzae mycelium (supplied by W allerstein Co., 
Division o f Travenal Laboratories Inc., Staten Island, New Y ork, U.S.A.) as the 
sole carbon source. Forty-litre cultures of the streptomycete were grown in a stainless- 
steel fermenter and the lytic enzymes were precipitated from the culture liquors by 
70 % saturation with (N H 4)2S0 4. Full details o f  these procedures, together with 
descriptions of /?-i,3 glucanase and chitinase purification, have been reported 
previously (Bull, 1970a).

Cell-wall preparation. Two methods o f cell-wall preparation were used, (i) Freshly 
harvested mycelium was washed thrice with N a/K  phosphate buffer (0-033M, pH  6-i), 
its pH  adjusted to  6-8 with 2N-NaOH and collected by centrifugation. The mycelium 
was blended for 2 min. in an Omni-M ixer (Ivan Sorvall Inc., Norwalk, Connecticut, 
U.S.A.), then treated with 1 % (w/v) sodium dodecyl sulphate (10 ml./g. wet wt 
mycelium) (M ahadevan & Tatum , 1965) and stirred overnight a t 40. Fivefold washing 
o f  the hyphal fragments in phosphate buffer was followed by treatm ent o f the residue 
with increasing concentrations o f aqueous ethanol, after which it was suspended in 
distilled water and freeze-dried, (ii) Phosphate-buffer washed mycelium (1-5 g. 
am ounts in 50 ml. buffer) was m acerated in a glass tissue homogenizer (Thomas, 
Philadelphia, Pennsylvania, U.S.A.) driven by an electric m otor at maximum speed 
and then centrifuged at 8oog for 10 m:n. M erthiolate (o-oi %, v/v) (Eli Lilly and Co., 
Indianapolis, Indiana, U.S.A.) was added to  the buffer solution to prevent microbial 
growth. The supernatant containing cytoplasmic debris was discarded and the 
combined residues resuspended in buffer (50 ml.). The suspension held below 120 was 
ultrasonicated in 15 ml. am ounts for 2 min. with the sonicator (Biosonik, Bronwill, 
Rochester, New Y ork, U.S.A.) operating a t full power. Cell-wall m aterial was 
recovered by centrifugation (8005-, for 10 min.) and the ultrasonication cycle repeated 
twice more. The residue, collected at 14005- for 10 min., was washed twice with 
chilled buffer and freeze-dried. Wall preparations were examined microscopically 
during the course o f  their isolation; the procedures detailed above removed all 
cytoplasmic m aterial as shown by staining techniques, phase-contrast observation 
and lack o f detectable extinctions a t 260 and 280 nm.

Chemical analyses. Chemical fractionation o f  the cell wall was made according



tc the m ethod described by M ahadevan & Tatum  (1965). A t all times during the 
fractionation, reaction mixtures were flushed with nitrogen gas to  minimize oxidative 
degradation. The four fractions were characterized as follows: (1) alkali-soluble;
(2) acid-soluble; (3) acid-insoluble, alkali-soluble; (4) acid- and alkali-insoluble. 
Fractions 1, 3 and 4 were suspended in distilled water, neutralized, then dialysed 
against distilled water for 36 h. and freeze-dried; fraction 2 was neutralized with 
solid Ba(OH)2 and the supernatant, after centrifugation, was freeze-dried.

In  some experiments cell-wall fractions were extracted with Schweizer’s cupram - 
m onium reagent, 13-5 g. C u/1. (Jayme & Lang, 1963). The sample (30 mg.) was twice 
extracted with the solvent (5 ml.) under N 2 for 3 h. a t room  tem perature. The 
residue was centrifuged off (14,000g, 15 min.), washed exhaustively w ith distilled 
water and dried over N aO H  pellets.

Carbon, hydrogen and nitrogen determ inations were m ade with a model 185 C-H -N  
Analyser (Hewlett-Packard, Avondale, Pennsylvania, U.S.A.) using 2, 32 and 8 
attenuation respectively for N 2, C 0 2 and H aO. The instrum ent was calibrated 
with cyclohexane-2,4-dinitrophenyl hydrazone (N  =  20-14%) and acetanilide 
(N  =  10-36 %). M icro-Kjeldahl determ inations o f total N  were made by the m ethod 
o f Bremner (i960). Phosphorus was determined with the A-phenyl-p-phenylene- 
diamine hydrochloride chrom ogen (Dryer, Tammes & Roth, 1957).

Acid hydrolyses of cell walls were made by the procedures described by Bartnicki- 
G arcia (1966) and were carried out under N 2. After hydrolysis with H 2S0 4, hydroly
sates were neutralized with BaC0 3 and the clarified supernatants deionized by passage 
through a bed o f Dowex-5oW -X8 (hydrogen form). Hydrochloric acid was removed 
by evaporation in vacuo over N aO H  pellets. Cell walls were enzymically dissolved 
with a partially purified lytic complex (Bull, 1970 a) in 0-05 M -citrate-phosphate 
buffer, pH  5-0, containing o-oi % (w/v) merthiolate. Reaction mixtures contained 
353 units o f endo-/?-i,3 glucanase (yi-1,3(4) glucan glucanohydrolase, E.C. 3 .2 .1 .6 ) ,
2-C2 units o f chitinase (chitin glycanohydrolase, E.C. 3 .2 .1 .1 4 ), 93 units o f myco- 
dextranase (a-1,3, a - 1,4 glucan glucanohydrolase), and unspecified lipolytic and 
proteolytic activities. Highly purified hydrolases (Bull, 1970 a) also were used to  
investigate the nature of various cell-wall polymers.

Cell-wall hydrolysis products were separated by descending paper chrom aiography 
(W hatm an no. 1) or ascending cellulose thin-layer chrom atography (Cellulose F, 
E. M erck AG, D arm stadt, Germany). Chrom atogram s were irrigated with either 
bu tan -1-0I + pyrid ine +  water (6 +  4 +  3, v/v) o r propan-2-ol +  acetic acid +  water 
(3 +  0 -5+1 , v/v) and developed with aniline hydrogen phthalate, am m oniacal A gN0 3 
(reducing sugars), yj-dimethylaminobenzaldehyde (amino sugars) o r ninhydrin 
(amino acids). Sugars separated on paper chrom atogram s were estimated quantitatively 
by cutting out the sugar spots (located on parallel chrom atogram s developed with 
A gN 0 3), eluting with distilled water and determining the sugar concentration o f the 
clarified eluate with anthrone and 77-dimethylaminobenzaldehyde.

Total carbohydrate was determ ined by the anthrone procedure of Loewus (1952) 
using a glucose standard. Reducing sugars were determined as glucose with a low- 
alkaline Cu reagent (Somogyi, 1952) and the arsenom olybdate chromagen o f Nelson
(1944). The m ethod o f Reissig, Strom inger & Leloir (1955) was used to  determine 
A-acetylamino sugars which were expressed as A-acetylglucosamine. Glucose and 
galactose were assayed enzymically with the appropriate sugar oxidases (G lucostat
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Special and G alactostat, W orthington Biochemical Corp., Freehold, New Jersey, 
U.S.A.). G alactosam ine identity was confirmed by converting it to  the corresponding 
pentose, i.e. lyxose (Stoffyn & Jeanloz, 1954). Presum ed galactosamine spots were 
cut out from  paper chrom atogram s and eluted with water. The clarified eluate was 
spotted (20 /¿I.) on to  cellulose TLC plates which, after drying, were sprayed with 
2  % (w/v) ninhydrin containing 4 % (v/v) pyridine and heated to  8o° for 3  h. in an 
atm osphere o f pyridine and water (1 + 1). The dried plates were irrigated with 
bu tan-i-o l + ethano l +  water (4 + 1  + 1, v/v) and galactosamine, glucosamine, lyxose 
and arabinose co-chrom atographed for reference. U ronic acids were determined with 
the Dische carbazole reagent (Gancedo, Gancedo & Asensio, 1968). Passage o f 
hydrolysates through a bed o f Amberlite IR -4B  removed the mineral acid following 
which the uronic acids specifically were absorbed on to  Dowex-i (form ate form) and 
recovered by elution with 0-5 N-formic acid. Protein and lipid contents were determ ined 
on cell-wall m aterial prepared by m ethod (ii) above. Protein was measured directly 
in untreated walls using the Folin-C iocalteu reagent (Lowry, Rosebrough, F arr & 
Randall, 1951), o r in detergent extracts o f cell walls (van Soest, 1963). Readily 
extractable and bound cell-wall lipids were m easured by the procedure o f Bartnicki- 
G arcia & Nickerson (1962). Nucleic acid content was estimated by measuring the 
extinction at 260 nm. o f hydrochloric acid digests o f cell walls ; absorption readings 
were corrected for background. U ltraviolet and visible spectra were obtained with 
a Beckman D B-G  Spectrophotom eter (Beckman Instrum ents Inc., Fullerton, 
California, U.S.A.). Samples for infrared spectroscopy were powdered with i.r. 
quality potassium  bromide, pressed under vacuum  into discs, and the spectra 
recorded in a Beckman IR  10 infrared spectrophotom eter.

Melanin investigations. M elanin was extracted from  wild-type mycelia by the 
procedures described by Nicolaus et al. (1964). The fine am orphous black pigment 
could be solubilized completely at 63° by 0-5 N-NaOH. M elanin was determined 
gravimetrically or by measuring the extinction at 540 nm. o f N aO H  solutions. The 
molecular-size distribution o f melanin samples was investigated by gel filtration on 
a column (255 x 20 nm.) o f Sephadex G-200 (Pharmacia, Uppsala, Sweden). Samples 
were applied to  the column and eluted with iM-NaCl. The column was calibrated 
with the following proteins o f known molecular weight: urease (4-8 x io5), /?-glucu- 
ronidase (2-8 x io5), phospholipase ( i-o x  io5) and ribonuclease (1-4 x io4). N itrogen 
was determined by the m ethods noted above. The preparation o f [14C]melanin 
specimens, specifications o f  radiochemicals, counting procedures and equipm ent 
have been reported previously (Bull, 1968). A ttem pts to  characterize the melanin 
in terms o f its degradation products (Nicolaus et al. 1964) were made by (1) fusing 
in a mixture o f sodium hydroxide and sodium dithionate at 300°, and (2) oxidizing 
with 3  % (w/v) aqueous potassium  perm anganate. Chemisynthetic DOPA-melanin 
was prepared by the m ethod described by Bull (1970 b).

Materials. Insoluble lam inaran was obtained from the Seaweed Research Institute, 
M usselburgh, M idlothian, Scotland; nigeran extracted from  Aspergillus japonicus 
QM3 3 2  and A. luchuensis QM8 7 3  were gifts from D. E. Eveleigh of the Prairie Regional 
Laboratory, Saskatoon, Saskatchewan, C anada; chitin was prepared as a colloidal 
suspension from crustacean chitin (Kylan PC, M oretex Chemical Products, Spartan
burg, South Carolina, U.S.A.). Ion exchange resins were purchased from  J. T. Baker 
Chemical Co. (Phillipsburg, New Jersey, U.S.A.) and enzymes from  W orthington
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Biochemical Corp. A wide range o f non-substituted and substituted indoles, catechols, 
pyrroles and benzoic acids were purchased from Aldrich Chemical Co. Inc., Milwaukee, 
Wisconsin, U .S .A .; Eastm an Organic Chemicals, Rochester, New Y ork, U .S .A .; 
and K . and K. Laboratories Inc., Plainview, New York, U.S.A.
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R E S U L T S

The growth characteristics o f Aspergillus nidulans wild-type and albino strains in 
101. batch cultures were similar to  those reported by Carter & Bull (1969). Both strains 
produced homogeneous, filamentous grow th; pellet form ation did no t occur and 
only during the late stages o f autolysis were abnorm al cell morphologies observed. 
A t a growth tem perature o f 320, the maximum mycelial dry weight was produced 
after about 35 h. (F 8tacoae =  0-40 to  0-44 g. dry w t gw1). Intracellular melanin 
synthesis became noticeable after about 40 h., by which time the medium was exhausted 
o f glucose. A  few hours later the culture began to  autolyse and the pH  value 
progressively rose, accompanied by an accum ulation o f  melanin in the medium. 
Cultures for cell-wall studies were harvested during the maximum population phase 
(strain 13.1 .o l )  or, when melanized m aterial was required, after 25 % autolysis had 
occurred (strain 13). The cell walls o f both strains comprised 18 % o f the to tal dry 
weight o f washed mycelia under these conditions.

Chemistry o f wild-type and mutant cell walls
The basic chemical features o f the cell walls o f the wild-type and albino m utants 

are shown in Table 1. Elemental analyses suggested identical chemical com position 
o f  the two cell walls p rior to the establishment o f secondary metabolism and the 
subsequent large-scale synthesis o f melanin. C ontrol analyses made on cell walls o f 
Aspergillusoryzae(N  =  3 5; P =  i-o % )a n d Ncurosporacrassa(N  =  2-9 %; P =  0-7 %) 
gave results o f  the same order as the A. nidulans data and agreed well with previously 
reported values (e.g. M ahadevan & Tatum , 1965). Because melanin interfered with 
the assaying o f  cell-wall components, analyses o f certain com ponents were made 
on the albino cell walls only.

Neutral sugars. Acid hydrolysates (22-5N-H2S 0 4 for 3 h. at 30°; dilution to  o-85N 
and 4 h. a t 970) o f both  cell walls contained three neutral monosaccharides, glucose, 
galactose and m annose. The am ounts in the cell wall o f Aspergillus nidulans 13.1 .o l  
were determined enzymically and by quantitative paper chrom atography o f acid 
hydrolysates (Table 2). The glucose content was considerably underestimated. Paper 
chrom atogram s o f wall digests contained several reducing sugar soots (equivalent to 
18-7% o f the to tal carbohydrate) which were identified, tentatively, as ^-linked 
(Bull, 1962) and a-linked (see below) glucose oligosaccharides. The two assays of 
galactose agreed very closely and, because all o f this m onosaccharide was a substrate 
for galactose oxidase, a D-configuration was concluded.

Amino sugars. Three amino sugars, having Rotc values o f  o-6o, 0-72 and 1-25 in 
the bu tan-1-ol +pyrid ine +  w ater solvent, were detected in the acid hydrolysates 
(6 n -H C1 for 6 h. a t ioo°) of the m utant cell walls. The two m ost rapidly moving 
sugars had RGla values identical with those of authentic glucosamine and Ar-acetyl- 
glucosamine. The unknow n com ponent (RGl0 o-6o) had a mobility close to that 
reported for galactosamine. The identity o f the non-acetvlated hexosamines was
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confirmed by their oxidation to  pentoses; only arabinose and lyxose were detected 
as products from  presumed glucosamine and galactosamine respectively. Glucosamine, 
TV-acetylglucosamine and galactosamine were present in the cell-wall hydrolysate 
in the ratio 5-2:1:4-7 (see Table 2).

Uronic Acids. The cell walls o f the wild type and the m utant contained significant 
am ounts o f  a  hexuronic acid residue (Table 1) identified on the basis o f paper chrom a
tography as glucuronic acid. The m ost reliable estimates o f glucuronic acid were

Table 1. Chemical composition of the cell walls of Aspergillus nidulans
Percentage of the cell wall dry weight

8 o A. T. BULL

Component W ild type, 13 Mutant, 13.1.OL

c i 27 6 (45 ‘5)* 41-4
H - )■ C -H -N  analyser 4-8 (77)* 6-7
N-l 4-1 (3 4)* 3.3
N , Kjeldahl 3‘7 30
P  (as H 2P0 3) 082 0-86
Total carbohydrate 60-5 82-8

Total hexosamine n.d. 25-1
Uronic acid residues i-9 t 3 '5t

i-ot 2-6f

Protein 5 '0§ 8-o§
I0-0-I0-4II 8-6—10-6II
8-9-12-7 1̂ 8-9-9 '4 Î

Nucleic acid 
Lipid

061 o-6o

Free 2-3 2-8
Bound

Melanin
7-2 6-2

Total 16-3-18-2 0
‘ Encrusting’ I-0- 3-2 0

Sum** 91-5-101-1 

n.d. = not determined.

I0I-I-I02-7

* Values refer to pre-melanized cell walls.
f  Values derived from paper chromatographically separated material, 
j  Method of Gancedo e t  a !. (1968).
§ Method of Lowry e t  a l . (1951).
II Detergent-extracted cell walls.
H Values calculated from total nitrogen data and corrected for total hexosamine and melanin 

contents of the samples.
** Total carbohydrate, protein, lipid, nucleic acid and melanin.

Table 2. The neutral and amino sugars present in the cell wall 
of Aspergillus nidulans 1 3 . 1 .OL

Percentage of cell wall 
Sugar dry weight

Glucose 28-9; 26-2*
Galactose 3-8 ; 3-9*
Mannose 2-8
Glucosamine 12-01 14-3/V-Acetylglucosam:ne 2-3 1
Galactosamine 10-8

Sugars determined by quantitative paper chromatography. 
* Sugars determined enzymically.



obtained by using the m ethod o f Gancedo et al. (1968), which gave values 47 % 
(wild-type) and 25 % (m utant) less than those obtained by applying the earbazole 
assay directly to  H ,S0 4 hydrolysates. The hexuronic acid contents o f  Aspergillus 
oryzae and Neurospo'a crassa cell walls were found to  be 2 7  % and 3-4 % respectively 
when estim ated by the latter method.
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Table 3. Infrared spectroscopy of purified cell walls: distinctive band assignments
Strain/wave number (cm. [)

13
■>

1 3 . I .OL Interpretation

3270 w sh 3275 m sh Chitin (N -H  Stretching)
3110 w sh Chitin
2920 s p 2930 m p yS-Glucan (C H 2 and C H 3 Stretching)
1725 m p 1725 m p Undissociated carboxyl
1655 s p 1660 s sh Chitin (amide I band)
1640 w sh 1640 w p Protein (amide)
1630 w sh 1630 w p Chitin (C = N)
1550 s p 1540 m sh Chitin/protein (amide II band)
915 w sh 917 s sh a-Glucan
889 s sh 890 s sh /i-Glucan
825 s sh a-Glucan

Major spectral changes following partial enzymolysis* 
889 shoulder lost 890 shoulder lost
850 appeared 850 appeared a-GIucan (-1,3)

820 appeared a-Glucan (-1,3)
805 appeared 810 appeared Glucomannan

p, Peak; sh, shoulder; s, strong; m, medium; w, weak.
* Endo-/?-D-i,3 glucanase+chitinase (Bull, 1970a: carboxymethyl cellulose fractionation, peak I).

Protein. The cell walls o f the wild-type and m utant Aspergillus nidulans were similar 
in  containing approxim ately 10 % o f protein. Table 1 indicates efficiency o f  detergent 
extraction in the determ ination o f cell-wall protein. Cell walls were extracted ( x 6) 
w ith anionic or cationic detergents and the am ount o f protein recovered agreed well 
with th a t calculated cn  the basis o f total nitrogen.

Lipid. The contents o f readily extractable and bound lipids in the two cell walls 
were no t significantly different (Table 1).

Nucleic acid. A bsorption spectra o f cell-wall hydrolysates (6 n-H C 1 for 8 h. a t ioo°) 
indicated the presence o f nucleic acid bases. Using a m olar extinction o f  8800 for an 
equim olar mixture o f adenine, cytosine, guanine and uracil (summed molecular 
weight, 509), the nucleic acid content (as RN A ) o f the cell walls was calculated 
to  be less than 1 % o f the dry weight (Table 1). Exhaustive washing o f the cell-wall 
preparations with phosphate buffer or partial destruction with crude Streptomyces 
lytic enzymes failed to  remove this nucleic acid component.

Melanin. The melanin content o f wild-type Aspergillus nidulans was found to 
account for between 16-3 and 18-2 % o f the cell wall on a  dry weight basis O f this 
melanin, a small proportion  could be released from  the cell wall by ultrasonication 
in the presence o f detergents (Table 1) (Bull, 1970a).

Infrared spectroscopy. The salient absorption maxima in the i.r. spectra o f wild-type 
and m utant Aspergillus nidulans cell walls are summarized in Table 3. Reference 
spectra were recorded also o f representative /?-glucans (lam inaran, cellulose, pustulan),
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a-glucans (nigeran, dextrin) and other polymers o f relevance to  the chemistry o f 
fungal cell walls (yeast m annan, galactan, native and chemisynthesized melanins). 
Bands were assigned after comparisons o f the cell wall and reference spectra and 
reference to  appropriate literature data  (Bacon, Jones, Farm er & Webley, 1968; Barker, 
Bourne, Stacey& W hiffen, 1954; Pearson, M archessault & Liang, i960; M archessault, 
1962; M itchell & Scurfield, 1967). Infrared analyses indicated the presence o f a- 
(915 and 825 cm.”1) and ¡3- (890 cm.”1) linked glucans, chitin (3270, 1665, 1630 and 
1550 cm .”1) and protein (1640 and 1550 cm.”1) in the cell walls o f both strains. The 
1550 cm .-1 absorbance can be assigned to  amide groups which could have arisen 
from  protein and chitin. Similarly, the undissociated carboxyl absorbance at 1725 cm.-1 
may have comprised both  protein and melanin signals. The presence o f melanin in 
the cell wall o f  the wild-type strain was no t indicated by i.r. spectroscopy. Partial 
degradation of the cell walls by a mixture o f endo-/?-D-i,3 glucanase and chitinase 
caused the 890 cm.”1 absorbance to  be lost while absorbance maxima characteristic 
o f a-glucans (840 and 820 cm-1) became discernible (Table 3). A shoulder a t 805 to 
810 cm-1 also was indicated after partial hydrolysis, a feature suggestive o f a gluco- 
m annan com ponent (M archessault, 1962).

Chemical fractionation of the cell wall
The cell wall was extracted chemically with alkali and mineral acid in order to 

obtain inform ation on the nature o f the polymeric components. Such attem pts at 
fractionation can resolve the polymers only partially, bu t use o f the M ahadevan & 
Tatum  protocol (M ahadevan & Tatum , 1965) with the Aspergillus nidulans cell wall 
enabled a t least two polymers to  be isolated and identified. Cell walls o f the albino 
m utant or premelanized wild type were used to  avoid complications due to  melanin 
which is extracted by the alkali treatm ents.

Fraction 1. Cell walls (500 mg.) prepared from  Aspergillus nidulans 13.1.OL were 
extracted with 2M-NaOH (250 ml.) a t room  tem perature for 16 h. The 24%  o f the 
to tal wall m aterial recovered by this treatm ent was largely insoluble in cold water, 
and the only identifiable soluble com ponents were glucose and reducing sugars with 
Ratc values referable to  lam inaridextrins (Bull, 1962). Elemental analysis o f  fraction 1 
gave C =  35-8 %, H  =  6-30 %, N  =  0-31 % and P =  i - n  %. The P content rep
resented approxim ately one-third o f the total wall content. Acid hydrolysis produced 
glucose (62-5 %), galactose (4-7 %) and galactosamine. The latter was no t estimated 
quantitatively, but paper chrom atographic evidence suggested tha t the m ajority of 
the galactosamine was present in this fraction (see fraction 2 below). Fraction  1 
m aterial was no t very susceptible to  /?-i,3 glucanase attack and only 7 %  o f the 
m aterial was solubilized (based on glucose and lam inaritetraose recovery).

Infrared spectra o f  fraction 1 showed a strong shoulder at 917 to  915 cm.-1, weak 
shoulders a t 890 cm.”1 and 800 cm.”1, and a medium peak at 830 to  825 cm”1. These 
absorbances are indicative o f  an  a-glucan containing —1,3 glucosidic linkages and 
a small am ount o f a /?-linked glucan. The absorbance a t 800 cm.”1 could have been 
due to  the a-1,3 glucan or could have arisen from  a glucomannan. Treatm ent of 
fraction 1 with /?-i,3 glucanase produced sharper definition o f the 920 to  910 cm.-1 
shoulder and resolved the 830 to  825 cm.”1 absorbance into two small peaks (850 
and 835 cm.”1), which pointed to  the a-glucan being o f the a-1,3 type described by 
Bacon et al. (1968) and not o f  the nigeran (Glc/?ai-4Glc; Glc/?ai-3Glc) type (see
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Fig. 1). Figure 1 shows also tha t N aO H  (3 %, w/v) extractions o f the cell wall for 5 h. at 
high tem perature (750) produced still greater resolution o f the a-1,3 glucan absorbance 
peaks and gave further evidence o f  m annose-containing polysaccharides (870 cm.-1 
absorbance). W hen fraction 1 was incubated with a  m ycodextranase-containing 
preparation (Bull, 1970 a), reducing sugars other than  glucose and /?-oligoglucosides 
were released. A  preparation  having 2-1 units o f mycodextranase produced 62-0 %

F u n g a l c e ll-w a ll c h e m is try  83
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Fig. i . Infrared spectra of Aspergillus nidulans cell walls: a-glucans. A, Cell-wall fraction i 
after treatment with ,?-d - i ,3 glucanase. B, Cell-wall fraction 2. C, Hot alleali extract c f  the 
cell wall (see Results section for further experimental details). D, Nigeran (ex Aspergillus 
japonicus QM332). Tracings displaced vertically to facilitate comparison.

hydrolysis o f  the nigeran samples and 13-5 % o f fraction 1. Two «-linked oligo- 
glucosides detected in nigeran digests were identified as nigerose (G lcp«i-3Glc) 
and a tetrasaccharide (G lcpai-3G lcpai-4G lcpa-3G lc) (chrom atographic criteria o f 
Tung & N ordin, 1967). Unequivocal p roo f o f the presence o f  these sugars in fraction 1 
digests was no t obtained. Following /?-i,3 glucanase digestion o f fraction 1, the 
absorbance characteristic o f  the /?-glucan was lost and consequently the latter con
tained some -1,3 linked residues; simultaneously, the 800 c m r 1 absorbance shifted 
to  810 to  800 c m r 1 which was prelim inary evidence o f  a  glucom annan entity in 
the fraction. The effect o f  Schweizer’s reagent on the i.r. spectrum o f fraction 1 was 
slight; m ost significant was the retention o f  the absorbances a t 917 and 890 cm.-1. 
Spectroscopic analyses o f the corresponding cell-wall fraction from  Aspergillus oryzae
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and Neurospora crassa gave evidence o f a- and /?-glucans and the N. crassa spectrum 
also had a weak absorbance a t 770 cm.-1, which was suggestive o f a galactan.

Fraction 2. The residue from cold alkali treatm ent was extracted with hot H 2S0 4 
( i n ,  96°) for 16 h., then neutralized; the freeze-dried supernatant accounted for 
50 % o f the to tal cell wall. The C, H , N  and P contents were 23-1 %, 4*02 %, 1 -93 % and 
o-88 % respectively. The P  am ounted to  53 % o f the to tal wall content, and when 
combined with tha t o f fraction 1 gave a recovery o f about 84 %. Fraction 2 was 
completely soluble in cold water, and paper chrom atography indicated the presence 
o f glucose, laminaridextrins, galactose, mannose, A-acetylglucosamine and gluco
samine. The am ino sugars were probably derived from  chitin (see fraction 4) and, 
during the partial hydrolysis o f the latter, deacetylation occurred. Acid hydrolysis 
produced glucose (34-0 %), galactose (3-4 %), galactosamine (trace) and mannose 
(4-1 %) and an uncharacterized mixture o f am ino acids. The collective data  from 
fractions 1 and 2 were equivalent to  galactose and mannose recoveries o f about 
70 % and 73 % respectively. Assuming the m ajority o f fraction 2 nitrogen to  be 
protein, the protein content was calculated as 6-1 %, a recovery o f about 68 % o f the 
total cell-wall protein. ft-1,3 Glucanase digestion o f fraction 2 caused little depoly
merization (about 3 %).

The i.r. spectrum o f fraction 2 indicated the presence o f an a - 1,3 glucan type 
polysaccharide (910 cm .-1, 825 cm.-1), a trace o f a  /?-glucan (very weak absorbance 
a t 890 cm-1) and a m annan (870 cm .-1) (Fig. 1).

