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CHAPTER 1

GENERAL INTRODUCTION




GENERAL INTRODUCTION

During the past ten years, the importance of the phenomenon
of enzymatic adaptation has become more and more apparent, DBesides
being in itself of considerable interest, it possesses implications for
general cellular physiology extending outside of the area in which adapta=
tion was originally studied, that of varistions in micro-organisms,
Thus, advances in our understanding of genetic mechanisms have already
been made through studies of enzymatic adaptation (1), It has been pre-
dicted thet further knowledge of enzymatic adaptation will throw light
on some of the mechanisms of cellular differentiation in animal tissues
(2)e Arguments have been advanced to link adaptive enzyme formation with
detoxication mechanisms send antibody formation in higher inimals(}).
Elegant techniques have been devised, employing enzymatic adaptation for
the study of metabolic pathways in bacteria (4). Finally, with the
growing realization that enzymetioc adaptation is the expression of a
biological phenomenon of fundamental importance, meny workers are turning
their attention to its use for the study of general mechanisms of enzyme

synthesis and of protein synthesis,

This subjeot has been reviewed several times in the past
(5-11), most recently by Stanier (11) in 1951, References to the

earliest work are given in the reviews of Karstrom (5) and Dubos (6)e




In view of this, a complete literature survey will not be given here,
A short historical account of the work carried out on this phenomenon
will be presented, with special attention given to those experiments on
which the ourrent views of enzymatic adaptation are based, Past work
on the specific problems dealt with in this thesis will be given in
separate seoctions in detail, and a thorough discussion will be given
of experiments whioch relate enzymatie adaptation to protein synthesis,
It will be seen subsequently that ensymatioc adaptation does involve
the synthesis of enzymes, and therefore the synthesis of proteins,
Studies of the faotors involved in enzymatic adaptation, such as those
reported here, are also studies of the factors umnderlying protein

synthesis in the living cell,

Dofinitions of adaptation

In discussing the phenomenon in misro~organisms, the term
"adaptation" has been used in the past to denote reversible changes in
these organisms, induced by the introduction of new factors into the
environment and not involving alterations of the genes, The term has
been applisd to various phenomena, some intrinsieslly, other only

superficially related, These include:

1. The development of the ability to grow in the presemce of toxioc
substances through subculture in the presence of sub=-lethal amounts

of these substances,



2, Changes in virulance of micro-organisms upon passage through a
host or upon cultivation in artifical media, The training of
micro-organisms to overcome the resistance of prospective hosts,

5« Changes in nutritional requiremsnts induced by training of miocro=
organisms,

Lo The development of the ability to metabolize certain substrates
through growth in the presence of these substrates. In some cases,
the abilit# to metabolize a substrate may be gained without cell

proliferation or in a medium which will not support growthe

In addition to such phenomena in mioro-organisms, it has been
found that administration of a given substance to living animals (12) or
to embryos (13) may bring about the formation of an enzyme system able to
attack this substance or may greatly increase such an enzyme system if
alreedy present, This phemomsnon has been known for & number of years
(5) end interest in it has grown recently with the increase in kmowledge
of adaptation in micro-organisms, Thus far, however, investigators have
directed their attention primarily to the nature of the ensyme systems
formed rather than to the mechanisms of formation of such enzyme

systems,

The experimenta.]_. studies and theoretical considerations of
Hinshelwood (9) have been devoted to the development of resistance by
bacteria to toxic substances. It is his belief that this "training" of
bacteria to grow in the presence of toxic substances involves the forma-

tion of new eniyme patterns in becteria., His analyses have shown that



it would be diffiocult to explain all training phenomene as natural
selection, For example, bacterie trained to resist a drug, may

lose all resistance upon one passage through a drug-free medium. To
account fér this by natural selsction would require the unlikely
assumption that resistant bacteria grew less well in the drug-free
medium than non-resistant ones, With the type of experiments, often
involving many suboultures, which are mecessary in studying thne
development of resistance to drugs, it is, however, impossible to rule
out natural selection as a complicating factor. There have been few
demonstrations yet of chenges in the enzyme patterns of eells which
have becoms resistant to toxic substances, although recently investm
igators have begun to give attentiom to this problems Yall and Green
(14) observed, for example, that in the presemce of urea Microccus

pyogenes var,aureus produced a urease the action of which was inhibited

by furacin, p-chloromercuri-benzoate, and trivalent arsenicals, but that
strains of this organism resistant to furacin produced & urease not
affected by the above inhibitors, These authors postulated that the
urease normally produced is a sulfhydryl enzyme, whereas the activity

of that produced by resistant cells does not depend upon the presence of
& sulfhydryl group, Such isclated observetions are only hints, however,
and much additional work will be required to make clear the relation

befween the training to toxic substances and other types of adaptation,

Studies of the changes of virulence upon passage through a host

are extremely difficult to interpret because of the impossibility of




exactly controlled experiments and the .complex nature of the phenomena
being studied. Workers on this type of "adaptation" have been limited
to describing these changes in the mosf qualitative manner (15), and it
is seldom possible te decide to what extent natursl selection is

involved,

Training in nutritional requirements is usually linked
intimately with natural selection, A well-known example is that of

Salmonella typhosa, which, as was shown by Fildes et al, (16), may be

trained to grow without added tryptophan through serial cultivation in
media containing progressively less and less tryptophan. This, as
demenstrated later by Fildes and Whitaker (17), involves the selection
of mutants which are able to synthesize their own tryptophan. Such
training phenomena have been extremely valuable in studies of metabolio
pathways in bacteria, but the difficulties and uncertainties involved
in determining to what extent these phenomena involve reversible,

genetically sté.ble enzymatic change are obvious,

It ie to the adaptation of micro-organisms to utilize "new"
substrates that most attention has been given in the pest and in the
study of which the most valuable knowledge has been gainedes In this
thesis, the term "enzymatic adaptation™ will be used, following the
suggestion of Stanier (11), to deseribe substrate-activaeted biochemical
variation$in micro-orgenisms not involving changes in genotypee A few

examples should illustrate this phenomenon,



Bakers! yeast (Saccharomyces cerivisiae), grown on a medium

not containing galactose or any substance (e.g. lactose) which will
give rise to galactose, is unable to ferment galactose when suspended
in its presence. If yeast is grown in the presence of galactese, the
cells acquire the ability to fermént galactose, With some strains of
yeast, the ability to ferment galactose mey be acquired through
suspension _in a medium containing galactose, under conditions such
that no growth oecurs - e.g., lack of a nitrogen source, high cell
density or short time of incubation, If these adapted cells are then
grown in a medium containing no gelactose, or suspended in a medium
without galactose under conditions such as that an active metabolism

may take place, the ability to ferment galactose is quickly lost (10)e

The tyrosine decarboxylase system is normally present in

small amounts in Strep, faecalis, Growth under the appropriate oondi-

tions of temperature and hydrogen ion concentration, and in the presence
of tyrosine, brings about a thirty-fold increase in tyrosine decarboxylase

activity by the cells of this organism (18)e

An interesting example of enzymatic adaptstion is that observed
in the soil organism isolated by Dubos and Avery (19), which could be
trained to utilize the Type III capsular polysaccharide of Pneumococcus
es & oarbon source for growth through being cultured in a medium
containing this polysaccharide., Growth in media containing other
capsular polysaccharides, e.g., Type II, did not give this orgenism
the power to utilize the Type III polysaccharide, This finding is an
example of one of the most striking faots about enzymatie adaptation,

its narrow specifieity of inductions



Other adaptive enzyme systems will be mentioned in the
course of the historical survey whieh follows and, where relevant,
during the description of the experimental work, One case of the
development of an apparently new enzymatic ability by a bacterial
population through natural selection will be given here to illustrate
the distinotion between the latter phenomenom and enzfnatio adapte~

tion,

The organism, E. coli mutabile, is ordinearily unable to

ferment lactose, but upon repeated subculture in medlaw containing

lactose, it gains this ability (20). It has been found (21) that in

the non-laotose~fermenting populations of Eo co0li mutabile normally
one cell in every 105 has the ability to ferment lactose, In a
lactose-containing medium, these cells are encouraged to grow, and
after several subcultures may dominate the sell population. This
culture, containing mainly lactose-fermenting cells, may then be
subcultured several times in & lactose-free medium without loss of

activity,

In enzymatio adaptation, &s epposed to matural seleeotion,
the orgenism gains its maximal adaptive enzymatic activity after one
passage throughaﬁsdium containing the adaptive substrate, and reverts
to its pre-adaptive level of activity after one passage through“hedium
lacking the substrate, Such a test of reversibility is essential in
deciding whether any phenomenon involving growth is adaptive, It has

been pointed out, however, (10) that it is dengerous to place too



much reliance on such coriteria alome in distinguishing between
adaptation and natural selection, The easy loés of an entymatic
activity may be due to a back mutation and selective growth of the

old type of organism, The instability of & histidineless strain of

E, coli (22, 23) is cited as an example of such a back-mutation, Thus,
although it would certainly be impossible to explain all examples of
enzymetic adaptation during growth as being due to natural selection,
natural selection may not be completely excluded as a complicating
factor whenever adaptation takes place during growth, For this reascn,
many workers have studied those examples of adaptation which take place
without cell proliferstion and in which natural selection may be ruled
out, The development of the galactozymase system of yeast, whioh, as
has already been mentioned, may take place without cell proliferation,
hag been investigated more than any other case of enzyme formation, and
from these studies much of our knowledge of the mechanism of adaptive

enzyme formation has been gained.

Historical Survey

The biochemical variations of a basterial species upbn
cultivation on growth mediea of different compositions must have been
observed many times during the early history of baoteriology. The
oredit for first realizing that a substrate-induced enzyme formation
was involved is due to Wortmemm (24) who, in 1882, demomstrated that
cortain bacteria produced amylase only when grown in a medium

containing starche



In 1899 Duclaux (25) observed the production of extra-
cellular enzymes by the Aspergili, He noted that these organisms
produced proteases and saccharase only when grown in the presemce of

milk eand sucrose respectively,

Dienert, (26) in 1900, was the first to show that the formae
tion of galactozymase in yeast was dependent upon the presence of
galactose in the growth medium., He realized the importance of the
question of whether or not adaptation was aoccompanied by growth,

Some of his experiments were carried out in suspensions of yeast cells
of high enough density to prevent cell proliferetion., He concluded
that in this case adaptation could teke place without proliferation of
the cells, His conclusion, after various contradictory findings has

more recently been fully confirmed by Spiegelman and Lindegren (27)e

In 1912, von Euler and Johannson (28) decided after a study
of the rates of adaptation by yeast to galactose fermentation that the
process of adaptation is dependent upon the building up of nitrogen=

containing materials within the cell,

In 1930, Karstrom (29) published the results of a systematie
study of enzyme formation in bacteria, Using the pentose-fermenting

laotic acid bacteria, Betacoceus arabinesus and Laotobacillus

pentoaceticus, he devised experiments to determine the manner in whieh

the formation of carbohydrate-splitting enzymee by the dbacteria was

dependent upon the oarbohydrate present in the medium in which the



lo.

bacteria were grewn, Following these experiments, Karstrom (5)

concluded that each strain of bacteria contained two types of enzymes:

1, Constitutive enzymes: Those which the cells of a micro-orgenism
always form, independently of the composition of the culture
medium in which the organism is grown,

2. Adaptive ensymes: Those produced by e mioro-organism only when
required; that is, those whose formation in a mioro~organism is

dependent upon adaptation to a specifio substrate.

Although Karstrom's definitions served the purpose of bringing
a large number of observed phsnomena under one system, 1t is now realized
that his classification of constitutive and adaptive enzymes is not a
valid one. Further studies have shown that the distinction between the
formation of constitutive and of adaptive enzymes is quantitative and by

no means so rigid as Karstrom supposed.

In one of the earliest discussions of this point, Quastel (30),
in 1937, advanced the opinion that - "constitutive and adaptive enzymes
do not represent two entirely different classes of enzymes. They
represent rather the limits of variability of enzymes in a cell - the
constitutive having the least range, and the adaptive the greatest range,

of variability under different envirommental and nutritional conditions".

Gale (7), as well as Spiegelman (31), has pointed out that

certain enzymes, formerly thought absent under certain conditions and
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termed adaptive, have been found constitutively present through the
use of more exaoct methods of measuring enzymic activity., Thas, the
galactozymase of E. c0li is termed an adaptive enzyme but cells of
this organism have normally a small galactozymase activity (Q-COp of
about 20), which is increased to a Q-COp of about 500 when this
organism ie grown in the presence of galactose (32), The tyrosine

decarboxylase of Strep. fascalis has already been mentioned, The

activity of this enzyme undergoes a thirty-fold adaptive increase.

It does not increase from a zero level,

In addition, there may be wide variability in those
enzymes which are called constitutive in the sense whioh Karstrom
used, Glucorymase of E, coli, termed a constitutive enzyme,dces inm
fact inorease 100% if the organism is grown in the presence of glucose
(32)s There are only a few known enzymes, for example, those of

Pseudomonas pyooyanea, involved in the oxidation of putrescine, cada-

verine, and agmatine, which fit into Karstrom's definition of constite
utive enzymes (7). Quastel (30) studied the changes in levels of enzyme
activity of the urease, catalase, and fumarase in lysed suspensions of

Miecrococous lysodeikticus which took place following changes in composi-

tion of the medium on whioh the intact cells were grown, He found that
the presence of glucose in the nutritional medium stimulated the forma-
bion of ureass and suppressed that of catalases Urea in the nutritional
medium did not stimulate the formation of ursase, nor did fumarate

stimulate fumarase formation, Because of their variability under dif-



ferent growth oconditions, fhase engymes could not be classed as
constitutive under Karstrom's scheme, and as they did not vary with
their specific substrates, they could not be classed as adaptive,
Quastel suggested that enzymes should themselves be considered as
metabolites, subjeoct to the same laws as other cell metabolites;

he stated that one of the means of action of the specific substrate
and of other substences inducing enzyme formation might be through

combining with the enzyme and preventing its destructions

The arbitrary nature of Karstrom's definition is further
illustrated if one attempts to apply it to those enzymes whose
substrates are always present, even if in small amounts, in normal
cell metabolism, Thus, it would be difficult to olassify suscinic
dehydrogenase as constitutive or adaptive, since traces of succinie
acid would be preseﬁt under almost all conditions and it would not be
poasible to test if sucoinic dehydrogenase would disappear on growth

in the absence of suceinic acid,

Gale (7) has proposed & new classification whioh brings the
observed data into a more logical system, According to his scheme,
adaptive enzymes are those whose activity undergoes an inoresase
greater than five-fold through growth of the organism in the presence
of the speocific substrate; constitutive enzymes are those whose
increase in activity is less than 100%. He suggested the term "semi=
adaptive" for those ensymes whose activity undergoes a two-to-five feld

increase, Such a classification is in accord with the view that the

/2.
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formation of adaptive and constitutive enzymes differs only in degrees

Galets classification will be employed in the following pages.