Fraction 3. Fraction 3 comprised m aterial from  the second cold 2N-NaOH 
extraction and accounted for 13-8 % o f the total cell wall. This fraction lacked P, 
and C, H  and N  values were respectively 40-60 %, 6-86 %, 0-03 %. Solubility in cold 
water was slight and the only inform ation derived from  paper chrom atography of 
the solubilized products was a reducing sugar reaction at the origin. The trace am ount 
o f  nitrogen was not further identified. Glucose was released stoichiometrically from 
fraction 3 by mild acid hydrolysis (3N-HCI). Digestion by an exo-/?-i,3 glucanase 
released glucose, laminaribiose, laminaritriose, lam inaritetraose and two reducing 
sugars characteristic o f gentiobiose, and a trisaccharide containing a ft-1,6 linkage 
(Chesters & Bull, 1964, for m ethod o f analysis and identity) (see Fig. 2). The maximum 
hydrolysis of fraction 3 produced by this enzyme was ju st over 68 % (reducing sugar: 
glucose, 1 -03) and neither dialysis o f the reaction mixture or replenishment o f the 
enzyme induced further degradation. The elemental analysis o f this fraction was in 
accord with its identity as a glucose polymer (theoretical values for a glucan are C, 
44-4% ; H, 6-2%). The collective data  from fractions 1, 2 and 3 gave a glucose 
recovery o f 94 %. The only notable feature o f the i.r. spectrum was the strong shoulder 
a t 890 to  880 cm-1 characteristic o f the /?-glucan (Fig. 3); this absorbance was not 
observed after ft-1,3 glucanase digestion.

Fraction 4. This final fraction comprised a residue insoluble following the second 
alkali extraction and was equivalent to  12-2 % o f the original wall m aterial. The 
elemental composition (C, 43 '5 %; H, 7-10% ; N , 5-67%) was very similar to  the 
theoretical analysis o f chitin (C, 43-5% ; H, 5-4% ; N , 6-4%), and when treated 
with a high purity chitinase from  a Streptomyces species (Bull, 1970 a) chitobiose and 
A-acetylglucosamine were released. Exhaustive incubation with this enzyme produced 
a maximum 80 % hydrolysis; digestion o f the com parable Neurospora crassa cell-wall 
fraction caused 73 % solubilization. The A-acetylglucosamine plus glucosamine

84
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Glucose units

Fig. 2. Products of exo-/?-D-i,3 glucanase digestion o f cell-wall fraction 3. 1, Glucose; 
2, laminaribiose; 3. laminaritriose; 4, laminaritetraose; 5, gentiobiose; 6, triglucoside 
(Glcp/?i-3Glcp/?i-6GIc). a  = (t — ^01c)/JGlc, see Chesters &  Bull (1964). Solvent: 
butan-1 -ol+ pyridine+ water (6+ 4+ 3, by vol.)

Wavenumber (cm. ')
200C 1800 1600 1400 1200 1000 800 600

Fig. 3. Infrared spectra of A s p e r g i l l u s  n id u la n s  cell walls: /?-glycans. A , Laminaran. B, Cell- 
wall fraction 3. C , Cell-wall fraction 4. D , Purified crustacean chitin. Tracings displaced 
vertically to facilitate comparison.
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content of the cell wall (see Table 2) agreed well with the amount of material recovered 
as fraction 4 . The identity of fraction 4  was confirmed by i.r. spectroscopy (Fig. 2).

Extraction of the wild-type 13  cell wall by the Mahadevan & Tatum procedure revealed 
that a significant amount of melanin remained associated with the chitin fraction. 
Conversely, when melanin was being extracted and purified, chitin was the most 
intractable polysaccharide in the cell wall and was present until the final stages of 
melanin preparation.

The melanin pigment
The preparation of melanin involved the complete removal of all extraneous 

cell wall materials by solvent and acid extractions. Nicolaus et al. (19 6 4) found that 
such treatment did not produce major chemical changes in melanins although
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Table 4 . Elemental analyses of Aspergillus nidulans melanin: 
effect of growth conditions on composition

P ercen tag e  analysis

S tra in C o n d itio n s  o f  m elan in  synthesis C H N

13 C z ap ek -D o x  m edium * (b a tch  cu ltu re) 5 6 4 0 6-55 3-92
13 C z ap ek -D o x  p lu s  D O P A  (0 5 m g. m l.~J) t 5 8 2
13 C z ap ek -D o x  p lu s C a tech o l (0 5 m g. m l /  * )t 1-78

224 D A N t  (b a tc h  cu ltu re) 44-80 5-87 4 '34
224 D A N  (ch em o sta t cu ltu re , D  =  0-024 h .-1) t 59-52 6-74 3-25

C h em o sy n th e tic  D O P A -m elan in 48-50 4-66 6 2 5
D O P A -m elan in , th eo re tica l (C 9H sO ,N ) 5 6 0 0 3-63 7-26

* U sed  in  ea rlie r in vestiga tions by  Bull &  F a u lk n e r  (1965).
t  D O P A  o r ca tech o l a d d ed  to  shake-flask  cu ltu re s as ste rile  so lu tio n s d u rin g  th e  declin ing  

g ro w th  ra te  p hase .
t  D efined  A sp e r g illu s  n id u la n s  m ed iu m ; fo r  m ed iu m  c o m p o s itio n  a n d  co n d itio n s o f  c o n tin u o u s  

cu ltu re  see C a rte r  &  Bull (1969).

partial decarboxylation and deamination probably occurred. The final product 
accounted for about 16  to 18 % of the Aspergillus nidulans wild-type cell wall. The 
pigment was insoluble in all non-polar solvents tested and in mineral acids; hot 
NaOH (0-5 n, 6o°, 24 h.) produced complete solubilization. Precipitation resulted 
when alkaline solutions were acidified to pH 2 to 3 . The A. nidulans pigment had 
properties in common with other melanins: bleached by H20 2 (30 %, v/v); colour 
intensity reduced by glutathione and dithionate and restored on reoxidation; reduced 
ammoniacal AgN03; produced characteristic blue-green ferrous sulphate-ferricyanide 
reaction; formed a flocculent iron-brown precipitate on addition of FeCl3 to an 
alkaline solution. That the pigment varied in composition with changing growth 
conditions is indicated by the data in Table 4 . The most significant finding was the 
widely varying N content of the melanin in response to the growth medium, especially 
when the latter was supplemented with o-dihydroxy phenols. Both L-[wC]tyrosine 
and DL-[carboxy-14C]3(3 ,4-dihydroxyphenyl)-alanine were incorporated into the 
cell-wall melanin and the extent of incorporation was dependent on the age of the 
culture at the time of feeding. Thus, when [14C]tyrosine and [14C]DOPA were supplied 
to the culture at zero time, 19  % and 28 % of the label was incorporated into cell-wall 
melanin respectively; the incorporation was 4 3 % and 6 9 % when the precursors 
were fed to the culture after 30 h., that is at the onset of declining growth rate.



Attempts to characterize the Aspergillus nidulans melanin on the basis of its 
degradation products were only partially successful. The pigment (10 0  mg.) was 
oxidized by 37-8 ml. KMn04 (3 %, w/v) but ether extraction of the solution did not 
reveal any identifiable products. In contrast, alkali fusion of the melanin (10 0  mg.) 
w.th NaOH (300 mg.) and sodium dithionite (50  mg.) at 300° fcr 10  min. produced

Table 5 . Degradation products from the alkali fusion of Aspergillus nidulans melanin
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C h ro m ato g rap h y C o-
,-------------------- e lec trophoresis

T en ta tiv e  iden tity R f (BA W )* R f  (P A W )- (P y A )i

5 ,6 -D ih y d ro x y in co le -2 -C O O H 0-57
Indole-2-C O O H § 0-93 +
5-H ydroxyindole§ 0-90
P yrro Ie-2 -C O O H 0-87 0-76 +
P yrro le-3-C O O H § 0-84 0-49
P y rro le -2 ,4 -C O O H , o r  pyrro le-2 ,5 - 0-27

C O O H
3 ,4 -D ihydroxybenzo ic  acid +

+  P resen t.
* B u ta n - i-o I+ a c e tic  a c id + w a te r  (6 0 + 1 5  +  25, v/v). 
t  P ro p a n -1-o l+ a m m o n ia + w ate r  ( 6 0 + 3 0 + 1 0 ,  v/v). 
i  P y rid in e + aceta te , p H  6-1.
§ S po ts o f  stro n g est in tensity  ind ica ted .

F ig . 4. E x tin c tio n  o f  w ild -type  a n d  m u ta n t A sp e rg illu s  n id u la n s  m elan ins. A , W ild-:ype 
13 m elan in . B, P u rp le  m u ta n t I3 y .m a  a lkali-ex trac ted  p igm en t. C , P u rp le  m u ta n t 
13y. m a x  p in k  m u ta n t I 3 y .p i  a lk a li-ex trac ted  h y b rid  p ig m en t. D , C hem isyn thesized  
D O P A -m e;an in . M u ta n ts  I3 y .m a  a n d  13y . pi a re  described  by  B u ll &  F a u lk n e r  (1965)
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23-8 % degradation; degradation of the chemisynthesized DOPA-melanin by similar 
treatment was 28-6 %. Of the 18 ether-extractable degradation products from the 
fungal melanin, half were identified tentatively (see Table 5) on the basis of co- 
chromatography and co-electrophoresis, colour reactions with ethanolic 3 % FeCl3, 
diazotized sulphanilic acid and Ehrlich’s reagent, and response to u.v. light. The 
chromatographic mobilities of authentic samples and published values (Nicolaus 
e t  a l .  19 6 4) often differed by as much as one or more R F units.

W avenum ber (cm .-1)
4000 3500 3000 2500' 2000 1800 1600 1400 1200 1000 800 600
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F ig . 5. In fra re d  sp e c tra  o f  n a tiv e  a n d  sy n th e tic  m elan ins. A , W ild -type  A sp e r g illu s  n id u la n s  
13 m elan in . B, A s A  b u t ex trac ted  w ith  0 5 N -N aO H . C , C hem isyn thesized  D O P A -m elan in .
D , A s C  b u t ex trac ted  w ith  0-5 N -N aO H . T rac in g s d isp laced  vertically  to  fac ilita te  co m p ariso n .

Logarithmic plots of absorbance in the visible range for the wild-type melanin 
and melanoid pigments from previously described mutants (Bull & Faulkner, 1 9 6 4 ; 
19 6 5) produced a series of straight lines as shown in Fig. 4 . The i.r. spectrum of the 
wild-type melanin was very similar to that of DOPA-melanin. Neither spectrum had 
features of significant diagnostic value but the absorbances at 16 20  and 17 2 5  cm.- 1  

gave some indication of carboxyl groups. The latter absorbances disappeared after 
brief treatment of the pigments with dilute NaOH (Fig. 5).

Finally, the homogeneity of various samples of the Aspergillus nidulans melanin 
was investigated by gel filtration on a Sephadex G-200 column previously calibrated 
for molecular size determination. All samples were separable into a series of fractions 
having different molecular sizes equal to or greater than 2 x io6 (Fig. 6). Recovery 
of the melanin from this column was high in all experiments when based upon the 
extinction at 540  nm. The elution pattern of extracted melanins was composed of three 
commonly positioned peaks (Pi, P 2 b, P 4) and other minor peaks (P2 , P 3 «, P 3 6 )
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F ig . 6. F ra c tio n a tio n  o f  A sp e r g illu s  n id u la n s  m elan ins o n  S ephadex  G -200 gel. I , CeL-wall 
m elan in  p ro d u c e d  in  u n su p p le m e n te d  cu ltu res. I I , C e ll-w all m elan in  p ro d u c e d  in  l-[14C]- 
ty ro sin e  cu ltu res, in, C ell-w all m elan in  p ro d u c e d  in DL-[carboxy-14C ]D O P A  cu ltu res. 
C o lu m n  size: 2 5 5 x 2 0  m m .; V 0 (void  vo lum e) m easu red  w ith  D e x tra n  B lue ( m . w . =  2 -o x  
io 6). E lu tio n  w ith  1 M -NaCl a t  io °  in  th e  d a rk . F ra c tio n s  (10 m l.) co llected  au to m atica lly  
a n d  m elan in  assayed  spectroscop ica lly . R ecovery  o f  m elan in  ap p lied  to  th e  c o lrm n : 
I  (82-1 % ); I I  (88-o % ); I I I  (ioo-o  %).

Table 6 . Molecular size and specific activity o f melanin fractions
M e la n in  s a m p le t

______________________________________________________________ A______________________________________________________________ ^

II: [I4C ]ty rosine  IE: [14C ]D O P A
I :  U n su p p le m en ted  ,----------------------*----------------------> ,----------------------*--------------------- * * * §

Peak* (m ol. s iz e j) M ol. size S p.act.§ M o l. size S p .ac t.
P i 2s 2-0 X IO6 >  2-OX IO6 161 ;;s 2-ox io6 240
P 2 a 6-6 x io5 53
P2Ö 3'3 x IO5 3-2 X  I O 5 494 3-8 X io5 1278
P 3 a 4-7 X  I O 4 80
P 3  b I - O X  I O 4 39 1-3 x io4 104
P 4 2-7 X  I O 3 3-1 X I O 3 191 2-7 X io3 56

* See F ig . 5.
t  M elan ins ex trac ted  fro m  w ild -type  A sp e r g illu s  n id u la n s  13. G ro w th  i n : I ,  defined m ed ium  (D A N ); 

n  a n d  I I I ,  D A N  su p p lem en ted  w ith  L-[14C ]ty rosine  a n d  d l -[14C ]D O P A  d u rin g  th e  declin ing  g ro w th  
ra te  phase.

i  M o lecu la r size e s tim ated  by gel filtra tio n  o n  S ephadex  G -200.
§ m /iC i m g.“ 1
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characterized the tyrosine- and DOPA-labelled melanins. Also, the data in Table 6 

indicate that the specific activity of the 14C-labelled melanin fractions varied markedly 
and was not related in a simple way to molecular size.
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DISCUSSION
The hyphal walls of Aspergillus nidulans comprised largely polysaccharide with 

minor amounts of lipid and protein and, in the case of the pigmented wild-type 
strain, melanin. The high glucan plus chitin content of the A. nidulans cell wall 
(60 to 64  %) is typical of Ascomycetes, as is also the presence of galactose and galacto
samine. Mannose also is a usual component of Asomycete cell walls (see Bartnicki- 
Garcia, 19 6 8 , for a critical review). Until recently, the evidence for uronic acids in 
fungal cell walls has been disputed, but the mild hydrolysis and separation procedures 
recommended by Gancedo et al. (190 8) have enabled this question to be resolved. 
Application of these methods to A. nidulans revealed the presence of approximately 
1 to 3 % of glucuronic acid in its cell wall, a value of the same order as reported for 
Alternaria, Fusarium and Pénicillium (Gancedo et al. 1968). It must be stressed that 
the percentage composition data presented in this paper are not absolute and can 
be expected to vary significantly with the conditions of culture of the fungus. Moreover, 
the data on the recovery of various components are subject to the limitations of the 
extraction techniques used. For example, yff-1 ,3  glucans are susceptible to degradation 
by /Talkoxyl elimination and hence the value of 13 8 % obtained for the /Tglucan 
(fraction 3) was probably a serious underestimate; this interpretation seems warranted 
by the detection of laminaridextrins in cell-wall fractions 1 and 2 . The low recovery 
(about 68 %) of protein from fractionated cell walls was because it was partially 
extracted with lauryl sulphate during the initial stage of the Mahadaven & Tatum
( 19 6 5) fractionation procedure. Indeed, the present investigation has demonstrated 
the efficacy of detergent extraction for measuring cell-wall protein, especially when 
the conventional, direct methods such as biuret are subject to interference by materials 
such as melanin.

Chemical fractionation studies of Aspergillus nidulans cell walls allowed a number 
of conclusions to be made on their polymer composition. There appeared to be at 
least two alkali-soluble glucans, one of which, the y#-glucan, was released only after 
the acid extraction, whilst the a-glucan was solubilized by the initial alkali treatment. 
The infrared spectral analyses of the a-glucan indicated its close relation to the 
a-1 ,3  glucan of Cryptococcus cell walls reported by Bacon et al. (19 6 8) and distinguished 
it clearly from the mixed linkage a-glucan nigeran. Furthermore, the release of 
reducing sugars from fraction 1 and attributable to mycodextranase action amounted 
to only a very small portion of the total glucose present. The A. nidulans a-glucan 
resembled other strongly dextrorotatory fungal glucans in not giving a colour 
reaction with iodine (Gorin & Spencer, 19 6 8); moreover, it was not attacked by 
amylases. The /7-glucan, which was partially destroyed during acid and alkali 
extraction, was of a non-cellulosic type as demonstrated by its susceptibility to exo- 
and endo-/?-i,3  glucanase hydrolysis and the lack of complex formation with 
Schweizer’s reagent. On the basis of its insolubility in cuprammonium hydroxide 
and paper chromatography of enzyme hydrolysates, it was concluded that the 
/?-glucan contained a preponderance of /?-i ,3 glucosidic linkages and a smaller



proportion of /?-i,6  linkages. The 68 % limit to hydrolysis by exo-/?-i,3 glucanase 
suggested that the /?-glucan might have a ‘block-type’ structure in which a number 
of say -1 ,6  linkages are surrounded by -1 ,3  linkages.

Aspergillus nidulans cell walls contained two hexosamine polymers: chitin and 
one composed of, or containing, galactosamine. The galactosamine polymer was 
largely extracted as fraction 1 by 2 N-NaOH whereas the chitin remained resistant 
to alkali and acid treatments; the two hexosamines are therefore components of 
different polymers. The iV-acetylglucosamine to galactosamine ratio in the wall 
of the albino mutant was 1 -3 2 , a value similar to that found in the walls of Helmintho- 
sporium sativum (Applegarth & Bozoian, 19 6 9). Much smaller galactosamine contents 
have been reported for other fungal cell walls, including a different strain of A. nidulans 
(Mahadevan & Tatum, 1 9 6 5 ; Cohen, Katz & Rosenberger, 19 6 9).

The polymers containing galactose, mannose, amino and glucuronic acids were 
not characterized. Most of the cell-wall mannose was found in fraction 2 , and 
i.r. spectroscopy suggested the presence of a glucommanan. Galactose was extracted 
in almost equal proportions by cold alkali and acid (fractions 1 and 2). Protein was 
associated with fraction 2 . Emiliani & Ucha de Davie (19 6 2) claimed that such 
components were found as glucomannoprotein and galactomannoprotein complexes 
in Aspergillus phoenicis, while an alkali insoluble glucomannogalactan has been 
proposed as an entity in an unidentified Aspergillus species (Ruiz-Herrera, 19 6 7).

The presence of melanin in the wild-type cell wall is clearly responsible for its 
resistance to lytic enzymes (Bull, 1 9 7 0 a). However, the respective limit hydrolyses 
of the /j-glucan (68 %) and chitin (80 %), which represented 6 to 7  % of the cell wall 
not degraded, suggest that factors other than melanin may be involved in the prevention 
of total cell wall dissolution. Previously I have found (Bull, 19 7 0  a) that a resistant 
‘core’ of chitin and a-glucan persisted after enzymic lysis of Aspergillus nidulans 
cell walls.

Histochemical data and evidence from enzymolysis experiments indicated that the 
melanin was located throughout the thickness of the wall and, probably, formed an 
especially intractable complex with chitin (Bull, 19 7 0  a). In gel filtration experiments 
of Aspergillus nidulans melanin preparations, all melanin samples analysed possessed 
three common peaks, corresponding to molecular weights of approximately 2 ,000,000,
350,000 and 290 0 . These data suggest that the melanin is a finite heteropolymer whose 
component molecules differ in molecular size, in contrast to an infinite homopolymer 
whose size is limited merely by the amount of available precursors. This size distri
bution of melanin may reflect a location of pigment molecules of specific molecular 
dimensions in different parts of the cell wall. Brown, Falkehag & Cowling (19 6 7) 
favoured a similar explanation for the macromolecular structure of lignin in sweetgum 
wood.

On the basis of the degradation studies, the Aspergillus nidulans melanin appears 
to be, at least in part, indolic in nature. A number of degradation products have 
been tentatively identified but further interpretation of these results must be cautioned 
on the grounds of artefact production during melanin extraction: (1) strong acid 
treatment of the cell wall may have caused acid-catalysed rearrangements in the 
quinonoid structure; (2) the degradation products (note their low yields) may have 
been differentially susceptible to further decomposition by alkali fusion. Hence the 
relative intensities of products noted in Table 5 are not necessarily significant in any
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definition of the melanin structure. Visible spectra of the pink and purple mutants’ 
pigments invariably had broad extinction maxima at 520 to 550  nm. and, less 
frequently, a sharper extinction at 480 nm. These extinctions closely correspond to 
those of melanochromes and dopachrome (Bu’Lock, i960) and add further support 
to the characterization of the A. nidulans melanin as indolic.

Few detailed analyses of fungal melanins are available with which to compare 
those from Aspergillus nidulans. Potgieter (19 6 5) quotes elemental analyses of melanins 
extracted from Rhizoctonia solani (C, 6 2 -0 ; H, 4 -8 ; N, 3 -3 %) and Cladosporium 
herbarum (C, 6 0-7 ; H, 4 -0 ; N, 2-2 %) which are very similar to those of A. nidulans. 
Further information on the Rhizoctonia and Cladosporium pigments is not available, 
consequently reference of the nitrogen content to indolic residues cannot be made. 
Nicolaus et al. (19 6 4), however, concluded that the melanins of Ustilago maydis 
spores and Capnodium nerii hyphae are non-indolic, the melanin from the former 
species being catecholic in composition.

During the present investigations, carboxyl groups were indicated in the Aspergillus 
nidulans melanin by i.r. spectroscopy and by the incorporation of [carboxy-14C]DOPA 
into the pigment. Carboxyl groups in the fungal pigment were titrated against 
o-2 N-Na2C0 3 by the method of Piattelli & Nicolaus (1 9 6 1) (A. T. Bull, unpublished 
experiments). A titration difference (0-2 N-HC1) of 133-3  ml. g.- 1  was observed for 
melanin synthesized in unsupplemented media (Table 4 , first entry), while a chemi- 
synthetic DOPA-melanin had a corresponding value of 99-2 ml. g.-1. The origin of 
these carboxyl groups is open to doubt; they may reflect incorporation of DOPA 
itself into the melanin molecule, or may be derived from oxidative decomposition of 
quinones during the synthesis of melanin. The question of whether melanin is a 
chemically homogeneous polymer (single type of subunit and linkage group) or 
heterogeneous polymer (multiple types of subunit and bondings) also has been 
debated (see Mason, 19 6 6). The data reported in this paper on the elemental compo
sition of the pigment synthesized under different growth conditions and on the 
specific activities of [14C]melanin fractions offer some support for the heterogeneous 
view of melanins.
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Genes in Salmonella typhimurium

By K. F. CHATER*
Genetics Department, The University, Birmingham 15  

{Acceptedfor publication 22 June 1970)

SUMMARY
F' elements carrying wild-type alleles of the methionine regulatory genes 

metJ and K  have been transferred from Escherichia coli to metJ and K 
mutants of Salmonella typhimurium, and the resulting heterogenotes tested 
for resistance to methionine analogues and for repressibility of cystathionase 
(one of the methionine biosynthetic enzymes). The wild-type alleles of both 
genes were dominant in both tests. Increased metKgene dosage was found to 
have no effect on the rate of uptake of [14C]methionine by cell suspensions. 
Possible roles for the metJ and K  gene products in the regulation of methionine 
synthesis are considered.

INTRODUCTION
The six structural genes controlling methionine biosynthesis in Salmonella typhi

murium are not contiguous (Fig. 1 ; Smith, 1 9 6 1 ; Sanderson & Demerec, 1 9 6 5 ; Childs 
& Smith, 19 6 9), and the repression of their expression by exogenous methionine 
appears not to be co-ordinate (Lawrence, Smith & Rowbury, 1968). Two kinds of 
mutants in which expression of these genes was constitutive were found among mutants 
resistant to methionine analogues (Lawrence et al. 1968). metJ mutants were resistant 
to DL-ethionine, but not to a-methyl-DL-methionine or DL-norleucine, while metK 
mutants were resistant to all three analogues. Some metK mutants were also isolated 
in which regulation was normal, and, unlike constitutive metK mutants, these did not 
show a reduced growth rate in minimal medium compared with the wild-type. metJ 
mutations were about 9 5 % cotransduced with metB, and metK mutations about 1 % 
with serA (Fig. 1).

In the present work F' episomes carrying, respectively, the metB and serA regions 
of the Escherichia coli genome (K. Brooks Low, personal communication) have been 
transferred into Salmonella typhimurium strains, and the dominance of various metJ 
and K  alleles tested in the resulting hybrid heterogenotes. The possibility that metK 
may specify a component required for methionine uptake has also been tested, by 
examining the effect of increasing the metK gene dosage on the rate of uptake of 
radioactive methionine.

* P resen t ad d ress : Jo h n  In n es In s titu te , C o lney  L an e , N o rw ich , N O R  70F .
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Fig . i .  L in k ag e  m a p  o f  Salm onella typhim urium . T h e  m ap  a n d  n o m en c la tu re  a re  b ased  on  
th o se  o f  S an d erso n  (1967). B rack e ted  m ark e rs  a re  c o tran sd u ce d . A rro w s rep re sen t th e  sites 
o f  in se rtio n  o f  sex fac to rs  in  h igh  frequency  d o n o rs . K L F  10 a n d  K L F  16 rep re sen t F ' 
ep isom es derived  fro m  Escherichia coli by  K . B ro o k s  L ow , a n d  carry in g  reg ions o f  the  
E. coli genom e h o m o lo g o u s w ith  th e  reg ions o f  th e  S. typhim urium  g enom e covered  b y  th e  
arcs.

M E T H O D S
Media. Nutrient agar (NA) and nutrient broth (NB) were supplied by Oxoid Ltd. 

The minimal medium (MM) was as described by Smith (19 6 1). Minimal agar (MA) 
was obtained by adding 1 -5 % (w/v) Oxoid agar no. 1 to MM. MM was supplemented 
as required with the following: L-arginine, 20 /¿g./ml.; DL-ethionine, 1 0 0 0 /¿g./ml.; 
a-methyl-DL-methionine, 1000 /¿g./ml.; L-methionine, 20 /¿g./ml.; L-serine, 200 pg./ 
ml.; uracil, 2 0 /¿g./ml.

Organisms. The nomenclature is that used by Sanderson (19 6 7). Two Escherichia 
coli F' donor strains were kindly provided by K. Brooks Low: a JC15 5 3  (argEhisIeu 
metB lac trial xylstr-rrecAi) donor of KLF 10 , an episome carrying the malB and metB 
genes (Fig. 1), and a JC15 5 3  thy donor of KLF 16 , an episome carrying the serA and 
thy genes. All other strains were derived from Salmonella typhimurium strain L T 2 . A 
list of the regulatory mutants is given in Table 1 , and Table 2 shows the derivation of 
multiple mutants.

Techniques. Cultures were grown at 3 7 0 unless otherwise stated. The maintenance 
of stock cultures, and the propagation, assay and maintenance of transducing phage 
P 22  or its non-lysogenizing variant L 4  (Smith & Levine, 1 9 6 7 ; supplied by H. O. 
Smith) were as described by Smith (1 9 6 1). Growth experiments in MM were essentially
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Table I. Methionine regulatory mutants of Salmonella typhimurium
A ll s tra in s  w ere  derived  f ro m  Salmonella typhimurium LT2. T ests o : resis tan ce  to  th e  
m e th io n in e  an a lo g u es a-m ethy l-D L -m eth ion ine (A M M ), D L-ethionine (E T H ) a n d  d l -  

n o rleu c in e  (N O L ), a n d  d e tec tio n  o f  m eth io n in e  excre tion  b y  cross-feed ing  o f  a  m eth io n in e  
a u x o tro p h , w ere a s  describ ed  by  L aw rence  et al. (1968). T h e  n o m en c la tu re  is th a t  o f  
S an d e rso n  (1967).

R e sistan c e  (R ) o r  
M e th io n in e  sensitiv ity  (S) to

S tru c tu ra l gene 
m u ta tio n s

reg u la to ry  gene 
m u ta tio n s A M M E T H N O L

E x cre tio n  o f  
m e th io n in e

a r g F m — S S S —

a r g F m m e t J j i 3 S R s +
a r g F m m e tJ  743 s R s +
a r g F m m etK .747 R R R +
s e r A n — S S s —

s e r A n m e tK 747 R R R +
s e r A n m e t K y s i R R R —

s e r A n m e t  K 7  32 R R R +
s e r A i3 m e tJ j4 4 S R S +

Table 2 . The derivation of Salmonella typhimurium multiple mutants
S p o n tan eo u s  (sp o n t; m e th io n in e  reg u la to ry  m u ta n ts  w ere  o b ta in e d  as co lon ies grow ing  
o n  M A  c o n ta in in g  e th io n in e  (L aw rence  et al. 1968). A -m ethy l A '-n itro  A -n itro so g u an id in e  
tre a tm e n t (N G ), c o m u g a tio n  (conj) a n d  tra n sd u c tio n  (tran s) w ere as d escribed  by  Ayl ng & 
C h a te r  (1968). T e m p o ra ry  s tra in  n u m b ers  a re  fo r  use  on ly  in  th e  co n tex t o f  th is tab le , 
rec ip ien t n u m b ers  p reced in g  th o se  o f  d o n o rs  in  d escrip tio n s o f  crosses. B rack e ted  stra in s 
w ere used  on ly  in  deriv ing  s tra in s a n d  a re  n o t  re fe rred  to  in  th e  text. A  linkage m a p  includ ing  
th e  m ark e rs  u sed  is g iven in  F ig . 1.