Interactions betwsen enzymo-forming systems

The most convincing evidence that the concept of sharply
differentiated constitutive and adaptive enzymes is not valid has come
through studies of the interactions of enzyme-forming systems, An
early observation of this type of interaction was that reported by
Katz (33) in 1898, though at the time the full implications of his
observation could not, of course, be realized, In following the
production of amylass by Penicillium, it was noted that a certain amount
of amylase was produced in the absence of any carbohydrate, but that the
amownt produced was inoreased in the presence of starch, greatly decreased
in the presence of sucrose, and slightlj decreased in the presence of

lactose and maltose,

The phenomenon of "diauxie", observed by Monod (8) may be due
to interactions between enzyme-forming systems, Monod carried out
experiments on bacterial growth in media in which the only source of
carbon for growth was a mixture of two carbohydrates, one attacked by
constitutive, the other by adaptive enzymes, It was observed that
bacterial growth took place in two oyocles, separated by a pronounced
lag periods In each cycle of growth, only one carbohydrate was being
utilized. This was explained as due to the inhibitory action of one

compound, that attacked by a constitutive enzyme, upon the formation



of the adaptive enzyme attacking the other compound., Only after the
first carbohydrate had been exhausted were the enzymes for attacking
the second formed, with a consequent lag period after growth at the

expense of the first carbohydrate,

In the work of Spisgelman and Dunn (34) on adaptations in
yeast are to be found the most elear-out examples of interaction
between enzyme-forming systems, In short-term experiments, in which

-no cell proliferation took place, the adaptation of yeast to maltose
and galactose fermentation was followed, It was observed that if both

carbohydrates were present, galactose inhibited the adaptetion to

maltose fermentation, though the presence of maltose had little effect.

on the adaptation to galactose fermentation, A yet more striking
example of such interactipn was given by the effect of adaptation to
galactose fermentation on the glucose fermenting system of yeast. The
"glucozymase" system in many micro-orgenisms has long been considered
as an established constitutive enzyme system, In the presence of
galactose, however, while the galactozymase system was being formed,
the ability of the yeast to ferment glucose fell to approximmtely half

its normal value,

Spiegelmen and Dunn considered that these interactions were
due to competition betwsen the various enzyme-forming systems for
endogenous protein or enzyme precursors which could be transformed

into enzymes. In the strain of yeast they used, adaptation to mmltose

/¥,
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and galactose fermentation could teke place in washed cell suspensions
without any added source of nitrogen, It was observed (34), however,
that the addition of an exogenous nitrogen source, ammonium sulfate,
greatly stimulated adaptation, shortened the lag before the appearance
of enzymetio activity and increased the amount of enzymes formed. It was
thought, then, thet if the interactions observed in the absence of en
added source of nitrogen were indeed due to competition for nitrogenous
enzyme precursors, the addition of a source of nitrogen, which could be
used by the yeast to manufacture its proteins, might modify the results
of such & competition, This was found to be the case, In the presence
of ammonium sulfate, the inhibition of the formation of maltozymase by
galactozymase formmtion was much smaller than in the absence of
amonium sulfate., Also, in the presence of ammonium sulfate, no decrease

of glucozymsse activity was seen to accompany the formation of galact-

0zZymMasey

Except for the experiments of Monod (8), mentioned above,
little or no work has been carried out on interactions between enzyme=-
forming systems in bacteria, Spiegelman (2) has pointed out that the
intersction of enzyme-forming systems in bacteria amounts almost to a
mutual exclusion effect, as in Monodt!s experiments; in these experi-
monts, even in the presence of an exogenous nitrogen supply, the forme-
tion of the enzymes attacking one carbohydrate was completely prevented
by the presence of the other carbohydrate. Because of the severity of

this exsclusion, such interactions in bacteria are more difficult to
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study than in yeast. It may be expected, however, that in the future
many of the kmown phenomena of bacterial enzymatic variation will be
explained on the basis of a competition for enzyme precursors. Such
an explanation has been proposed for the inhibitory effect of nitrate
on formic hydrogenlyase formation by E. coli (35), and will be dis-
cussed in more detail later, The well kmnown inhibition by glucose of
the formation of many enzymes concerned with bacterial amino acid
metabolism may be partly due to & competition by glucose and the

products of its metabolism for enzyme precursors (7).

The experiments on interactions between enzyme=-forming
systems support the view that in the cell each enzyme is itself a
metabolite whose existence depends upon the relative ease with whioh
the systems forming various enzymes compete for the enzyme presursors,
Further support is givean this view by the e_xperiments carried out by
Spiegelman and his collaborators on the loss of adaptive enzymatic
activity by yeast cells in the absence of the adaptive substratee
Some stabilizing action by the substrate on the adaptive enzyme has
besn proposed (30, 36) to explain the mechanism of action of the sub=
strate, Spisgelman argued that if the loss of enzymatic activity was
due to an instability of the enzyme under competitive interaction, the
loss of activity might be prevented by conditions that wéuld prevent
interaction between enzyme-forming systems; i.e., under those conditions
that would prevent adaptive enzyme formation, It was found (37), in

agreemont with this idea, that the loss of galactozymase activity by



adapted yeast cells did not ocour anaerobically., There is no

appreciable utilization of endogenous substrates anaerobically by

the yeast cell and no energy is liberated, It has been demonstrated

(38) that a source of energy is required for adaptation to galactose or
maltose fermentation, Aerobically, or anaerobically in the presence of

a fermentable substrete other than galactose, galactozymase activity is
quickly lost. Sodium azide prevents adaptation (37, 39) as well as
assimilatory processes (4O, L41), and the incorporation of amino acids

into bacterial protein (L42), This substance also has the ability to
prevent the loss of galactozymase activity in the absence of galactose,
Arsenate and 2-l dinitrophenol, both inhibitors of adaptation (39, L3, Lk),
are able to prevent the loss of adaptive enzymatio activity in the absence
of the substrate, The stabilizing action of these inhibitors of adapta-
tion may be attributed to their ability to stop energy transfers and

thus to inhibit the interactions between various enzyme-forming systems,

In some cases, the loss of activity may be due to a simple
dilution of adapted cells during growth, This was reported for the
nitratese system of E. coli by Waimwright and Pollock (L5). It is
probable that in many instences both interactions between enzyme-forming
systoms and dilution of adapted cells operate simultaneouslys

The relation of enzymatic adaptation to the general physiological state
of the cell

In general, enzymatic adaptation is closely dependent on the

physiologioal state of the cell, Adaptation has never been observed

/7
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other than in the intact cell, There has been ome report, by Abder-
halden (L46) in 1926, of adaptation by dried yeast cells, but this
work has never been comfirmed, and Abderhalden's finding is probably
due to the adaptation of a few viable cells which remained in his

dried cell preparationg

Hegarty (L47) observed the adaptetion to several sugars by

Streﬂbooccus lactis, and was able to show that cells taken at the end

of the lag period, just befors the logaritihmic period of growth was
reached, had the highest adaptability, es measured by both the shortmness
of the lag period for adaptatioﬁ and the ability to adapt to the sub-
strate without proliferation., During the logerithmic period, the
adeptability decreased rapidly., The period‘ of the greatest adaptability

was also the period of the greatest rate of metabolism per cell,

Deley and Vandarme (L8), however, found that with the semi-
adaptive saccharase system in yeast the "adaptability" (method of
measurement not stated) was least in young cultures and reached its
highest value after the logarithmic phese, during the stationary phase

of growth,

The action of cell poisons on adaptive processes reveals the
comparative ease with which these processes may be blocked. With many
inhibitors, adaptive enzyme formstion may be completely inhibited by
concentrations which have no action on the adaptive enzyme system once

it is formed (I, 10, 39).
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Experiments with different inhibitors carried out by
Sussman (L49) showed that enzymatic adaptation could be blocked
selectively without interfering greatly with carbon and nitrogen
assimilation, According to Stanier (11) ultraviolet irradiation of
an intensity that had no effect on assimilation inhibited adaptation;
however, the orgénism and adapti¥@ system used in this experiment were
not stated, Knox (50) has shown that in coliform bacteria, the prod-
uction of tetrathionase was completely inhibited at a temperature of

11° ¢., while viability of the cells was not affecteds

The relation of enzymatic adaptation to cell proliferation and cell

viabiliEz

The sensitivity of the adaptive process is further illustrated
by the failure of those early experiments in whioh attempts were made to
differentiate betwsen adaptation and cell proliferation by carrying out
adaptation while inhibiting growth, Thus, attempts to inhibit growth by
heat (51), or by phenols (52, 53) gave complete inhibition of adaptation
as well as of growth, Yeast cells killed by alecohols or chloroform
could not adapt to galactose fermentation (54) and it is to be expected
that a great number of cell poisons that impair viabllity also inhibit

adaptation,

Later studies have shomn, however, that in some cases enzymatio
adaptation can take place in the absence of active cell division, This
fact was established finally for the galactozymase system of yeast by

Spiegelman and Lindegren (27), who showed that various earlier conflioting



reports had been due to the failure of the investigators concerned to
use pure strains of yeast, Upon survey of a number of different pure
strains, it was found that the ability to adapt without growth depended
upon the genetic sf.ability of the yeast, Thus, stable diploid cultures
could adapt without growth, while unstable haploid cultures could "adept"
only through mutation followed by growth, i.e., through natural selec-

tion.

Several other oases of adaptive enzyme formation in the absence
of growth are known, These include the maltozymase system of yeast (31),

the tetrathionase of B, Parathphosum B, (55), or of the Coliform organism

#1433 (56), the farmic hydrogenlyase of E. coli (57) and the system in

this organism which oxidizes sorbitol (58), as well as others,

Adaptgtion without cell proliferation can best be demonstrated
when no.ziitrogen source is required for adaptation, This may ocour in
yeasts, and , less frequently, in bacteria, The adaptation of Pseudomonas
species to the oxidation of various aromatic substrates mey take place
without sources of nitrogen (59). Ome or two cases of adaptation in the
absence of a nitrogen source in E, coli have been reported (L4, 60),
though most strains of this organism require a source of nitrogen for
adaptation, In those instences in which a source of nitrogen is neces=-
sary for adaptation, the adaptation may teke place in so short a time
that no cell proliferation can occur. It has been pointed out by Dubos
(éé) , however, that though enzymatic adaptation may occur without an

increase in cell numbers, this does not meen that it oceurs without an



inerease in cell substance, Most cells, when transferred to a new
msdium show some enlargement, even without actual division, Their

motabolism increaseg, and new protein is being synthesized,

Up to a few years ago, it was justifiable to believe that
only those cells which had the ability to divide could adapt, whether
or not division actually took place during adaptation. Recently,
however, evidence has appeared which indicates that a distinction
may be drawn between the viability of a cell and its ability to
adapt. Stephenson and Yudkin (5L) measured the total number and the
number of viable cells in a population of yeast cells adapting to
galactose fermentation, and the effects of ultraviolet irradiation on
adaptability and viability, They coneluded that it was probably not
the viable cells alone which were capable of adaptation, Spiegelman
et al, (61) in 1951, observed the effeots of X-rays on yeast cells and
found it possible to decrease the viability by 99.9% without decreasing
the adaptability to galactose or maltose, It was also found that
treatment with ultraviolet irradiation and nitrogen mustards caused a
greater loss of viability than of adaptablility., Billen and Lichstein

(62) found that suspensions of E. ooli treated with Xerays could

synthesize formic hydrogenlyase at a rate greater than was to be expected
from the number of viable cells present, Even considering these results,
the relationship between the ability of the cell to reproduce and its
ability to form adaptive enzymes remains a close one. The nature of

this relationship, indeed, is one of the most interesting problems in

the study of enzymatlic adaptation,
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Direct evidence that enzymatic adaptation involves the synthesis of
enzymes

More and more direct evidence has been accumulated to show that
the increase in enzymic activity observed in adaptation is due to the
formation of enzymatic material, The point is not immediately obvious,
In many ocases of adaptation what is aotually observed is a time lag
before the appearance of enzymatic activity or before the attaimment
of maximal activity, This may well be explainable otherwise than

through postulating enzyme synthesis. Thus, the lag may be caused:

1, By limited permeability of the o0ell wall, so that a certain time
is required for building up large emough concentratiens of the
substrate for maximal enzymetioc activity,

2, By the time necessary for the formation or the increase of verious

intermediastes and co-factors within the cell.

Fortunately, both these possibilities have been oleared away
in those adaptive enzyme systems to which the most study has been given,
but they should always be kept in mind in studying any new adaptive

enzyme system,

In some cases, it can easily be shown that the adaptive
substrate enters the cell immediately, Galactozymase formation is the

formation of the enzymes necessary for the fermentation of galactose,

but it has been demonstrated that yeast cells, not previously in contact

with galactose may possess the ability to oxidize this substrate
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without eny time lag (63, 6L). The formie hydrogenlyase system of
E, coli, which splits formic acid into.hydrogen and carbon dioxide,
is striotly adaptive, but this organism oxidizes formic acid at a

steady rate without adaptation.

Evidence ageinst limited permeability being the ocause of
adaptive phenomena has also been obtained through demonstrations of the
activity of the adaptive enzyme in cell=free extracts of adapted cells
or in adapted cells whose membranes have been made fresly permeable by
drying or by treatment with such agents as toluene or acetone, Examples
of such evidence will be considered shortly. If a toluene-treated pre-
paration of cells grown in the presence of an adaptive substrate may
attack this substrate without a lag, while a similer preparation of
cells grown in the absence of the adaptive substrate do not attack
this substrate at all, it may be taken as clear evidence that the lag
before utilization of the substrate by the unadapted intact cell is not

due to permeability factors,

The possibility that the cell wall prevents the substrate
from reaching the enzyme may also be avoided when organisms are
used in which the enzyme is produced extracellularly, The early
studies on adaptation with various molds have already been mentioned.
Spiegelman (10) has pointed out the advantage offered by such
organisms for the study of enzyme synthesis and suggested that their

future use might prove to be of value., The appearance of the
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enzymes outside of the cell involves, however, not only the active
synthesis but also the active secretion of enzymes: and the occur-

rence of the latter process might complicate the study of the former,

Exclusion of the second possibility, that of the building
up of co-faotors and intermediates rather than the formation of new
enzymes may be best done through expsriments with cell-free extracts
in which separation is made between the enzymatic and the non-
enzymatic portions of the extract, The first such attempt was made
by von Euler and Jansson (53), working with the yeast galactozymase
system, in 1927, They concluded that the adaptation observed was apo-
enzymatic in nature, but the activities obtalned in their preparations
were 8o low as to cast doubts upon their comnclusionse Spiegelman and
his collaborators _(65), in 1947, with similar experiments, confirmed
the conclusions of von Euler and Jansson, It was found that though
co-factors were necessary for the fermentation of galactose, these
woere to be found in the boiled extracts of unsdapted as well as
adapted yeast cells, whereas the apo-enzymatic portion of the system

which fermented galactose was found only in adapted cells,

Besides this example, there exist: a number of other experi-
monts which show that adaptation does involve the synthesis of an
enzyme not present in unedapted cells, Few of the adaptive enzymes

have been even partially purified, but few bacterial enzymes of any



kind heve been purified to more than a small degree., It is of
interest, therefore, to list some of those cases where the activity
of the adapted enzyme has been demonstrated in extracts, dried cells,
tolusne-treated cells, etc., as well as those where the enzyme has

been to some extent isolated from other enzymes and from co-factors,

In Karstrdm's (5, 29) experiments with bacterial adaptation
to the utilization of various carbohydrates, he was able to confirm
the enzymatic activity of the intact cell by demonstrations of the
same activities in toluene-treated organiams, Doudoroff et al. (66)
demonstrated the enzyme, sucrose phosphorylase, in dry cell prepara-

tion of Pseudomonas saccharophila growa on sucrose,

Spiegelmen's work on the purification of the galactozymase
system has already been mentioned. Recently (67), he and his collabor=
ators extracted, separated, and partly purified by ammonium sulfate
fractionation, two enzymes from yeast cells grown in the presence of
maltose, Each of these enzymes attacked the o =-glucoside linkage,
though one would attack mﬁltose and & =phenyl-glucoside, and the other
only o -methyl=glucoside, The enzymes, hexokinase and sucrose phosw
phorylase, have been demonstrated im dry cell preparations of adapted

Pseudomonss putrefaciens (68, 69), and amylomaltase in dry cell prepara=

tions of adapted E. coli (70, 71, 72).

Stanier and his collaborators found a correlation between the

activity of cells of Pseudomonas flourescens grown on various aromatic
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substrates and the activity toward the same substrates of these cell
dried (73, 74, 75)e A soluble enzyme was extracted from creatine-grown

cells of Pseudomonas eisenbergii (76) which oxidized creatine %o

sarcosine., Cohn and Monod (77) have described the extraction and partial
purification of the enzyme, (3 -galactosidase, from cells of E. coli
mutabile adapted to the hydrolysis of lectose, Quite recently, the
enzyme system, formic hydrogenlyase, was found in dried, adapted

cells of E, coli (78) and extracted from fresh adapted cells (79).
Similarly, a toluene-water extract of yeast cells grown on o -methyl

glucoside was found ocapable of splitting this glucoside (80).