T em p o ra ry M o d e  o f  orig in ,
s tra in  n u m b e r G en o ty p e o r  sou rce

I argF m J . D . C hilds
2 (argFmilv) F ro m  1 by  N G
3 (argFm  metB4o6) 2 x  18 (conj)
4 argFmmetJ7i 3 3 x 1 0  (trans)
5 argFmmeÜ743 F ro m  1 b y  sp o n t. m u ta tio n
6 argFmmetK.747 2 x 2 1  (conj)
7 (argFmrec-301)* F ro m  1 b y  N G
8 argFmrec-30ipyr * F ro m  7 b y  N G
9 (argFm serAi3) 2 x  20 (conj)

10 (jnetJyi3) D . A . L aw rence
I I serAn D . A . L aw rence
12 serAnmetK747 F ro m  11 b y  sp o n t. m u ta tio n
13 (serAig) K . E . S an d erso n
14 serAi3metJ744 9 x  18 (conj)
15 (serAigrec-302)* F ro m  13 by  N G
16 serA 13rec-302met-7S4 * F ro m  15 b y  N G
17 (metK747) 12 x  w ild -type  l t 2 (trans)
18 (HfrAhisD23metB4o6) J . D . C hilds
19 (HfrKyserA 13) K . E . S an d erso n
20 (.HfrK3serA 13 his) F ro m  19 by  N G
21 (.HfrK3metK747his) 20 x  17 (trans)

* R e c o m b in a n t fo rm a tio n  in  c o n ju g a tio n  a n d  tra n sd u c tio n  w as g rea tly  red u ced  w ith  
rec-301 o r  -302 rec ip ien ts, th o u g h  F ' m ero d ip lo id  fo rm a tio n  w as n o rm a l. T h e  rec m u ta tio n s  
a lso  resu lted  in  hypersensitiv ity  to  u ltra v io le t irra d ia tio n  a n d , in  th e  case o f  rec-301, to  N G  
(C h ate r, 1969).
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as described by Lawrence et cl. (1968). Episome transfer was carried out by the spot 
method of Fink & Roth (1968). F' heterogenotes were purified by subculturing the 
crude isolates in selective MM to stationary phase, and spreading a io~6 dilution on 
selective MA. After incubation of such plates for 48 h., discrete colonies were obtained. 
Haploid segregants from heterogenote cultures were detected, after subculture in NB 
to stationary phase (sometimes followed by subculture in NB + acridine orange (20  /¿g./ 
ml.; Hirota, i960)), by spreading a suitable dilution on NA, incubating for 24 h., and 
replicating to appropriately supplemented MA, so that auxotrophic segregants and 
prototrophic heterogenotes could be distinguished.

Assay of cystathionase activity. Late logarithmic phase MM cultures grown at 2 5 0 

in randomized positions in a shaking water-bath were harvested by centrifugation, 
washed in culture volumes of 10  mM potassium phosphate buffer (pH 7 -4), and finally 
resuspended in the same buffer. The optical density of each suspension was measured 
at 650  nm., and usually adjusted to 1-5 units (1 unit = 0 -375  nig. dry wt/ml.), though 
less dense suspensions were sometimes used. Toluene was added (to 1 % of the total 
volume), and the suspension emulsified using a Whirlimixer, prior to incubation at 
30° for 20 min. Such suspensions were then used immediately, or after storage at o° 
for up to 2 h. The method for assaying cystathionase activity was adapted from that 
of Rowbury & Woods (19 6 4) with cell-free extracts. Incubation was at 3 0°. The 
reaction mixture contained, in a final volume of 1 ml. (/¿moles): potassium phosphate 
buffer, pH 7 -4 , 10 0 ; pyridoxal phosphate, 0 -0 0 2 5 ; DL-allocystathionine, 1 0 ; and 
toluene-treated cells, 0-04 to 0-3 mg. dry wt. Cystathionine was added to the pre
incubated mixture to start the reaction, which was stopped after measured time 
intervals of up to 40 min. by the addition of 0-33 ml. of a 1 % solution of 2 ,4-dinitro- 
phenylhydrazine in 2 m-HCI. After a further 15  min., 2 ml. of 2 m-KOH was added. 
The extinction at 4 4 5  nm. was determined after 10  min. had elapsed, against a 
blank from which both cystathionine and toluene-treated cells had been omitted. 
Corrections to this reading were made by subtraction of readings obtained with controls 
lacking, respectively, cystathionine and toluene-treated cells. Under the conditions of 
the assay 1 /¿mole of pyruvate 2 ,4-dinitrophenylhydrazone gave an extinction rate at 
4 4 5  nm. of 5 -0 . The formation of pyruvate from cystathionine by toluene-treated cells 
proceeded at a constant rate for at least 40 min. This rate was shown to be proportional 
to the quantity of cells added to the reaction mixture.

Assay of methionine permease activity. Cultures were grown overnight (with shaking) 
in 10  ml. MM+ 0 -4 % glucose, then added to 40  ml. fresh medium and incubated for 
a further 7 5  min. Chloramphenicol (200 /tg./ml.) was added, and incubation con
tinued for 30 min. The cells were then harvested by centrifugation, washed in 50 ml. 
ice-cold MM + glucose + chloramphenicol, and finally resuspended in 5 ml. of the 
same medium. The extinction at 650  nm. of each suspension was determined, and 
the volume required to give a final concentration of 50 /¿g. dry wt/ml. was added to a 
25 ml. beaker containing a suitable quantity of MM + glucose + chloramphenicol, in 
a shaking water-bath at 2 50. After 1 min. 50 sec., shaking was stopped and aeration 
continued through the rest of the experiment by the operation of a spring-loaded 
syringe with its tip in the reaction mixture. Methyl-labelled [14C]methionine (Radio
chemical Co., Amersham, Bucks.) (10 -7 /¿Ci//imole, final concentration 5 /¿m) was 
added 10  sec. later, and 1 ml. samples removed by means of the syringe to Millipore 
filtration units so that filtration took place at 10 , 2 5 , 4 0 , 5 5  and 70  sec. Filtration was
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immediately followed by washing twice with 5 ml. MM+ glucose + chloramphenicol 
at room temperature. In all experiments, a final sample was taken into 1 ml. 1 0 % 
trichloroacetic acid at 85 sec. The insoluble material was filtered and washed twice 
with 5 ml. trichloroacetic acid. All filters were then dried under a lamp and added to 
5 ml. of scintillation fluid (xylene Pop-op Ppo) prior to assaying in a liquid scintillation 
counter.

The method is based on that of Piperno & Oxender (1968) as modified by P. D. 
Avling & E. S. Bridgeland (manuscript in preparation). I am indebted to Dr Ayling 
for his collaboration in the performance of these experiments.

RESULTS
Dominance tests with metJ mutants

The properties o f KLF 10 in Salmonella typhimurium. The episome to be used in the 
metJ dominance tests, KLF 10 , was first transferred from its Escherichia coli JC 1 5 5 3  
host into Salmonella typhimurium argFmrec-soipyr. As the episome carried the argH 
gene (i.e. the E. coli homologue of argF in S. typhimurium) but not the pyr+ allele, the 
required heterogenotes were selected on MA+uracil. The episome could then be freely 
transferred to further S. typhimurium argFm  recipients, selecting for prototrophic 
growth, without loss of efficiency due to restriction (Okada, Watanabe & Miyake,
1968). KLF 10 heterogenotes segregated frequent arginine-requiring organisms (1 0  to 
50 %) when subcultured into NB. Of more than 300 such segregants from cultures of 
Fi 1  imetJIargKLF 10 heterogenotes examined during this investigation none was 
ethionine-sensitive, showing that recombination between the episome and the host’s 
chromosome was rare.

Ethionine sensitivity o f metJ heterogenotes. Ethionine sensitivity was tested by streak 
tests on MA + ethionine and by growth experiments in MM+ ethionine. Typical results 
of the latter experiments (each of which was carried out at least twice) are shown in 
Fig. 2 ; essentially similar results were obtained from the streak tests. Possession of 
either of two mutations metJyi3  and J743 resulted in resistance of the haploid host 
cell to ethionine (Fig. 2 b,c). When such cells were made heterozygous for metJ by the 
introduction of KLF :o, they became sensitive to the analogue (Fig. 2fg ) .  The degree 
of sensitivity was not the same in the two heterogenotes: mei/7 / 5 /KLF 10  was as 
sensitive as a wild-type (metJ+lmetJ+) homogenote (Fig. 2 c), whereas metJ74 3lKLF10  

was slightly more resistant.
The sensitivity of the two metJ/metJ+ strains could have reflected either dominance 

of metJ+ over metJ, or some other, independent, effect on ethionine resistance of the 
presence of KLF 10 . The latter possibility was unlikely, because the presence of 
KLF 10  in the ethior.ine-resistant strain metKj4 7 , in which the lesion resulting in 
resistance was located outside the region covered by the episome, did not result in 
ethionine sensitivity (Fig. 2 d, h).

Repressibility o f the methionine enzymes in metJ heterogenotes. Lawrence et al.
(1968) showed that the ability of metJ and some metK mutants to cross-feed a 
methionine-requiring strain in streak tests on MA resulted from constitutive 
synthesis of the methionine biosynthetic enzymes. Haploid strains possessing metJ7 i 3  

or J74 3  mutations gave such cross-feeding (Table 1). However, the introduction 
into these strains of metJ+, on the episome KLF 10 , resulted in loss of the ability
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to cross-feed, while in control experiments the wild-type (metJ+) failed to cross-feed^ 
and a weiA'7 4 7  (metJ+metK) strain succeeded in doing so, both with and without the 
episome. Thus repressibility of the methionine biosynthetic enzymes appeared to be 
dominant to their constitutive synthesis in metJ\metJ+ heterogenotes. To confirm and 
measure this effect, one of the enzymes was assayed in the appropriate strains grown 
in the presence and absence of methionine. Cystathionase, the enzyme specified by 
metC (Fig. i), was selected because of the convenience of the assay method, but it had
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F ig . 2. G ro w th  o f m e t]  heterogenotes and control strains in  the presence o f ethionine. A ll  
the parental ha p lo id  strains had the a r g F m  m utation (see T a b le  i) .  Heterogenotes were 
obtained by transferring the Escherichia coli episom e K L F  io  (F ig . i )  into  these parental 
strains. In o c u la  were in  the exponential phase o f grow th. C u ltu re s were grow n in  M M  (A ) 
and M M  +  ethionine, tooo /.'g./m l. ( O ) .  T h e  relevant genotypes (i.e. w ith respect to m e t]  and 
K )  are indicated on the g rap hs: where m erodiploids were used, relevant episom al m arkers 
are given after a d iag o nal stroke.

the disadvantage of relatively low sensitivity to regulation. For this reason, the experi
ments were carried out with cultures grown in groupings that permitted appropriate 
analyses of variance to be made on results obtained in essentially identical conditions. 
The results of these experiments are given in Table 3 . Before analysis, all results were 
transformed into logarithms to ensure that, for example, a twofold difference between 
untransformed readings was given equal weighting in the analysis whatever the 
absolute value of the readings.

In Expts 1 and 2 the activity of cystathionase in the metJlmetJ+ heterogenotes was 
compared with the mean of the values for the wild-type and mutant haploids. In the 
absence of dominance of either metJ~ or metJ+, no significant difference would have 
been expected. However, metJyi3 lKLF 10 (///+) closely resembled the haploid wild- 
type (■/+), and differed significantly (P = itoo -i %) from the mean of the two haploids



(Expt i). This suggested that metJyis was completely recessive to the episomal metJ+. 
In contrast, the second J/J+ strain (metJ74 3jKLFio; Expt 2) differed only marginally 
(P = 10  to 5 %) from the mean of the two haploids, and thus metJ743 appeared not 
to be fully recessive to metJ+. In confirmation of this, the metJ743lKLF 10 heterogenote 
was found to differ significantly (P = 5 to 1 %) from a J+/J+ strain (Expt 3). Finally, 
the effect of KLF 10  cn the regulation of cystathionase synthesis was tested in a wild- 
type (metJ+metK+) strain and the constitutive mutant metK74 7  (J+K) in which the 
regulatory mutation was situated outside the region duplicated by the episome (Expt 
4). No significant effect of the episome was detected in these strains, showing that the 
effect of KLF 10  on regulation observed in metJ mutants was due to a true dominance 
effect, and not to some other, nonspecific, regulatory effect of the episome.

Table 3 . Cystathionase activity in metJ heterogenotes and control strains
E a ch  value  is  the m ean o f two o r m ore replicate experim ents in  w hich cystathionase 
a ctiv ity  was determ ined b y the toluene-treated cell procedure described in  M ethods. T h e  
a ctiv ity  is g iven as //m o les pyruvate produced from  cystathionine in  1 h. by  1 mg. (dry wt) 
o f  cells, at 30 °. A l l  strains possessed a  chro m o so m al a r g F m  m utatio n w hich was expressed 
o n ly  in  ha p lo id  strains. A rg in in e  (20 /zg ./m l.) was therefore added to ha p lo id , but not to 
p a rt ia lly  d ip lo id  cultures. In  the co lum n ‘ Pertinent genotype’, chrom osom al m ethionine 
regulatory gene m utations precede the d iago nal stroke, and regulatory genes carried  b y the 
episom e K L F  to fo llow  it. A rg in in e -re q u ir in g  segregants were obtained frcm  a ll heterogenote 
cultures used, fo llo w in g  subculture into  nutrient broth, p ro v in g  that the parental cultures 
had been heterogenotic.

T h e  results o f statistical a n alysis  o f these experim ents are given in  the text.
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C ystath io nase  a ctiv ity

M ethio nine 10 m M -m e:hionine
E x p e ri- R eg ulato ry Possession Pertinent absent from present in  N u m b e r o f

m ent m utations o f K L F  10 genotype grow th m edium growth m edium  replicates

1 N o n e - J+ 0-83 0-45 3
m eÜ 7 i 3 - J r 9 2 1 7 9  1 2
m etJ7 i 3 + JU + 0-85 o-45 J

2 N o n e - J + 0-9I 0 5 :  )
m etJ 7  43 - J 1-4 1 i ‘49 1 3
m etJ 7 4 3 + JIJ+ 0-9I 0 6 9  J

3 N o n e + J + u + 0 6 4 ° ’3?  \  ,
m etJ743 + J U + 0 8 5 o -6 i /

4 N o n e - J + K + 0 6 1 0 2 8  t
N o n e + J+K +U + 0'53 021 1 2
m etK 747 - J + K 1 36 IO C  |
m etK 747 + J+K /J+ I O I r o i  J

Dominance tests with metK mutants
The properties o f KLF 16  in Salmonella typhimurium. As the episome KLF 16  

extended from thy on one side of serA to a point well to the other side (Fig. 1 ; K. Brooks 
Low, personal communication), it was considered that it might carry the metK gene 
(metK and serA being cotransduced; Lawrence et al. 1968), and therefore be suitable 
for use in metK dominance tests. The episome was transferred from its Escherichia coli 
JC15 5 3  thy host into Salmonella typhimurium serAi3rec-302met-75 4 , with selection of 
the required heterogenotes on M A + methionine. One of these was purified and used 
for transfer of KLF 16  to further S. typhimurium serA recipients, the resulting hetero
genotes being selected as prototrophs. KLF 16  was found to be more stable than
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KLF io in S. typhimurium hosts: fewer than i%  serine-requiring segregants were 
usually obtained after growth of KLF 16  heterogenotes in NB. However, acridine 
orange treatment (Hirota, i 960) increased the proportion of segregants. No ethionine- 
sensitive recombinants were detected among more than 100 serine-requiring segregants 
from various metK\KLF 16  cultures, so that, as with KLF 10 heterogenotes, recom
bination between the episome and the host’s chromosome was rare.
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F ig . 3. G ro w th  o f m e tK  heterogenote and control strains in  the presence o f m ethionine 
analogues. A l l  the parental h a p lo id  strains possessed ser .4  m utations (see T a b le  1). H etero
genotes were obtained by transferring the Escherichia coli episom e K L F  16  (F ig . 1)  into  
these parental strains. In o c u la  were ir. the exponential phase o f grow th. C u ltu re s  were 
grow n in  M M  ( A ) ,  M M  +  ethionine, io o o /tg ./m l. ( O ) ,  and M M + a -m e th y lm e th io n in e , 
1000 ,ng./nil. ( A ) .  T h e  relevant genotypes (i.e. w ith respect to m e tJ  and K )  are ind icated  on 
the g rap hs: where m ero dip lo id s were used, relevant episom al m arkers are g iven after a 
d iag o nal stroke.

Methionine analogue sensitivity o f metK heterogenotes. As with metJ heterogenotes, 
the results of streak tests of the analogue resistance of metK heterogenotes were con
firmed by growth experiments in liquid media. Examples of the latter results are shown 
in Fig. 3 . Possession of any of the three mutations metKy4 j, K7 5 1  and K752  by a 
haploid strain resulted in its resistance to a-methylmethionine and ethionine (Fig. 3 b). 
The introduction into these strains of metK+, on KLF 16  (Fig. 3 e), made them as



sensitive to both analogues as the wild-type (metK+) haploid and homogenote (Fig. 
3 a, if). The absence of a nonspecific effect of KLF 16  on analogue resistance was 
confirmed (Fig. 3 c ,f)  by the observation that ethionine resistance in a metJ mutant 
was independent of the presence or absence of the episome, which did not cover the 
metJ region (Fig. 1). Thus the analogue sensitivity observed in metK\metKJr hetero- 
genotes reflected a true dominance of the wild-type over the mutant alleles. 
Repressibility o f the methionine enzymes in metK heterogenotes. Cross-feeding tests 
showed that the possession of KLF 16  by metKj4 7  and K752  mutants prevented 
the excretion of methionine observed in the parental haploid strains, while excretion 
by strain metJ744 was unaffected by possession of the episome. Thus repressibility 
of the methionine biosynthetic enzymes was apparently dominant to their constitutive 
synthesis in metK/metK+ heterogenotes. As in the previous experiments with metJ
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Table 4 . Cystathionase activity in metK heterogenotes and control strains
E a c h  va lu e  is th e  m ean  o f  tw o  rep lica te  experim en ts  in  w hich  cy s ta th io n a se  ac tiv ity  w as 
d e te rm in ed  b y  th e  to lu en e -trea te d  cell p ro c e d u re  d escribed  in  M e th o d s. T h e  u n it  o f  
cy s ta th io n a se  ac tiv ity  is g iven in  T ab le  3. A ll s tra in s  possessed  a  ch ro m o so m al se r A  m u ta tio n  
w h ich  w as expressed  on ly  in  h a p lo id  s tra in s . Serine (200 f ig . /m l .)  w as th e re fo re  ad d e d  to  
h a p lo id , b u t  n o t  to  p a r tia lly  d ip lo id , cu ltu res. I n  th e  co lu m n  h ead ed  ‘P e rtin e n t g e n o ty p e ’, 
c h ro m o so m al m e th io n in e  reg u la to ry  gene  m u ta tio n s  p reced e  th e  d iag o n a l s tro k e , a n d  
re g u la to ry  genes ca rr ie d  b y  th e  ep isom e K L F  16 fo llow  it. S erine-req u irin g  segregants w ere 
o b ta in e d  f ro m  all h e te ro g en o te  cu ltu re s  used , fo llow ing  su b c u ltu re  in to  n u tr ie n t b ro th  
co n ta in in g  acrid in e  o ra n g e  (H iro ta , i960). T h is  p ro v e d  th a t  th e  p a re n ta l cu ltu res h a d  been 
h e te ro g en o tic .

T h e  resu lts o f  s ta tis tica l analysis o f  these ex perim en ts a re  given in  th e  text.

C y s ta th io n ase  activity

M e th io n in e  ab sen t 10 m M -m ethionine
E x peri R e g u la to ry P ossession  o f P e rtin e n t f ro m  cu ltu re in  cu ltu re

m e n t m u ta tio n s K L F  16 g eno type m ed iu m m ed iu m

I N o n e — K + o -75 o -;-7
m etK 7 4 7 — K i  36 1*15
m etK .7 4 7 + K /K + 2-56 1-25

2 N o n e — K + 0-32 0-16
m e tK y s i — K 0-96 o -35
m e tK js 1 + K IK + 2-03 0-72

3 N o n e — K + 0-56 o -i6
m e tK jS 2 - K 1-47 1-28
m e tK j5 2 + K jK + 2-18 1-04

4 N o n e + K + /K + 2-35 o -93
m e tK j4 7 + K /K + 2-18 0-75

5 N o n e — J+K + o-53 0-24
N o n e + J+ K + /K + 2-42 I-Cl
m etJ7 4 4 JK + 2-24 i-6o
m e tJ 7 4 4 ■ JK + /K + 12-05 9-30

heterogenotes, this effect was examined quantitatively by assaying cystathionase 
activity in the appropriate strains grown in the presence and absence of methionine 
(Table 4). The experiments were again designed to permit statistical analysis of 
the results.

In Expts 1 to 3 three metKfmetK+ heterogenotes were compared with the wild-type 
(metK+) and the appropriate metK haploid strain. One of the strains (metKjsi) was
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of the nonexcreting type (Table 1), and this was the only one of the three metK mutants 
to show repressibility in the haploid state. However, all three K/K+ heterogenotes 
showed repressibility, but in each case the total activity was several times greater than 
in the haploid wild type (metK+) and was indeed significantly greater in two cases 
than in the metK haploid strain (P = 5 % with metK^y, <o-i % with K7 5 1 , in non- 
orthogonal comparisons).

A simple hypothesis to explain these results was that KLF 16  carried the metC gene, 
leading to a gene dosage effect on cystathionase activity in the heterogenotes. To test 
this, strain serAi3rec-302met-75 4 lYTLF 16 was crossed with the mutant metCic>4 

(Smith & Childs, 1966) on MA. Confluent growth was obtained. A purified subculture 
of this prototrophic growth was treated with acridine orange, and methionine-requiring 
segregants were obtained, confirming that KLF 16 carried the metC gene. In addition, 
the cystathionase activities of metCi04lKLF 16  (C/C+) and the wild-type homogenote 
(C+/C+) were compared. The values obtained for cells grown in the absence and 
presence, respectively, of 10 mM methionine were: 123 and 0-51 units for C/C+, and
2-05 and o-8o units for C+/C+. The two strains differed significantly (P = 1 to o-i %), 
and by about the amount which would be predicted if the C/C+ strain possessed one 
copy fewer of the metC gene than did the C+/C+ strain. Clearly, then, a gene dosage 
effect was responsible for the high activities found in KLF 16 heterogenotes. (It was 
not possible to estimate the number of copies of the episome per chromosome from 
the increase in cystathionase activity when KLF 16  was present, because the enzymes 
from Escherichia coli and Salmonella typhimurium may differ in their repressibility and 
catalytic activity.)

The activity of cystathionase observed in the latter experiment with the wild-type 
homogenote (metC+K+IC+K+) was very similar to that of the K/K+ strains (Table 4 , 
Expts 1 to 3). A further experiment confirmed this: no significant difference was detected 
between metK7 4 7 lKLF 16  (KjK+) and the K+jK+ strain (Table 4 , Expt 4). Thus the 
metK phenotype was not expressed in a strain possessing KLF 16 . Finally, the effect 
of KLF 16  was examined in a normally regulated (J+K+) strain, and a metJ (JK+) 
mutant in which constitutivity resulted from a mutation outside the diploid region 
(Table 4 , Expt 5). The effect of the metJ mutation was highly significant (P<o-i %), 
regardless of the presence of the episome; similarly, the effect of the episome was also 
highly significant (P<o-i %), regardless of which metJ allele was present. However, 
no significant difference could be detected between the effect of the episome on the 
two strains (J+K+ and JK+): in each case it caused four or five times more cystathionase 
activity than was found in the corresponding haploid, due to the metC gene dosage 
effect. Thus KLF 16  affected the regulation of cystathionase synthesis only in con
stitutive metK mutants. This specific effect of the episome could only be interpreted 
to mean that metK+ was dominant to metK.

The absence of effects o f metK mutation and metK gene dosage on the rate o f methionine 
uptake by cell suspensions

Lawrence et al. (1968) found that growing cultures of metK mutants incorporated 
less radioactivity from 14C-labelled ethionine or methionine, measured over 30 min. 
intervals, than did metJ or wild-type strains. This observation, coupled with the cross
resistance of metK mutants to three methionine analogues that all inhibit the growth 
of Salmonella typhimurium in different ways, indicated that a methionine uptake
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system (permease) might be defective in metK mutants. A permease specific fcr methio
nine has been detected in Escherichia coli (Km (methionine), 2-2 7 + 0-39 //m; Piperno 
& Oxender, 1968), and preliminary results (P. D. Ayling & E. S. Bridgeland, personal 
communication) indicate that a transport system having a rather similar Km (methio
nine) also exists in S. typhimurium. Therefore any gross differences in the rate of 
methionine uptake between S. typhimurium strains should have been revealed by 
measuring the initial rate at which cells incorporated radioactivity from 14C-Iabelled 
methionine at an extracellular concentration of 5 /¿M, i.e. above the Km value. This 
method was used no; only to detect differences between wild-type and metK strains, 
but also to test the effect of metK gene dosage on the rate of uptake. This was under
taken following the observation of Ames & Roth (1968) that the presence of ar episome

Table 5 . The effects of metK mutation and gene dosage on the rate of uptatce of 
[1!lC]-L-methionine by cell suspensions

U p ta k e  o f  rad io ac tiv ity  by  cells w as m easu red  as d escribed  in  M e th o d s , a t  15 sec. in tervals 
d u rin g  th e  firs t 75 sec. a f te r  ad d itio n  o f  [14C ]-L -m ethionine to  cell su spensions m a in ta in ed  
a t  250. T h e  ra te s  o f  u p ta k e  w ere ca lcu la ted  fro m  these  d a ta  b y  th e  m e th o d  o f  least sq ja re s .
In  each ex perim en t, d e te rm in a tio n s  w ere m ad e  w ith  all fo u r  stra in s , so  th a t  valid  co m p ariso n s 
co u ld  be m a d e  betw een  stra in s .

R a te  o f  u p ta k e  o f  [14C ]-L-m ethionine 
(n m oles/m g . d ry  w t cells/m in .)

P e rtin e n t ,----------------------------------------*---------------------------------------- ,
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S tra in geno type E x p t 1 E x p t 2 E x p t 3 M ean

s e r A n m etK + 0-74 1-31 0-83 0-96
s e r A n m e tK y S 2 m e tK 0-52 1 3 6 3-85 0-91
s e r A n l  K L F 1 6 m etK + IK + 0-30 1-22 0-82 0-78
s e r A n m e t K y s ^ l K L F  16 m e tK /K  *■ 0-26 1-09 o-81 0 7 2

carrying the histidine permease gene resulted in a two- to threefold increase in the rate 
of histidine uptake by S. typhimurium. Thus if metK specified methionine permease, 
the presence of KLF 16  (which carried metK+) in a cell should have resulted in a two- 
to threefold increase in the rate of methionine uptake. (It is assumed that the Kmai 
of the E. coli and S. typhimurium permeases is the same; this appears to be so for 
histidine permease (Ames & Roth, 1968), and unpublished preliminary results obtained 
by P. D. Ayling and E. S. Bridgeland suggest that it is also true for methionine per
mease.) Triplicate experiments were therefore carried out with metK+, K752 , K+/K+ 
and KJS2/K+ strains (in collaboration with Dr P. D. Ayling). The results are given in 
Table 5 . Although the absolute rates of uptake varied between experiments, it was 
clear that the rate of uptake was neither decreased by metK mutations nor increased 
when several copies cf the metK gene were present (i.e. in KLF 16  merodiploids): 
indeed, the presence o: KLF 16  appeared slightly to reduce the rate of uptake, though 
this effect was not statistically significant. It was concluded that the metK gene did 
not specify a high affinity methionine permease, though the possibility that it could 
specify a low affinity one having a Km (methionine) greater than 5 /m  was not excluded 
by these results.
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DISCUSSION
To what was previously known about metJ and K mutants from the work ot 

Lawrence et al. ( 1968) (see Introduction) it can now be added that representative 
mutant alleles of both loci were recessive to the respective wild-type alleles derived 
from Escherichia coli (Fig. 2 . 3 ; Tables 3 , 4).