This evidence indicates that in enzymatic adaptation enzyme
synthesis is truly involved, Ideally, the amount of enzyme formed
should be measured in extracts of cells rathsr than in intact cells,

In many cases, the amount of enzyme actually present can be measured
only in extracts, as destruction of the cell wall may reveal a much
greater enzymatic activity than is found in the intact cell (81).
Becauee of the experimental difficulties involved, however, few measure-
ments of adaptive enzyme formation in extractShave been made and most of
the informetion we possess on enzymatio adaptation has been derived from

expsriments on intact cells,

The mechanism of enzyme synthesis in enzymatic adaptation:

Genetic aspesots

The genetic basis of enzymatic adaptation has been worked out

most carefully for yeasts by the Lindegrens, Splegelman, and their col-

26.



leborators (Reviewed in 1), 1In the life oycle of yeasts, asci which
contains spores bearing the haploid number of chromosomes may be
formed, By micro-dissection of the asci, separation and separate
ocultivation of the spores as haploid strains, and recombination of

the strains, the above workers were able to elucidate the relation

of the genes to enzyme formation, It was found for several adaptive
enzymes that not the enzyme itself but the ability to produce the
enzyme in response to & specific substrate was inherited., Heredity
was determined in some cases by a pair of factors, of which the

ability to adapt was the dominant, Thus, these species of yeast were
oharacterized biochemically, not by a specific enzymatic constitution,
but rather by the potentiality to form e defined range of enzymes under
different growth conditions, Owing to the limited state of knowledge of
bacterial genetios, the hereditary basis of enzymatic adaptation in
bacteria has not been made as clear as in yeasts, It has been shown
in a few cases, however, that bacterial mutations may involve the
aoquisition of the ability to produce & new adaptive enzyme, This has
been demonstrated by Monod and Audureau (83) for the mutebile mutation
in E, coli, Klein and Doudoroff (69) showsed that such a phenomenon was

involved in the mutation of Pseudomonas pubrefaciens to utilize glucose,

Lederberg (84, 85) has investigated the genetic basis of adaptation to
metabolize sugars by E, coli, through studies of genetic recombination
in this organism. He has shown that, as in yeasts, the power to adapt

to the fermentation of a sugar is genetically dominant,

217.
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The role of the substrate

Some experimental work and more speculation have been devoted
to understanding the part played by the substrate in inducing adaptive
enzyme formation, More than one i:haory has been put forward., The
relationship on which most of Hinshelwood's (9) considerations have

been based is the autosynthetic equation,
catalyst ¢ substrate —>» more caetalyst ¢ produects,

Though this equation holds for the building of orystals, for such
reactions as the dissociation of caloium carbonate at a calcium oxide
interface and for the growth of entire cells in a culture, it is dife
ficult to see how it applies to individual enzymes. It does not appear
likely for example thet the products of the decomposition of hydrogen
peroxide or of formic acid could be used to build up either catalase

or formio dehydrogenase (8)e

It was the opinion of Dubos (6), following experiments with
the organism whish hydrolyses the oapsular polysaccharide of Type III
Pneumococcus, that the formation of the enzyme depends on the utiliza-
tion of the adaptive substrate; Speigelman et al. (86) showed, however,
that maltozymase could be formed in yeast under conditions in which
maltose was not utilized. The experiment$of Momod et al. (87) to be
discussed, also showed that adaptation could take place without utiliza=-

tion of the adaptive substrates



As the methods for detecting very smsll amounts of enzymatio
activity improved, it became apperent that in many cases adaptation did
not involve the appearance of a new enzymatic activity but the inoreased
activity of some enzyme already present in small amounts. Yudkin (36),
as well as Quastel (30) postulated that the substrate acted through
combining with the enzyme and stabilizing it, If the enzyme in the
absence of its substrate were continually being built up and broken
down, the stabilizing influence of the substrate would permit the amount

of enzyme to increase,

Spiegelman (31), examining this hypothetical meohanism, derived
the type of time-activity curve which would be expected from it, He
found that this scheme led to a formula which wes not experimentally
verifiled. Spiegelxﬁan then advanced & hypothesis that the enzyme was
stabilized by the substrate and had, in addition, the ability to
duplioate itself, From this postulate, a time-activity relationship
was derived which was found to hold experimentally for several adaptive
systems, the galactozymase, maltozymase, and mellibiozymase systems of
yeast and the formic hydrogenlyase system of E, coli, In all these

systems, enzymatic adaptation takes place without growth.

An interesting phenomenon, whioch may be considered an example
of adaptetion, was observed by Ephrussi and Slonimisky (88). They noted
that if bakers!' yeast were grown anaerobically, it lost the ability to
oxidize glucose, and certein changes took place in its cytochrome system,

Synthesis of the normal aerobic cytochrome compoments, including cyto-

29.
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chroms oxidase, could be demonstrated in the presence of oxygen,
without cell proliferation, In this case, the response of an enzyme,
oytochrome oxldase, teo 1ts specific substrate, oxygen, was involved,
Of several other hydrogen acceptors tried, nome could replace oxygen
in inducing the formation of the aerobic oytochrome system., A study
of the time=activity curve of this phenomenon revealed a kinetie
situvation whioch followed the scheme of Yudkin and Quastel rather than

that of Spiegelman,

A type of analysis other than the purely kinetic has been
used by Monod and his collaborators (87), in examining the role of the
substrate in adaptation, A number of different substances were tested
for: (1) their ability to induce the formation of (& -galactosidase of
E. coli, (2) their ability to be hydrolysed by (3 ~galactosidase, and
(3) their affinity for e -galactosidase as measured by their power as
competitive inhibitors of its action., It was found that substances
heving the inductive power were not necessarily substrates of the enzyme,
(eege, molibiose), and the the inductivity of a substance was in general
independent of its affinity for the enzyme. In this case, then, it was
unlikely that the inductor was acting through the stabilization of an

6LZYmMe DI'ecCursor.

The view of Monod et al. was that the inductor of enzyme forma-
tion direots enzyme synthesis through combination with some enzyme pre=
cursor, or with the enzyme itself, The experiments on @-gala.ctosidase

showed it to be very unlikely that the inductor of adaptation combined
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in this case with the enzyme itself, but gave no indication of the

exact site of action of the inductor,

Finally, there are several knmown examples of enzyme forma=-
tion in the absence of the enzyme's substrate, A continual inorease
in the total amount of galactozymase in adapted yeast oulture growing
rapidly in the absence of galactose was observed by Spiegelmen and

Reiner (89). Pollock (90) found that if cells of Bacillus cereus were

exposed to a low concentration of penieillin, washed, and placed in a
buffered glucose medium, penicillinase production would take place at
a much greater rate than in cells unexposed to penieillin, Wainwright
(91) found that cells of E. coli could show considerable nitratase
activity if growm in a medium rich in emino acids, even if nitrate were

absent,

From these examples, it may be seen that the function of the
substrates in inducing adaptive enzyme formation is still far from
being understood and remains one of the most importent unsolved

problems in this field,

Nitrogen sources for enzymatic adaptation - The nature of the protein
precursor of the adaptive enzyme

"Enzyme synthesis", in the sense in which it has been
discussed, has not been taken to mean the building up of the enzyme
from individual amino acids, but rather the transformation of a

protein precursor into an active enzyms, or, as experiments on inter=-
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action between enzyme-forming systems have shown, the tramsformation
of one active enzyme into anothers The chemical nsture of these
transformations is, of ocourse, of the greatest interest, but at present

may only be guessed at.

Experiments carried out recently have indicated that the
changes taking place in protein precursors in adaptive enzyme formation
may not be drastic and may somstimes involve the rearrangement of
oortain groups within the molecule, The experiments of Ephrussi and
Slonimsky (88) or adaptive changes in the oytochrome system of yeast
ere illustrations of this point, Here, the transformation of oyto=-
chromes &, and bl to cytoohromes a, b, and ¢ may come about through the
shifting of heme groups from one large molecule to another, with a
consequent change in spectra and properties, It is true that the\
cytochromes are electron ocarriers rathsr than enzymes, but the
process envisaged here would bear a close resemblance to enzyme trans-

formation,

Extremely interesting observetions on the protein changes in
adaptive enzyme formation have been made by Cohn and Monod (93) and
Cohn and Torriani (94). An anti-galactosidase serum was prepared by
injecting rabbits with the purified enzyme, (& ~galactosidase, taken

from lactose-grown E, coli mutabile, This anti-serum precipitated

completely the (3 -gelactosidase from E. coli mutabile as well as

from several other micro-orgenisms., The precipitated enzyme still
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retained all its activity, Unadapted cells contained no (3 -gelact-
osidase activity, but extracts of unedepted cells contained an antigen
which precipitated with the p-ga.lactosidase anti-serum, Stud.ies were
carried out in which the adaptive (active) and the non-adaptive (imactive)
antigens were measured simultaneously. It was found that only the
inactive antigen was present in non-adapted cells, that both the active
and inactive antigens were present in the adapted cells, and that in

the adapted cells the amount of inmctive antigen hed decreased., It was
concluded that in this case adaptation involved the formation of an active
entyme from a chemically similar but ineotive precursor, Considering the
difficulty of purifying ensymes, however, the proof of chemical similarity

of the precursor to the active enzyme seems subject to considerable doubt,

In recent years, a good deal of attention has been paid to the
sources of nitrogen utilized in adaptation and in other enzyme and protein
syntheses, It has long been known that in many cases a source of nitrogen
is essential for adaptation, and that even when not absolutely necessary,
as in galactozymase formation in yeast, an exogenous supply of nitrogen
stimulates adaptation (34)e Karastrom (5) found that in the formation of
the enzymes formenting xylose by A. aerogemes an exogenous source of
nitrogen, either es ammonium sulfate or as yoast extract, was necessary,
Stephenson and Stickland (57) found that in non-prolifersting suspensions
of E, coli formic hydrogenlyase formation took place only if a tryptic
broth were added to the suspension, The problem of the nitrogen supply
necessary for formic hydrogenlyase production will be dealt with later

at greater length,



Rosenberg (58) found that celle of E. coli adapted to the
oxidation of sorbitol only in the presence of certain amino acids which
could be metabolized, such as alanine, aspartic, or glutamic acids,
Serine, which could be metabolized, did not stimulate adaptation.
Nitratase formation by a coliform bacteria was stimulated by a casein
hydrolysate or by an amino~-acid mixture, The formation of nitratase,
even in the absence of the adaptive substrate, nitrate, could teke
place in this organism ."Ln the presence of a mixture of amino acids or

of a casein hydrolysate (91),

Deley and Vendemme (L8) observed the effects of various
sources of nitrogen upon the semi-adaptive formation of saccharase
in brewers' yeast. This enzyme was formed to a certain extent in the
absence of any extérnal source of nitrogen. It was found that if
ammonium sulfate were supplied as the source of nitrogen, its disap=-
pearance could be demonstrated during the formation of the en,yme,
Aspartic acid and alanine stimulated adaptation only as much as did
ammonium sulfate, Glutamic a_cid had no stimulating action, and
asparagine stimulated the adab’cion much more strongly than did
aﬁmonium sulfate, It is of interest to note here that Melchior, et al.
(42) found that asperagine stimulated protein formation in E. coli, as

measured by the incorporation of lebeled amino acids in the cell protein,

Friedman (95) found that the marine organism, Achromobacter

fischerl )could adapt to the utilization of fructose as a oarbon source

34,
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for growth, only if any one of a large number of amino acids were
added to the medium. Especially effective were histidine, glutamic
acid, and arginine, which could initiate growth in concentrations as

low as 0,01 mge per 10 ml, of medium,

Deley and Vandamme (48) assumed that the stimulation of
adaptation by the various sources of nitrogen was due to the latter's
incorporation into the new enzyms, While studies on the effeot of
nitrogen sources on enzymatic adaptation will be of the greatest
interest if this assumption is true, this important point will omly
be decided after extensive experiments in which the effect of
nitrogenous compounds on adaptation, the assimilation of these
nitrogenous compounds, and the degree of their incorporation into the

adaptive enzyme are all measured,

The experiments of Hokin (96) on the formation of amylase by
pancreas slices should be noted here., He has found that the addition
of amino acids stimulatedthe production of this enzyme, but the smounts
of amino acid nitrogen disappearing were far too smasll to account for the
amount of amylese formed in terms of total synthesis from amino acids,
It would not appear justified, then, to ascribe the stimulatory action
of nitrogen sources on adaptation solely to an incorporation of these

sources into the adaptive enzyme without further experimental evidence,

Although detailed studied of the sources of nitrogen involved

in adaptation are just beginning, it is probable that such studies will
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yield much valuable information for the understanding of the adaptive
process, The major part of the work to be reported here was devoted to
studying in detail the nitrogen sources essential for the synthesis of
formie hydrogenlyase by resting cell suspensions of B. coli. These
studies led to an investigation of the energy souroes required for
formic hydrogenlyase synthesis. Earlier work dealt with the formation of
the galectozymase and maltozymase systems of yeast. The experiments
carried out on yeast were almost purely descriptive., Some of the
nitrogen sources involved in galactozymase formation were explored, In
addition, the actions of various inhibitors of maltozymase formation
wore studied, The work on yeast will be presented first, and following
this, a more detailed consideration given to the experiments carried out

on formic hydrogenlyase formation,



CHAPTER 11

THE GALACTOZYMASE SYSTEM



Ao INTRODUCTION

The adaptive formation of the galactozymase system by yeast
has already been considered in detail in the Gemeral Introduction. No
further description of this process, therefore, need be given heres
In recent years, the memner in which galactose is fermented by adapted
yeast has been studied (97, 98). This fermentation apparently takes
place in the following steps:

l, Galactose ¢ ATP e galactose=l-phosphate

galactokinase
Mgt? + oysteine

2. Galactose~l-phosphate —m0——> glucose=l-phosphate
gelactowaldenase
uridine=-disphosphate«~glucose

3¢ Gluwose-l-phosphate fermented by the glycolytic system.

Galactozymase formation, then, involves the formation of at
least two apo-enzymes, As the experiments of Spiegelman et &l have shown
(65), the co-enzyme frection of the complex is present in the unadapted

as well as in the adapted yeast cell,

Experiments with a number of different strains of yeast

have shown that the ability to adapt to galactose fermentation may vary
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widely from strain to strain (27,31). Ko galactozymase activity was
present originally in the two brands of commercial yeasts which were
readily available -~ Lallemand*s Yeast and Fleischmanhs Yeast. Adapte
ation to galactose fermentation took place slowly; maximum activity
was reached only after two days. Means were devised for incubating the

yeast with the adaptive substrate during this peried of time.
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Be EXPERIMENTAL METHODS

Preparation of & standard ourve for the measurement of yeast concentr-
ations

1t was necessary for these and later experiments to measure
the amount of yeast present in suspensions., A standard curve for
turbidimetric measurements was constructed in the following manner:
A 2% (wet weight) suspension of Fleisohmamhs Yeast in 0.067 M (M/15)
Na.HzPO,4 was diluted with 0,067 ¥ Na.HE,PO,4 to give a series of suspensions
renging from 0.0L4% to 1.0%. The optical densities of these were read
on a Fisher Photoelectrometer at a wave-length of 525 B e Three
5.0 ml. portions of the 2% suspension were centrifuged, each washed
three times with distilled water, and dried to constant weight at
105-110°%to determine the dry weight of yeast per ml. for each opticel
densitys The standard curve thus obtained is shown in Figure I. A
similar ourve set up at a different time for Lallemand's yeast did not

differ significantly from this one.