The complete dominance of metJ+ to the metJyi3 allele indicated that the metJ~ 
product was active, and the metJyi3 product inactive. That the gene product is a 
rather large molecule is suggested by the similarity in the lengths of the metB and met./ 
genes, deduced from the finding that the variation in cotransduction frequencies of 
various mutations in the two genes with particular metF mutations was similar (metB- 
metF3 i, 2 1 -6 to 34-1 %; Smith, 1 9 6 1 : metJ-mctF<)6, 3 1 to 52 %; Lawrence et al. 19 6 8): 
since the molecular weight of the metB polypeptide (the subunit of cystathionine-y- 
synthetase) is about 40,000 daltons (Kaplan & Flavin, 19 6 6), the metJ gene product 
is likely to be comparable in size. More direct evidence that the metJ gene product is 
indeed a protein has been provided by the recent isolation and identification of a 
metJ mutant suppressible by nonsense suppressors (A. J. Minson, personal com
munication).

At this point it is suggested that the metJ protein may be an apo-repressor of 
methionine synthesis. If so, the observation that the metJy43 allele, unlike metJyi3 , 
was not completely recessive to metJ+ (Fig. 2 ; Table 3), could be explained if the metJ 
product normally forms an oligomeric protein, in which case inactive mixed protein 
molecules containing mutant and wild-type subunits might have formed in \hemetJy4 3 l 
KLF 10  heterogenote. Thus the metJ gene product, if an apo-repressor, may resemble 
the lac apo-repressor of Escherichia coli in being an oligomer of high molecular weight 
(Muller-Hill, Crapo & Gilbert, 1968).

Recently, evidence that metJ specifies an apo-repressor has been obtained with a 
strain carrying a metJ mutation isolated by D. A. Lawrence (unpublished) as a sup
pressor of a methionine auxotroph. In four determinations, this strain consistently 
gave very similar, partially derepressed cystathionase activity whether grown in the 
presence or absence of methionine (1 0  mM) (mean values, 0-56 and 0-63 units, respec
tively: Chater, 19 6 9). It is difficult to envisage any explanation for this observation 
other than that in this strain the metJ product is a methionine apo-repressor whose 
conformation is unaffected by the presence of co-repressor, but which has some 
regulator}' activity.

Ethionine inhibits the growth of bacteria by replacing methionine in protein synthesis 
(Spizek & Janecek, 1969): it has no effect on b’-adenosylmethionine synthesis (Cox & 
Smith, 1 9 6 9 ; Gross, 19 6 9) and little effect on the activity of the methionine first enzyme 
(D. A. Lawrence, personal communication). Thus the ethione resistance of metJ 
mutants is probably the result of reduced incorporation of the analogue into proteins, 
attributable to the high intracellular methionine level.

The complete dominance of metK+ to the three metK mutations tested indicated 
that the metK+ allele produced active, and the metK mutant alleles inactive, product, 
with respect both to methionine analogue resistance and (where relevant) to regulation 
of methionine synthesis. This eliminated a positive role for the metK product in the 
regulation of methionine synthesis. We may also be certain that the metK mutations 
did not result in the acquisition of novel properties by the mutant gene product such



that the methionine analogues were actively prevented from reaching their sites of 
inhibition. The resistance of metK mutants to a-methylmethionine, which acts speci
fically by inhibiting the activity of the methionine first enzyme (Schlesinger, 1 9 6 7 ; 
Rowbury, 19 6 8), could not have been the result of an altered component of the first 
enzyme, because a-methylmethionine resistance would then have been dominant to 
sensitivity; moreover, this enzyme was sensitive to feedback inhibition by methionine 
in a metK strain (Chater & Rowbury, 19 7 0).

The possibility that the metK phenotype might result from an altered specificity or 
activity of methionine permease was eliminated by the finding that the rate of uptake 
of radioactive methionine was not influenced by metK mutation or by changes in metK 
gene dosage. This conclusion has recently been confirmed by the identification of a 
gene specifying methionine permease, which is located far from metK on the linkage 
map (P. D. Ayling & E. S. Bridgeland, personal communication).

Lawrence et al. (1968) were able to reject the possibility that the metK gene product 
was an apo-repressor; and Gross & Rowbury ( 1969) showed that methionyl-tRNA 
was unlikely to have any effect on regulation, while methionyl-tRNA synthetase was 
specified by the metG gene. Thus conventional explanations for the metK phenotype 
all appear inadequate, and it is necessary to look for a feature of methionine biosyn
thesis that is not shared by other well-established biosynthetic systems. The most 
obvious such feature is the role of methionine as the immediate precursor of S-adenosyl- 
methionine, which is the universal donor of methyl groups in transmethylation 
reactions (Cantoni, 19 6 5). S-Adenosylmethionine is known to be involved in feedback 
inhibition of the first enzyme of methionine biosynthesis in Escherichia coli (Lee, Ravel 
& Shive, 19 6 6) and Salmonella typhimurium (D. A. Lawrence, unpublished data); it 
is reasonable to suppose that it might also be involved in repression. ■S'-Adenosyl- 
methionine deficiency would then be expected to cause release from both feedback 
inhibition and repression, which might in turn result in the resistance to both a-methyl
methionine and ethionine which is one of the features of the metK phenotype. The release 
from control of methionine biosynthesis would be most marked in strains with the 
most serious S-adenosylmethionine deficiencies, and such strains would also be 
expected to be somewhat slow-growing. Methionine-excreting metK strains may 
illustrate this situation.

Some difficulties arise in the application of this hypothesis to metK strains. Chater & 
Rowbury (19 7 0) have demonstrated that feedback inhibition by methionine occurred 
in a metK strain, though it could be argued that sufficient methionine was accumulated 
by the cells in the conditions of the experiment to overcome a Km barrier to S-adenosyl- 
methionine synthesis. Secondly, A. J. Minson (personal communication) has obtained 
viable metK mutants suppressible by nonsense suppressors: although this is evidence 
that the metK gene product is a protein, it suggests that the function of the protein is 
not indispensable, as it would be expected to be if it were required to maintain a pool 
of S-adenosylmethionine.

Thus our present werking hypothesis may be summarized as follows: the central 
factor in regulating methionine biosynthesis is the intracellular level of S-acenosyl- 
methionine, which is dependent upon the activity of the metK ger.e product (on the 
simplest model, this would be the enzyme S-adenosylmethionine symhetase). S-Adeno- 
sylmethionine participates both in feedback inhibition, by interaction with the enzyme 
homoserine-O-transsuccinylase, and in repression, by activating a (possibly oligomeric)
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protein apo-repressor coded for by the metJ gene. The active repressor acts in an 
unspecified way to reduce further synthesis of the enzymes of methionine syn
thesis.

A recent report by Green, Su & Holloway (19 7 0) describes •S'-adenosylmethionine 
synthetase deficient mutants of Escherichia coli which were ethionine-resistant, and 
possessed high levels both of the methionine biosynthetic enzymes and of methionine. 
No further data were presented that would permit comparison of the E. coli mutants 
with the known kinds of ethionine-resistant mutants of Salmonella typhimurium 
(Lawrence et al. 1968).

Some interesting incidental points arise from the use of F' factors derived from 
Escherichia coli in this study. The rarity of recombination observed between the 
episomes and the chromosomes of the Salmonella typhimurium host cells suggested 
the absence of fine structure homology of the two types of DNA. Despite this, the 
E. coli regulatory elements efficiently controlled the expression of S. typhimurium 
genes. This is therefore another example of the evolutionary preservation of those 
parts of proteins concerned with quaternary interactions (Balbinder, 1 9 6 4 ; Ito, 19 6 9). 
Similar conclusions may be drawn from the work of Fink & Roth (1968). Finally, the 
regulation of methionine synthesis in E. coli appears to be similar to that in S. 
typhimurium.

This work, most of which was included in a doctoral thesis submitted to Birmingham 
University in May 19 6 9 , was supported by a Science Research Council Studentship. 
The critical interest shown throughout by Dr D. A. Smith and Dr P. D. Ayling, and 
the guidance of Dr B. W. Barnes in statistics and of Dr E. S. Bridgeland and Dr T. S. 
Gross in biochemical techniques, are gratefully acknowledged.
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SUMMARY
The homoserine-O-transsuccinylase activity of three kinds of methionine- 

excreting mutants of Salmonella typhimurium was examined. In a metlmutant 
the enzyme was resistant to inhibition by methionine or its analogue a-methyl- 
methionine. Feedback inhibition in a metJ and a metK strain was normal. 
metl was dominant to metl+ only when coupled in the cis position with the 
wild-type allele of the closely-linked metA (homoserine-O-transsuccinylase) 
gene, and a deletion analysis of nine metl mutations showed that they were 
all located within the metA gene. Thus both the regulatory and catalytic sites 
of homoserine-O-transsuccinylase are specified by a single polypeptide species.
An estimate was made of the length of the metA gene, based on recombina-.ion 
data.

INTRODUCTION
The first step specific to methionine biosynthesis in Salmonella typhimurium and 

Escherichia coli is the O-succinylation of homoserine (Rowbury, 1 9 6 4 ; Rowbury & 
Woods, 19 6 4). Mutations in S. typhimurium resulting in the loss of homossrine-O- 
transsuccinylase activity are located in the metA gene, which is cotransduced with a 
second methionine structural gene (metH) (Childs & Smith, 19 6 9) and with genes 
controlling the biosynthesis of purines (purD,H) and thiamine (thi) (Sanderson, 19 6 7). 
Sensitive regulation of methionine synthesis is achieved by the feedback inhibition of 
homoserine-O-transsuccinylase activity by methionine and its important derivative 
S'-adenosylmethionine, either singly or (more effectively) in combination (Rowbury, 
1 9 6 4 ; Lee, Ravel & Shive, 19 6 6). False feedback inhibition by the methionine analogue 
a-methylmethionine has been demonstrated, and since this substance is unable to 
replace methionine in protein synthesis, its addition to growing cultures rapidly 
inhibits further cell division (Schlesinger, 1 9 6 7 ; Rowbury, 1 9 6 8 ; Smith, 1968).

Mutants of Salmonella typhimurium that were resistant to a-methylmethionine and 
overproduced methionine were described by Lawrence, Smith & Rowbury (1968). 
Genetical analysis of these mutants revealed two groups, one of which was defective 
in metK, a locus situated far from any of the known methionine genes in the linkage 
map, the other group being designated metl. metl mutations were all more than 9 5  % 
cotransduced with metA, and it was considered probable that they possessed a homo
serine-O-transsuccinylase that was not subject to inhibition by methionine or its

* P re sen t ad d re ss : Jo h n  In n es In s titu te , C o lney  L an e , N o rw ich , N O R  70F .
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analogue. Preliminary deletion mapping experiments led Lawrence et al. (19 6 8) to 
speculate that met A and met I might be separate cistrons, met A specifying a catalytically 
active subunit of the enzyme and metl a regulatory subunit. This idea was reinforced 
by the data of Ayling & Chater ( 1968), who found that three independent pairs of 
metA and I  mutations had the same orientation relative to outside markers.

The present account includes biochemical evidence that metl mutations do indeed 
give rise to feedback inhibition resistance, and genetical evidence, from complementa
tion and deletion mapping experiments, that they occur within the metA cistron. A 
preliminary account of some of the genetical experiments has appeared elsewhere 
(Chater, 19 7 0 6 ).

METHODS
Media. The media and most of the supplements used are given in an accompanying 

paper (Chater, 19 7 0  a). Additional supplements to minimal media were adenine HC1 
and L-tryptophan (2 0 /¿g./ml.). Abbreviations used are: NA, nutrient agar; NB, 
nutrient broth; MA, minimal agar; MM, liquid minimal medium.

Organisms. The nomenclature is that of Sanderson (19 6 7). Escherichia coli 1 5 5 3 / 
KLF10  was provided by K. Brooks Low, and is described in an accompanying paper 
(Chater, 19 7 0  a). All other strains were derived from Salmonella typhimurium strain 
LT2 . Those previously described were: metAis, A5 4 , A229 and A309, metA22tryB2 , and 
metA43pnrEn  (Smith & Childs, 19 6 6); argFm, argFmmetIyo8, metAy46metIyo6 , 
metB23metIyo8 and metB23metJy44 (Ayling & Chater, 1968); metlyoi, Iyo2 , Iyo3 , 
Iyo4, lyoy, Iyo6, Iyo8, and Iyi2 (Lawrence et al. 1968); argEinrec-30ipyr (Chater, 
19 7 0  a), and metB23metKy4y (Chater, 1969). Mutant metly49 was provided by P. D. 
Ayling, and strain metAy was obtained by transduction of the double mutant 
metAycysA2 i  (Smith & Childs, 19 6 6) to cysteine independence. The maintenance of 
stock cultures, and the propagation, assay and maintenance of transducing phage P2 2 , 
were as described by Smith (19 6 1). Cultures were grown at 3 7 0 unless otherwise stated. 
Growth experiments in MM were essentially as described by Lawrence et al. (19 6 8).

Assay of homoserine-O-transsuccinylase activity. The incubation mixture and assay 
system for estimating the [14C]homoserine-dependent accumulation of [14C]-C- 
succinylhomoserine by a cell suspension are described in the legend to Table 1 .

Episome transfer and the detection of haploid segregants. The methods used are 
described in an accompanying paper (Chater, 1 9 7 0 a).

Transduction. Transduction and recombinant analysis were as described by Ayling 
& Chater (1968), except in the deletion analysis of metl mutants, when the normal 
method would have involved the use of too much expensive a-methylmethionine. 
Instead, use was made of the methionine excretion of metl mutants, by analogy with 
a similar study of histidine feedback inhibition-resistant mutants of Salmonella 
typhimurium (Sheppard, 19 6 4). Eighteen h. NB cultures of recipients were harvested 
by centrifugation and resuspended in culture volumes of T2 buffer (adsorption medium: 
Hershey & Chase, 19 5 2), and donor phage added at a multiplicity of infection of 5 . 
The transduction mixture was incubated at 3 7 0 for 5 min. before the addition of up 
to 1 ml. per tube to tubes containing 10 ml. of molten minimal soft agar maintained 
at 4 5 0. The contents of each tube were then poured into a Petri dish containing a thin 
solidified layer (1 0  ml.) of MA. Plates were incubated at 3 7 ° for 48 h., and at room 
temperature (20  to 25 °) for a further 24  h. Upon examination with a binocular micro



scope at low magnification it was possible to distinguish methionine-excreting from 
non-excreting colonies: excretion resulted in growth of the background of methionine- 
requiring recipient cells, visible as a fuzzy edge to the excreting colony, while the 
boundaries of non-excreting colonies were smooth and clearly defined. Up to 300 

colonies per plate could be scored. The reliability of the technique was established in 
reconstruction experiments with artificial mixtures of met I  and I+ strains in the presence 
of a large excess of a metA deletion mutant. In addition, as further confirmation of 
the scoring in all experiments, all apparently non-excreting colonies were restreaked 
on MA, and their resistance to a-methylmethionine tested by replica plating. To

Table 1 . The effect o f methionine and a-methylmethionine on the synthesis of 
O-succinylhomoserine by strains metB23 and metB23metIyo8

O rgan ism s (0-25 m g  d ry  w t/m l.) w ere in cu b a ted  a t  370 in  a  m ix tu re  consisting  o f  g .ucose 
m in im al m ed iu m  (o 75 m l.), [12C lh o m o serin e  (800 nm oles), a n d  [14C ]hom oserine  (0-2 f tC i) , 
w ith  ad d itio n s  as s ta te d  in  th e  tab le , a n d  w a te r  to  1-5 m l. A fte r  15 m in ., tub es w ere h ea ted  in  
a  bo iling  w a te r-b a th , a n d  cell deb ris w as rem o v ed  by  cen trifugation . [14C]-0 -Succinyl- 
h o m o se rin e  in  th e  su p e rn a ta n t flu ids w as e s tim ated  as fo llow s: 0-5 m l. a liq u o ts  w ere trea ted  
w ith  o -l m l. m -K O H , a n d  h ea ted  o n  a  w a te r-b a th  a t  100° fo r 1 m in . to  co n v ert O -succinyl
h o m o se rin e  to  A -succiny lhom oserine . D u p lica te  a liq u o ts  w ere left u n trea ted . T rea ted  an d  
u n tre a te d  sam ples w ere a d d ed  to  5 cm . co lum ns o f  D ow ex-50 resin  (H + form ), a n d  e lu ted  
w ith  w ater. A -S ucciny lhom oserine  passes th ro u g h  th e  co lu m n , w hile u n reac ted  [14C ]hom o- 
se rine  is re ta in ed . 3-5 m l. o f  each  e lu a te  w as co llected , o f  w hich  1 m l. w as a d d ed  to  15 m l. o f  
sc in tilla tion  flu id  (o -; %  bu ty l P B D  in  to lu en e -trito n  X  t o o ; 3 : 2 ,  v/v) a n d  co u n ted  fo r  5 m in . 
in  a  P a c k a rd  T ri-C a rb  L iq u id  S cin tilla tion  S pec tro m eter 3320. [14C ]-0 -Succiny lhom oserine 
w as g iven by th e  difference betw een  tre a te d  a n d  u n tre a te d  sam ples.

O -S ucciny lhom oserine  fo rm ed  
(%  o f  co n tro l)
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Additions m e tB 2 3 m e tB 2 3 m e tIy o 8

None (control) 100 100
L-Methionir.e

0-02 mM 31 108
0-05 mM 8 86
0-25 mM 0 92

a-Methyl-DL-methionine
o-ooi mM 52 105
0*005 mM 5-5 101
0*02 mM 4 97
0*05 mM 3-5 90
0*25 mM 0 105
i*o mM 0 103

confirm that any rare metl+ recombinants were not contaminants, any second auxo- 
troohic marker present in the recipient was checked in the recombinants by replica 
plating. Where such markers were not available, the colonial morphology of the metl 
and 7+ recombinants was examined, as this quality was sufficient to distinguish petween 
the different recipients used, and was therefore unlikely to be shared with any chance 
contaminant.

RESULTS
Tests of the sensitivity o f methionine analogue-resistant mutants to feedback inhibition 

by methionine. The assay of homoserine-O-transsuccinylase depending on the homo
serine-dependent accumulation of [14C]-0-succinylhomoserine can be used only with
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metB mutants, since the ester is further metabolized in other strains. The isolation of 
strains metB23metl7o8, metB23metJ744  (Ayling & Chater, 1968) and metB23metK74 7  

(Chater, 19 6 9) permitted the study of feedback inhibition in representatives of three 
classes of methionine analogue-resistant mutants. The effects of added methionine and 
a-methylmethionine on O-succinylhomoserine synthesis in the metl mutant and a 
metl+ strain are given in Table 1 and Fig. 1 . External concentrations of methionine or 
a-methylmethionine giving effectively total inhibition of O-succinylhomoserine 
synthesis in metl+ cells had no effect at all on this activity in the metl mutant. Since 
metB23metl7o8 cultures grew only in the presence of added methionine, one must 
assume that methionine could enter and be utilized by the cells, so that the only 
explanation for the observations in Table 1 and Fig. 1 is that the homoserine-O- 
transsuccinylase of metB23metl7o8 was altered in such a way that it was no longer 
inhibited by methionine or a-methylmethionine.
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Fig. 1. Time course for the synthesis of O-succinylhomoserine by strains m etB 2 3  and 
m etB 2 3 m etIjo 8  in the presence and absence of methionine. Organisms (0-25 mg. dry wt/ml.) 
were incubated at 370 in the incubation mixture described in the legend to Table 1. At the 
stated intervals, samples were removed and assayed for [14C]-0-succinylhomoserine (see 
Tablet). 0 ,m e tB 2 3  in absence of methionine; • ,  m etB 2 3  in presence of o-l mM-methionine;
A , metB23metl708 in absence of m ethionine; A , metB23metIyo8 in presence of o-l mM- 
m ethionine.

The rate of O-succinylhomoserine synthesis in the metJ and metK mutants was 
reduced in the presence of L-methionine (0-05 dim)  to 7 %  and 5 % , respectively, of 
that obtained in controls lacking methionine. Thus neither metJ nor metK mutations 
result in altered feedback sensitivity of homossrine-O-transsuccinylase.

Absence of complementation between metA and metl. Lawrence et al. (1968) sug
gested that metA and /  might be separate genes. If they were, it should be possible to 
demonstrate complementation between them in a suitable strain. The genotype of 
the merodiploid required for such a test is metA~I~IA+I+. a-Methylmethionine- 
resistant growth of a strain of this genotype would indicate that the products of the 
metA+ and I~ alleles were complementing each other, i.e. metA and /  were separate 
cistrons. The required merodiploid was obtained by transferring the episome KLF 10  

(which carried the metA region of the Escherichia coli genome: Chater, 1970a), from



its E. coii 1 5 5 3  hcst, via Salmonella typhimurium argFmrecsoipyr, into strain 
metAj46metl706, with selection on MA for prototrophic heterogenotes. In addition, 
for control purposes, KLF 10  was transferred into strain argFm  to give the mero- 
diploid metA+I+IA+I+, and into strain argFiiimetIjo8 to give the merodiploid
A+I-/A+I+.

The growth of the heterogenotes and their haploid parents was followed in MM 
with and without the addition of a-methylmethionine (Fig. 2). As expected, the 
haploid A+I+ strain (Fig. 2 a) was sensitive to the analogue. The presence of KLF 10  

in this strain (A+I+/A+I+; Fig. 2 d) increased its resistance a little (probably due to a
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Fig. 2. A test of complementation between m etA  and m etl. The Escherichia coli episome 
KLF 10 (argF + m etA + m e tl+) was transferred into various Salm onella typhimurium  strains 
and the growth of the haploid parent strains and their heterogenote derivatives was followed, 
by extinction measurements, in minimal medium containing: A , no addition; A. d l -  
cc-methyImethionine 11000 Ag./ml.); O , L-methionine (20/¿g./ml.). The relevant genotypes 
(i.e. with respect to m etA  and I )  are indicated on the graphs: where merodiploids were used, 
relevant episomal ma-kers are given after a diagonal stroke.

merA gene dosage effect), though not to a level comparable with that of the A+I~ 
strain (Fig. 2  b), which, moreover, was unaffected by possession of the episome (A+J~l 
A+I+; Fig. 2 e). Thus metl was dominant to metl+ (as had been anticipated in the 
design of the complementation test). Figure 2/ shows that the presence of the episome 
in the A~I~ double mutant (giving the critical genotype A~I~lA+I+) permitted its 
grcwth in unsupplemented MM, while the haploid strain (Fig. 2 c) gave only slow, 
leaky growth in MM unless methionine was added. However, the growth of the 
A-I~IA+I+ strain was inhibited by a-methylmethionine to about the same extent as
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was that of the A+I+IA+I+ strain (Fig. id). Thus the dominance of metl~ to metl+ 
suggested by Fig. ze was apparently dependent upon its coupling in the cis position 
with metA+. It was therefore concluded that the metA and /  mutations used in the 
complementation test were probably located in the same cistron.

This conclusion is based on the assumption that the Escherichia coli and Salmonella 
typhimurium homoserine-O-transsuccinylases have not undergone enough changes 
during evolution from a presumed common ancestral form to prevent the efficient 
formation of mixed enzyme in hybrids. Two lines of evidence suggest that this assump
tion is justified. First, E. coli-S. typhimurium hybrid tryptophan biosynthetic enzyme 
complexes are easily obtained when extracts of the two organisms are mixed (Balbinder, 
1 9 6 4 ; Ito, 19 6 9); and secondly, the expression of the histidine and methionine structural 
genes of S. typhimurium is efficiently controlled by regulatory elements derived from 
E. coli (Fink & Roth, 1 9 6 8 ; Chater, 1 9 7 0 a). It seems that those sites of homologous 
enzymes from the two organisms that are concerned with quaternary interactions have 
undergone relatively little evolutionary divergence, so that the absence of comple
mentation observed between metA and /  is unlikely to be due to failure of the required 
quaternary interactions to take place.

Deletion mapping of metl mutations. The absence of complementation between 
metAy46 and metIyo6 described above cast doubt on the suggestion of Lawrence et al.
(1968) that metA and /  were separate genes. To clarify the relationship between muta
tions causing metA and meil phenotypes, the locations of metl mutations in the metA 
deletion map were investigated. The original deletion map of Smith & Childs (19 6 6) has 
been modified by the properties of anew deletion mutant, metAs96 , which gave proto
trophic recombinants with metA43 but not with metAiS (D. A. Smith, personal 
communication). The resulting improvement in the map (Fig. 3) received support from 
the occurrence of prototrophic recombinants in the crosses metA43 x A34 or A74 6 , and 
their absence in the crosses metAi^ x A54 or A746 (Chater, 1969). The criterion 
established by Smith & Childs (19 6 6) for absence of recombination between two metA 
mutations was failure to produce prototrophic recombinants in three replicate reciprocal 
transduction crosses. Their crosses were performed by a spot technique in which crosses 
between non-allelic methionine mutants gave 40 to 100 recombinant colonies per spot. 
In order that the resolution of the mapping of metl mutations should be comparable 
with that obtained by Smith & Childs, at least 500 recombinant colonies were examined 
before absence of recombination between the donor and recipient mutant sites was 
concluded.

The results of crosses involving 9 metl mutants are presented in Table 2 . Mutant 
I702 gave no /+ colonies among 506 recombinants obtained from a cross with met A 229, 
a mutation located at one extremity of the deletion map (Smith & Childs, 19 6 6). 
A229 and I702 were therefore placed in the same deletion group (x in Fig. 3). In only 
one case, in which /7 0 5  was the donor, was an /+ recombinant obtained in crosses with 
?netA7 , but so few prototrophic recombinants occurred with this recipient that no 
significance could be attached to the negative results, which are therefore not included 
in Table 2 . The positive result with I705 is, however, taken into account in the assign
ment of this mutation to deletion group x. The result for I706 did not agree with that 
given by Lawrence (19 6 7), who obtained one metl+ colony among 90 recombinants 
from an A43 x I706 cross. No explanation can be offered for this disparity.

I l 6
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F ig . 3. A  rev ised  d e le tio n  m ap  o f  th e  m e t  A  gene. T h e  m a p  is b ased  o n  th a t  o f  Sm ith  &  C hilds 
(1966, a n d  u n p u b lish ed ) ar_d o n  d a ta  g iven  in  R esu lts . H eav y  u n b ro k e n  lines rep re sen t 
reg ions d ele ted  in  m e t  A  de le tio n  m u ta n ts  (iso la tio n  n u m b ers  given a t  left en d  o f  each line). 
H eavy  b ro k e n  lines in d ica te  reg ions w hose  ex istence is n o t  ce rta in . D e le tio n  reg ions a re  n o t 
d raw n  to  scale. B old-face figures give th e  n u m b ers  o f  m e th io n in e  a u x o tro p h ic  (M et" )  an d  
feed b ack  resis tance  (F b r)  m u ta tio n s  so  fa r  m a p p e d  in  th e  v ario u s dele tion  reg ions (i to  x). 
T h e  to ta l n u m b ers m a p p e d  a re  a lso  given (fa r righ t). T h e  o r ie n ta tio n  o f  reg ions vi, vii an d  
viii re la tive  to  th e  rest o f  th e  m a p  h as n o t been  es tab lished .

Table 2 . Deletion mapping o f met I mutations
P h ag e  P22 p ro p a g a te d  o n  m e t  I  m u ta n ts  w as used  to  tra n sd u c e  m e t A  d e le tio n  m u ta n ts  to  

p ro to tro p h y . R e co m b in a n ts  w ere sc o red  fo r  in h e rita n ce  o f  th e  m e t  I  p h e n o ty p e  (see M eth o d s). 
In  th e  tab le , th e  n u m b e r  o f  co lon ies w ith  m e t l + p h en o ty p e  is fo llow ed  in  each  case by  th e  
to ta l n u m b e r  o f  co lon ies scored . A ssignm en t to  d e le tio n  g ro u p s  refers to  F ig . 3, a r d  fo r  
m e tIy o 2  a n d  705 u tilizes a d d itio n a l in fo rm a tio n  g iven in  th e  R esu lts. P aren th eses in d ica te  
assignm en ts b ased  o n  negative  re su lts  w ith  few er th a n  500 rec o m b in a n t colonies.