Methodsof inducing galactosymase formation in yeaste

Fleischmanhs bakers' yeast was used in all experiments on
galactozymase formation, after preliminary studies had shown this brand

to be to a smell extent more readily adaptable than Lallemsnd's yeast.
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Yoast cakes were stored in the refrigerator and used within two days

of the date received, 1.0 gm., (wet weight) of the yeast cake was
washed two or three times with LO ml, of sterile 0.067_]5 NaHoPO}, and
suspended in 100 ml, of 0,067M NaHyPO) containing L0 gm. of commercial

galactose and other substances, to be described,

All incubations were carried out in a room used for soil
perfusion experiments and kept constsntly at a temperature of 2L0C,
Two methods were used for aerobic incubation of yeast suspensions,
At first, a number of expesriments were performed in which the yeast
suspension was asrated by being circulated through the soil perfusion
apparatus of Audus (99), the .soil, of course, being omitted from its
usual place in the apparatus, Unless the circulation were sufficiently
rapid, the yeast cells settled in the bottom of the U-tube of the
apparatus, and in any case, some cells settled within the lower stopper

of the oylinders

In the succeeding experiments of this series a simpler means
of incubation was useds The yeast suspension was placed within &
gas-washing bottle and kept stirred and aerated by having bubbles of

air drawn through it,

While incubating the suspension in one of these ways, samples
were taken at various intervals of time, the yeast cells ocentrifuged
and washed twice with 0.067_1;_4 NaH2P0 o The size of the samples taksn

varied from 2,0 to 5,0 ml,, depending upon the activity thought present '
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in the yeast cells. After washing, the cells were suspended in
2.0 ml. 0.067 M NeHpPO),, a part of this suspension was diluted suit-
ably for optical density readings and another part used for the measure-

ment of galactosymase activity,.

Sterile precautions

All sclutions and apparatus used in these experiments were
sterilized by autoclaving; semples were withdrewn using sterilized
pipettes. The packaged yeast which was used, however, was almost
certainly conteminated to some extent by bacteria or spores. During
several of the experiments, samples of the yeast suspensior were fixed
and stained with methylene blue for miocroscopic examination. No bacteria
were seen in any such preparations. No odor of bacterial putrefaction

was noted in any of the experiments.

Measurement of galactozymase activity

0.5 Ml. of the yeast suspension to be tested was pipetted into
each of two vessels, one of which contained 0.5 ml. of 20% gurified
galactose in the side arm. 0,067 MHaHPO) was added to the main vessel
to a final volume of 3.0 ml. In the center well were place a few drops
of water and a small piece of yellow phosphorus to remove all oxygen
from the gas in the vessels The vessels were gassed with 93% N2-7% COp
for 15 minutes and equilibrated until a constant manometriec reading
showed that all contaminating oxygen had been absorbed. The gassing

and subsequent operations were carried out in a bath at 27°C. The

x Bar cent concentrations indicate gmse of solute per 100 mles of solutione
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substrate was tipped in, and the evolution of carbon dioxide followed
for sixty minutes. In the absence of a substrate, no significant
evolution of carbon dioxide was ever observed. Galactozymase activity
is expressed as Q-COQ, the /ul. 002 evolved from galactose, per hour,

per mg. dry weight of yeast.

Reagents: Purification of commercial galactese

The galactose used (Brickman's) was, like other commercial
preparations of galactose, contaminated wifh small amounts of glucose,
Unedapted yeast cells evolved an amount of cerbon dioxide from this
galactose indicating a I contentr of a fermentable carbohydrate, pre=-
sumably glucose. The purification of galactose was carried out by a

modifioation of the method of Stephenson and Yudkin (5L):

100 gm. of bekers' yeast were washed in 800 mls of distilled
water and ocentrifuged. This process was performed four times. The
washed yeast was then suspended in 100 ml. of 20% galactose, made up to
230 ml., left for 10 minutes and centrifuged. Each 100 ml. of the super=-
natant fluid was treated with 50 gme of fresh yeast, washed as before,
and the process exactly repeatede The final supernatant fluid was
heatea to boiling and filtered. The filtrate was concentrated down
in vacue, the final syrup teken up in hot 70% ethanol and recrystallized
twice from 70% ethanole

No carbon dioxide was evolved from this purified galactose by

unadapted yeaste Because large quantities of galactose were required
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as adaptive substrates in the incubation experiments, and because any
glucose present would be quickly destroyed in such experiments, unpurified
galactose was used for the inocubations, and purified galactose only for

the measurement of galactozymase activity.

Qther reagents

Sodium=l-glutamate and 1(4) cysteine hydrochloride were used in
these experiments. These, as well as the other reagents used, were
dissolved in 0,067 .4 NaHQPOh and the pH of the resulting solution adjusted

to L5, unless otherwise stated.



C. EXPERIMENTAL RESULTS

- The effects of ammonium phosphate, sodium glutamate, and uridine on
galactozymase fermatinn

The results of several preliminary and exploratory experiments
are recorded in Table I. These experiments were ocarried out both in
the soil perfusion apparatus and in gas-washing bottles. The effects
of adding two different sources of nitrogen, ammonium phosphate and
sodium glutamate, are shown. The action of uridine on galactozymase
formation was tested because of the importance of uridine=-diphosphate-

glucose as a co-factor in galactose fermentation.

The following general conclusions may be drawn from these

experiments:

l¢ Ammonium ion exhibited as shown earlier (3L), a definite stime
ulating action on galactozymase formation in yeast.

2+ Sodium glutamate caused a stronger stimulation of adaptation than
ammonium ion, in the concentrations used.

3+ Uridine had no effect on adaptation.

L No marked difference was noted when the buffer used was changed from

NaH,P0), to KHoPO,.



IABIE I

The effects of ammonia, glutamate, and uridine on growth and galactozymmse formation in yeast,

Galactozymase activity: Degree of growth:
(Q=C0p) ng. dry wt,/ml,
initial mg, dry wt,/ml,.
Inoubation medium; Incubation medium:
Galaotose + v : Galactose +
Time NHj, + 4+ NH
Experie~ in glute gl&t- uri= + glut- glut= urie
ment Hours  w-~- NE)! amate amate dine ==~ NHj, amate amate “dine
1. 1/2 0 1,00 1,00
' Te3 137 1.62 1.l
u9 3,0 9.7 2,03 1.88
100 1.5 Tk 2,50 2.3L
2. 112 o 0 1,00 1,00
4.0 11,9 0.99 1,50
68 Le3 12,3 0,94 1492
90 346 2.7 0.85 1,99
140 2,0 1.9 0.87 2.08
3 2/3 0 - 1,00 1,00
17 1/2 11.3 9.6 0.97 1,15
L2 25.6 1247 147 1.27
93 3.7 008 2021 -
L. 20 3. 5.5 1.27 1,03
5 w 1.8 1,76 1,81

Means of incubation: Experiments l-3, soil-perfusion apparatus, Experiment l;, gas~washing bottle,
Other conditions and methods of measurement a.s given in the text,

Concentrations: 1% (wet weight) yeast, L% galactose, 0.1% NH), 0,01% uridine, 0,17% sodium
glutamate, All solutions and suspensions in O. 06):} M NaH2PO), in Experiments l=34
Experiment |, carried out in 0,067 M KHoPO).

Experiment 3 was carried out with the same lot of yeast used in Experiment 2, after two days' additional

storage,

/g




Considering the errors inherent in measuring growth in the
soil-perfusion apparastus, it is difficult to drew conclusions con-
cerning the growth which took place during these experiments. Of most
interest is the observation that in two out of three experiments in
this table, as well as in experiments to be reported later, growth
apparently took place in the absence of any external source of nitrogen.
This seems to indicate that some nitrogenous reserves were possessed

by the yeast cells.

Experiments with other adaptive systems have also shown that
glutamate is a readily available source of nitrogen fer adaptive enzyme
formation (95, 100). (See pages 35 and 99)

The effect of cysteine on galactozymase formation

The results given in Figure II illustrate the effect of
cysteine on adaptation. Included in this figure are curves showing the
offeets of ammonia and sodium glutamate combined. Some stimulation
of galactozymase formation was given by cysteine. In the presence of
cysteine, the adaptive enzyme system was stabilized; in the course of
this experiment the galactozymase activity of the yeast in the medium
containing the eysteine did not fall off as it did in the two other

media usede.

Following this experiment, the effects of two concentrations

of cysteine on growth and adaptation were determined. These results are

w7
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FIGURE 1I

The effects of glutamate, ammonia, and cysteine on galactozymase for-
mation.

I. Galactose
II. Galactose %+ glutamate + ammonia
ITI. Galactose ¢+ cysteine

Incubetion carried out in gas- washing bottles

Concentrations: 1% (wet weight) yeast, L% galactose, 1% sodium-glutamate,

0.5% NH%H PQ%, 0.12% cysteine hydrochloride. All solutions
and suspefisions in 0.067 M NaH,PO). Initial pH: L.5 in I,
5,0 in II and III,

Other conditions and methods of measurement as described in text,
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reported in Table II., Cell proliferation was inhibited by cysteine 5
although both concentrations of oysteine stimulated adaptation, the
stimulation was less with the higher concentration. This suggested
that cysteine had an inhibitory action on adaptation as well as a
stimulatory action, and that at the higher concentration of cysteine
the inhibitory action became dominant, |

The effect of oysteine and dithioglycerol on the less of galactozymase
activity in the absence of galactose

It was thought possible that some of the stabilizing actien
of cysteine on galactozymase formation might be connected with an ability
to prevent theloss of galactozymase activity of adapted cells in the
absence of galactose. This supposition was tested, using cysteine and
another sulfhydryl compound, dithieglycerol (British anti-Lewisite).

A supply of adapted cells was obtained by incubating 2 gme. (wet weight)
of yeast in 200 ml. of a L% solution of galactose in 0.067 M NaH,PO) o
0.17% sodium glutsmate was added as a nitrogen source to stimulo.te’
adeptations At the end of 50 hours'! incubation, the yeast cells had a
gelactozymase activity (Q—Coe) of 1144+ The washed cells were

divided into three equal portions and suspended in the following

solutions:

2. 50 ml. 0.1% cysteine HC1 in 0,067 ¥ NaH,PO)
3. 50 ml. 0.1% dithioglycerol in 0.067 M NeH,PO) |



TABLE II

The effects of different concentrations of cysteine on growth and galactozymase formation in yeast.

Galactozymase activity: Degree of growth:
’ (Q-Coe) mg. dry wte/mle
initial mg. dry wt./ml.
Incubation medium: Incubation medivms
Time Galactose ¢ Gelactose ¢ Galactose ¢+ Galactose ¢
in 0.1% oyst~ 0.5% oyst- 0.1% cyst- 0.5% ocyst-
Hours Galactose eine HC1 eine HC1 Galactose eine HC1 eine HC1
o 0 0 0 1,00 1.00 1,00
L7 1/2 2.5 5.1 3.2 1.83 1.23 1.19
73 2.6 10.3 78 1.87 1.18 1.22
97 1.3 11.7 6.y 2.0k 1.32 1.28
167 1/2 1.2 10.7 o2 2430 1.2 1.1
229 3. 8.6 2.5 2.83% 2.18 1.85

Means of incubation: Gas-washing bottles - other conditions and methods of measurement as given in
the text,

Concentrations: 1% (wet weight) yeast, L% galactose, oysteine HC1 as shown. All solutions and
suspensions in 0.067 M NeH,POj. Initial pH of all solutione, Le5




These suspensions were incubated in gas~-washing bottles for
93 hours, and samples drawn from each at intervals for measurement of
the galactozymase activity. The results of this experiment are given
in Table IIY. From these results it may be seen that both cysteine
and dithioglycerel had a slight stabilizing action on the adapfive

enzyme system in the absence of its substrate.

Under the conditions of incubation employed here, any
inhibitor of respiration might be expected to inhibit both the formation
and the destruction of the galactozymase system. Quastel and Wheatley
have shown (101) that eysteine shifts the aerebic utilization of gluocose
and fructese by bakers' yeast from an oxidative to a fermentative path.
The oxidation of glycerol by bakers' yeast was little affected by
oysteine. Thus, cysteine did not act as a general inhiblitor of
respiratory processes. It is not yet known 1f its effects on gal-
actosymase formation and destruction may be related to its effects on

sugar metabolism,

Other workers have also noted an inhibitory effect by cysteine
on the grewth of bakers' yeast (102). The results obtained here are
too fragmentary to justify any extended considerations on the relation

between ecysteine's effect on adeptation and on growth.

Because of the long periods of time necessary for adaptatien
and the low levels of galactozymase aetivity attained with the avail-

able preparations of bakers' yeast, other adaptive systems were sought



TABLE III1

The effects of eysteine and dithioglycerol on the loss of galactozymase activity by adapted cells
suspended in the absence of galactose.

Time out of

Galactozymase activity (Q-002) of cells suspended in:

gl;ﬁ::} NaH,PO), gﬁ%ﬁ?ﬁ: g:zhiogl;cerol
0 1.4 11.L 11.L

20 1/2 1.8 7.1 7.8

W 1/2 2.3 3.7 5e2

% 1/2 1.8 240 0.0

Conditions: As given in the text.

v
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in which adaptation would take place in a short time, without con=-
current cell proliferation. Such a system, the maltozymase system

of bakers! yeast, will be next considered.

Summary and conclusions

The action of various sources of nitrogen on galactozymase
formation in a slowly-adapting strain of bakers' yeast has been
examined. Some galactozymase was formed in the presence of galactose,
even when no exogenous source of nitrogen was present. The additien
of a nitrogen source, however, raised the level of enzyme synthesis,

As shown already (3h), the presence of ammonia stimulated galactozymase
formation. A greater stimulation was given by the presence of sodium

glutamate,

Cysteine inhibited cell growth, stimulated galactozymase
formation, and stabilized the galactozymase system once it was formed.
Increasing the concentration of cysteine lowered the stimulation of
edaptation given by this amino acid. This suggested that cysteine
had an inhibitory eas well as a stimulatory effect on adaptation. It
was found that both eysteine and dithioglycerol (British anti-Lewisite)
prevented in some degree the loss of galactoszymase activity by adapted

cells suspended in a medium lacking galactose.




CHAPIER III

THE MALTOZYMASE SYSTEM




A. INTRODUCTION

The details of the mechanism ef fermemtation of maltose and
other disaccharides are not so well defined as are those of the fermenta-
tion of galactose, The evidenoce for the adeptive formation of the
maltozymsse system can best be considered after a brief discussiom has
been given of the present views of the enzymatic constitution of this
system, There 1is still some uncertainty regarding the enzymes that
ferment maltose, and this uncerteinty is reflected in the evidenoce

showing that maltose fermentation is an adaptive process,

Two possible mechanisms of maltose fermentation (as well as
of the fermentation of other disaccharides) have been considered in
the paste According to the first, the so~called Indirect Theory,
proposed by Fischer (103), disaccharides are first split to their
component sugars, and these sugars are then fermented., According to
the second, the so-called Direet'Thaory, first put forward by Will=
statter and his collaborators (104, 105) and later supported by
ILeibowitz and Hestrin (106, 107), the disaocharide is first attacked,

‘not by a hydrolytic cleavage, but in soms other way,

Experimental Evidenoce for the Indirect and Direct Theories

Fischer (103) noted that yeast cells able to ferment maltose,

S,




sucrose, and lactose possessed maltases, suorases, and lactases, which
could be demonstrated in cell autolysates, It seems certain end has been
accepted by proponents of the Direct Theory (106)Itha.t if yeast cells have
the power to hydrolyse a disaccharide to two fermentable sugars, some of
the disaccharide will be fermented in this way, even if some is attacked by

another method,

Willstatter and his cellaborators noted that the activity of
disaccharases in yeast extraots, prepared by several different methods,
was always too low to account for the rate of diucoharide fermentation
by Fiseherts proposed msechanism, In addition, it was seen that lactose~
fermenting yeasts fermented lactose more repidly than the component

sugars, glucose and galactose, separately or together (104, 105).

Leibowitz and Hestrin (106) realized that if it were possible
to inhibit the disaccharase activity of an organism without inhibiting
the fermentatien of the disaccharide, this would constitute proof
against the Indirect Theory. To measure the maltase activity of an
intact yeast cell was difficult, however, because any glucose formed
would be immedietely fermented, 'l‘hése workers used the fermantation
of o -methyl-glucoside as a means of measuring maltase activity. It
was unlikely that o -methyl-glucoside would be fermented without being
first hydrolysed. It was known that this substance was fermented by
intact yeast cells which contained maltase; the o( -glucosidase pre~
parations of yeast available at the time of these experiments hydrolysed

both maltose and o -methyl-glucoside, Leibowitz and Hestrin foumd that
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they were able to inhibit the fermentation of o -methyl~-glucoside

without inhibiting maltose fermentation, At low temperatures and

acid pH values the fermentation of ¢ -methyl-glucoside was completely
inhibited while maltose was still strengly fermented. Meltose was fermented
by the intact cell at pH values at which maltese in cell-free extracts was
found inactive, The substrate concentration-activity curves for maltose

and o -methyl-glucoside fermentation showed a much greater difference

than was to be expected if both substances were being fermented by the

same mechanism,

The Dirsct Theory is supported by the recent demonstirations of
non-hydrolytic mechanisms of disaccharide breakdown in bacteria., Thus,
the adaptive enzymes, sucrose phosphorylase, found im Pseudomonas

sacharophila Doudoroff and in Leuconostoo mesenteroids (66, 108),

catalyses the reaction:

Sucrose ¢ H;Poh_‘_———‘_. Glucose-1-phosphate ¢ Fruotose,

and the adaptive enzyme, amylomaltase, found in E. coli mutabile (71),
catalyses the reasction, |

n maltose —=n glucose ¢ (glucose)n, whereby maltose is
transformed into free glucose and a polysaccharide of four to six
glucose units, Similer polymerization reactions are knmown to occur with

suerose in Leuconostoo megenteroides end in Bacillus subtilis (109).

Such mechanisms have not yet been demonstrated, however, for maltose

fermentation in yeast,
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In addition, the evidence for the Direot Theory is opem te
serious oriticism. Gottschalk has pointed out the danger involved inm
drawing conclusions from extracts concerning mechenisms operating im
the intact cell, and has suggested that the differential effects of
temperature and pH on the fermentation of maltose and o -methyl-glucoside

might be explained by the limited permeability of the yeast cell (110),

One of the major premises of leibowitz and Hestrin was the
identity of the enzymes splitting maltose and «-methyl-glucoside,
Recent experimental work has shown that there may be not ome but
several « -glucosidases in yeast., The separation by Spiegelman et al,
(67) of the two adaptive o« ~glucosidases, ome of which splits maltose
and o ~phenyl-glucose, the other only o -msthyl-glucoside has already
been mentioned (See palge 25). Hestrin and Lindegren found (80), in a

Saccharomyces species, an o -glucosidase which attacked o -methyl-

glucoside but no other < -glucosides, including maltose, It is clear
that maltase and < ~methyl glucosidese are not in all cases identical
and that no theory may be based upon the assumption that they are. A%
present, then, the manner by which yeast ferments maltose is still

uncertaing

Evidence that maltozymase formation is an adaptive process

Seversl workers (111, 112, 113) have observed a lag period
before the onset of maltose fermentation by yeast, Yeast cells incubated

in the presence of maltose and subsequently washed were seen to increase
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in maltozymase activity; a plot of this activity againat time of

incubation yielded a sigmoid curve, (38).

As already mentioned, adaptively formed « =glucosidases
were extracted from yeast cells grown in the presence of maltose (67)
Thug, direct evidence exists that yeast can form adaptive enzymes in
the presence of maltose, but the foregoing discussion shows that it
is not certain that the lag peried before maltose fermentatien by

yeast is taken up with the formation of these specific adaptive

enzymes,

It has been noted that the presence of oxygen or the addition
of glucose reduced the lag period before the fermentation of maltose and
galactose by yeast., When first observed, these facts were explained in
terme of the activation of a pre-existing enzyme system (113, 11k).
Spiegelman, Reiner, and Cohnberg (38) argued that oxygen and glucose
act, not by aotivating enzyme systems already present but by supplying
energy for the synthesis of new enzyme systems., They pointed out that
glucose or oxygen had little effect in shorteming the lag unless the

adaptive substrate were slso present,

A description of the competition between the formation of the
gelactozymase and the maltozymase systems has already been given
(p’age /4 )e The addition of ammonium sulphate greatly increased the

level of enzyme astivity and reduced the time necessary for the formatiom
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of both these systems, In the presence of ammonium sulphate, the
addition of galactose (and the comsequent formation of galactozyiase)
had 1ittle effect on maltozymase formation, though in the absence of

an external source of nitrogen, galectose strongly inhibited maltozymese

formation (3L)s

By its behavior, then, it appears likely that the fermentatiom
of meltose is an adaptive process, but the evidence for this is mnot se
conclusive as for the galaotc;zymle system, Considering the important
theoretical derivetions which have been made from the assumption that the
maltozymase system is adaptive, further experimental work to decide this

point seems warranted,
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B, EXPERIMENTAL METHODS

Most of the experiments reported below were ecarried out in
the Warburg menometric apparatus, Except where otherwise stated, the
suspension of yeast cams into contact with the maltose solution after
the vessel had been gassed with 93% Np - 7% 002 and equilibrated, All
experiments were carried out at 27°C, at a pH of L5 in 0.067M NaH2PO),e
The yeast used was normally washed twice with cold 0,067M NaHpPO), before
being made up to a 2% or L% (wet weight) suspension., A few of the
experiments were carried out aerobically, in a menner to be desoribed ,
and the maltozymase activity meesured after the cells had been removed

from the media in which adaptation had taken place,

The majority of the experimental results obteined are
expressed in tabular form, In most experiments there was, strictly
speaking, no lag period, A small ges evolution was observed immediestely,
or within the first five or ten minutes of contact of ysast cells with
maltose, A meximum rate of gas evolution was only reached after 120 or
more minutes of contact (See Fig, III), Other results are described in
terms of the time at which a steady (and maximal) rate of gas evolution
was reached, and the final activity, expressed as Q-COp, defined as
before, The interval between "zero-time“', the time from whieh menometric
readings were taken, and the time a steady rate was reached will be

designated Lag Tg; lag T} represents the time that an evolution of gas
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was first observed. In these experiments, Lag T = 0. "Zero time" was
usually the time of first contact between yeast and maltose; in some
experiments, yeast and maltose were in contact before zero time, In

all ocases, the meaning of the term will be made clear,

Reagents ¢

Three commercial brands of meltose - B.D.H., Pfanstiehl, C.P.,
and Merck Purified Maltose ~ were used in these experiments, All these
brands gave virtually the same results in comparable experiments, To
test for the presence of glucose, one brand, Merck Purified Maltose,
was incubated with ysast at pH 7.2, At this pH, glucose was fermented
strongly by this yeast, but no gas was evolved from maltose, This

showed that the maltose was free of contaminating glucose,

Neutral solutions of sugé.rs were used. Many reagents were
dissolved in 0,067 M NaH2PQ) , and the pH of the resulting solutions
adjusted to L.5. Unless otherwise indicated, other solutions were
adjusted to pH Li.5 befors use, Hexose-diphosphate was supplied as the
di-barium salt, This was dissolved in M/6 HCl, the barium precipitated
by addition of a stachiometric amount of NepSQ), the BaSQ), removed by

contrifugation, and the supernatant neutralizeds
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C. EXPERIMENTAL RESULTS

Properties of Lallemand's and FleisohmanAs yoast with regard to maltese
Fermentation -

Preliminary experiments showed that fresh Fleischmanhs yoast
possessed the ability to ferment maltose from the start at a nearly
maximum rate, The oonditions under which this yeast had been cultivated
were not known exactly, but it was thought possible that the maltose=
formsnting power was adaptive and would be lost upon incubating the
yéust for a time in the absence of any substrate., To test this, air
was bubbled through a 2%(wet weight) suspension of Fleisohmannt's yeast
held at room temperature, Samples of this aerated suspension were taken
at 17 and 67 hours, and the fermentation of glucose and maltos§ by these
eells followed. The results, given in Figure III, show that aeration in
the absence of any substrate produced a profound change in the fermenta=
tion of maltose, but had a much smaller effect on the fermentation of
glucose, A Lag To of approximately 120 minutes was seen in the maltose
fermentation by the cells aerated for 67 hours. For glucose, though the
rate of fermentation had been slightly lowered, there was no increase in
the lag period, Included in Figure III is a ourve showing the fermenta-
tion of maltose by a fresh lot of Lallemand's yeast, Here, there was an
evident lag period of 110 minutes Wefore the maximal carbom dioxide output

was reached, Because fresh Lallemand's yeast was unadapted to maltose
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Maltose and glucose fermenbtation by Lallemandts and Flsischmann's
yeast: The effect ¢ seratina in the sbsence of r substrsis,

Fleischmarr's yeast:

Z. N2ltose fermentatirn wy fre~ veast

II. Maltose fermentation after 17 hours! eseration.
III. Maltose fermentation aftsr &7 hourst aeration.
IV. 7lucose fermentation by fresh yeast.

V. Glucose fermentation after &7 hours! asration.

Lallemandts veast:
VI, Maltose fermentation by fresh yeast.
In main vessels: Yeast in 2,7-3.0 ml, 0,067 @_Naﬂzpoh. he9 mg.
(dry weight) yeast/vesssl in I, IV and VI; 18.2 mg.
/vessel in II; 23 mg./vessel in III and V.

In side arms: 0.3 ml. 20% maltose or glucose, tipped in at zero
time, after gassing and equilibration.

o}
Temps: 27 Co Gas: Ny = CO, Final Volure: 3.0 ml, in I and IV,
2+3 mlL ir others,



b~

fermentation, it was used in the succeeding experiments,

Aerobie adaptation to maltose fermentation

The imcresse in maltozymese activity upon aerobie incubation
of yeast in the presence of maltose is illustrated in Figure IV. For
this inocubation, four 25 ml, Erlenmeyer flasks were set up, each
containing,

540 ml, L.0% (wet weight) yeast in 0,067M FaHpPO),

3.0 mls 0,067M NaHoPO),

2,0 ml, 50% Maltose

Gas above liquid phase; Aire
The flasks were shaken at a temperature of 27°C, A 3,0 ml, sample was
taken immediately after addition of the maltose to the yeast, and other
3.0 ml, samples were taken at intsrwsls throughout the experiment, up to
275 minutes after the first contact between yeast and maltoses The
samples taken were centrifuged, the yeast washed twice by centrifugation
in cold 0,067M NaHpPO), and the volume of the suspension made up finally
to 3,0 ml. in 0,067TM NaHoPO),. 1.0 ml. samples were taken for assay, and
0s5 ml, diluted for turbidity measurements, Moasurements of activity
wore carried out im Warburg veasels in which were placed the washed
yeast suspension,0.067M NaHpPO), to give a final total volume of 3.0 ml.,
and in the side arm, 0,8 ml. of 50% maltose., After gassing and equilibrae-
tion, the oonbenfl of the side arm were tipped in, and the earbon dioxide
output followed for 20 minutes, for a determination of the maltozymase
activity, The amount of yeast present at different times, expressed as

mg, dry weight/ml, is given under Figure IV.
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FIGURE IV

Aerobic adaptation to maltose fermentation.

Time (minutes) Yeast Concentration
(mge/ml,)

0 57

35 5.9

95 640

155 5¢6
215 642
275 7 6.2

Conditions as described in text.



The time-sctivity ourve in Figure IV has the sigmoid shape
characteristic of several other adaptive ourves and found previously
for maltozymase as well, From the measurements of the amount of yeast
present at different times, it is seen that no growth took place up to
155 minutes, by which time the maximal activity had been reached; and

little if any growth took place in the next 120 minutes,

The concentration-activity relationship for maltose fermsntation

After fixing on Lallemandts yeast, the relation of substrate
conoentration to the fermentative activity of this yeast was investigated,
to establish the proper councentration of maltose to be used in future
experiments, The variation of the final rate of carbon dioxide prodwotion
with changes in substrate concentration is shown. in Figure Vo The period,
Lag To, for each concentration of maltosé is gi&n below the figure, The
lag varied 1little im this experiment from the smallest to the greatest
meltose concentration used. The maximal activity was reached at the
surprisingly high maltose concentration of 13 1/3%. It is not possible
to say from this experiment alome if the variation in activity was due
to a variation in the amount of adaptive enzyme formed, a variation in
activity of the adaptively formed enzyme, or a combinatiom of boths Further
experiments ware not carried out to deocide this point., The concentration

of 13 1/3% of maltose was used in most subsequent experiments,

bé.
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FOIUAL MALTOZYHASE ACTIVITY (Q—coz)

FIGURE V

The effect of maltose concentration on maltose fermentation by una-
dapted yeaste

Percent Maltosse. Lag Tg, Minutes
2/3 140
1/ o
2] 0
Z Tio
13-1/3% 140
16-2/2 130

Final maltozymase activity as shown.

Conditions: Main Vessels - Maltose in 0.067 M

NaH,PO) to give final concentration shown,

0.067 s NaHaPOh to a final volume of
390 ml.

Side Arms - 0e5 mle 4% (wet weight) yeast in 0.067 M
. NaHQPOh, tipped in at zero times after
gassing and equilibration.

Other conditions as in Figure III.

67.



The effect of various oco-factors on the formation and activity of the
maltozymase system

It was of considerable interest to know to what extent, if at
all, the lag period observed before the maximum rate of maltose fermenta~
tion by unadapted yeast ocould be accounted for as the time necessary for
building up of co=factors essential for fermentation, It is a common
experience, for example, that inv the fermentation of gluoo'se by yeast,
there is a short lag period which disappears if hexose-di-phosphate is
added to the medium, The experiments of Spiegelmen et al, (65) on the
importance of co-factors in galactozymase formation and activity have
already been mentioned (See page 24#)e. Such studies, however, have not
yet been made on the maltozymase system, In the work to be reported,
the effects of possible co=factors, both known and unknown, on maltose

fermentation by intaot yeast cells, were observed.

In Table IV are presented the results of two experiments in
which maltoss fermsntation was carried out in the presence of different
concentrations of hexose diphosphate and sodium pyruvate, In these
experiments, the yeast was in contact with the maltose prior to the
addition of thse sodium pyruvate or hexose diphosphate, and some
adaptation must have taken place by the time of this addition., It is
seen from the results in Table IV that while both hexose diphosphate
and sodium pyruvete had a stimulating effect on carbon dioxide evolution,
neither shortened the lag period, The lag period, then, did not

represent, oven partially, the time necessary for the yeast cell to build




TABLE IV

The effect of sodium pyruvate and hexose diphosphate
(FDP) on maltose fermentation by yeast

Experi- Lag To
ment  System Minute? Final Q-COp

1. Maltose 120 105
0.002 M HDP - 0
Maltose ¢+ 0,002 M HDP 120 127

24 Maltose 1)4.0 ).).3
0,013 M HDP - 0
Maltose 4 0.002 M HDP 140 k6
Maltose + 0,013 M HDP 140 52
0.013 M Pyruvate ¥ -
Maltose ¢ 0.002 M Pyruvate 140 Lh
Maltose + 0,013 E Pyruvate 140 67

X A total of &4 /¢ 1,C0p was evolved from the pyruvate presentes

In main vessels:

In side arms:

0.5 ml, 4% (wet weight) yeast in 0,067 M NaHoPO), 0.067M
NaH2PO), to make 3.0 ml, total volume., MNaltose: Experiment
1, 1,5 ml, 20% maltose in NaHpPO},; Experiment 2, 0.8 ml.
50% maltose,

Experiment 1, 0,02 M HDP to give final concentrations as
shown; Experiment Z, 0.0L M HDP and Sodium Pyruvate to
give final concentrations as shown,

Yoast and maltose were in ocontact 10 minutes before gassing and equilibra-
tion, The contents of the side arm were tipped in at zero time, after
gassing and equilibration,

Temp., 3 27°C.