N c .  o f  co lon ies w ith  m e t l + p h en o ty p e  am o n g  reco m b in an ts  
fro m  cross w ith  rec ip ien t

-> D e le tio n
D o n o r m etA -43 metAis m e tA s 9 6 m e tA 2 2 m e tA 3 0 9 g ro u p
m e '. ly o i 4/724 0/578 1/372 n .t. n .t. i  o r  iii
m e i l j0 2 0/1162 1/103 n .t. n .t . n .t. X
m e t ly o s 13/1775 0/660 2/886 n .t. n .t. i o r  iii
m e i i jo d 0/894 4/150 3/67 1/56 0/181 (vi-i)
m e t ly o y 0/1934 0/287 3/217 14/82 n /5 7 7 X
m e tIy o 6 0/1830 4/439 1/144 9/45 23/648 iv, v, ix  o r  x
m e t!y o 8 0/737 0/193 2/126 11/48 s/1 6 2 iv, v, ix o r  x
m e i l y i 2 0/660 0/236 2/243 10/69 26/579 iv, v, ix  o r  x
m e tly 4 9 0/526 9/ 3 i 8 5/200 2/149 c/1065 viii

n .t .  =  N o t  tes ted .
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These results confirmed the conclusion drawn from the metA-I complementation 
test, namely that mutations leading to the metA and I  phenotypes are located in the 
same gene. Moreover, mutations resulting in the metl phenotype did not seem to be 
clustered in any particular region(s) of the metA gene.

The frequency of recombination within the metA gene. Using metA and /  mutations 
situated at the ends of the deletion map (A5 4 , I70 1 and /70 3 in deletion groups i, ii or iii, 
and A229 and I702 in deletion group x; see Results, preceding section, and Fig. 3), crosses 
were made to estimate the frequency of recombination along the metA gene (more 
precisely, that part of metA containing deletion regions iv to ix. within which 86 % of all 
metA and /  point mutations tested have been located: Fig. 3) during P 2 2-mediated 
transduction (Table 3). In crosses 1 & 3 the generation of metA+ recombinants required
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Table 3 . Estimation of recombination frequency within the metA gene during
transduction

P h ag e  P22 p ro p a g a te d  o n  m e t l  m u ta n ts  w as u sed  to  tran sd u ce  m e tA  a u x o tro p h s  to  
p ro to tro p h y . R e c o m b in a n ts  w ere sco red  fo r in h erita n ce  o f  m e t l  p h e n o ty p e  by  rep lica  
p la tin g  to  M A  +  a -m e th y lm e th io n in e . C o n tro ls  in d ica ted  th a t  m e t l + co lon ies w ere  un likely  
to  hav e  re su lted  f ro m  rec ip ien t reversion .

I7 0 1 , E o s  I7 0 2
----------------1-------------- 1------------------ D o n o r  ch ro m o so m e  frag m en t

X  Y  Z  R e g ions o f  c rossing-over
--------------- 1-------------- -f----------------- R ec ip ien t ch ro m o so m e

A  3 4  A 2 2 \9

N o . o f  reco m b in an ts  w ith  
c rossing -over in  reg ions E stim a ted

C ross ‘ X , Y Y , Z
--------------v reco m b in a tio n

X ,  Z  frequency  in  reg io n  Y *

f l .  m e tA 2 2 ÿ  x  m e t l j o i — 13 (/+ ) 708 ( /  ) \ c .026 I
so8 ( / - ) ’ [m e a n  0  0332. m e tA S 4  x  m etl- j0 2 18 (/+ ) —

t3 -  metA22Ç) x  m e t l j o s — 29 (/+ ) 567 ( / - ) j ° '° 40  J

* C a lcu la ted  as fo llow s : ( X ,  Y ) + (  Y , Z )
2[ ( X ,  Y ) + ( Y , Z ) + i ] ’

w here  ( X ,  Y ) a n d  ( Y , Z )  a re  th e  frequencies o f  X ,  Y  a n d  Y , Z  reco m b in an ts  p e r  X ,  Z  reco m 
b in a n t (rep resen ted  by  th e  figure T  ’ in  th e  d e n o m in a to r)  o b ta in ed  fro m  crosses w ith  rec ip rocal 
m a rk e r  a rra n g em en ts . T h e  d en o m in a to r  is d o u b led  to  ta k e  a c c o u n t o f  th e  req u irem en t fo r 
tw o  reco m b in a tio n  even ts in  th e  g en e ra tio n  o f  a  v iab le  reco m b in an t. M u ta tio n s  m e tA s 4 ,  
I7 0 1  a n d  I7 0 3  o n  th e  o n e  h an d , a n d  A 2 2 3  a n d  I7 0 2  o n  th e  o th e r , a re  ta k e n  to  define th e  ends 
o f  reg ion  Y  o f  th e  d iag ram , 

f  D a ta  o f  P . D . A yling .

a recombination event to the right, and in cross 2 to the left, of the metA gene. 
Combining the data from crosses 1 and 2 or crosses 2 and 3 , estimates of the re
combination frequency along the metA gene could therefore be made that took into 
account differences between the numbers of recombination events occurring on either 
side of the gene. The mean of the two estimates obtained was 0 -0 3 3 , i-e- 1 in 30 of all 
the recombination events occurring along the whole transduction fragment took place 
within the metA gene.
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D IS C U S S IO N

T h e  f a i lu r e  o f  m e t h io n in e  o r  a - m e th y lm e t h io n in e  t o  in h ib i t  O - s u c c in y lh o m o s e r in e  

s y n th e s is  i n  a  m e t  I  m u t a n t  ( T a b le  1 ;  F ig .  1) w a s  a t t r ib u t a b le  e i t h e r  t o  f a i lu r e  o f  th e se  

s u b s ta n c e s  t o  p e n e t r a te  th e  c e l ls ,  o r  t o  a n  a l t e r a t io n  o f  h o m o s e r in e - O - t r a n s s u c c in y la s e  

s u c h  t h a t  i t  w a s  n o t  s e n s it iv e  t o  f e e d b a c k  in h ib i t i o n .  T w o  o b s e r v a t io n s  p r e c lu d e d  th e  

f o r m e r  in t e r p r e t a t io n .  F i r s t ,  s t r a in  m etB 2 3 m etl7 o 8  g r e w  a t  th e  s a m e  r a t e  a s  s t r a in  

m e tB 2 3  o n  m e t h io n in e  a t  c o n c e n t r a t io n s  d o w n  t o  0 -0 2  m M  ( i.e . t h e  lo w e s t  c o n c e n t r a 

t io n  u s e d  i n  th e s e  e x p e r im e n t s :  R .  J .  R o w b u r y ,  u n p u b l is h e d  o b s e r v a t io n s ) ;  a n d  

s e c o n d ly ,  a - m e th y lm e t h io n in e  re s is t a n c e  w a s  d o m in a n t  t o  s e n s i t iv i t y  in  a  m e t l ~ \ m e t l + 
h e te r o g e n o te  ( F ig .  2 e ) , w h ic h  c o n t r a s t s  w i t h  th e  o b s e r v a t io n  o f  A m e s  &  R c t h  (1 9 6 8 )  

t h a t  h is t id in e  a n a lo g u e  r e s is t a n c e  r e s u l t in g  f r o m  m u t a t io n  o f  th e  h is t id in e  p e rm e a s e  

g e n e  w a s  r e c e s s iv e  t o  s e n s it iv i t y .  T h u s  t h e  m e t l  g e n e  p r o d u c t  c a n n o t  b e  a  c o m p o n e n t  

o f  th e  m e t h io n in e  t r a n s p o r t  s y s te m , s o  m u s t  b e  a  c o m p o n e n t  o f  h o m o s e r in e - O - t r a n s -  

s u c c in y la s e .  T h i s  c o n c lu s io n  h a s  a ls o  r e c e n t ly  b e e n  r e a c h e d  b y  D .  A .  L a w r e n c e  ( p e r 

s o n a l c o m m u n ic a t io n ) ,  w h o  h a s  te s te d  th e  f e e d b a c k  s e n s i t iv i t y  o f  h o m o s e r in e - O -  

t r a n s s u c c in y la s e  a c t iv i t y  i n  c e l l- f r e e  e x t r a c t s  o f  f o u r  o t h e r  m e t l  m u ta n t s :  ir_ n o  c a s e  
w a s  th e  a c t i v i t y  a f fe c  ie d  b y  m e t h io n in e  o r  a - m e th y lm e th io n in e .

S m it h  &  C h i l d s  ( 1 9 6 6 )  o b s e r v e d  n o  a b o r t iv e  t r a n s d u c t io n ,  in d ic a t in g  n o  c o m p le 

m e n t a t io n ,  b e tw e e n  s t r a in s  b e a r in g  a n y  o f  37  met A  p o in t  m u ta t io n s ,  a l l  o f  w h ic h  w e re  

lo c a t e d  w i t h in  th e  met A  d e le t io n  m a p ;  h e n c e  th e  m a p  in v o lv e s  a  s in g le  c i s t r o n  o n ly .  

A s  m etl m u ta t io n s  w e re  s c a t t e re d  w i t h in  t h is  m a p ,  a n d  o n e  o f  t h e m  f a i le d  t o  s h o w  

c o m p le m e n t a t io n  w i t h  a  metA m u t a t io n ,  metA a n d  I  m u ta t io n s  m u s t  b o t h  r e s u l t  i n  

a l t e r a t io n s  o f  th e  s a m e  p o ly p e p t id e ,  w h ic h  m u s t  s p e c i f y  b o t h  th e  s u b s t r a t e  a n d  th e  

i n h ib i t o r  b in d in g  s ite s  o f  h o m o s e r in e - O - t r a n s s u c c in y la s e .  T h u s  a s p a r t a te  t r a n s -  

c a r b a m y la s e  i n  Escherichia coli r e m a in s  t h e  o n ly  c a s e  y e t  d e s c r ib e d  i n  w h ic h  th e  

c a t a ly t i c  a n d  r e g u la t o r y  s ite s  o f  a n  e n z y m e  a r e  c a r r ie d  b y  d is t in c t  p o ly p e p t id e  s p e c ie s  

( G e r h a r t  &  S c h a c h m a n ,  1 9 65 ). D e le t io n  m a p p in g  o f  h is t id in e  f e e d b a c k - r e s is t a n t  

m u ta n t s  o f  t h e  hisG g e n e  o f  Salmonella typhimurium ( S h e p p a r d ,  1 9 64 )  g a v e  s im i la r  

r e s u lt s  t o  t h o s e  d e s c r ib e d  i n  th e  p r e s e n t  w o r k ,  t h o u g h  th e  c lu s t e r in g  o f  m o s t  o f  t h e  

hisG f e e d b a c k  r e s is t a n c e  m u t a t io n s  in  a  s in g le  r e g io n  o f  th e  hisG d e le t io n  m a p  is  in  

c o n t r a s t  t o  th e  la c k  c f  g r o s s  c lu s t e r in g  o f  m e t h io n in e  f e e d b a c k  re s is t a n c e  m u t a t io n s  

in  th e  metA m a p  ( F ig .  3 ). A s  m etl m u ta t io n s  a re  n o w  k n o w n  t o  b e  s i t u a t e d  w i t h in  th e  

metA g e n e , s u c h  m u t a t io n s  w i l l  i n  f u t u r e  p u b l i c a t io n s  b e  d e s ig n a te d  metA (e .g . m etljo i 
w i l l  b e c o m e  metAyoi). T h i s  a c c o r d s  w i t h  th e  c o n v e n t io n  s u g g e s te d  b y  D e m e r e c ,  

A d e lb c r g ,  C l a r k  &  H a r t m a n  (1 9 6 6 ) .

F in a l l y ,  b y  c o m b in in g  th e  r e s u lt s  o f  th e  d e le t io n  m a p p in g  w i t h  t h o s e  o f  t h r e e - p o in t  

t r a n s d u c t io n  c ro s s e s  d e s c r ib e d  b y  A y l i n g  &  C h a t e r  (1 9 6 8 )  ( w h ic h  p la c e d  m et!jo6  

b e tw e e n  metA7 4 6  a n d  metH, a n d  A 1 5  b e tw e e n  I7 4 9  a n d  thi), th e  metA d e le t io n  m a p  
c a n  b e  o r ie n t a t e d  u n a m b ig u o u s ly  w i t h  r e s p e c t  t o  m etH  a n d  thi. T h is  o r ie n t a t io n  is  

in d ic a t e d  i n  F ig .  3 . T h e  e s t im a te d  r e c o m b in a t io n  f r e q u e n c y  o f  0 -0 33  a lo n g  th e  m a j o r  

p a r t  o f  th e  metA g e n e , i.e . t h a t  c o n t a in in g  d e le t io n  r e g io n s  i v  t o  i x  ( F ig .  3 ), in d ic a t e s  

t h a t  i t  o c c u p ie s  a b o u t  i / 3 0 t h  p a r t  o f  t h e  a v e ra g e  t r a n s d u c t io n  f r a g m e n t  c a r r y in g  i t  

( a s s u m in g  t h a t  r e c o m a in a t io n  e v e n ts  o c c u r r e d  a t  r a n d o m  in  th e  c ro s s e s  a n a ly s e d  in  

T a b le  3).

W e  a re  g r a t e fu l  t o  D r  D .  A .  S m it h ,  D r  D .  A .  L a w r e n c e  a n d  D r  P .  D .  A > I in g  f o r  

c o m m u n ic a t in g  t h e i r  u n p u b l is h e d  r e s u lt s  t o  u s ,  a n d  t o  M r  R .  J .  H a r o ld  f o r  u s e fu l
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d is c u s s io n .  P a r t  o f  t h is  w o r k  w a s  c a r r ie d  o u t  b y  o n e  o f  u s  ( K .  F .  C . )  d u r in g  te n u re  o f  

a  S c ie n c e  R e s e a r c h  C o u n c i l  R e s e a r c h  S t u d e n t s h ip ,  a n d  f o r m e d  p a r t  o f  a  P h . D .  th e s is

( C h a t e r ,  1 9 69 )  s u b m it t e d  t o  th e  U n iv e r s i t y  o f  B i r m in g h a m .
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S U M M A R Y

P r o t o t r o p h ic  ‘ r e v e r t a n t s ’ o f  m e t h io n in e - r e q u ir in g  m e t h io n y l - t R N A  
s y n th e ta s e  m u ta n t s  (m etG ) o f  Salm onella  typhim urium  w e re  e x a m in e d  
f o l l o w in g  a n  o b s e r v a t io n  t h a t  s o m e  o f  t h e m  e x c re te d  m e th io n in e .  A  n u m b e r  
w e re  f o u n d  t o  b e  p h e n o t y p ic a l ly  in d is t in g u is h a b le  f r o m  a  c la s s  (m e tK ) o f  
m e t h io n in e  r e g u la t o r y  m u ta n t s .  T h e  m u t a t io n s  c a u s in g  r e v e r s io n ,  l ik e  
m e tK  m u ta t io n s ,  w e re  lo c a t e d  b e tw e e n  a  s e r in e  (serA )  a n d  a  m e t h io n in e  
(m etC )  s t r u c t u r a l  g e n e  o n  th e  l in k a g e  m a p ,  a n d  i t  w a s  c o n c lu d e d  t h a t  th e  
‘ s u p p r e s s o r s ’ w e re  m e tK  m u ta t io n s .  T h e  a b i l i t y  o f  in d e p e n d e n t ly  is o la t e d  
m e tK  m u t a t io n s  t o  c a u s e  s u p p r e s s io n  o f  m etG  m u ta n t s  w a s  te s te d  a n d  w a s  
a p p a r e n t ly  r e la te d  t o  t h e i r  a b i l i t y  t o  c a u s e  m e t h io n in e  o v e r p r o d u c t io n .  
A  s e c o n d  k in d  o f  m e t h io n in e  r e g u la t o r y  m u t a t io n  (m e tJ ) a ls o  c a u s e d  
s u p p r e s s io n ,  w h i le  a  m et A  ( h o m o s e r in e - O - t r a n s s u c c in y la s e )  m u t a t io n  le a d in g  
t o  f e e d b a c k  in s e n s i t iv i t y  f a i le d  t o  d o  so . S p o n t a n e o u s  m etG  r e v e r t a n t s  d u e  
t o  s e c o n d a r y  m e iJ  m u t a t io n s  w e re  r a r e ,  a n d  n o n e  d u e  t o  s e c o n d a r y  rr.etA 
m u t a t io n s  w a s  d e te c te d .

I N T R O D U C T IO N

G r o s s  &  R o w b u r y  (1 9 6 9 )  h a v e  r e c e n t ly  s h o w n  t h a t  m e t h io n in e - r e q u ir in g  m etG  
m u ta n t s  o f  Salm onella  typhim urium  ( S m it h  &  C h i ld s ,  1 966 ) h a v e  a  m e t h io n y l - t R N A  

s y n th e ta s e  w i t h  r e d u c e d  a f f in i t y  f o r  m e t h io n in e .  L a w r e n c e  (1 9 6 7 )  o b s e r v e d  t h a t  

s o m e  o f  th e  f r e q u e n t  p r o t o t r o p h ic  ‘ r e v e r t a n t ’ c o lo n ie s  t h a t  g r e w  w h e n  a  m etG  
c u l t u r e  w a s  s p r e a d  o n  u n s u p p le m e n t e d  m in im a l  a g a r  m e d iu m  w e re  s u r r o u n d e d  b y  

h a lo e s  o f  b a c k g r o u n d  g r o w th .  T h e  p r e s e n t  r e p o r t  d e s c r ib e s  a n  in v e s t ig a t io n  o f  th e  

n a tu r e  o f  th e se  ‘ r e v e r t a n t s ’ in  th e  c o n t e x t  o f  w id e r  s t u d ie s  o f  th e  r e g u la t io n  o f  

m e t h io n in e  b io s y n th e s is  in  S. typhim urium . T h e  p r o p e r t ie s  o f  th e  th re e  k n o w n  
g r o u p s  o f  m e t h io n in e  r e g u la t o r y  m u ta n t s ,  m et A , m e tJ  a n d  m etK , i n  t h is  o r g a n is m  

w e re  f i r s t  d e s c r ib e d  b y  L a w r e n c e ,  S m it h  &  R o w b u r y  (1 9 6 8 ) , a n d  a r e  s u m m a r iz e d  in  

tw o  a c c o m p a n y in g  p a p e r s  ( C h a t e r ,  1 9 7 0 ; C h a t e r  &  R o w b u r y ,  1970 ).
W e  h a v e  f o u n d  t h a t  th e  m etG  ‘ r e v e r t a n t s ’  t e s te d  h a d  s e c o n d a r y  m e tK  c r ,  m o r e  

r a r e ly ,  m e tJ  m u t a t io n s  t h a t  s u p p r e s s e d  th e  m etG  p h e n o t y p e ,  a n d  w e  h a v e  in v e s t ig a te d  

th e  s p e c i f ic i t y  o f  t h e  s u p p r e s s io n  e ffe c t . I n  th e  c o u r s e  o f  th e  w o r k ,  n e w  m e tK  l in k a g e  

d a t a  w 'e re  o b t a in e d .

* P resen t ad d ress : Jo h n  Inn es In s titu te , C olney  L an e , N o rw ich , N O R  70F .
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M E T H O D S

M edia . T h e  m e d ia  a n d  m o s t  s u p p le m e n t s  h a v e  b e e n  d e s c r ib e d  in  a n  a c c o m p a n y in g  

p a p e r  ( C h a t e r ,  1 9 70 ). A d d i t i o n a l  s u p p le m e n t s  t o  m in im a l  m e d ia  w e re :  L - c y s t e in e  a n d  

L - h is t id in e  (2 0  / ig . / m l. ) :  D L - n o r le u c in e  ( 1 0 0 0  / ig . / m l. ) ;  N a 2S . 9 H 20  (7 5 0  / tg . /m l. ) ;  

N a 2S 0 3 (4 0 0  jig . I m l.). A b b r e v ia t io n s  u s e d  a r e :  N A ,  n u t r ie n t  a g a r ;  N B ,  n u t r ie n t  b r o t h ,  

M A ,  m in im a l  a g a r ;  M M ,  l i q u i d  m in im a l  m e d iu m .

m elB

F ig . I . A n  ab b rev ia ted  linkage m a p  o f  S a lm o n e lla  ty p h im u r iu m . T h e  m ap  a n d  n o m en c la tu re  
a re  based  o n  th o se  o f  S an d e rso n  (1967). A rro w s rep re sen t th e  sites o f  sex fa c to r  in se rtio n  an d  
d irec tio n  o f  ch ro m o so m e  tran sfe r  o f  h ig h  freq u en cy  d o n o r  s tra in s . F ig u res a re  tim e  in tervals 
o b ta in e d  f ro m  in te rru p te d  m a tin g  experim en ts (S an d erso n , 1967). T h e  lo ca tio n  o f  a r g E  is 
on ly  k n o w n  appro x im ate ly .

O rganism s. T h e  n o m e n c la t u r e  is  t h a t  o f  S a n d e r s o n  (1 9 6 7 ) . A l l  s t r a in s  w e re  d e r iv e d  

f r o m  Salm onella  typhim urium  s t r a in  LT2, o f  w h ic h  a  l in k a g e  m a p  a p p e a r s  i n  F ig .  1. 

T h o s e  s t r a in s  p r e v io u s ly  d e s c r ib e d  w e re :  m etA 94 , B 23, O 319  a n d  G 419  ( S m it h  &  

C h i ld s ,  1 9 6 6 );  H f r A h isD 23m etA yo8  ( fe e d b a c k - r e s is t a n t ) ,  m etK.721  a n d  K 7 31  ( L a w r e n c e  
e t al. 1 9 6 8 );  a n d  se rA n m e tK .7 4 7 , H f r K . 3 m etK 747h is, a n d  W iv Y ^ se rA i 3his  ( C h a t e r ,

1 9 70 ). T h e  w i ld - t y p e  s t r a in  LT2 a n d  m u ta n t s  argB 69, argE 8, s e r A n  a n d  s e r A i3  
w e re  p r o v id e d  b y  J .  D .  C h i l d s  a n d  K .  E .  S a n d e r s o n .  H f r A h isD 23m etJ744  w a s  o b t a in e d  

a s  a n  e t h io n in e - r e s is t a n t  h is t id in e - r e q u ir in g  r e c o m b in a n t  a f t e r  t r a n s d u c t io n  w i t h  

p h a g e  g r o w n  o n  m u t a n t  m e i/ 7 4 4  ( A y l i n g  &  C h a t e r ,  1968 ). N e w  H frK ^ m etK h is  
s t r a in s  w e re  o b t a in e d  b y  t r a n s d u c t io n  o f  H f r K 3 se rA i3 h is  w i t h  p h a g e  p r o p a g a te d  

o n  th e  r e le v a n t  m e tK  s t r a in .  H f r B 3 hisD 23cysC 200  w a s  o b t a in e d  f r o m  H frB 3 / z ; . iD 2 3  

( p r o v id e d  b y  D .  A .  S m it h )  i n  t w o  s te p s . F i r s t ,  t h e  p a r e n t  s t r a in  w a s  t r e a t e d  w i t h  

A - m e t h y l  A ' - n i t r o  A - n i t r o s o g u a n id in e ,  a n d  a  d e r iv a t iv e  i s o la t e d  w h ic h  r e s p o n d e d  

t o  c y s t e in e  o r  s u lp h id e ,  b u t  n o t  t o  s u lp h it e ,  +  h is t id in e .  T h is  s t r a in  w a s  p o s s ib ly  
d e fe c t iv e  in  th e  c y s l  o r  J  g e n e s , b o t h  o f  w h ic h  a r e  c o t r a n s d u c ib le  w i t h  cysC , a n d  i t



w a s  t r a n s d u c e d  w i t h  p h a g e  g r o w n  o n  s t r a in  cysC2 0 0  ( p r o v id e d  b y  M .  A .  Q u r e s h i)  

o n  M A+h is t id in e  +  s u lp h it e .  O f  th e  r e c o m b in a n t s ,  1 7 %  w e re  h is t id in e  +  s u lp h it e -  

r e q u ir in g ,  a n d  o n e  o f  th e s e  w a s  p u r i f ie d  a s  H f r B 3 hisD2 3 cysC2 0 0 . H f r B 3 hisD2 3 ser- 
A n m e tK j4 j  w a s  o b t a in e d  a s  o n e  o f  th e  3 %  o f  s e r in e + h is t id in e  r e q u i r in g  c o lo n ie s  

a m o n g  th e  r e c o m b in a n t s  t h a t  g r e w  w h e n  H f r B 3 hisD 23  w a s  t r a n s d u c e d  w i t h  p h a g e  

g r o w n  o n  s t r a in  serA nm etK 7 4 7 , o n  M A+h is t id in e  +  s e r in e  +  e t h io n in e .  S t r a in  

metC3 j 8se rA n  w a s  o b t a in e d  a s  a  m e t h io n in e + s e r in e  r e q u i r in g  r e c o m b in a n t  f r o m  
th e  c r o s s  metC3 7 8 0 3  sCD 319  ( S m i t h  &  C h i ld s ,  1 966 ) x  HfrB?,hisD2 3 serA iim etK 7 4 7 . 
S in c e  e t h io n in e  r e s is t a n c e  c o u ld  n o t  b e  t e s te d  i n  a  m e t h io n in e  a u x o t r o p h ,  t o  c o n f i r m  

t h a t  th e  n e w  d o u b le  m u t a n t  d id  n o t  p o s s e s s  metK.7 4 7  i t  w a s  c r o s s e d  w i t h  H f r iK ^ / u j  

a n d  H ftK 3 m e tK 7 4 7 k is  o n  MA, a n d  th e  p r o t o t r o p h ic  r e c o m b in a n t s  w e re  s : o r e d  f o r  

e t h io n in e  r e s is t a n c e .  W i t h  t h e  f o r m e r  d o n o r ,  n o n e  o f  3 5 9  r e c o m b in a n t s  w a s  r e s is t a n t ,  

w h i le  w i t h  th e  la t t e r  d o n o r  5 %  o f  th e  r e c o m b in a n t s  w e re  s e n s it iv e .  T h e  la t t e r  r e s u lt  

i n  p a r t i c u la r  c o n f i r m e d  t h e  p re s e n c e  o f  metK+ i n  t h e  r e c ip ie n t .