Gas N2 - COo
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up these substances. It is not possible to determine from this experiment
alone whether these substances stimulated maltozymase formation or the

activity of the maltozymase formed,

It was thought that if the increase in activity with time,
observed in maltose fermentation, were due to the formetion of some
non~enzymatic co-factor(s), it should be possible to extract this
faotor(s) from yeast cells which had become adapted to maltose fermenta-
tion, and by edding it to cells not previously in contaoct with mal tose,
to reduce or eliminate the time lag for.maltose fermentation, An experi~
ment was accordingly devised to test this possibility, 20 mg. (wet weight)
of yeast cells were adapted to maltose fermentation by 315 minutes
anaerobic contact with a buffered maltose solution, These cells were<
washed once with cold 0.06?& NaHoPO},, centrifuged, suspended in 2,5 ml,
Ho0 and heated in & boiling water bath for 10 minutes. The cells were
agein centrifuged eand the supernatant tekene A similar extract was made
from 20 mg, of unadapted yeast cells, The results in Table V show the
effects on maltose fermentation of these extracts. It is seen that,
while the extract of adapted yeast did strongly stimulate carbon dioxide
production, it had little greater stimulatory effect than the extract
from unadapted yeast, WNelther extract caused a shortening of the lag
period, This experiment indicates that maltozymase formation does not
involve the formation of a non-enzymatic co-factor, The results, however,
are not conclusive, The experiment was carried out with intact cells, If
adaptation in this case did involve the formation of an essential co-factor,

suoch & co-factor might have been unable to penetrate the cell wall,
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TABIE V

The effect of hot water extracts of yeast cells,
adapted and wnadapted to maltose fermentation, on
the fermentation of maltose by unadapted yeast

Experi=- Lag, Tp
ment System Minutes’ Final Q-CO2
1, Maltose 1L0 53
Meltose ¢ 1,5 ml, extract from
fresh yeast 160 169
Maltose ¢ 1,5 ml, extract from
adapted yeast 160 182
2. 1,5 ml. extract from fresh yesst 0
1,5 ml, extract from adepted yeast 0
{wet wt.)

In main vessels: 0,5 ml, L;%Jyeast in O 0671( NaHoPOj,, 1.0 ml. 20% maltose
in Q.067M NaHpPQ )# Extracts and supernatents as given
o

above; see text for preparation, 0.,067M N Q%Pol![ to a
total volume of 3,0 ml, Yeast and maltcdSe n contact

20 minutes befors zero time,
Tempe: 27°C. Gass Np - COp

”

It is impossible to say whether the stimulation of final rate
was due to an action on the maltozymease system itself or on its formation.
Probably, however, both actions were involved, A stimulation of glucose
fermentation by yeast extracts has already been reported (115). In
addition, the nitrogenous materisl contained in the yeaest extract would

be expected to stimulate maltozymase formation (34)e.

The evidence obtained in these experiments indicates that the
lag period in maltose fermentation by unadeapted cells is not the time
necessary for the building up of essential co-factors for maltose
fermentation, This point mey be finally settled, however, only by
exp.eriments utilizing cell-free preparations of the enzyme systems

involved,
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Inhibitors of maltozymase formation; Sulfhydryl compounds

In view of the influence of sulfhydryl compounds on galactozymase
formation and disappearance, it was of interest to learn whether sueh
compounds would have any effect on maltozymase formation., Results of
experiments showlng the effects of cysteine on aerobic and anserobic
maltozymase formation are presented in Figure VI and Table VI, As the
results in Table VI show, 0.0067M oysteine decreased the final rate of
maltose fermentation by unadapted yeast cells, but had no effect on
the fermentation of maltose by adapted cells, The effects observed
when concentrations of oysteine higher than 0,0067M were added to
umadapted cells were probebly also effects on maltozymase formation,
This is not certain, however, as sxperiments were not carried out te
detérmim the action of these higher oysteine concentrations on maltose

fermentation by adapted yeast cellse

Sodium thioglycollate caused a slight inhibition of aerobie
and ansaerobic maltozymase formation, The results of experiments showing
these effects are given in Table VII, Even in the presence of 0.1 M
thioglycollate, the inhiﬁition of final rate of maltose fermentation by
unadepted yeast cells was only 29%. That -this represented an inhibition
of adaptation was shown by the fact that this concentration of sodium
thioglycollate had no effect on maltose fermentation by adapted ysast

cells (Experiment 3),




100=

MALTOZYMASE ACTIVITY (q-coz)

WINUTES

FIGURE VI
The inhibition by cysteine of aerobic maltozymase formation,

Io hltose
II. Maltose ¢ 0.0067 M oysteine

Conditions as in experiment illustrated in Figure IV.l-oysteine-~HC1
dissolved in 0,067 M NaH2POh added to give final concentration show.
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TABLE VI

The effect of different concentrations of cysteine
on maltozymase formation

Experi- , : Lag To,
ment System Minutes Final Q~CO2
1, Maltose 320 22
Maltose + 0,00067 M cysteine 320 25
Meltose # 0,0067 M cysteine 320 16
Maltose 4 0.0134 ¥ cysteine 320 17
Maltose ¢ 0,027 M oysteins 320 11
Maltose + 0.038 M oysteine 320 10
//ol COo evolved in
100 minutes
2, Maltose 880
Meltose + 0.0067 M cysteine 980

In main vessels: Experiment 1, unadapted yeast, 20 mg, (wet weight) per
vessel, Experiment 2, yeast adapted by 250 minutes
aerobic exposure to maltose (conditions as in experiment
rédresented in Curve I, Figure VI), 20 mg. (wet weight)
per vessel, -

Cysteins HC1 in 0,067M NaHoPO), to give final ooncentra-
tion shown, 0,067 NeH2PO, to & final volume of 3,0 ml,

Side arms;: 0.8 ml., 50% maltose, tipped in after gassing and equili-
bration, at zero time., Yellow phosphorous in center
well in Experiment le ’

Temp.: 27°C. Gas: No - COp

The effects of glutathione and sodium diethyldithiocecarbamate on
aerobic maltozymase formation were also tested, From the results presented

in Table VIII, it is seen that neither of these substances had any effect,

In comparing the results presented in Figure VI and Table VI, it
is seen that 0,0067 M cysteine hed a rather greater inhibitory effect om

serobic than on anserobic maltozymese formation. The data available on




TABLE VII1

The effect of sodium thioglycollate on maltozymase formation

Q=00, after 3 hrs.

Experi- aerobic imcubation
ment System at 29° C.
1, Maltose 50
Maltose + 0,01 M sodium thioglycollate Lo
Lag T2,
minutes Final Q=COp
2e Maltose 120 119
Maltose + 0.02 M sodium thioglycollate 120 104
Maltose + 0.1 M sodium thioglycollate 140 85

/4./1. CO2 evolved in

60 minutes
3e Maltose 196
Maltose 4 0.1 M thioglycollate 200

Experiment 1: In 125 ml, Erlenmeyer flask, 8.0 ml. 4% (wet weight) yeast
in 0,067M NaHaPO)a, L0 ml, 50% maltose, 2,0 ml, Osl M
thioglycollate, 0.067TM NaHoPO), to 20 ml, Methods of measure-
ment as described in The text,

Experiment 2; Main vessels: 0,8 ml, 50% maltose, 0,2 M sodium thioglycol=-
late in 0.067M NaH2PO), to give concentrstions shown above.
0.067M NaHpP(], to a final volume of 3,0 ml.
Side arms: 0.5 ml. L% yeast in 0.067M NaHpPO), tipped in
after gassing and equilibration at zero time,

Experiment 3: Conditions as in Experiment 2, except that 0.5 ml, 1.3% washed,

adepted yeast in 0,067M NaHgPOL,, was tipped in at gzero time,
Adapted yeast was from the "maltose" vessel of Experiment 2,

Temp.: 27°C. Ges; Np = COp




this phenomenon, however, are insufficient to warrant a prolonged dis-
cussion. The fact that cysteine and thioglycollate inhibited both
aerobic and anaerobic maltozymase formation shows that their action

cannot be attributed to an effect on a respiratory process alone,

TABLE VIII

The effects of diethyldithiocsrbamate (DDC) end
glutathione (GSH) on meltozymase formation (incuba-
tion experiment)

System Maltozymase activity (Q=COo) efter minutes
0 30 130 210
Maltose L.2 37 57 61
Meltose - DDC 3.8 28 61 59
Maltose - GSH 6.7 35 58 é9

Conditions: Aerobic incubation in Erlenmeyer flasks,
| 10.0 ml. 4% yeast in 0,067M NaHpPO)
4.0 ml. 50% maltose
140 ml. 0,05 M glutethione or diethyl-
dithiocarbamate in 0.067M NaHpPO),
00067! N&HaPOh to 20,0 ml.

Methods of measuremsnt as described in text.

Temp.: 27°C.

The action of atabrine and riboflavine on maltozymase formation

It is known that agents, such as sodium wzide and 2-4 dinitro-
phenol, which uncouple phosphorylation from the general metabolism of the
cell, also inhibit adaptation (39, Lly). Because atabrine is known te
uncouple phosphorylation from oxidation in kidney particles (116), experi-
nents were carried out to determine whether this substance had any effect

on maltozymase formation,




The experiments reported in Table IX show that an inhibition
of adaptation by atabrine did in fact take place., In the experiment in
which aerobic inoubation in the pressnce of atabrine was carried out for
three hours, the ysast cells were found to be stained yellow; this color
could not be removed from the cells by washing. It was possible that the
adsorbed atabrine was still inhibiting the fermentation of maltose in the
washed cells, rather than that an inhibition of adaptation had taken
place, As Experimsnt 3 of this table showed, however, atabrine did not

inhibit maltose fermentation by adapted yeast cells,

It was also found that the effect of atabrine could be partially
reversed by the structurally similar compound, riboflavine. The results
of an experiment showing this reversal are presented in Table X, Because
of the low solubility of riboflavine, solutions of much greater concentra-
tion than those given in Table X could not be used; and it was only
possible to obtain a slight reversal of the atabrine inhibition., Attempts
wore not made, therefore, to obtain a complete reversal of the action of

atabrine,

The action of < -methyl glucoside on maltozymase formation

Leibowitz and Hestria (106) obser\ved that o -methyl glucoside
inhibited the fermentation of maltose by yeast if it were added during the
lag period, but not if it were added after the meximel rate had been
reached, Although those workers were not concerned with adaptetion inm
their experiments, this finding indicated that what they had observed was

in reality an inhibition of maltozymase formation. One experiment was
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TABLE IX

The effect of atabrine on maltozymese formation

Maltozymase aotivity (Q-C02)

Experi- after 3 hours' asrobic incuba-
ment System tion at 299C,
1, Maltose 50
Maltose + 0,0116 X atabrine 25
Lag 78 Minutes Final Q-COo
24 Maltose 110 112
Maltose 4 0.0001 M atabrine 110 101
Maltose + 0,001 M atabrine 110 95
Maltose 4 0.01 M atabrine 90 61.6
/nl.cog/hr.
2 Maltose;
Fermentation of adapted yeast
Before adding 0,01 M atabrine 52l
After adding 0,01 M atabrine 517
Conditions; Experiment 1: As in lable V11, with changes as showa,
Experiment 2; Main vessels: 0,8 ml, 50% maltose

Experiments 2 and 3:-

Side arms:

BExperiment 3,

Side arms:

TO@. 3 27°C.

Main vessels;

Atabrine dihydrochloride in
0.067M Nal,PO}, to give final
concentration as shown,
NaHoPOj, to a final volume ef
300 ‘10
0.5 ml, 4% yeast (wet weight)
in 0,067M NaH,PQ), tipped in
after gassing an
at zero time,

.5 ml, 4% yeast in O, 067M
ggPO , 0,8 ml, 50% maltose,
TM KaHpPOl, to a final
volune of 340 ml,
0.6 ml, of 0,05M atabrine di-
HC1 in 0.067M H'HQPQh.
gassed and equilibrated.

Gasgs

Np - COp

equilibration,

Vessels
Contents
of side erm tipped ia after 95
minutes of contact between yeast
and maltose when & steady rate of
COo evolution had been reached.

75




TABLE X

The reversal of the atabrine inhibition of maltozymase
formetion by riboflavine

lag Tp,
System Minutes Final Q-COo
Maltose 140 56
Maltose 4+ 0,0001 M riboflavine 140 57
Maltose + 0.01 M atebrine - 160 L3
Maltose ¢ 0,01 E atabrine 40,0001 M riboflavine 160 K}

Conditions: Main vessels; 0.8 ml, 50% maltose, atabrine and riboflavine
in 0,067M NaHoP(; to give final concentra-
tions shown, O, g?g[. NeHoPOj, to a total volume
of 3.0 ml,

Side arms;: 0.5 ml. L% (wet weight) yeast in 0,067M
NaHoPO},, tipped in at zero time after gassing
and equilibration,

Tempe: 27°C, Gas: Ny - COp

carried out to confirm this observation, using a different methed of fol-
lowing maltozymase formation. A comparison was made between the malto=
zymase activity of yeast incubated with maltose end yeast incubated with
maltose plus o -methyl glucoside, The conditions of incubations were
those given in Table VII, Solid o -methyl glucoside, to give a final
concentration of 0,05 M, was dissolved in a buffered maltose msdium before
the addition of the yeast, At the end of three hours' aerobis incubation,
the yeast incubated with maltose alone had a maltozymase activity

(Q=C0p) of 50, while that inoubated with maltose ¢ of-methyl glucoside had

& Q-C02 of 35
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The effect of steroids onm maltozymase formation

In view of the growing interest in the action of hormones on
enzyme systems, the action of such substances on maltozymease formation
was investigated, The synthetic hormone, diethyl stilbestrol, has been
found to act as & hydrogen carrier for dehydrogenase systems (117). The
natural hormone, /A -4-androstenedione, stromgly inhibits the gnaercbic
oxidation of & ~glyeerophosphate by yeast powder (118), In Figure VII,
A and.B,éro shown the effects of alcoholic solutions of these steroids
on maltose fermentation by unadapted and adapted yeast cells respectively.
Although these steroids inhibited almest completely the fermentation of
maltose by unadapted yeast, they had no, or oonsiderably less, effect on
maltose fermentation of adapted yeast, Thus, comparing the finel rateyof
carbon dioxide evolution, it is seen that stilbestrol caused a 97%
inhibition of fermentation by unadapted but only a 69% inhibition of
fermentation by adapted yeast, The comparative figures for 4 -i=
endrostene-dione were 89% and L% respectively, The break in carbea
dioxide evolution in Figiare VII B, was due to the change in vapor
pressure when the alooholic solution of the steroid was tipped into the
aqueous solution in the main vessel, The great stimulation of maltose
fermentation caused by ethanol should be noted, A separate experiment
on the fermentation of & 2% glucose solution by yeast at pH L.5 showed
that there was no stimulation by the concentration of ethanol (6 1/3%)
used in these experiments. The rates of carbon dioxide evolution from
glucose were 791 /u.,l./hr. in the absence end 775/.,1./111'. in the

presence of ethanol, When the alcohol was tipped into the yeast-maltose
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A, The effect of diethyl stilbestrol and 4 -l androstenedione on mal-
tose fermentation by unadapted yeast.
I. Maltose
II. Maltose ¢ ethanol
III. Maltose + ethanol + diethyl stilbeatrol
IV. Maltose + ethanol + 4 =l androstenedione.
Conditions: Main vessels: 0.8 ml. 507 maltose, 0.2 ml, 95% ethanol or

Side arms:

0.2 ml, 1% solutions of steroids as shown,
in 95% ethanol, 0.067 M NaHEPOh to a final

volume of 3,0 ml,

0.5 ml, 4% (wet weight) yeast in 0.067
M NaHpoPO) , tipped in at gero time, after
gessing and equilibration.
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FIGURE VII (Conttd)

B. The effect of diethyl stilbestrol and J =k androstenediene on male
tose fermentation by adapted yeast,

I. Maltose + ethanol
II. Maltose + ethanol + diethyl stilbestrol
III. Maltose ¢ ethamel + 4 <=l endrostenedione,

Conditions: Main vessels: 0.8 ml, 50% maltose, 0.5 ml. L% (wet weight)
yeast in 0,067 M NaHPQ), 0,067 M NaHpPo) te
& final volume of 3,0 ml,

Side arms: 0.2 ml, 95% ethanol or 0.2 ml. 1% solutions
of steroids as shown, tipped in after gassing
and equilibration, when & final rate of COp
evolution had been reached (Arrow,)