Techniques. A l l  i n c u b a t io n  w a s  a t  3 7 0 u n le s s  s ta te d  o th e rw is e .  T h e  m a in t e n a n c e  

o f  s t o c k  c u lt u r e s ,  a n d  th e  p r o p a g a t io n ,  a s s a y  a n d  m a in t e n a n c e  o f  t r a n s d u c in g  p h a g e  

P 2 2 ,  w e re  a s  d e s c r ib e d  b y  S m i t h  (1 9 6 1 ) . A - M e t h y l  A ' - n i t r o  A - n i t r o s o g u a n id in e  

m u ta g e n e s is ,  a n d  c c n j u g a t io n  a n d  t r a n s d u c t io n  e x p e r im e n t s ,  w e re  p e r f o r m e d  a s  

d e s c r ib e d  b y  A y l i n g  &  C h a t e r  (1 9 6 8 ) . D e t e c t io n  o f  m e t h io n in e  e x c r e t io n  a n d  a n a lo g u e  

r e s is t a n c e  b y  s t r e a k  t e s t in g ,  a n d  g r o w t h  e x p e r im e n t s  in  l i q u id  m e d ia ,  w e r e  e s s e n t ia l ly  

a s  d e s c r ib e d  b y  L a w r e n c e  et al. (1 9 6 8 ) . E n z y m e  a s s a y s  f o l lo w e d  t h e  p r o c e d u r e s  o f  
R o w b u r y  &  W o o d s  (1 9 6 6 )  a n d  G r o s s  &  R o w b u r y  (1 9 6 9 ) .
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The isolation and phenotypes o f  revertants o f  metG mutants. I n  t h e  i n i t i a l  e x p e r im e n t s ,  

a b o u t  2 x i o 8 b a c t e r ia  f r o m  s a t u r a t e d  N B  c u lt u r e s  o f  m u ta n t s  metG3 i 9  a n d  G4 1 9  

w e re  s p r e a d  o n  M A .  A f t e r  4 8  h . in c u b a t io n ,  b e tw e e n  10  a n d  10 0  r e v e r t a n t  c o lo n ie s  

g r e w  o n  e a c h  p la t e .  A  n u m b e r  o f  th e s e  c o lo n ie s  w e re  p ic k e d  o f f  a n d  t a k e n  t h r o u g h  

t w o  s in g le  c o lo n y  is o la t io n s  o n  N A .  T h e  r e s u l t in g  s t r a in s  w e re  t h e n  te s te d  f o r  t h e i r  

a b i l i t y  t o  c r o s s - fe e d  a  m e t h io n in e  a u x o t r o p h ;  t h e i r  g r o w t h  ra te s  i n  M M  in  th e  

p re s e n c e  a n d  a b s e n c e  o f  t h e  m e t h io n in e  a n a lo g u e s  a - m e th y lm e t h io n in e ,  e t h io n in e  

a n d  n o r le u c in e  w e re  m e a s u r e d ;  a n d  th e  a c t iv i t y  a n d  r e p r e s s ib ik t y  o f  t w o  o f  t h e i r  

m e t h io n in e  b io s y n t h e t ic  e n z y m e s ,  c y s t a t h io n in e  s y n th e ta s e  (metB} a n d  c y s t a t h io n a s e  

( m etC ), w e re  a s s a y e d  I t  w a s  a ls o  d e s ir a b le  t o  te s t  w h e th e r  th e  p h e n o t y p e s  o f  th e  

r e v e r t a n t s  in d ic a t e d  b y  th e se  te s ts  w e re  r e t a in e d  in  th e  a b s e n c e  o f  th e  metG m u ta t io n s ,  

a n d  g e n e t ic  m a n ip u la t io n  ( d e s c r ib e d  in  th e  n e x t  s e c t io n  o f  th e  R e s u l t s )  p e r m it t e d  th e  

i s o la t io n  o f  s t r a in s  r e t a in in g  th e  a n a lo g u e  r e s is t a n c e  c h a r a c t e r is t ic  o f  t h e  o r ig in a l  

r e v e r t a n t s ,  d e s p it e  p o s s e s s io n  o f  th e  metG+ a l le le .
T h e  r e s u lt s  o f  s u c h  te s ts  w i t h  a  r e p r e s e n ta t iv e  r e v e r t a n t  o f  m e t G j r p  a n c  o n e  o f  

G4 1 9  ( r e t r o s p e c t iv e ly  d e s ig n a t e d  metG3i9metK7SS a n d  metG4 i 9 metK7  36 ) a n d  t h e i r  
metG+ d e r iv a t iv e s  a r e  g iv e n  in  T a b le  1. F o r  c o m p a r is o n ,  r e p r e s e n ta t iv e  m e t h io n in e -  

e x c r e t in g  a n d  n o n e x c r e t in g  metK  s t r a in s  (K 7 2 1  a n d  K 7 3 1 , r e s p e c t iv e ly )  a n d  t h e  w i ld -  

t y p e  w e re  a ls o  te s te d  T h e  p h e n o t y p e s  c o n f e r r e d  b y  p o s s e s s io n  o f  m u t a t io n s  t h a t  

s u p p r e s s e d  metG m u ta n t s  w e re  th e  s a m e  in  metG+ s t r a in s  a s  i n  th e  o r ig in a l  r e v e r t a n t s ; 

th e  r e v e r t a n t s ,  l i k e  k n o w n  metK  m u ta n t s ,  w e re  r e s is t a n t  t o  a l l  t h r e e  a n a lo g u e s ,  a n d  

f e l l  i n t o  m e t h io n in e - e x c r e t in g  a n d  n o n e x c r e t in g  c a t e g o r ie s ;  a n d  th e  e n z y m e  le v e ls  o f



t h e  n o n e x c r e t in g  r e v e r t a n t  (m e tG 4 i9 m e tK y s6 )  w e re  n o r m a l ly  r e g u la t e d ,  l i k e  t h o s e  

o f  w i ld - t y p e  a n d  metK.731  s t r a in s ,  w h i le  t h o s e  o f  th e  e x c r e t in g  r e v e r t a n t  {m etG  319  
m e tK y s f )  w e re  a s  h ig h  a s  t h o s e  o f  s t r a in  m e tK y 2 i  i n  th e  a b s e n c e  o f  m e t h io n in e ,  b u t  
w e re  re p re s s e d  d u r in g  g r o w t h  i n  th e  p re s e n c e  o f  m e t h io n in e .  A n a lo g u e  r e s is t a n c e  

a n d  m e t h io n in e  e x c r e t io n  te s ts  c a r r ie d  o u t  w i t h  14  o t h e r  r e v e r t a n t s  o f  m e tG 3 i9  a n d  

6  o f  G 419  w e re  in  a g re e m e n t  w i t h  th e s e  r e s u lt s ,  a l l  th e  G 319  r e v e r t a n t s  e x c r e t in g ,  

w h i le  th e  G 419  r e v e r t a n t s  f a i le d  t o  d o  so . L a t e r  te s ts  h a v e  s h o w n  t h a t  s o m e  e x c r e t in g  

G 419  r e v e r t a n t s  a ls o  o c c u r .
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T a b le  1. The ph en o types o f  m etG  319  revertan ts and o ther stra ins

A b b rev ia tio n s: M M  =  m in im al m ed iu m ; A M M  =  M M  +  a-m eth y lm e th io n in e  (1000 /<g./ 
m l.); E T H  =  M M  +  e th io n in e  (1000 /(g ./m l.); N O L  =  M M  +  no rleu c in e  (1000 /ig ./m l.) ; 
— M E T  =  cells g ro w n  in th e  absence  o f  m eth io n in e ; + M E T  =  cells g row n  in  th e  
presence  o f  10 mM m eth io n in e ; S =  ex p o n en tia l g ro w th  n o t o b ta in ed . E nzym e activ ities 
expressed  as »m oles p ro d u c t/m g . p ro te ir  /h .

E nzym e activ ities

E x cre tio n  o f  C y sta th io n in e
m eth io n in e  G e n e ra tio n  tim e  (m in .) syn the tase  C y s ta th io n ase

S tra in 25° 37° M M A M M  E T H N O L - M E T +  M E T - M E T +  M E T

m etG 3 ig m e tK y y s* + - 65 70 70 75 2-00 o -i6 1-27 0-83
metG4igmetKy$6* — — 63 76 63 70 0 -14 0*01 0-65 0'34metKys5(metG+)j _1_ - 66 66 66 70 1-25 0-15 0-88 0-30
metKyyô (metG+) f — - 58 59 59 68 o-34 0-02 0-70 0 3 2
metKy2i(metG+) + + 72 69 69 75 2-00 2-40 1-30 1-34metKy3i(metG+) — — 55 69 58 59 0*20 0-05 0-63 0-41
W ild  type - - 55 S S S 0 'l8 0-03 0-65 0-38

* R etro sp ec tiv e  d es ig n a tio n  o f  m e tG  rev ertan ts .
t  F o r  d eriv a tio n , see R esu lts  ( ; L o ca tio n  o f  th e  su p p resso r m u ta tio n s  o n  th e  S a lm o n e lla  ty p h im u r iu m  

linkage m a p ’)-

The location  o f  the suppressor m utations on the Salm onella  typhim urium  linkage m ap

T h e  a c c o m p a n im e n t  o f  s u p p r e s s io n  o f  th e  m etG  p h e n o t y p e  in  th e  r e v e r t a n t s  b y  

th e  m e tK  p h e n o t y p e  s u g g e s te d  t h a t  th e  s u p p r e s s o r s  m ig h t  b e  m e tK  m u ta t io n s .  T h e s e  

a re  1 t o  3 %  c o t r a n s d u c e d  w it h  th e  serA  g e n e  ( L a w r e n c e  c t al. 1968 ). T o  te s t  th e  

l in k a g e  o f  th e  s u p p r e s s o r s  w i t h  serA , p h a g e  p r o p a g a te d  o n  th e  r e v e r t a n t  s t r a in s  

m etG 3 i9 m e tK 7 5 5  a n d  G 419K 756  w a s  u s e d  t o  t r a n s d u c e  s t r a in  s e r A n  t o  p r o t o t r o p h y ,  
a n d  13 50  a n d  781  r e c o m b in a n t s ,  r e s p e c t iv e ly ,  w e re  te s te d  b y  r e p l i c a t io n  f o r  e t h io n in e  

r e s is t a n c e .  I n  b o t h  c a s e s  c o t r a n s d u c t io n  o f  re s is t a n c e  w i t h  se rA + o c c u r r e d ,  th e  

f r e q u e n c y  b e in g  1-7 %  w i t h  m e tK y s s  a n d  3 -2  %  w i t h  K 756. T h e  s t r a in s  m e tK y ss (m e tG +) 
a n d  m e tK y s6 {m e tG +) i n  T a b le  1 w e re  o r ig in a l l y  o b t a in e d  a s  r e s is t a n t  r e c o m b in a n t s  
i n  th e se  c ro s s e s .

T h u s  th e  p h e n o t y p ic  a n d  g e n e t ic  s im i la r i t ie s  b e tw e e n  th e  s u p p r e s s o r  m u t a t io n s  

a n d  m e tK  m u t a t io n s  w e re  s u c h  a s  t o  le a v e  l i t t le  d o u b t  o f  th e  id e n t i t y  o f  t h e  tw o  t y p e s  

o f  m u t a t io n .  N o n e t h e le s s ,  th e  p o s s ib i l i t y  s t i l l  e x is t e d  t h a t  th e  s u p p r e s s o r s  m ig h t  b e  

s i t u a t e d  o n  o n e  s id e  o f  serA , a n d  m e tK  o n  th e  o t h e r :  in d e e d ,  i t  w a s  p o s s ib le  t h a t  th e  

t w o  t y p e s  o f  m e tK  m u ta t io n ,  d i f f e r in g  w it h  r e s p e c t  t o  m e t h io n in e  e x c r e t io n ,  o r ig in a l l y  
d e s c r ib e d  b y  L a w r e n c e  e t al. ( 1 9 6 8 )  m ig h t  b e  s e p a ra te d  b y  serA . E x p e r im e n t s  w e re  
t h e r e fo r e  d e s ig n e d  w h ic h  s im u lt a n e o u s ly  e l im in a t e d  th e se  p o s s ib i l i t ie s  a n d  r e v e a le d



t h e  o r ie n t a t io n  o f  th e  serA-metK  r e g io n  w i t h  re s p e c t  t o  th e  w h o le  l in k a g e  m a p  ( F ig .  1). 
T h e  e x p e r im e n t s  u t i l i z e d  a  n e w  d o n o r  s t r a in ,  H f r K 3 ,  is o la t e d  in  m u t a n t  ssrA i3  b y
K .  E .  S a n d e r s o n  ( p e r s o n a l c o m m u n ic a t io n ) .  H e  f o u n d  t h a t  th e  s ite  o f  in s e r t io n  o f  th e  
H f r K 3  se x  f a c t o r  w a s  c lo s e  t o  serA, argB b e in g  t r a n s f e r r e d  v e r y  la t e  in  H f r K 3 - m e d ia t e d  

c o n ju g a t io n .  I t  w a s  f i r s t  n e c e s s a r y  t o  lo c a t e  th e  s e x  f a c t o r  m o r e  a c c u r a t e ly .  F o r  t h is  

p u r p o s e ,  th e  s t r a in  H frK ym etK j^h is  w a s  c r o s s e d  w i t h  m u ta n t s  argB6 g, argE8  a n d  

serA ij  o n  M A ,  a n d  th e  p r o t o t r o p h ic  r e c o m b in a n t s  te s te d  f o r  e t h io n in e  re s is t a n c e  

b y  r e p l ic a t io n .  T h e  f r e q u e n c y  o f  r e c o m b in a n t s  w a s  a b o u t  i o o - f o ld  g r e a t e r  w i t h  

serA i3  a n d  argE8  r e c ip ie n t s  t h a n  w i t h  argB6 y, in d ic a t in g  t h a t  serA a n d  argE w e re  

t r a n s f e r r e d  e a r ly ,  a n d  argB la t e ,  b y  H f r K 3 .  A s  5 7  %  o f  th e  r e c o m b in a n t s  o b t a in e d  

w i t h  serA i3  w e re  e th .o n in e - r e s is t a n t ,  metK  w a s  a ls o  a n  e a r ly  m a r k e r .
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F ig . 2. T h e  g en era tio n  o f  p ro to tro p h ic  reco m b in an ts  in  crosses betw een  serA o r serAmetC 
rec ip ien ts a n d  a n  HfrKimetKhis d o n o r . H eavy  u n b ro k e n  lines rep re sen t d o n o r  a n d  rec ip ien t 
ch ro m o so m es a n d  a n  a rro w  th e  lead ing  p o in t in  tran sfe r  o f  th e  d o n o r  ch ro m o so m e. L igh t 
u n b ro k e n  lines in d ica te  th e  re c o m b in a tio n  even ts g en era tin g  metK reco m b in an ts , a n d  
b ro k e n  lines th o se  g en era tin g  metK+ reco m b in an ts . T h e  s itu a tio n s  f c r  th e  a lte rn a tiv e  
sequences a re  given to  th e  left a n d  r ig h t, a n d  fo r  th e  crosses w ith  serA a n d  serAmetC 
rec ip ien ts a t  th e  b o tto m  a n d  to p , respectively , o f  th e  figure. T rian g les in d ica te  selected 
alleles.

T h e  e a se  w i t h  w h ic h  metK  d e r iv a t iv e s  c o u ld  b e  o b t a in e d  f r o m  H f r K 3 serAi3 his 
m a d e  i t  u s e f u l  f o r  c o m p a r a t iv e  s t u d ie s  o f  d i f f e r e n t  p r e s u m p t iv e  metK  a lle le s .  I n  a l l ,  

f iv e  s u c h  d e r iv a t iv e s  w e re  u s e d , c a r r y in g  m etK j2 i ,  K7 3 1 , K 7 4 7 , K 7 3 5  a n d  K 7 5 6 . 
T h e s e  m u t a t io n s  d i f f e r e d  i n  t h e i r  m o d e s  o f  o r ig in  a n d  m e t h io n in e  e x c r e t io n  p h e n o 

t y p e s ,  a s  l i s t e d  i n  T a b le  2 . E a c h  s t r a in  w a s  c r o s s e d  w i t h  th e  tw o  r e c ip ie n t s  serA u  
a n d  serA nm etC 3 7 8 , w it h  s e le c t io n  f o r  p r o t o t r o p h ic  r e c o m b in a n t s ,  w h ic h  w e re  t e s te d  

f o r  e t h io n in e  s e n s i t iv i t y  b y  r e p l ic a t io n .  F ig u r e  2 s h o w s  t h a t  i f  a  metK  m u t a t io n  w e re  
s i t u a t e d  b e tw e e n  serA a n d  th e  le a d in g  p o in t  in  c h r o m o s o m e  t r a n s f e r ,  t h e  r a t io  o f  

s e n s it iv e  t o  r e s is t a n t  r e c o m b in a n t s  s h o u ld  h a v e  b e e n  in d e p e n d e n t  o f  s e le c t io n  f o r  

th e  d o n o r ’ s  metC+ a l le le ,  i.e .  t h e  s a m e  p r o p o r t io n  o f  s e n s it iv e  c o lo n ie s  s h o u ld  h a v e  

o c c u r r e d  w i t h  b o t h  r e c ip ie n t s .  H o w e v e r ,  i f  t h e  metK  m u t a t io n  w e re  s it u a t e d  b e tw e e n  

serA a n d  metC, t h e  p r o p o r t io n  o f  s e n s it iv e  r e c o m b in a n t s  s h o u ld  h a v e  b e e n  s m a l le r  

w h e n  s im u lt a n e o u s  s e le c t io n  w a s  m a d e  f o r  t h e  d o n o r ’ s  serA+ a n d  metC+ a l le le s  t h a n  
w h e n  th e  f o r m e r  w a s  s e le c te d  s e p a ra te ly .  T h e  r e s u lt s  o f  t h o s e  c ro s s e s  a r e  g iv e n  in  

T a b le  2 . P l a in l y ,  t h e  p r o p o r t io n  o f  s e n s it iv e  r e c o m b in a n t s  w a s  g r e a t ly  d e c re a s e d
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w h e n  serA nm etC 3 7 8  w a s  th e  r e c ip ie n t .  W e  c o n c lu d e d  t h a t  a l l  t h e  metK  m u t a t io n s  

te s te d  w e re  s i t u a t e d  b e tw e e n  serA a n d  metC  o n  th e  l in k a g e  m a p .  ( I t  s h o u ld  b e  p o in t e d  

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

r e s is t a n t  a n d  s e n s it iv e  r e c o m b in a n t s  in  c o n ju g a t io n a l  c r o s s e s  i n v o lv in g  metK.7 5 5 , 
w h ic h  m a y  a c c o u n t  f o r  th e  r e la t iv e ly  lo w e r  n u m b e r  o f  r e s is t a n t  r e c o m b in a n t s  d e te c te d  

i n  t h o s e  c ro s s e s ) .

T a b le  2 . The location o f  metG suppressor and metK mutations 
relative to metC and serA

M a tin g  m ix tu res o f  th e  tw o  rec ip ien ts a n d  v ario u s  m e tK  a n d  su p p resso r derivatives o f  
H frK 3 to i w ere d ilu ted  in  N B , a n d  0 1  m l. am o u n ts  sp read  o n  M A . A fte r  in c u b a tio n  fo r 
48 h ., p la te s  w ith  few er th a n  200 reco m b in an t co lon ies w ere  rep lica ted  to  M A + e th io n in e  to  
iden tify  e th io n in e  sensitive (E T H -S ) co lon ies. C o n tro ls  show ed  th a t  n o n e  o f  th e  m ark e rs  
reverted  significantly .
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s e r A n m e tC 3 7 8 se r  A n

R elev an t d o n o r N u m b e r E T H -S N u m b e r E T H -S
m ark e r scored (% ) scored (% )

m e tK 7 2 i* 263 4 254 38
m e t K j s C 270 3 417 12
m e tK 7 4 7 t 26I 5 247 32
m e tK 7S 5 % 181 19 201 47
m e tK 7 5 6 § 264 2 282 10

* M u ta tio n s  resu ltin g  in  s tro n g  m e th io n in e  o v e rp ro d u c tio n , 
t  M u ta tio n s  n o t resu ltin g  in m eth io n in e  o v e rp ro d u c tio n , 
t  M u ta tio n s  resu ltin g  in  w eak  m eth io n in e  o v e rp ro d u c tio n .
§ M u ta tio n s  o b ta in e d  as su p p resso rs  o f  m e tG  m u tan ts .

F u r t h e r  s u p p o r t  f o r  t h is  g e n e  s e q u e n c e  w a s  o b t a in e d  w h e n  s t r a in  serA iim etC 3 y8  

w a s  c r o s s e d  w i t h  f o u r  o f  th e  metK  d o n o r  s t r a in s ,  b u t  w i t h  s e le c t io n  f o r  metC+ o n ly ,  

s e r in e  b e in g  p r e s e n t  in  th e  s e le c t iv e  m e d iu m .  T h e  r e c o m b in a n t s  w e re  te s te d  b y  

r e p l i c a t io n  f o r  e t h io n in e  r e s is t a n c e  a n d  a b i l i t y  t o  g r o w  w i t h o u t  s e r in e .  A b o u t  10  %  

o f  th e  r e c o m b in a n t s  f r o m  e a c h  c r o s s  w e re  s e r in e - r e q u ir in g ,  a n d  a m o n g  th e s e  th e  

n u m b e r s  t h a t  w e re  e t h io n in e - r e s is t a n t ,  t o g e t h e r  w i t h  th e  r e le v a n t  d o n o r  m a r k e r  a n d  

th e  n u m b e r  o f  c o lo n ie s  s c o r e d ,  w e re :  m etK j2 i ,  3 /2 2 ;  K 7 3 1 , 1 /9 ; K7 4 7 , 3 /1 0 ;  a n d  

K7 5 5 , 9 /4 0 . I f  t h e  c lo c k w is e  s e q u e n c e  -m etK-serA-m etC - w e re  c o r r e c t ,  r e s is t a n t ,  

s e r in e - r e q u ir in g  r e c o m b in a n t s  s h o u ld  h a v e  c o n s t i t u t e d  a  r a r e  f o u r - c r o s s o v e r  c la s s ,  

w h e re a s  o n  th e  a l t e r n a t iv e  s e q u e n c e  - serA-metK-metC -  th e  r a t io  o f  th e  d is t a n c e  
b e tw e e n  serA a n d  metK  t o  t h a t  b e tw e e n  serA a n d  metC  ( F ig .  2 ) s h o u ld  h a v e  b e e n  

re f le c te d  in  th e  f r e q u e n c y  o f  re s is t a n c e  a m o n g  s e r in e - r e q u ir in g  c o lo n ie s .  T h e  f o r m e r  

in t e r v a l  (serA to metK) i s  p r o b a b ly  a b o u t  1 m in . ,  a s  th e se  m a r k e r s  a r e  a b o u t  1 %  

c o t r a n s d u c e d ,  a n d  th e  la t t e r  in t e r v a l  w a s  s h o w n  b y  S a n d e r s o n  &  D e m e r e c  (1 9 6 5 )  

t o  b e  5  t o  8 m in .  (see  a ls o  F ig .  1). I n  e a c h  c a s e  th e  f r e q u e n c ie s  o b t a in e d  w e re  c o m p a t ib le  

w it h  th e  r a t io  o f  th e se  in t e r v a ls ,  f a v o u r in g  th e  s e q u e n c e  - serA-metK-metC  
F o r  in d e p e n d e n t  c o n f i r m a t io n  o f  th e  m a p  lo c a t io n  o f  metK , w e  d e t e rm in e d  th e  

p r o p o r t io n  o f  e t h io n in e - r e s is t a n t  c o lo n ie s  a m o n g  p r o t o t r o p h ic  r e c o m b in a n t s  f r o m  

t h e  c ro s s e s  cysC2 ooxHfTBTlhisD2 3 serA iim etK 7 4 7  a n d  serA nm etK 7 4 7 x HfrBihis- 
D2 3 cysC2 0 0 . I f  t h e  c o r r e c t  c lo c k w is e  s e q u e n c e  w e re  -cysC-metK-serA-, t h e  s a m e  

p r o p o r t io n  o f  r e c o m b in a n t s  s h o u ld  h a v e  b e e n  r e s is t a n t  i n  b o t h  c ro s s e s ,  a s  t h is



p r o p o r t io n  w o u ld  h a v e  b e e n  d e t e rm in e d  b y  th e  r a d io  o f  th e  in t e r v a ls  b e tw e e n  metK  
a n d  serA, a n d  cysC a n d  serA. I n  c o n t r a s t ,  i f  th e  c o r r e c t  c lo c k w is e  s e q u e n c e  w e re  

-cysC-serA-metK-, t h e  r e c ip r o c a l  c ro s s e s  s h o u ld  h a v e  g iv e n  w id e ly  d i f f e r e n t  f r e q u e n 

c ie s  o f  r e s is t a n t  r e c o m b in a n t s  s in c e ,  w h e n  cysC2 oo w a s  p r e s e n t  in  th e  r e c ip ie n t ,  

r e s is t a n t  r e c o m b in a n t s  w o u ld  h a v e  r e q u ir e d  f o u r  c r o s s o v e r s  f o r  f o r m a t io n .  W e  f o u n d  

t h a t  w h e n  cysC2 0 0  w a s  th e  r e c ip ie n t  5 %  o f  891  r e c o m b in a n t s  s c o r e d  w e re  re s is t a n t .  

W h e n  metK.7 4 js e r A n  w a s  th e  r e c ip ie n t ,  h o w e v e r ,  1 6 %  o f  4 0 7  r e c o m b in a n t s  w e re  

r e s is t a n t .  T h e  r e la t iv e  r a r i t y  o f  r e s is t a n t  r e c o m b in a n t s  i n  th e  f o r m e r  c r o s s  f a v o u r e d  

th e  c lo c k w is e  s e q u e n c e  -cysC-serA-m etK-, w h ic h  w a s  c o m p a t ib le  w i t h  th e  c lo c k w is e  

s e q u e n c e  -serA-m etK -m etC - p r e v io u s ly  d e t e rm in e d .

A s  metK  a n d  serA a r e  o n ly  w e a k ly  c o t r a n s d u c e d ,  i t  is  p o s s ib le  t h a t  t h e y  m ig h t  

a ls o  b e  c a r r ie d  b y  o v e r la p p in g  n e ig h b o u r in g  t r a n s d u c t io n  f r a g m e n t s .  I n  t h is  c o n t e x t ,  

n o n e  o f  m o r e  t h a n  5 0 0  r e c o m b in a n t s  s c o r e d  i n  e a c h  o f  th e  c ro s s e s  se rA n  x  lysA8 , 
lysA8  x  serA n , argE8  x  metK?2 i ,  o r  metCyo x  metKy2 i ,  g a v e  a n y  e v id e n c e  o f  c o 

t r a n s d u c t io n  o f  th e  d o n o r  p h e n o t y p e ,  t h o u g h  i t  i s  n o t  a t  a l l  c e r t a in  t h a t  th e  t r a n s 

d u c t io n  f r a g m e n t s  in v o lv e d  w e re  c o n t ig u o u s .

An examination o f  the allele specificity o f  the metG-metK relationship
A s  th e  s u p p r e s s o r s  o f  metG3 iç  a n d  G4 1 9  h a d  b e e n  c le a r ly  id e n t i f ie d  a s  metK  

m u ta t io n s ,  i t  w a s  o f  in t e r e s t  t o  e x a m in e  th e  a l le le  s p e c i f ic i t y  o f  t h e  m?tG-metK 
r e la t io n s h ip .  A t t e m p t s  t o  t r a n s d u c e  metG r e c ip ie n t s  t o  p r o t o t r o p h y  w i t h  p h a g e  

p r o p a g a te d  o n  v a r io u s  metK  m u ta n t s  f a i le d  t o  y ie ld  a n y  c le a r  r e s u lt s  b e c a u s e  th e

T a b le  3. Suppression o f  metG mutants by various metK mutations
O v ern ig h t N B  c u ltu re s  o f  rec ip ien ts  a n d  d o n o rs  w ere m ixed in  th e  ra t io  9 :1 , d ilu ted  io -4 
in N B , a n d  o  i  m l. a m o u n ts  sp read  o n  M A . T h e  n u m b e rs  o f  co lon ies g row ing  a fte r  48 h . 
in c u b a tio n  w ere reco rded .

N u m b e r  o f  co lon ies
_________________ ________________A_________________________________

W ith  H frK 3A /i d o n o rs  p ossessing : C o n tro l o f
,------------------------------------------- *------------------------------------------- , rec ip ien t
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R ecip ien t m e tK 7 2 i * m e tK 7 3 i  t m e tK y 4 y t m e tK y 55 § m etK ? 5 6 § alo n e

s e r A n 234 189 379 312 329 0
m e tG y iç i 56 2 11 219 7 1
m e tG 4 i9 107 53 222 242 523 22
C o n tro l o f  d o n o r 0 0 0 0 0

a lo n e
* M u ta tio n s  re su ltin g  in  s tro n g  m e th io n in e  o v e rp ro d u c tio n , 
t  M u ta tio n s  n o t  resu ltin g  in  m e th io n in e  o v e rp ro d u c tio n .
§ M u ta tio n s  resu ltin g  in  w eak m eth io n in e  o v e rp ro d u c tio n , 
f  M u ta tio n s  o b ta in e d  as su p p resso rs  o f  m e tG  m u tan ts .

f r e q u e n c y  o f  t r a n s d u c t io n  w a s  lo w e r  t h a n  th e  r e v e r s io n  f r e q u e n c y  o f  th e  r e c ip ie n t s .  
A n  a l t e r n a t iv e  m e th o d ,  u s in g  H f r K 3  m e d ia t e d  c o n ju g a t io n ,  w a s  t h e r e fo r e  d e v is e d .