Yeast and maltose were in contact 50 minutes before zero time indioated,

In both experiments: Temps: 27 C. Gas: Ny~COp
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solution after fermentation had taken place for some time, there was
little effect on the fermsntation. This would normally indicate that
the action of ethanol was one on maltozymase formation rather than on
maltose fermentation. It might be argued, however, that the action ef
ethanol was one on maltose fermentation and that some ethanol had
distilled into the main vessel from the side arm and had already pro-
duced & maximal amount of stimulation before the bulk of the ethanol
was tipped in. Comparison of the carbon dioxide evolutionjnvessel I,
Figure VII B with that of another vessel, prepared in the same way but
with ethanol omitted from the side arm, indicated that a small stimula-
tion of fermsntation had ocome about in this way, but that it was insuf-
ficient to account for the stimulation observed in unadapted yeast., Thus,
before tipping in the ethanol, the rate of carbon dioxide evolution was
603 A 1,/hr, for vessel I, and 5h5/;ol./%r. for a comparable period for
the vessel without ethanol in the side arm, A further indication that
the observed stimulation was one of adaptation rather than fermentation
comes from a comparison of Curves I and II of Figure VII A, If the
stimulation were merely one of fermentation, it would be expected that
the ratio, 1 COp evolved by II&ZLI-COQ evolved by I would be constant
throughout the oxperinent! while if the stimulation were one of adapta-
tion, the ratio should increase with time, The latter was found to be
the case, The ratio increased from a value of 1,39 at 20 minutes to
2,02 at 160 minutes, It is possible that some stimulation of fermentation
was involved here, but the main effect appears to have been one of

adaptation.
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The effect of steroids in aqueous solution on adaptation was

also observed,

Two methods were used in preparing saturated aqueous solu-
tions of these steroids. In the first (Experiment 1 and 3, Table
XI), 0.1 ml. of 1% stilbestrol and 0.2 mls of 1% 4 -L-androstenedicne
in 95% ethanol were added to 5 ml, HyO and the solution heated in &
boiling water bath 30 minutes to drive off the ethanol, The solutions
were cooled and filtered. In the second method (Experiment 2, Table XI),
5 mg. of each steroid was heated in 10 ml. H,0, the hét solutions
filtered, coocled, and refiltered, As on cooling of the hot filtered
solutions, a precipitate was seen to form, the filtrates were taken to

be saturated solutions of the steroids,

The results presented in Table XI show that in the mueh lower
concentrations of steroids involved here, no inhibition of adaptation
took place, Rather, a slight stimulation of adaptation was observed,
The magnitude of this effect, especially in the case of A-Li-androstenedione,
was much less than the inhibitory effect of alcoholic steroid sclutionse

The manner by whioh these steroids influenced adaptetion is still unknown,

Summary and conclusions

The fermentation of maltose by two commercial brands of bakers!?
yeast, Fleischmanht and Lallemsnd's, has been studied. Lallemand's yeast
fermented maltose at a maximal rate only after an induction period of two

hours or longer. Fleischmanis yeast fermented maltose at a maximal rate




The action of aqueous solutions of diethylstilbestrol and
4 -Li~endrostenedione on maltozymase formation

g4,

TABLE XI

Experi=- Lag T2,
ment System Minutes Final Q-CO2
1, Maltose 120 85
Maltose 4 diethylstilbestrol 120 104
Maltose + 4 -L-androstenedione 120 106
2e Maltose 100 T
Maltose ¢ diethylstilbestrol 120 100
Maltose ¢+ A ~L~endrostenedione 100 i)
1S Rate of Fermentation of Adapted
Yeast (Q-C0OR) Before Adding After Adding
Diethylstilbestrol 127 137
4 -L-endrostenedione 140 142
Conditions: Experiments 1 and 2; Main vessel: 0.8 ml. 50% maltose, 0,6 ml.

Temp.: 27°%C.,

saturated aqueous steroid solutions, 0.067! NaHgPOu to a final

volume of 3,0 ml, wet wih)
Side arms; 0.5 ml, LL%/(yeast in 0,067M NaHoPO},, tipped in after
gassing and equilibration at zero time,

Exporiment 3: Yeast and maltose in contact 170 mirutes before
tipping in steroid solutions from side arm, Concentrations as
in Experiments 1 and 2,

Yollow phosphorus in all center wells,

Gass N2 - CO2



with little or no induction periods After & period of aerobic incubae
tien in the absence of any substrate, however, Fleischmants yeast
exhibited a prolonged induction period‘in the fermentation of maltose,
Lallemandts yeast was used for the remainder of the experiments

reported in this chapter,

Sodium pyruvate and hexose di-phosphate both increased the
final rate of maltose fermentation without decreasing the lag period
before a finsl rate was reached, Hot water extracts of adapted and
unadapted yeast cells both stimulated the final rate of fermentation
to approximately the same extent, Neither shortened the lag periods
The lag period, then, probgbly did not involve the formation of either
hexose~diphosphate, sodium pyruvate or substences extractable by hot

water from adapted yeast,

It was found that both cysteine and sodium thioglycollate
inhibited maltozymase formation, The other thiol compounds tested,
glutathione and sodium diethyldithiocarbamate, were without effect,
The inhibitory effects were noted in serobic as well as anaerobie
adaptation, The action of these inhibitors, then, could not have

been solely on a respiratory process,

The previously reported (106) inhibition of maltozymass forma=

tion by ¢{-methyl-glucoside was confirmed by another method,

Atabrine, which is known to uncouple phosphorylation from

oxidation in kidney particles was found to inhibit both aerobic and

Ls"




anesrobic maltozymase formation, This inhibition was to some extent

reversible by the structurally similar compound, riboflavine,

Ethanolic solutions of diethyl stilbestrol and A4 =44=
androstenedions strongly inhibited maltozymase formation. The former
compound also inhibited maltose fermentation by adapted cells, though
to a lesser extent than it inhibited maltozymase formation, Ethyl
alcohol itself strongly stimulated maltozymase formation. In aqueous
solutions, diethylstilbestrol and A -l-androstenedione gave a slight

stimulation to maltozymase formation.
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CHAPTER IV

THE FORMIC HYDROGENLYASE SYSTEM
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A, INTRODUCTION

Historical Survey

Since a detailed historical review of the earliest work on
formic hydrogenlyase may be found in the review by Stephemson (119),
this work will be discussed only briefly here. The first demonstra=
tion of bacterial production of molecular hydrogen from formic acid
was that of Hoppe-Seyler (120) in 1876. He found that mixed cultures
of bacteria obtained from mud decomposed caloium formate with the
production of carbon dioxide and hydrogen. In 1901, Pakes and Jollyman
(121) showed that all orgenisms which produced hydrogen in the fermenta-
tion of sugars also produced hydrogen and carbon dioxide from formio
acid. The conversion of glucose to formic acid in E. coli was demon=-
strated in the sams year by Harden (122), In 1932, Stephenson and
Stickland (123) took up the study of the bacterial enzymes whieh
liberated molecular hydrogen from formic acid and other substances.
They proposed the name "hydrogenlyase™ for enzymes liberating
molecular hydrogen, to distinguish them from dehydrogenases, whioch
transfer hydrogen from a substrate to an acceptor. These workers were
the first to demonstrate the adaptive formation of formic hjdrogenlyase

(123), It was produoced by growing cultures ef E. coli only when formic
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acid or substances giving rise to formic acid were present in the

growth medium,

In studies on the decomposition of sugars by various
bacteria, aerobically in liquid oultures, it was noted that the
production 61‘ hydrogen by way of formic acid was inhibited by increased
atmospheric pressure (122, 124-126), The breakdown of formic acid was
elso inhibited by molsecular hydrogen (123). These faots suggested that
the reaction liberating hydrogen was reversible, This was verified by
Woods (127))who in 1936 showed that the reaction;

HCOOHT—Hp ¢4 COo ,
could be used by bacteria either for the breakdown or for the synthesis
of formic acid. If the evolved carbon diexide is absorbed in alkali,
the above reaction may proceed te completion, This method is used for

the manometric measurement of formic hydrogenlyase activity,

The enzyme system is produced by other bacteria of the Colon~
Aerogenes group as well as by E, coli, and is the most important if not
the only mechanism whereby molecular hydrogen may be liberated by these

bacteris. Under certain growth conditions a few strains of E. coli and

one of Ae aerogenes have been found to produce small amounts of hydrogen
from glucose but none from formate (119, 128, 129), Glucose, however,
is degraded to formate in these organisms, It has been demonstrated
recently (130) that glucose may activate formic hydrogenlyase. It
appears likely that when hydrogen evolution from glucose but not from

formate alone was observed, ths amount of formic hydrogenlyase present
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was too small to produce a measurable amount of hydrogen from formate
unless the enszymwef)were stimulated by the presemce of glucose, Thus,
there seemx to be no grounds for postulating a glucose hydrogenlyase

distinot from formic hydrogenlyase.

In the Clostridia, hydrogen may be formed from pyruvate
without passage through formate as an intermediate, (Reviewed in 131).
Some of the properties of the hydrogen=producing system in Clostridia

will be discussed later,

Usiﬁg resting cell suspensions of E, coli grown in the
presence of formate, Stephenson amd Stiokland (123) measured the effects
of changes of hydrogen-ion concentration, of various salts, and of
inhibitors on the formic hydrogenlyase system. It was found that in
intact cells this system possessed a sharp pH-activity ocurve with a
maximum activity approximately at pH 7, The enzyme system was
oxceodingly sensitive to a number of poisons, inocluding toluene,
fluoride, urethans, carbon monoxide, and ocyanide, The findings of
Waring and Werkman (132), to be discussed later, suggest strongly that
soms iron-containing component is essential to this system. This also

is suggested by the nature of some of the inhibitors of the system,

Recently, Lichstein and Boyd (78) demonstrated formic

hydrogenlyase activity in adapted cells of Aerobacter aerogenes dried
E vacuo, Gest and Gibbs (79) have prepared a cell-free extract from

adapted oells of E. coli by grinding these organisms with "Alumina A 301",
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This extract produced hydrogen and carbon dioxide from formie acid,
A similar extract has been reported by Hughes (133). The maximal
formio hydrogenlyase activity of the extract prepared by Gest and
Gibbs ocoured at pH 6.1, whereas at pH 7.1, approximately the value
for maximal activity by the intact cells, the extract was virtually

inactive (79).

It was found tha‘ghc.livalent metal-complexing agent, «- «’-
dipyridyl, inhibited the formic hydrogenlyase activity of this pre=
paration, The inhibition was partially reversed by the additiom of
Mn++, and completely reversed by the additiom of Fet*. This reversal
was oconsidered by Gest and Gibbs to indicate the importance of iron to
formie hydrogenlyase aotivity., Interpretation is difficult in this
case, however, because of the possibility that Fott relieved the
o —<(~dipyridyl inhibition simply by combining with it in solution

and removing it from its site of action on the enzyms syétem.

The question of the separate existence of the formio hydrogenlyase system

Since the discovery of the formie hydregenlyase system, the fol-
lowing question has had to be fasced:; Is this reaction due to a single
enzyme or to the combined action of two enzymes? Hydrogen could be
liverated from formic acid by a single splitting reaction, ecatalysed
by one enzyme;

HCOOE ——H, + COp )

or it oould be liberated by the combined actiom of the enzymes,



hydrogenase and formic dehydrogenase, both present in most, if not
all bacterial cells which liberate hydrogen from formic acid. Thus;

HCOOE ¢+ A \_—_—_‘002 + AHp
formic dehydrogenase

AHp —A ¢+ Hp
hydrogenase

HCOOH ©——Hp ¢+ COp
where A represents an intracellular hydrogen acceptor or system of

hydrogen carriers,

The importance of this problem was early realized and
investigated by Stephenson and Stickland (123, 134). They pointed
out that the hypothesis that two enzymes rather than one are involved
would be disproved if an organism were found possessing formioc hydrogen-
lyase activity but lacking either hydrogenase or formic dehydrogenase,
It was their further postulate, though obviously a less valid one, that
the exiastence of an organism possessing the two latter enzymes but
lacking formio hydrogenlyase would also constitute proof against the

two-enzyme theory.

A survey was made in whioh several bacterial species were
tested for the presence of the three enzymes soncerned (123), Four

strains of Bact. laotis aerogenes (Aerobacter aerogenes) lacking

hydrogenase but possessing formic hydrogenlyase were found., One strain

of Bact. dispar (Shigella dispar) was found which possessed both

hydrogenase and formio dehydrogenase but lacked formic hydrogenlyase,

q/.
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In addition, it was noted that Ee c0li grown on plain broth possessed
both hydrogenase and formioc dehydrogenase but lacked formic hydrogenlyase.
On the basis of these results, Stephenson and Stickland concluded that
formie hydrogenlyase activity was, in faoct, due to a single enzyme anrd

not to a combination of two enzymes.

This eonclusion has simce been repeatedly questioned. Ordal
and Halvorson (135), in a survey similar to that sonducted by Stephenson
and Stickland, established the presence of hydrogenase in three strains

of Aerobacter asrogenes and two strains of Aerobacter cloacae; they

found, as well, that all strains of E, 00li which produced hydrogen
from formate possessed both hydrogenase and formic dehydrogenase,
Because both hydrogenase and formic dehydrogenase ocould be present in
unadapted cells, which would not liberate hydrogen from formate, they
suggested that a third factor, essential for electron conduction between
hydrogenase and formic dehydrogenase, was necessary for formie hydrogen=-
lyase activity. In the equations given above, this factor would be

represented by A, the acceptor or acceptor system,

Waring and Werkman (132) studied the effects of iron defioienoy

in the growth medium on various enzyme systems of Aereobacter iﬁdologpnes.

They found that iron-deficient cells had markedly lower formic dehydrog=
enas@, and formie hydrogenlyase activities than normal cells, These
workérs also believed that an intermediate carrier between the hydro=-
genase and formic dehydrogenase systems was essential for formie

hydrogenlyase activity, They proposed that this electron carrier



contained functional iren. In support of this view, it was noted
that the formic hydrogenlyase system was rather more semsitive to the
effects of iron depletion than either hydrogenase or formic dehydrog-
enase., Cells grown under moderate conditions of iron deficiency were
found to have small amounts of hydrogenase and formic dehydrogenase
activities but to be completely lacking in formic hydrogenlyase

activity.

In studies on the enzyme systems of nitrogen-deficient c¢ells
of E. coli, Deley (136) found a parellelism between the activity-cellular
nitrogen content curves of formic hydrogenlyase and hydrogenase, for

different degrees of nitrogen depletion,

The striking similarities between the nitrogen sources
required for the production of hydrogenase and formie hydrogenlyase
found by Billen and Lichstein (100, 137)(described on page 97) for one
strain of E, coli also indicates that one system may be dependent upon

the other,

Detailed studies of the role of iron in the formic hydrogen=
lyase system have not yet been made, Iron is apparently of importance
in the system in Clostridia by whieh hydrogen is liberated from pyruvate
without passage through formate (131), This system is inhibited by
carbon monoxide (138) and the carbon monoxide-inhibition is reversed
by light (139). A study of the effectiveness of reversal by various
wave~lengths of light showed a steady increase of light adsorption by

the carbon monoxide ecomplex from 650 to 360 mp. In this system a

73.
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hemoprotein is apparently not involved, but comparable studies have

not yet been made on the formic hydrogenlyase system,

Hobermann and Rittenberg (140) have pointed out that the
ooﬁclusions of Stephenson and Stickland were based largely or the
absence of hydrogenase in Aerobacter aerogenes strains, as measured
by the feilure of methylene blus and nitrate to act as acceptors for
moleoular hydrogen, This test for hydrogenase activity, however, is
by no means infallible, Hobermenn and Rittenberg studied the exchange
reaction,

D2 + H0 &—=D0 ¢+ Bz,
which may be used as a measure of hydrogenase aotivity, They found

that one strain of Aerobacter aerogenes was unable to reduce methylene

blue with molecular hydrogen unless a trace of* fumarate were added as
a carrier, but still contained the hydrogenase system as measured by
the exchange reaction. Thus, the evidence based on the distribution
of enzymes, considered conclusive by Stephenson and Stiekland, would

soom at present to be highly questionable,

If the adaptive formic hydrogenlyase system is, in faet, the
result of combination of the two non-adaptive enzymes, hydrogenase and
formic dehydrogenase, then adaptation here may well involve the forma=-
tion of an intermediate electron carrier or of a sgystem for trans-
porting electrons between hydrogenase and formioc dehydrogenase., The
whole problem of the constitution of the formic hydrogenlyase system
mey be expected to be solved only through the use of active cell-free

extreots and the isolation of the component parts of the systems



Coenzymes of the formic hydrogenlyase system

Recently) more and more evidence has been accumulated to
indiocate the importance of co-factors in the formic hydrogenlysse
system. Considering the possibility that an electron carrier my-
be involved as part of this system, the nature of these co-factors

takes on added interest,

Lascelles (130) discovered that the formic hydrogenlyase
activity of adapted suspensions of E. coli fell off markedly om
storage, and that this loss was increased by dilution of the cells,
Instead of evolving hydrogen at a maximal rate from the start, the
stored cells exhibited a lag period of twenty minutes or more befere
a steady rate was reached, The activity sould be restored by the
addition of small guantities (0,001 _15) of glucose or other fermentable
sugars to the ocells at the same time thaf the formate was added, or by
preincubation of the cells with glucose before the addition of formate.
With such additions, the lag period was eliminated. Other substances
wore not found as effective as the fermentable sugars, Of the
compounds tested, adenylic acid, in the relatively high concentration

of 0,0025 M gave the strongest stimmlation.