C o n j u g a t io n a l  c ro s s e s  b e tw e e n  metG r e c ip ie n t s  a n d  H f r K 3  d o n o r s  o f  metK, w it h  

s e le c t io n  o n  M A  f o r  p r o t o t r o p h ic  r e c o m b in a n t s ,  c o u ld  g iv e  r is e  o n ly  r a r e ly  t o  t r u e  

metG~ r e c o m b in a n t s ,  b e c a u s e  t h e  d o n o r ’ s  metG+ m a r k e r  w a s  t r a n s f e r r e d  la t e  ( i.e . 

a f t e r  a b o u t  110  m in . )  a n d  w a s  c lo s e ly  l in k e d  t o  th e  c o u n te r - s e le c t e d  d o n o r  his m a r k e r  

( F ig .  1). I n  c o n t r a s t ,  t h e  d o n o r ’ s metK  m a r k e r  w a s  t r a n s f e r r e d  v e r y  e a r ly ,  a n d  w a s  

t h e r e fo r e  v e r y  f r e q u e n t ly  in h e r i t e d  (see  p r e c e d in g  s e c t io n ) .  I f  t h e  in c o m in g  metK  
a l le le  c a u s e d  s u p p r e s s io n  o f  th e  r e c ip ie n t ’ s metG p h e n o t y p e ,  t h is  s h o u ld  h a v e  r e s u lt e d
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in  la r g e  n u m b e r s  o f  p r o t o t r o p h ic  r e c o m b in a n t  c o lo n ie s .  T h e  h ig h  f e r t i l i t y  o f  H f r K . 3  

in  p la t e  c ro s s e s  p e r m it t e d  th e  u se  o f  h ig h ly  d i lu t e d  ( i o -4 ) m a t in g  m ix t u r e s ,  w h ic h  

m a d e  i t  im p r o b a b le  t h a t  c o lo n ie s  d u e  t o  r e v e r s io n  o f  th e  r e c ip ie n t  c o u ld  in t e r f e r e  

s ig n i f ic a n t ly  w i t h  th e  c la r i t y  o f  t h is  te s t . T o  p e r m it  e s t im a t io n  o f  th e  f r e q u e n c y  o f  

e n t r y  o f  th e  d o n o r  m e tK  a l le le  in t o  th e  m etG  r e c ip ie n t ,  p a r a l le l  c ro s s e s  w e re  c a r r ie d  

o u t  w i t h  a  ser  A  r e c ip ie n t ,  a s  m e tK  h a d  b e e n  s h o w n  ( T a b le  2) t o  b e  m o r e  t h a n  5 0  %  
l in k e d  t o  serA  i n  H f r K . 3 - m e d ia t e d  c o n ju g a t io n .  T h e  r e s u lt s  a r e  g iv e n  in  T a b le  3. 

O f  th e  f iv e  d o n o r  s t r a in s  te s te d , t w o  ( c a r r y in g  m e tK j2 i  a n d  Á 7 5 5 )  g a v e  h ig h  n u m b e r s  

o f  r e c o m b in a n t s  w i t h  a l l  th r e e  r e c ip ie n t s ;  tw o  m o r e  ( c a r r y in g  m e tK y 4 y  a n d  K 756) 
d id  s o  w i t h  s e r A n  a n d  m etG 4 i\9 b u t  n o t  w i t h  m etG 319; a n d  th e  d o n o r  o f  m e tK y 3 i  
d id  s o  o n ly  w it h  ser A n .  I n  a l l  c ro s s e s  w it h  m etG 3i<) a n d  G 419  g iv in g  a  h ig h  f r e q u e n c y  

o f  r e c o m b in a n t s ,  m o r e  t h a n  9 0  %  o f  th e  c o lo n ie s  p r o v e d  t o  b e  e t h io n in e  r e s is t a n t ,  

c o n f i r m in g  t h a t  th e  m u t a t io n s  c a u s in g  s u p p r e s s io n  a n d  r e s is t a n c e  w e re  c lo s e ly  

l in k e d .  ( I n  th e  c ro s s e s  w i t h  m e tG 3 i9  t h a t  f a i le d  t o  g iv e  f r e q u e n t  r e c o m b in a n t s ,  a n d  

o n  th e  G 319  c o n t r o l  p la t e ,  a l l  t h e  c o lo n ie s  w e re  e th io n in e - s e r .s it iv e ,  w h i le  m o s t  o f  t h e  

c o lo n ie s  o n  th e  G 419  c o n t r o l  p la t e  w e re  r e s is t a n t . )
W e  c o n c lu d e d  f r o m  t h is  e x p e r im e n t  t h a t  s u p p r e s s io n  o f  m etG  m u t a t io n s  w a s  

r a t h e r  n o n - s p e c i f ic ,  a l t h o u g h  c e r t a in  m etG -m etK  c o m b in a t io n s  f a i le d  t o  g iv e  s u p 

p r e s s io n .  A  p a t t e r n  w a s  a p p a r e n t  in  w h ic h  m u t a t io n s  s u p p r e s s in g  m e tG 3 i9  a ls o  

s u p p r e s s e d  G 419  ( t h o u g h  th e  re v e r s e  d id  n o t  a lw a y s  h a p p e n )  a n d  w e re  o f  th e  

m e t h io n in e  s t r o n g ly  e x c r e t in g  c la s s ,  w h i le  t h o s e  s u p p r e s s in g  o n ly  m e tG 4 i9  w e re  o f  

th e  w e a k ly  o r  n o n - e x c r e t in g  c la s s e s .

The K m (m ethionine)  o f  m e th ion yl-tR N A  syn th etase in suppressed  m e tG  m utan ts

A s  s u p p r e s s io n  o f  m etG  m u ta n t s  b y  m e tK  m u t a t io n s  la c k e d  s p e c i f ic i t y ,  i t  w a s  p r o b a b ly  

n o t  d u e  t o  m is s e n s e  o r  n o n s e n s e  s u p p r e s s io n  ( Y a n o f s k y ,  H e l in s k i  &  M a l i n g ,  1 9 6 1 ; 

G a r e n ,  1968 ). I n  c o n f i r m a t io n  o f  t h is ,  th e  K m ( m e t h io n in e )  v a lu e s  o f  th e  m etG  e n z y m e , 

m e t h io n y l - t R N A  s y n th e ta s e ,  in  m etG 3 i 9m e tK y s s  a n d  G4 1 9 K 336  w e re  f o u n d  t o  b e
3-3  x  i o ~ 3 m  a n d  i - o x i o _ 2 m , r e s p e c t iv e ly .  T h e  v a lu e s  r e p o r t e d  p r e v io u s ly  ( G r o s s  &  

R o w b u r y ,  1 969 ) f o r  th e  e n z y m e s  f r o m  th e  u n s u p p r e s s e d  m e tG 3 i9  a n d  G 419  p a r e n t  

s t r a in s  w e re  i - o x i o ~ 2 m  a n d  i - o x i o _ 3 m ,  r e s p e c t iv e ly .  T h u s  th e  p re s e n c e  o f  th e  

s u p p r e s s o r  m u t a t io n s  d id  n o t  s ig n i f ic a n t ly  d e c re a s e  th e  K m ( m e t h io n in e )  v a lu e s  o f  th e  

m u t a n t  s y n th e ta s e s ,  w h ic h  w e re  s e v e ra l o r d e r s  o f  m a g n it u d e  h ig h e r  t h a n  th e  w i ld - t y p e  

v a lu e  o f  r 8  x  i o - 5 m  ( G r o s s  &  R o w b u r y ,  1969 ).

T ests o f  the a b ility  o f  o ther m ethionine regu la tory m utations to  suppress m e tG  m utan ts

I f  m e t h io n in e  o v e r p r o d u c t io n  is  t h e  c a u s e  o f  s u p p r e s s io n  o f  m etG  m u ta n t s  b y  

m e tK  m u t a t io n s ,  t h e n  m etA  ( fe e d b a c k - r e s is t a n t )  a n d  m e tJ  m u t a t io n s  r e s u l t in g  in  

m e t h io n in e  o v e r p r o d u c t io n  s h o u ld  a ls o  s u p p r e s s  m etG  m u ta n t s .  T o  te s t  t h is ,  m etG 319  
a n d  G419  r e c ip ie n t s  w e re  c ro s s e d  w i t h  H f r A hisD 23  d o n o r  s t r a in s  p o s s e s s in g  th e  

m u t a t io n s  m etA yo 8  ( f e e d b a c k  r e s is ta n c e )  o r  m etJ44", w i t h  s e le c t io n  o n  M A .  A s  in  

s im i la r  e x p e r im e n t s  w i t h  H f r K 3  d o n o r s  o f  m e tK  a l le le s ,  m etG +  w a s  t r a n s f e r r e d  la te  

a n d  w a s  c lo s e ly  l in k e d  t o  th e  d o n o r ’ s c o u n te r - s e le c t e d  his m a r k e r  ( F ig .  1), w h i le  th e  

m etA  a n d  J  m u t a t io n s  w e re  t r a n s f e r r e d  e a r ly ,  s o  t h a t  i f  p r o t o t r o p h ic  c o lo n ie s  a r o s e  

v e r y  m u c h  m o r e  f r e q u e n t ly  in  th e se  c ro s s e s  t h a n  o n  r e c ip ie n t  c o n t r o l  p la te s ,  i t  c o u ld  

b e  c o n c lu d e d  t h a t  e f fe c t iv e  s u p p r e s s io n  h a d  o c c u r r e d .  T h e  r e s u lt s  o f  th e se  e x p e r im e n t s  
a r e  g iv e n  in  T a b le  4 . C r o s s e s  w i t h  m etA 94  ( a u x o t r o p h ic )  a n d  B 23  r e c ip ie n t s  s h o w e d
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th e  f r e q u e n c y  w it h  w h ic h  m et A  a n d  m e tJ  r e s p e c t iv e ly  w e re  t r a n s f e r r e d .  O n ly  m etJ  744  
s e e m e d  a b le  t o  s u p p r e s s  th e  m etG  m u ta n t s ,  in  t h a t  c ro s s e s  in v o lv in g  i t  g a v e  f a i r l y  

s im i la r  h ig h  n u m b e r s  o f  c o lo n ie s  w it h  m etB 23 , G 319  o r  G419 r e c ip ie n t s ,  w h i le  th e  

n u m b e r s  o n  c o n t r o l  p la t e s  w e re  r e la t iv e ly  lo w .  I n  c o n t r a s t ,  c ro s s e s  b e tw e e n  th e  m etG  
r e c ip ie n t s  a n d  \\f1 A h isD 2 3 m e tA 7 0 8  g a v e  r e la t iv e ly  f e w  c o lo n ie s ,  th e re  b e in g  n o  

s ig n if ic a n t  e x c e s s  e v e r  th e  c o n t r o ls .  C o n s id e r a b ly  m o r e  c o lo n ie s  g r e w  in  th e  c ro s s  

w it h  th e  r e c ip ie n t  m etA $4 , a n d  t h e y  a l l  p r o v e d  o n  r e p l i c a t io n  t o  b e  r e s is t a n t  to  

e c -m e th y lm e th io n in e ,  c o n f i r m in g  t h a t  m etA yo 8  w a s  p r e s e n t  a n d  b e h a v in g  n o r m a l ly  
in  th e  d o n o r .

T a b le  4 . Suppression  o f  m e tG  m utan ts b y  a  m e t A ( fe ed b a c k  resistance) 
an d a  m e tJ  m utation

O vern ig h t N B  cu ltu re s o f  rec ip ien ts a n d  d o n o rs  w ere m ixed  in  th e  ra t io  9 :1 , d ilu ted  
io -3 in N B  a n d  o 1 m l. a m o u n ts  sp read  o n  M A . T h e  n u m b ers  o f  co lon ies g row ing  afte r 
48 h . w ere reco rd ed . W h ere  tw o  figures a re  given they  ind ica te  th e  n u m b ers o f  co lon ies on  
d u p lica te  plates.

N u m b er o f  co lon ies
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W ith  H frA h isD 2 3  d o n o rs  possessing: C o n tro l 
o f  recip ien t

R ecip ient m e tA jo 8 m e tJ y 4 4 m e t  A +m e tJ* a  one

m e t A y  4 264 '4 4 1
m e tB 2 3 ca . 1,500 453 0
m e t G s i 9 1285208 8175664 116595 110;146
m e tG 4 iy 2714 ' 2351259 39135 22527
C o n tro l o f  d o n o r 

a lo n e
1 1 1

A s  a  f u r t h e r  p r o o f  t h a t  th e  p r o t o t r o p h ic  c o lo n ie s  g r o w in g  in  th e  c ro s s e s  b e tw e e n  

m etG  r e c ip ie n t s  a n d  th e  m e tJ  d o n o r  p o s s e s s e d  m e tJ  b u t  n o t  m e tK  m u ta t io n s ,  tw o  

c o lo n ie s  f r o m  e a c h  c r o s s  w e re  f o u n d  t c  b e  r e s is t a n t  t o  e t h io n in e ,  b u t  n o t  t o  a - m e th y l-  

m e t h io n in e  o r  n o r le u c in e ,  in  s t r e a k  te s ts . P h a g e  p r o p a g a te d  o n  th e se  s t r a in s  g a v e  

9 6  %  c o t r a n s d u c t io n  o f  e t h io n in e  re s is t a n c e  w it h  m etB , b u t  n o n e  w it h  serA .
W e  c o n c lu d e d  t h a t  m e tJ  m u t a t io n s  c o u ld  s u p p r e s s  m etG  m u ta n t s ,  b u t  a t  le a s t  

o n e  m et A  ( fe e d b a c k  r e s is t a n c e )  m u t a t io n  w a s  u n a b le  t o  d o  so . I t  s h o u ld  th e r e fo r e  

h a v e  b e e n  p o s s ib le  t o  id e n t i f y  s p o n t a n e o u s  r e v e r t a n t s  o f  m etG  m u ta n t s  r e s u l t in g  

f r o m  m etJ  m u t a t io n s .  E .  S . B r id g e la n d  ( p e r s o n a l c o m m u n ic a t io n )  s c re e n e d  m e tG 3 i9  
r e v e r t a n t s  b y  r e p l i c a t io n  f o r  re s is t a n c e  t o  e t h io n in e  b u t  s e n s i t iv i t y  t o  a - m e th y l-  

m e t h io n in e .  C o lo n ie s  a p p a r e n t ly  p o s s e s s in g  t h is  p h e n o t y p e  w e re  o f te n  f a u n d ,  b u t  

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

r e v e r t a n t  w h ic h  r e t a in e d  i t s  m e tJ  p h e n o t y p e  a f t e r  p u r i f i c a t io n  w a s  o b t a in e d .  I t s  

g r o w t h  in  M M  w a s  u n a f f e c te d  b y  e t h io n in e ,  b u t  d r a s t i c a l ly  in h ib i t e d  b y  a - m e th y l-  

n e t h io n in e ,  a n d  p h a g e  p r o p a g a te d  c n  i t  g a v e  9 7  %  c o t r a n s d u c t io n  o f  e t h io n in e  

r e s is t a n c e  w it h  m etB . T h e  s u s p e c te d  p re s e n c e  o f  a  m etJ  m u t a t io n  w a s  t h e r e fo r e  

c o n f ir m e d .
In  th e  c o u r s e  o f  th e se  e x p e r im e n t s ,  n o  r e v e r t a n t s  w i t h  th e  m et A  ( fe e d b a c k  re s is t a n c e )  

p h e n o t y p e  o f  a - m e th y lm e t h io n in e  r e s is t a n c e  b u t  e t h io n in e  s e n s it iv i t y  w e re  o b t a in e d  

a m o n g  s e v e ra l h u n d r e d s  o f  w e / G j r p  r e v e r t a n t s  s c r e e n e d . I f  s u c h  r e v e r t a n t s  e v e r  

c c c u r ,  t h e y  m u s t  b e  c o n s id e r a b ly  r a r e r  t h a n  th e  m e tK  t y p e ,  a n d  p o s s ib ly  a ls o  r a r e r  

t h a n  th e  m e tJ  t y p e  o f  re v e r t a n t .
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T h e  m etG  m u ta n t s  u s e d  in  t h is  s t u d y  p o s s e s s e d  m e t h io n y l - t R N A  s y n th e ta s e s  w it h  

r e la t iv e ly  lo w  a f f in i t ie s  f o r  m e t h io n in e  ( G r o s s  &  R o w b u r y ,  1969 ). T h e  m u t a n t s ’ 

m e t h io n in e  r e q u ir e m e n t  w a s  s u p p r e s s ib le  b y  v a r io u s  m e tJ  o r  K  m u t a t io n s ,  e i t h e r  

o c c u r r in g  s p o n t a n e o u s ly  o r  b e in g  in t r o d u c e d  b y  r e c o m b in a t io n .  W e  fe e l t h a t  s u p 

p r e s s io n  p r o b a b ly  o c c u r s  b e c a u s e  th e  in c r e a s e  in  th e  m e t h io n in e  p o o l  r e s u l t in g  f r o m  

th e  r e g u la t o r y  m u t a t io n  is  s u f f ic ie n t  t o  c o m p e n s a t e  f o r  th e  r e d u c e d  a f f in i t y  o f  th e  

m u t a n t  t R N A  s y n th e ta s e  f o r  m e t h io n in e .  I t  is  n o t  u n d e r s t o o d  w h y  m et A  f e e d b a c k  

r e s is t a n c e  m u t a t io n s  a p p a r e n t ly  f a i l  t o  c a u s e  s u p p r e s s io n .  I n  a n  a n a lo g o u s  s i t u a t io n  

d e s c r ib e d  b y  R o t h  &  A m e s  (1 9 6 6 )  a  k isS  ( h i s t i d y l - t R N A  s y n th e ta s e )  m u t a n t  w a s  

s u p p r e s s ib le  b y  a  hisG  ( h is t id in e  f e e d b a c k  r e s is t a n c e )  m u t a t io n .  A  s e c o n d  a n o m a ly  

w a s  th e  s u p p r e s s io n  o f  m e tG f i^  ( b u t  n o t  G 319) b y  a  m e tK  m u t a t io n  t h a t  d id  n o t  

g iv e  r is e  t o  d e t e c t a b le  m e t h io n in e  e x c r e t io n :  o u r  h y p o t h e s is  d e m a n d s  t h a t ,  d e s p it e  

t h e i r  p h e n o t y p e ,  i n  s u c h  m u ta n t s  a  h ig h e r  m e t h io n in e  p o o l  m u s t  b e  a v a i la b le  f o r  

p r o t e in  s y n th e s is  t h a n  in  th e  w i ld - t y p e .

W e  t h a n k  D r  D .  A .  S m it h ,  D r  P .  D .  A y l i n g  a n d  D r  E .  S . B r id g e la n d  f o r  d is c u s s io n  

a n d  a d v ic e  o n  th e  m a n u s c r ip t ,  a n d  M r  T .  A l l e n ,  M i s s  A .  E .  J o n e s  a n d  M i s s  E .  W a r d e n  

a n d  M r s  P .  L .  S n e ls o n  f o r  e x c e l le n t  t e c h n ic a l  a s s is ta n c e .  K . F . C . ,  D .  A . L .  a n d  T . S . G .  

w e re  a l l  s u p p o r t e d  b y  S c ie n c e  R e s e a r c h  C o u n c i l  S t u d e n t s h ip s ,  a n d  D . A .  L .  la t e r  b y  

a n  S . R . C .  R e s e a r c h  A s s o c ia t e s h ip .  S o m e  o f  t h is  m a t e r ia l  is  in c lu d e d  i n  P h . D .  th e se s  

s u b m it t e d  t o  th e  U n iv e r s i t y  o f  B i r m in g h a m  ( K . F . C . ,  1 9 6 9 ; D . A . L . ,  1 967 ) a n d  t o  

U n iv e r s i t y  C o l le g e  L o n d o n  ( T .  S . G . ,  1969 ).
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Genetic Recombination in a Thermophilic Actinomycete, 
Thermoactinomyces vulgaris
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Thermoactinomyces vulgaris i s  s t r o n g ly  t h e r m o p h i l ic ,  g r o w in g  r a p id ly  a b o v e  50°  

( T s i l in s k y ,  1899 ). I t s  s p o re s  h a v e  a  m u lt i la y e r e d  o u t e r  in t e g u m e n t  ( C r o s s ,  W a lk e r  &  

G o u ld ,  1 9 6 8 ; D o r o k h o v a ,  A g r e ,  K a la k o u t s k i i  &  K r a s s i ln i k o v ,  1 9 68 ), p o s s e s s  d ip i -  

c o l in i c  a c id  ( C r o s s  ei al. 1 9 68 )  a n d  w it h s t a n d  b o i l i n g  in  a q u e o u s  s u s p e n s io n  f o r  c o n 

s id e r a b le  p e r io d s  ( T s i l in s k y ,  1 8 9 9 ; E r i k s o n ,  1 9 5 2 ; C r o s s ,  1968 ). I n  a l l  th e se  f e a tu re s  

t h e y  r e s e m b le  th e  s p o r e s  o f  th e  e u b a c t e r ia l  b a c i l l i  a n d  C lo s t r i d i a  a n d  d i f f e r  f r o m  th o s e  

o f  th e  m e s o p h i l ic  S t r e p to m y c e te s  ( G la u e r t  &  H o p w o o d ,  1 9 6 1 ; R a n c o u r t  &  L e c h e -  

v a l ie r ,  1 9 6 4 ; B r a d le y  &  R i t z i ,  1 9 6 8 ; W i ld e r m u t h  &  H o p w o o d ,  1970 ).

Thermoactinomyces vulgaris i s  o n e  o f  t w o  o r g a n is m s  c a u s a l ly  im p l ic a : e d  in  th e  

d is e a s e  k n o w n  a s  F a r m e r ’ s L u n g ,  a  c o n d i t io n  in  w h ic h  h y p e r s e n s i t iv i t y  t o  a n t ig e n s  o f  

th e  o r g a n is m s  o c c u r s  a s  a  r e s u lt  o f  in h a l in g  v a s t  q u a n t i t ie s  o f  t h e i r  s p o re s  f r o m  m o u ld y  

h a y  ( P e p y s  et al. 1 9 6 3 ; C r o s s ,  1968 ).
W e  h a d  s e v e ra l m o t iv e s  f o r  a t t e m p t in g  t o  d e v e lo p  a  u s e fu l  s y s te m  o f  g e n e t ic  a n a ly s is  

in  Thermoactinomyces vulgaris. O n e  w a s  t o  p r o v id e  a  g e n e t ic  c o m p a r is o n  w i t h  th e  

m e s o p h i l ic  Streptomyces coelicolor f r o m  th e  p o in t  o f  v ie w  o f  s p o r e  m o r p h o g e n e s is  

( H o p w o o d ,  W i ld e r m u t h  &  P a lm e r ,  1 9 70 ), s e x u a l b io lo g y  ( H o p w o o d ,  H a r o ld ,  V i v i a n  

&  F e r g u s o n ,  1 9 69 )  a n d  g e n o m e  o r g a n iz a t io n  ( H o p w o o d ,  1967 ). A n o t h e r  w a s  t o  o p e n  

th e  w a y  f o r  a  g e n e t ic  a p p r o a c h  t o  th e  b io c h e m ic a l  b a s is  o f  t h e r m o p h i l y ; w e  a re  n o t  

a w a r e  o f  a n y  p r e v io u s  r e p o r t  o f  g e n e t ic  r e c o m b in a t io n  in  a  t h e r m o p h i l i c  b a c t e r iu m .  

A n  o b v io u s  a t t r a c t io n  o f  th e  o r g a n is m  f o r  g e n e t ic  s t u d ie s  is  i t s  v e r y  r a p id  g r o w t h  ra te .

T h e  s t r a in s  o f  Thermoactinomyces vulgaris u s e d  in  o u r  w o r k  h a d  a  n u t r i t i o n a l  

r e q u ir e m e n t  s a t is f ie d  b y  h y d r o ly s e d  c a s e in  i n  C z a p e k - D o x  m e d iu m .  O u r  ‘ m in im a l  

m e d iu m ’  ( M M )  t h e r e fo r e  c o n s is t e d  o f  C z a p e k - D o x  m e d iu m  ( O x o id ) ,  c o n t a in in g  

o - 6 %  (w /v )  B a c t o  v i t a m in - f r e e  C a s a m in o - a c id s  ( D i f c o ) ;  th e  ‘ c o m p le t e  m e d iu m ’ ( C M )  

c o n s is t e d  o f  M M  s u p p le m e n te d  w i t h  L - t r y p t o p h a n  (5 0  / ig . / m l. ) ,  a d e n in e ,  g u a n in e ,  

t h y m in e  a n d  u r a c i l  (1 0  / ig . / m l.  e a c h ) ,  b io t in ,  n ic o t in a m id e ,  p - a m in o b e n z o ic  a c id ,  
p a n t o t h e n ic  a c id ,  p y r id o x in ,  r ib o f la v in  a n d  t h ia m in e  (1 / ig . / m l.  e a c h ) .  A u x o t r o p h i c  

m u ta n t s  w e re  is o la t e d  a f t e r  e x p o s u r e  o f  s p o r e  s u s p e n s io n s  in  w a t e r  t o  a p p r o x im a t e ly  

2 0 0 0  e r g s / m m .2 u l t r a v io le t  l ig h t ,  p la t in g  o n  C M  t o  y ie ld  100  t o  3 0 0  c o lo n ie s  p e r  p la t e ,  

a n d  r e p l i c a t in g  b y  m e a n s  o f  v e lv e t  t o  M M .  S t r e p t o m y c in - r e s is t a n t  m u ta n t s  w e re  

is o la t e d  b y  s p r e a d in g  d e n s e  s p o r e  s u s p e n s io n s  o n  C M  c o n t a in in g  2 5  / ig . / m l.  s t r e p t o 

m y c in  s u lp h a t e .  A l l  c u lt u r e s  w e re  in c u b a t e d  a t  a p p r o x im a t e ly  5 2 0.

W e  s t a r t e d  w i t h  s t r a in  c u b  7 6  o f  Thermoactinomyces vulgaris k in d l y  s u p p l ie d  b y  

D r  T .  C r o s s ,  U n iv e r s i t y  o f  B r a d f o r d .  P r e l im in a r y  a t t e m p t s  t o  d e m o n s t r a t e  g e n e t ic
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r e c o m b in a t io n  in  m ix e d  c u lt u r e s  o f  tw o  m u t a n t  d e r iv a t iv e s  o f  c u b  7 6  w e re  n o t  s u c c e s s 

f u l ;  a  f e w  c o lo n ie s  a p p e a r e d  o n  th e  s e le c t iv e  p la te s ,  b u t  th e  y ie ld  w a s  n o  g r e a t e r  f r o m  

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

S in c e  r e c o m b in a t io n  w a s  n o t  d e m o n s t r a t e d  in  C U B 7 6 ,  o t h e r  w i ld - t y p e  s t r a in s  o f  

T h c r m o a c t in o m y c e s  v u lg a r is  w e re  is o la t e d  f r o m  s o i l  s a m p le s ,  u s in g  th e  s e le c t iv e  i s o la 

t io n  c o n d i t io n s  d e s c r ib e d  b y  C r o s s  ( 1 9 6 8 ) .  S a m p le s  o f  s o i l  f r o m  v a r io u s  lo c a l i t ie s  w e re  

s h a k e n  in  w a te r  a n d  d r o p s  o f  th e  l i q u id  w e re  s p r e a d  o n  p la t e s  o f  M M  c o n t a in in g  

2 5  / tg ./m l.  s o d iu m  N o v o b io c in  a n d  5 0  / /g ./m l.  A c t id io n e .  T h e  p la t e s  w e re  in c u b a t e d  f o r  

2 4  h  a t  5 2 0, w h e n  c o lo n ie s  o f  T . v u lg a r is  a p p e a r e d  o n  a l l  p la te s .  A  s in g le  c o lo n y  w a s  

c h o s e n  f r o m  e a c h  o f  s e v e ra l s o i l  s a m p le s ,  a n d  th e  r e s u l t in g  s t r a in s  w e re  u s e d  a s  th e  

s t a r t in g  c u lt u r e s  f o r  t h e  i s o la t io n  o f  a u x o t r o p h ic  a n d  s t r e p t o m y c in - r e s is t a n t  m u ta n t s .  

A t t e m p t s  w e re  th e n  m a d e  t o  s e le c t  p r o t o t r o p h ic  s t r e p t o m y c in - r e s is t a n t  r e c o m b in a n t s  

f r o m  m ix e d  c u lt u r e s  o f  a n  a u x o t r o p h ic  s t r e p t o m y c in - r e s is t a n t  m u t a n t  w i t h  i t s  w i ld -  

t y p e  p r o g e n i t o r .  O n e  w i ld - t y p e ,  s t o c k  n u m b e r  1 2 27  ( is o la t e d  f r o m  g a rd e n  s o i l  k in d ly  

c o l le c t e d  b y  M r  G .  R .  D a v ie s  a t  W y m o n d h a m ,  N o r f o l k ) ,  g a v e  c le a r  e v id e n c e  o f  

r e c o m b in a t io n  w i t h  i t s  n ic o t in a m id e - r e q u ir in g ,  s t r e p t o m y c in - r e s is t a n t  d e r iv a t iv e ,  a n d  

a t t e n t io n  w a s  t h e n  c o n f in e d  t o  t h is  s t r a in  a n d  i t s  m u t a n t  a n d  r e c o m b in a n t  d e s c e n d a n t s .  

F u r t h e r  a u x o t r o p h ic  m u ta n t s  w e re  is o la t e d ,  in c lu d in g  s t r a in s  r e q u i r in g  a d e n in e ,  r i b o 

f la v in ,  t h ia m in e ,  t h y m in e ,  t r y p t o p h a n  o r  u r a c i l .  M i x e d  c u lt u r e s  o f  th e se  s t r a in s  y ie ld e d  

r e c o m b in a n t s  o n  s e le c t iv e  m e d ia  w i t h  f r e q u e n c ie s  in  th e  r e g io n  o f  o n e  p e r  i o 3 t o  i o 5 

s p o re s  o f  p a r e n t a l  p h e n o t y p e ;  th e s e  f r e q u e n c ie s  w e re  a t  le a s t  100  t im e s  h ig h e r  t h a n  

c o u ld  b e  e x p la in e d  b y  m u t a t io n  o f  th e  m a r k e r s  c o n c e r n e d  a s  ju d g e d  b y  m u t a t io n  

f r e q u e n c ie s  in  c u lt u r e s  o f  th e  p a r e n t s  g r o w n  s e p a ra te ly .

A  f i r s t  a t t e m p t  t o  c h a r a c t e r iz e  th e  p r o c e s s  o f  g e n e t ic  r e c o m b in a t io n  in  s t r a in  1227  

in v o lv e d  f o u r - p o in t  c r o s s e s  o f  th e  k in d  u s e d  b y  H o p w o o d  (1 9 5 9 )  t o  a n a ly s e  r e c o m b in a 

t io n  in  S t r e p t o m y c e s  c o e l ic o lo r .  T h e  p r o c e d u r e  w a s  t o  p la t e  s a m p le s  o f  th e  s a m e  s p o r e  

s u s p e n s io n ,  d e r iv e d  f r o m  a  m ix e d  c u l t u r e  o f  th e  t w o  p a r e n t s ,  o n  f o u r  s e le c t iv e  m e d ia ,  

o n  e a c h  o f  w h ic h  tw o  d i f f e r e n t  m a r k e r s  w e re  s e le c te d , le a v in g  t w o  m a r k e r s  u n s e le c te d .  

A  s a m p le  o f  r e c o m b in a n t s  w a s  p ic k e d  f r o m  e a c h  m e d iu m  t o  p la t e s  o f  th e  s a m e  

c o m p o s i t io n  a n d  c la s s i f ie d  in t o  th e  f o u r  t h e o r e t ic a l ly  p o s s ib le  c la s s e s  b y  r e p l ic a  p la t in g  

t o  te s t  m e d ia .  C o n s id e r in g  a l l  f o u r  m e d ia  to g e th e r ,  n in e  o u t  o f  t h e  16 p o s s ib le  c o m b in 

a t io n s  o f  th e  p a r e n t a l  m a r k e r s  w e re  t h e o r e t ic a l ly  r e c o v e r a b le ,  c o m p r is in g  b o t h  m e m 

b e r s  o f  tw o  c o m p le m e n t a r y  p a i r s  a n d  c n e  m e m b e r  o f  f iv e  o th e r s .  N e i t h e r  m e m b e r  o f  

th e  p a r e n t a l  p a i r  o f  g e n o t y p e s  c o u ld ,  o f  c o u r s e ,  b e  s e le c te d .

T h e  f o l l o w in g  f o u r  m a r k e r s  w e re  u s e d  in  a  s e r ie s  o f  c r o s s e s : r e q u ir e m e n t s  f o r  n ic o 

t in a m id e  (n ic ) ,  t h ia m in e  ( th i )  o r  u r a c i l  (u r a )  a n d  r e s is t a n c e  t o  s t r e p t o m y c in  ( s t r  — r)-  
T a b le  1 g iv e s  th e  r e s u lt s  o f  t h e  f i r s t  c r o s s ,  in v o lv in g  t w o  m u t a n t  s t r a in s ,  n ic  th i  u r a + 
s t r — r  x  n ic + th i+  u r a  s t r  — s .  R e c o m b in a n t s  o b t a in e d  b y  c r o s s in g  th e se  s t r a in s  w e re  u s e d  

t o  m a k e  tw o  f u r t h e r  c ro s s e s  w i t h  th e  s a m e  m a r k e r s  in  d i f f e r e n t  c o u p l in g  a r r a n g e m e n t s : 

n ic + th i  u ra  s t r  — r x n i c  th i+  u r a + s t r — s  a n d  n ic  th i+ u r a  s t r  — r  x n i c + th i  u ra +  s t r - s .

T h e  f i r s t  c o n c lu s io n  f r o m  th e s e  c ro s s e s  is  t h a t  w e  a re  d e a l in g  w i t h  a  t r u e  r e c o m b in a 

t io n  p r o c e s s  in  w h ic h  s u b s t i t u t io n  o f  h o m o lo g o u s  s e g m e n ts  o f  g e n e t ic  m a t e r ia l  o c c u r s ,  

r a t h e r  t h a n  w i t h  s o m e  k in d  o f  r e p l ic o r . a t io n  ( C la r k ,  1 9 67 )  in  w h ic h  g e n e t ic  m a t e r ia l  

f r o m  o n e  s t r a in  is  m e r e ly  a d d e d  t o  th e  g e n e t ic  c o m p le m e n t  o f  th e  o th e r .  T h e  m o s t  

d i r e c t  e v id e n c e  f o r  t h is  c o n c lu s io n  is  t h e  i s o la t io n  o f  c e r t a in  c la s s e s  o f  p r o g e n y  

(n ic +  th i  u r a  s t r — r ;  n ic  th i+ u r a  s t r — r ;  T a b le  1) e x p r e s s in g  a u x o t r o p h ic  m a r k e r s ,  
w h ic h  a r e  u n l i k e ly  t o  b e  d o m in a n t ,  in h e r i t e d  f r o m  b o t h  p a re n t s .  C o n f i r m a t io n  o f  t h is

m



c o n c lu s io n  c a m e  f r o m  th e  r e s u lt s  o f  th e  c ro s s e s  o f  p a i r s  o f  r e c o m b in a n t s .  T h e s e  p a i r s  

d id  n o t  g iv e  r is e  t o  a  m a j o r i t y  o f  c o lo n ie s  d is p la y in g  th e  p h e n o t y p e  o f  o n ;  o f  t h e i r  
o w n  p a re n t s .

T a b le  1. R esu lts  o f  crossing stra ins n ic - i th i-3 u r a - i+ s t r - i  and  
n ic - i+ th i-3+ u ra -i s tr -s

Numbers of recombinants o f each genotype on selective media 
supplemented as indicated t
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Genotypes o f progeny*

nic thi +  str-r 
+  +  ura str-s 

nic +  +  str-r 
+  thi ura str-s 
+  +  ura str-r 

nic thi +  str-s 
+  thi +  str-r 

nic +  ura str-s 
+  +  +  str-s 

nic thi ura str-'
+  +  +  str-r 

nic thi ura str-s 
nic +  ura str-r
4- thi +  str-s 
+ thi ura str-r 

nic + + str-s
Total recombinants 

classified

Nicotinamide
uracil

streptomycin Nicotinamide

20 4

57 —

—  94

I 0

i  —

—  o

79 98

Thiamine
uracil

streptomycin Thiamine

— —

73 —

23 12

— 169

0 I

i
0

97 182

* Arranged in complementary pairs; the top pair is parental; the bottom three pairs differ from 
both parents by two markers; the remainder differ from one parent by only one marker.

* Spores from the mixed culture were plated on the four selective media and samples o f the 
resulting recombinant colonies were classified in respect o f the non-selected markers (giving four 
possible genotypes on each medium). Total colony counts on the four media were approximately 
eqaal. A  dash indicates taat a particular genotype could not grow on the medium in question.

T h e  s e c o n d  c o n c lu s io n  is  t h a t  T herm oactinom yces vulgaris r e s e m b le s  a l l  o t h e r  p r o t o -  

k a r y o t e s  s o  f a r  s t u d ie d  in  h a v in g  p a r t i a l l y  d ip l o id  z y g o te s .  T h e  e v id e n c e  f o r  t h is  is  th e  

f in d in g  t h a t  t h e  g r e a t  m a j o r i t y  o f  t h e  r e c o m b in a n t s  d i f f e r e d  f r o m  o n e  o r  o t h e r  p a r e n t  

b y  o n ly  a  s in g le  m a r k e r ;  th e s e  w e re  th e  c la s s e s  nic th i+ ura+ s t r —r, n ic+ th i+ ura s tr  — r, 
nic~ th i ura+ s tr  — r  a n d  nic+ th i+ ura+ s t r —s, i r r e s p e c t iv e  o f  th e  c o u p l in g  o f  th e  m a r k e r s  

in  th e  t h re e  c ro s s e s .  H a d  b o t h  p a r e n t s  c o n t r ib u t e d  a  c o m p le t e  g e n o m e  t o  th e  z y g o te s ,  

t h e  o b s e r v e d  r e s u l t  i s  in c o m p a t ib le  w i t h  a n y  o f  th e  th re e  p o s s ib le  s e q u e n c e s  o f  f o u r  

m a r k e r s  o n  a  s in g le  c i r c u la r  l in k a g e  g r o u p ,  a n y  o f  th e  12 s e q u e n c e s  o n  a  l in e a r  l in k a g e  

g r o u p ,  o r  a n  a r r a n g e m e n t  in v o lv in g  m o r e  t h a n  o n e  l in k a g e  g r o u p .

A  f in a l  c o n c lu s io n  is  t h a t  t h e  p r o c e s s  o f  g e n e t ic  t r a n s f e r  in v o lv e s  f r a g m e n t s  r e p r e 
s e n t in g  o n ly  a  s m a l l  f r a c t io n  o f  th e  t o t a l  g e n o m e , o t h e rw is e  r e c o m b in a n t s  in h e r i t in g  

tw o  m a r k e r s  f r o m  e a c h  p a r e n t  s h o u ld  h a v e  b e e n  f r e q u e n t ,  a s  t h e y  a re  in  S trep to m yces  
coelicolor. A n  a lt e r n a t iv e  p o s s ib i l i t y  is  t h a t  th e  m a r k e r s  s o  f a r  s t u d ie d  a r e  c a r r ie d  o n  

s e p a ra te  c h r o m o s o m e s ,  g e n e t ic  t r a n s f e r  n o r m a l l y  i n v o lv in g  o n ly  o n e . I n  a n y  e v e n t ,  th e  

r e s u lt s  p r e c lu d e  th e  a s s e s s m e n t  o f  l in k a g e  a t  t h is  s ta g e ;  i n  t h is  t h e y  d i f f e r  f r o m  th e  

r e s u lt s  o f  c o m p a r a b le  c ro s s e s  i n  S . coelico lor  i n  w h ic h  l in k a g e  w a s  s u c c e s s f u l ly  d e m o n -
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s t r a t e d  b y  s u c h  c ro s s e s  b e c a u s e  th e  l in k a g e  m a p  is  c o m p a r a t iv e ly  s h o r t ,  a n d  g e n e t ic  

t r a n s f e r  in v o lv e s  la r g e  p o r t io n s  o f  th e  g e n o m e  ( H o p w o o d ,  1 959 , 1 9 65 , 1 966 , 1 9 6 7 ); 

t h u s  in  S. coelicolor  th e  s i t u a t io n  d id  n o t  a r is e  in  w h ic h  a l l  f o u r  m a r k e r s  in  a  c r o s s  

c o u ld  f a i l  t o  s h o w  l in k a g e .
W e  c o n c lu d e  t h a t  o u r  s t r a in  o f  T herm oactinom yces vulgaris h a s  a  p r o c e s s  o f  t r u e  

r e c o m b in a t io n  t h a t  s h o u ld  q u a l i f y  i t  a s  a  s u it a b le  o r g a n is m  f o r  s o m e  o f  th e  g e n e t ic  

s t u d ie s  a l lu d e d  t o  a t  th e  b e g in n in g  o f  t h is  n o te .

W e  t h a n k  D r  K e i t h  F .  C h a t e r  f o r  h e lp f u l  d is c u s s io n s .
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Nitrogen Fixation by Sporulating Sulphate-reducing Bacteria 
Including Rumen Strains

B y  J .  R .  P O S T G A T E

A .R .C .  U n it  o f  N i t r o g e n  F ix a t io n ,  U n iv e r s i ty  

o f  S u s s e x ,  B r ig h to n , B N i  9 Q J

{ A c c e p t e d  f o r  p u b l ic a t io n  2 3  J u n e  1 9 7 6 )

T h e  a c e t y le n e  te s t  f o r  n i t r o g e n  f ix a t io n  h a s  b e e n  a n  im p o r t a n t  t o o l  in  re a s s e s s in g  

th e  a b i l i t y  o f  v a r io u s  g r o u p s  o f  m ic r o - o r g a n is m s  t o  f ix  n i t r o g e n  ( P a r e j k o  &  W i l s o n ,  

1 9 6 8 ; M i l l b a n k ,  1 9 6 9 ; H i l l  &  P o s tg a t e ,  1969 ). A s  a  r e s u lt  o f  t h is  re a s s e s s m e n t,  i t  h a s  

b e e n  f o u n d  t h a t  s e v e ra l a e r o b ic  g e n e ra  s u c h  a s  A z o to m o n a s ,  P s e u d o m o n a s ,  N o c a r d ia ,  

P u llu la r ia  a n d  y e a s t s  p r o b a b ly  d o  n o t  f ix  N 2 ; o n  th e  o t h e r  h a n d ,  n i t r o g e n  f ix a t io n  

h a s  p r o v e d  t o  b e  f a r  m o r e  w id e s p r e a d  a m o n g  th e  s u lp h a t e - r e d u c in g  b a c t e r ia  o f  th e  

g e n u s  D e s u lf o v ib r io  t h a n  w a s  e a r l ie r  t h o u g h t  ( R e id e r e r - H e n d e r s o n  &  W i l s o n ,  1970 ). 

T h is  c o m m u n ic a t io n  r e p o r t s  e v id e n c e  f o r  f i x a t io n  b y  t y p e  s t r a in s  o f  m e s o p h i l ic ,  

s p o r e - fo r m in g ,  s u lp h a t e - r e d u c in g  b a c t e r ia ,  g e n u s  D e s u lfo to m a c u lu m  ( C a m p b e l l  &  

P o s tg a te ,  1 9 6 5 ), in c lu d in g  s t r a in s  o r ig in a t in g  f r o m  th e  r u m e n s  o f  h a y - f e d  sh e e p . 

S e m e  d a t a  w i t h  t y p e  s t r a in s  o f  D e s u l f o v ib r io  a r e  in c lu d e d  t o  s u p p le m e n t  t h e  f in d in g s  

o f  R e id e r e r - H e n d e r s o n  &  W i l s o n  (1 9 7 0 ) .

D e s u lfo to m a c u lu m  ru m in is  a n d  D m . o r ie n t is ,  a s  w e l l  a s  th e  D e s u l f o v ib r io  s p e c ie s ,  

w e re  in c u b a te d  a t  30 °  a n d  D m . n ig r if ic a n s  a t  5 5 0 in  m e d iu m  B  ( P o s tg a te ,  1966 ). 

G r o w t h  a n d  a c e t y le n e  r e d u c t io n  in  N - d e f ic ie n t  m e d iu m  w a s  te s te d  f o r  in  P a n k h u r s t

(1 9 6 7 )  tu b e s  a s  d e s c r ib e d  b y  C a m p b e l l  &  E v a n s  (1 9 6 9 ) , e x c e p t  t h a t  g a s s in g  w it h  

N 2 w a s  o m it t e d  a n d  in s te a d ,  a b o u t  2  h . a f t e r  s e t t in g  u p ,  10  m l.  N 2 w e re  in je c t e d  

t h r o u g h  th e  s id e  a r m  t o  r e p la c e  o x y g e n  a b s o r b e d  b y  th e  p y r o g a l lo l  p lu g .  T h e  N -  

d e f ic ie n t  m e d iu m  w a s  a  v a r ia n t  o f  m e d iu m  B :  a m m o n iu m  c h lo r id e  w a s  o m it t e d  a n d  

th e  t r a c e - e le m e n t  m ix t u r e  s p e c if ie d  b y  P o s t g a t e  (1 9 6 6 )  w a s  in c lu d e d .  I n  a l l  te s ts  

a  t u b e  c o n t a in in g  10c u g .  y e a s t  e x t r a c t / m l.  ( c f .  R e id e r e r - H e n d e r s o n  &  W i ls o n ,  1970 ) 

w a s  in c lu d e d  a n d  a ls o  o n e  w i t h  2 m g . N H 4C l/ m l .  t o  re p re s s  n it r o g e n a s e  s y n th e s is .  

W h e n  g r o w t h  w a s  o b v io u s  b e c a u s e  o f  b la c k e n in g  o f  th e  c u l t u r e  ( th e  1 %  t o  10 %  

in n o c u lu m  c a r r ie d  o v e r  s u f f ic ie n t  f ix e d  N  f o r  m a r g in a l  g r o w th ) ,  2 -5  m l.  o f  N - f r e e  o r  

N H 4- c o n t a in in g  m e d iu m  w a s  in je c t e d  a s e p t ic a l ly  in t o  th e  c u l t u r e  a n d ,  2 4  t o  4 8  h . 

la t e r ,  1 m l.  o f  C 2H 2, f r e s h ly  p r e p a r e d  f r o m  C a 2C 2 +  H 20 , w a s  in je c t e d  v ia  th e  s id e  

a r m .  T h r e e  t o  5 m l.  N 2 w e re  th e n  in je c t e d  t o  a l l o w  a n  e x c e s s  o f  g a s  f o r  s a m p l in g ;  

g a s  s a m p le s  w e re  r e m o v e d  a t  in t e r v a ls  u p  t o  3 d a y s  a n d  a n a ly s e d  f o r  e t h y le n e  b y  

v a p o u r - p h a s e  c h r o m a t o g r a p h y  a s  r e p o r t e d  e ls e w h e re  ( H i l l  &  P o s tg a t e ,  1 969 ). 

P r o g r e s s iv e  f o r m a t io n  o f  e th y le n e ,  w h ic h  d id  n o t  t a k e  p la c e  i n  c u l t u r e s  c o n t a in in g  

N H 4C 1, w a s  t a k e n  a s  p r e s u m p t iv e  e v id e n c e  f o r  th e  p re s e n c e  o f  n it r o g e n a s e ;  n e g a t iv e  

c u lt u r e s  w e re  te s te d  a g a in  a f t e r  5  d a y s ,  b e f o r e  d is c a r d in g .

T h o u g h  c u l t u r a l  te s ts  h a d  e a r l ie r  f a i le d ,  t h is  p r o c e d u r e  c o n f i r m e d  th e  p re s e n c e  o f  

n it r o g e n a s e  in  th e  m a r in e  s t r a in  o f  D e s u lfo v ib r io  d e s u lfu r ic a n s ,  No r w a y  4 , in  D . v u lg a r is ,  
s t r a in  h i l d e n b o r o u g h , a n d  in  D . g ig a s ,  a s  r e p o r t e d  b y  R e id e r e r - H e n d e r s o n  &  W i ls o n ,
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(1 9 7 0 ) . D . desulfuricans, s t r a in s  b e r r e  s o l  (N C IB 8 38 8 ) a n d  b e r r e  e a u  (N C IB 8 38 7 ) 
g r e w  r e a d i ly  in  N - f r e e  m e d ia  a s  c la im e d  b y  L e  G a l l ,  S e n e z  &  P i c h in o t y  (1 9 5 9 )  a n d  

r e d u c e d  a c e ty le n e  r e a d i ly ;  t h e  h o lo t y p e  s t r a in  o f  D . desulfuricans, s t r a in  e s s e x 6  

(N C IB 8 30 7 ), r e d u c e d  a c e ty le n e  a n d  s o  d id  a  s t r a in  o f  u n u s u a l  s e m i lu n a r  m o r p h o lo g y  

p r o v id e d  b y  D r  H .  V e ld k a m p ;  t y p e  s t r a in s  o f  D . africanus ( s t r a in  Be n g h a z i ; N C IB 84 0 1) 
a n d  D . sa lex igens  ( s t r a in  Br i t i s h  g u i a n a ; N C IB 84 0 3) d id  n o t ,  n o r  d id  a  s e c o n d  

h a lo t o le r a n t  s t r a in  o f  D . desulfuricans ( s t r a in  e l  a g h e i l a  a ; N C IB 83 0 9). A c e t y le n e  

r e d u c t io n ,  w h e n  o b s e r v e d ,  w a s  in h ib i t e d  b y  N H 4C 1, u s u a l ly  c o m p le t e ly ,  b u t  in  o n e  

te s t  (see  b e lo w ) ,  o n ly  p a r t ia l l y .  I t  w a s  n o t  c o n s is t e n t ly  a f fe c te d  b y  th e  s m a l l  a m o u n t  

o f  y e a s t  e x t r a c t :  s o m e t im e s  y e a s t  e x t r a c t  a c c e le r a t e d  t h is  r e a c t io n ,  s o m e t im e s  th e  

r e a c t io n  w a s  s lo w e d .
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T a b le  1. A cety len e  reduction  an d  n itrogen fix a tio n  b y  D esulfotom aculum  species

F o r  p ro ced u res see tex t. ‘ Y ’ signifies 100 f ig . y eas t ex trac t/m l.

fig . N /m l. a f te r  12 A to m  %  15N
days in  m e d iu m +  Y , excess a f te r

nm oles C 2H 4 p ro d u c e d /7  m l. c u ltu re co n tro l acidified 19 days u n d e r
f

---------------------------A _ A w ith  H 2S0 4 A r + o - i  a tm .
A fte r  i  day A fte r  3 days ,----------- *----------- 1 99 % 16N 2 in

O rgan ism - Y +  Y - Y +  Y C o n tro l C u ltu re m e d iu m + Y

D m . ru m in is
(NciB 10,149) 64 «5 488 484 22-4 27-6 0 009
(ncib 8542) 1 3 9 9 8 148 67 24-6 27-6 o -o io

D m . o r ie n tis
(NCIB8382) 3 '4 13-2 3 3 83 23-8 28-0 0-027

D m . n ig rifica n s
(NCIB8395) 0 0 0 0 --- --- —

D e s u lfo v ib r io  d esu lfu r ica n s  berre sol cu ltu re s  p ro d u ced  12 to  330 n m o le  C 2H 4 in  1 d ay  in 12 
co m p arab le  te s ts ; th e  a m o u n t o f  fixed N  in  a  cu ltu re  increased  fro m  12-6 to  15-86 /tg . N /m l. over 
11 d ay s; a n o th e r  reach ed  0-395 a to m  %  excess 15N  in  19 days.

T a b le  1 l i s t s  th e  r e s u lt s  o f  te s ts  o n  D e s u l f o t o m a c u lu m  sp e c ie s .  L i k e  R e id e r e r -  

H e n d e r s o n  &  W i l s o n  (1 9 7 0 ) , I  o b t a in e d  n o  e v id e n c e  o f  f i x a t io n  b y  th e  t h e r m o p h i le  

D m . nigrificans. T h e  tw o  s t r a in s  o f  D m . rum inis a n d  th e  o n e  s t r a in  o f  D m . orien tis  
s h o w e d  u n e q u iv o c a l  a c t iv i t y ,  c o m p le t e ly  r e p re s s e d  b y  N H 4C 1, e x c e p t  in  o n e  o u t  o f  

t h r e e  te s ts  w i t h  D m . orien tis  w h e r e  r e p r e s s io n  w a s  o n ly  p a r t ia l .  T h e  v a lu e s  f o r  e t h y le n e  

p r o d u c e d  g iv e n  in  T a b le  1 c a n n o t  b e  t a k e n  a s  m e a s u r e s  o f  th e  r e la t iv e  a c t iv i t ie s  o f  
th e  s t r a in s  b e c a u s e  th e  t im e  a t  w h ic h  t o  in j e c t  a c e t y le n e  w a s  ju d g e d  s u b je c t iv e ly  

a n d  th e  p o p u la t io n  d e n s it ie s  w e re  u n l i k e ly  t o  h a v e  b e e n  s im i la r .  F r o m  s e v e ra l 

e x p e r im e n t s  D e s u l f o t o m a c u lu m  s p e c ie s  a p p e a r e d  t o  r e d u c e  a c e ty le n e  a t  a b o u t  10 %  

o f  th e  r a t e  u s u a l ly  f o u n d  w i t h  b e r r e  s t r a in s  o f  D e s u l f o v ib r io .  A s s u m in g  N 2 is  r e d u c e d  

o n e - t h i r d  a s  r a p id ly  a s  C 2H 2, o n e  c a n  c a lc u la t e  a p p r o x im a t e  r a te s  o f  N 2 f ix a t io n  

t o  w h ic h  t h e  f ig u r e s  f o r  a c e ty le n e  r e d u c t io n  c o r r e s p o n d :  f o r  D e s u l f o t o m a c u lu m  
s p e c ie s  t h e y  w o u ld  b e  in  th e  r e g io n  o f  2 t o  5 p.g. N  f ix e d / m l.  c u lt u r e .  T a b le  1 in c lu d e s  

a n a ly t i c a l  d a t a  a n d  te s ts  w i t h  15N 2 w h ic h ,  t h o u g h  n o t  im p r e s s iv e  o n  t h e i r  o w n ,  s u p p o r t  

th e  p r e s u m p t iv e  e v id e n c e  o f  th e  a c e ty le n e  te s t  a n d  e s t a b l is h  n i t r o g e n  f ix a t io n  a m o n g  

th e  m e s o p h i l ic  m e m b e r s  o f  t h e  g e n u s  D esulfotom aculum .
R e id e r e r - H e n d e r s o n  &  W i l s o n  (1 9 7 0 )  d e d u c e d  f r o m  t h e i r  e x p e r im e n t s  t h a t  N 2 

f ix a t io n  is  m o r e  w id e s p r e a d  t h a n  h i t h e r t o  t h o u g h t  i n  t h e  g e n u s  D esulfovibrio . M y
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e x p e r im e n t s  s u p p o r t  th :s  v ie w ,  a n d  th e  r e la t iv e ly  s m a l l  f ix a t io n s  o b t a in e d  b y  a n a ly t i c a l  

o r  i s o t o p ic  te s ts  o n  c u lt u r e s  t a k e n  d i r e c t  f r o m  a m m o n ia - c o n t a in in g  m e d ia  m a y  o f fe r  

a  p a r t ia l  r e a s o n  f o r  e a r l ie r  d i f f ic u l t ie s  in  d e t e c t in g  n i t r o g e n  f ix a t io n  a m o n g  m e m b e r s  

o f  t h is  g e n u s . T h e  a b i l i t y  o f  th e  t w o  s t r a in s  o f  D esulfotom aculum  rum inis t o  f ix  N 2 is  

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

( C o le m a n ,  i9 6 0 ) ,  t h o u g h  w h e th e r  t h e y  r e p r e s e n t  n o r m a l  r u m e n  in h a b i t a n t s  o r  

i t in e r a n t s  in t r o d u c e d  v / ith  f o o d  is  u n c e r t a in .  B e r g e r s e n  &  H ip s le y  (1 9 7 0 )  h a v e  e v id e n c e  

t h a t  f a c u l t a t iv e ly  a n a e r o b ic  b a c t e r ia  in  th e  in t e s t in e s  o f  m e n  a n d  g u in e a  p ig s  m a y ,  in  

c e r t a in  c ir c u m s t a n c e s ,  b e  a c t iv e ly  f ix in g  n it r o g e n .  T h e  r u m e n  o f  a  r u m in a n t  m a m m a l 

m ig h t ,  in  c o n d i t io n s  i n  w h ic h  th e  d ie t a r y  n i t r o g e n  w a s  lo w ,  b e  a  lo g ic a l  e n v ir o n m e n t  

in  w h ic h  c o m m e n s a l N 2- f ix a t io n  b y  a n a e r o b e s  c o u ld  t a k e  p la c e  a n d  s u c h  f ix a t io n  
m ig h t  b e  o f  b e n e f i t  t o  t h e  h o s t  a n im a l.

M i s s  K .  W i l l i a m s  a s s is t e d  w i t h  p a r t  o f  t h is  w o r k ,  a n d  M r  E .  K a v a n a g h  p e r f o r m e d  

th e  n i t r o g e n  a n a ly s e s .  “ N 2 w a s  e s t im a te d  b y  m a s s  s p e c t r o m e t r y  b y  D r  C .  W '. C r a n e  

( Q u e e n  E l i z a b e t h  H o s p i t a l ,  B i r m in g h a m ) .
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