Lichstein and Boyd (141) have recently reported experiments
with a biotineless mutant strain of E. ooli. This organism could not
grow unless either biotin or oleic acid were added to the growth medium.

Cells grown in the presence of biotin, in a medium which ordinarily

s,



stimulated formic hydrogenlyase production, were pra.otioallj lacking

in formic hydrogenlyase activity, Cells grown in the same medium,

with oleioc acid replacing bietin’ had a strong formic hydrogenlyase
activity, and the addition of oleic acid to biotin-grown cells raised
their level of formic hydrogenlyase activity almost to that of the

oleic acid-grown cellse, A similar, though not so marked effect was
noted on the formic dehydrogenase activity of these cells, Other fatty
acids (78) were found capable of stimulating the formic hydrogenlysse
activity, though none were as active as oleic acid. Aqueous extrects
of yeast and liver had an even strenger stimulating action than oleio
acid, This observation confirms that made earlier by Sevag, Henry and
Richardson (142) of the stimmlation of formic hydrogenlyase activity

by yeest extract., Only preliminery experiments have been oarried out to
determine the chemical nature of the responsible factors in yeast and
liver extracts (78). With the growth of interest in this system, it may
be expected that in the near future the exaect nature of the co-factors

involved in formic hydrogenlyase activity will be made clear,

The adaptive Pormation of formioc hydrogenlyase

Following the discovery by Stephenson and Sticklend (123) of
the adaptive nature of the formie hydrogenlyase system, Yudkin (129)
investigated in detail the factors underlying the formation of enzymes
liberating molecular hydrogen from formate, glyeerol, and glucese in

several bacterial species (_F: coli, A, aerogenes, A. cloacae,

Be freundii)e Cultures were grown under various conditions, and the

q6.



enzymatio activities of the washed cells determined, Some variation

was found in the degree to which different factors opsrated on enzyme

formmtion in these species, but the following general conclusions were

reached:

1, Aeration had an inhibitory effect on the formation of hydrogenlyase
though it did not destroy the enzyms system once it was formed,

2, Ths presence of formate or soms substance giving rise to formate was
essential to the formation of hydrogenlyases *

3+ Except in ome species, A, aerogenes, little or no hydrogenlyase was
produced by bacteria grown in a gluooﬁe-ammonia-mineral salts
medium, Some oconstituent(s) of the broth used (in this case,

tryptic digest of caseinogin) was essential to hydrogenlyase

forma.tion,

Yudkin also considered the question of whether adeptation or
natural éelection were involved in hydrogenlyase formatiomn, He found
that cells of B. freundii, subcultured several times in the presence of
formate and possessing formic hydrogenlyase activity, lost this activity
following one subculture in plain broth. He considered this evidence
that the hydrogenlyase activity had not been acquired by natural

selection,

Stephenson and Stickland (57) investigated the question of
natural selection in more detail. In experiments carried out in the
Barcroft manometric apparatus, as well as in culture flasks, it was
found that ocells of E, coli could attain a maximal amount of formic
& - In broth, a small amount of hydrogenlyase was formed in the absence

of any added formate or formate-precursor, because formic acid was
produced during amino-acid metabolism. (See page /4 /)
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hydrogenlyase aotivity in the relatively short time of one to two
hours, Careful measurements showed that during this time no increase
in cell numbers occurred., This finding, together with the observation
that sodium formate had no influence upon the growth of young cultures
of E, coli, was taken as oonclusive evidence that natural selection was

not involved in this adaptation,

Although hydrogenlyase formation could take place without
cell proliferation, it did not take place in these experiments unless
tryptiec broth as well as sodium formate were added to ths cells, FThus,
the enzyme was not synthesized unless the cells were in a medium in
which they could grow, even though growth did not necessarily take

place while the enzyme was being formed,.

A plot of formic hydrogenlyase activity against time showed

the sigmoid shape characteristios of the formation of other adaptive

enzymes (31, 57)e

A detesiled study of the nitrogen sources involved in the pro-
duction of bacterial enzymes concerned with formate and hydrogen
motabolism was recently made by Billen and Lichstein (100, 137) using
the "Texas" strain of E, coli, This organism, like most strains of
B, 00li, could be grown on a simple glucose-ammonia-mineral salts medium
(basic medium), but organisms so grown possessed neither hydrogensase nor
formic hydrogenlyase activity, If tryptone or ocasein hydrolysate were

added to the basic medium, both enzymes were produced during growth,

4
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Casein hydrolysate could be replaced by a synthetic mixture of the
seventeen amino acids in the hydrolysate., Detailed investigations

were made of the amino acids used. A mixture of seven (glutamate,
methionine, tryosine, cystine, serine, arginine, and alanine) were
found able virtually to replace the seventeen amino acids for
hydrogenase production, and a mixture of six (glutamate, methionine,
tyrosine, cystine, lysine, and valine) could do the same for formio
hydrogenlyase productiomn., Individually, both glutamate and methionine
were almost equally efficient in stimulating hydrogenase production,

and the other amino acids less so, With formie hydrogenlyase produc?
tion, only glutamate gave any appreciable stimulus when used alones

In the presence of glucose and glutamate this organism could synthesize
formic hydrogenlyase and hydrogenase without cell division taking place.
Although cells grown on the baslic medium possessed formic dehydrogenase
activity, some stimulation of formioc dehydrogenase production was given
by the addition of a casein hydrolysate. Individually, glutamate,
methionine, and tyrosine stimulated formis dehydrogenase formation, The
stimulation by glutamate could take place in non-proliferating cell

suspensions,

The papers of Billen and Lichsteinm appeared at the time the
writer was carrying out preliminary experiments using different amine
acids as nitrogen sources for formic hydrogenlyase synthesis, The main
portion of the work to be reported here deals with the effect of varioeus

sources of nitrogen on the time required for the appearance of formie
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hydrogenlyase activity as well as on the amount of activity finally
attained, Previous studies of the nitrogenous factors essential for
formic hydrogenlyase formation have been carried out with growing cells
and have been aimed at discovering the effect of these factors on the
final amount of enzyme synthesized. In growing cells, however, so many
synthetio reactions are taking place that it becomss impossible to
determine the extent to which substances added at the beginning of
growth go to make up products found at the end of growth, 1Inm the
experiments reported here, adaptation was accompanied by little or no
cell proliferation., Under such conditions it seemed that much valuable
information conoerning the funotion of nitrogemnous compounds in adaptae-
tion could be gained through a systematic study of faotors influencing

the length of time elapsing before the appearance of enzymatic activity.

Observations made during the course of these studies led to a
series of experiments on the energy sources necessary for formie hydrogen-
lyase formation, a subjeoct nét examined up to this time, Work on the
natm of the emergy sources was carried out using both synthetic and
non-synthetic sources of nitrogen for formic hydrogenlyase synthesis,

A full acoount of these experiments will be given only after a desorip=
tion of the development of a simplified nitrogen source for the

stimulation of this adaptive process,
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Be. EXPERIMENTAL METHODS

The strain of E. coli used in the experiments on formic
hydrogenlyase formetion was one isolated from human feeces. For most
experiments these bacteria were grown on agar plates of the following
composition: O0.l% yeast extract, 0.5% peptone, 0.5% NaCl, 1.5% ager,
in tap water (Nutrient ager). The following precautions were taeken to
insure the use of pure cultures of bacteria in each experiment: One
agar plate was inoculated with a single colony of bacteria. After
growth had occurred, two or more plates were thickly inoculated from

this plate, using a bent glass rod to spread the bacteria.

For some experiments, it was necessary to use bacteria possess-
ing formic hydrogenlyase activity. For this, the bacteria were grown
in glucose or formate broth. The broth used was of the same composition
s the medium described above, except that the agar was oniti:ed and 1%
glucose or sodium formate included as substrates for adaptation. Growth
took place at 37°C, in all cases. The time of growth is given with the

description of individual experiments.

The bacteriea were taken up from the agar plates in distilled
water, centrifuged, snd weshed twice with distilled water. Bacteria

grown in broth were centrifuged down and washed twice with distilled



water. The washed bacteria were suspended in distilled water and, with
the ald of a stendard ourve for the turbidimetric determination of
bacterial concentration, the suspension was diluted to contain 3.0 mg.
dry weight of bacteria per ml. This concentration of bacteria was

used in most of the experiments reported here.

The standard curve for these experiments was made up in a
mammer similar to that used for preparing a yeast standard curve. The
optical densities of dilutions of a thick suspension of bacterias in
distilled water were read in the colerimeter at 525 n/¢, , and samples
of the thick suspension dried at 105-110°C. The term, "milligram of

bacteria™ will be used to refer te dry weight.

In the majority of experiments, adaptation was followed

throughout in the Warburg apparatus. All vessels contained 0.033 M sodium

phosphate buffer, usually of pH 7.li. Sodium formate, sedium pyruvate,
or glucose were added as adaptive su‘turt:ra.‘l:es:jt The final velume in
the vessels was 3.0 mle In the side arms were placed 0.5 ml. of the
bacterial suspension. A roll of filter paper and 0.2 ml. of 20% KOH
were placed in the center well to absorb evolved carbon dioxide.
Experiments were carried out at 37.5°C 4 0.5°C. After gassing with
nitrogen and equilibrating for five to ten minutes » the bacteria were
tipped into the main vessel. In experiments with unedapted cells, no
hydregen evolution was observed for at least thirty minutes after

tipping in the bacteria.

X - Formic acid is formed from pyruvate as well as glucose by E. coli,

(92, 131)

¢ Joz,
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Measurements of the formic hydrogenlyase activity of adapted
cells were done by a similer procedure: After gassing and equilibration,
the bacteria were tipped into a buffered formate solution. In a few
cases, which will be noted, adaptation was carried out in the Warburg
vessel, and substances whose effect on formic hydrogenlyase activity
were to be tested tipped in after a steady rate of hydrogen evolution

had been reached.

Most of the experimental results obtained are expressed
‘nmnerioally, in terms of two lag periods and a final constant hydrogenlyase
aotivity (Q-Hp)e In the experiments carried out here, no hydrogen
evolution was noted for at least thirty minutes. Following the first
appearance of hydrogen, a period of from thirty to fifty minutes elapsed
before a steady rate of hydrogen evolution was reached by the bacteria.
The period of the first evolution of hydrogen is designated Leg '1'1.

The period at which a steady rate of hydrogen evolution was reached

is designated Lag Tpe Measurements of both Lag Ty and Lag T, are

usually given to the nearest ten minutes. DBecause of the experimental
errors involved in determining these quantities a more precise expression
of them is not justified. Final rates are expressed as Q-H2 s /4—1. Hy
evolved/mge dry wt./hre In those experiments where the rate fell off
through pH changes, the time of the begimning of the steepest portion

of the ecurve is given as Lag T2. In those cases where no hydrogen
evolution was observed in the time of the experiment, the Lag Tl period

is given simply as greater than the time of observation, e.g. > 180 minutes,
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and the final Q-H, is given as zero. Where some hydrogen was evolved,
but the evolution was not followed until a constant rate was reached,

Lag T, is given as the time at which the maximal rate of hydrogen

2
evolution began, and designated (M)s In such a case, the maximal

Q-H2 observed is given as the final activity,

Lag Ty shows the time of the first appearance of enzymatic
€ %1

activity, Lag T, the time at which a maximal amount of activity was

2
reached, and the final Q"Hg indicates the astual amount of enzyme
synthesized. The final Q-H2 is not, of course, a measurement of the
emount of enzyme synthesized, but a figure which may be used in
comparing the amounts synthesiged in the same experiment under
different conditions, providing that adequate controls are made of
the factors which can influence the activity of the enzyme once it

is formed.

In studies on bacterial growth, and in some studies of
adaptive enzyme formation, a different method has been employed for the
measurement of the lag period than that given here. When the logarithm
of the mumber of bacteria present at any time divided by the number original-
ly present is. plotted against time, the lag is determined by extrapolating
the steepest (the "logarithmic™) portion of the curve to the abseissa
(9, 143)s When adaptive enzyme formation is followed hanometrically
and the output or uptake of gas is plotted against time, the lag is
estimated by extrapolating the steepest portion of the eurve to the

time axis (1lL4). What is measured by such a method is a peried between the
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time of the first appearance of cell growth or enzymatic activity

and the time when a maximal rate of growth or activity is reacheds

This value of the lag period is dependent upon the final rate

attainede A few measurements of the lag period were made in this

way;' these measurements were convenient and in many cases could be

used in comparing the times necessary for enzyme formation. In Tables XII,
XXI, and XXIV, the lag as just defined is given (denoted "Lag"), together
with the periods Lag Ty and Lag Tpe In Figure X these three values |

of the lag are illustrated as well, so that & comparison may be made
between the two methods of measuremsnte. Except in these, and a few
other cases where only the "Lag" was measured, the time necessary

for enzyme formation will be expressed in terms of Lag Ty and Lag To.

Usually, when bacteria were grown ¢n glucose or formate
broth, the washed cells evolved hydrogen from formate at a steady
rate from the starte In a few cases there was a small lag period
before the maximal rate of hydrogen produotion was reachede In such
cases, the constant rate of hydrogen evolution was used in determining
Q-Hp valuese In all experimemtis with adapted cells, the interval of

time during which the constant rate was measured will be given.

Other methods used for incubating cells of E. coli with

adaptive substrates need only brief desoription, which will be given

when the results obtained by these methods are presenteds




Preparation of a synthetis amino-acid medium

Following the observation of the effect of a ecasein
hydrolysate on adaptation, (see p./a4), synthetic amino-acid media
wore made up 8o that each Warburg vessel would contain the amounts
of emino acids present in 1 ml. of & 5% solution of casein hydrolysate.
Following the example of Billen and Lichstein (100, 137), the date
of Williamson (1L45) for the amino=-acid content of casein from cow's
milk were used as a guide to the composition of such a medium. The
composition of a casein hydrolysate, the concentration of l-amino acids
in a 5% hydrolysate, and the milligrams of each amino acid conteined

in 1.0 ml. of such a hydrolysate are given below.

% in a 5% mge in 140 ml,

Amino acid % in casein hydrolysate of 5% hydrolysate
tyrosine 545 0,275 2,75
alanine 243 0.115 1.15
glycine Oy 0.02 062
proline 8el 0,405 L.05
glutamic acid 21.9 1,095 10.95
aspartic acid L.2 0.21 2.1
serine 5+0 0.25 245
cystine 0.l 0.02 0.2
o.rginine 3.9 0.195 1095
phenylalanine 5.5 0.275 2.75
leucine 1.1 0.72 742
isoleucine 5e2 0.26 2.6
histidine 2.0 0.1 1.0
lyaim 640 0.3 3.0
threonine hoé 0023 203
methionine 3l 0.155 1.55
tryptophan 1.3 0.065 , 0.65

valine 53 0.265 2.65

/06,
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In addition, norleucine and hydroxyproline, as described

the
below, were added to”synthetie mixture.

For convenient use of this medium, four amino-aeid solutions,

of the following composition, were prepared:

No. 1. L mg. glycine, L5 mg. dl-alanine, 81 mg. l=proline,
100 mg. dleserine, 92 mg. dl-threonine, L, mg. l-hydroxy proline,
in 2.0 m].. H2 [

No. 2, 230 mg. sodiumfglutamate, 62 mg. dl-methionine, in 2.0 ml. H, e

Noe 3. L7.2 mg. l=arginine HC1l, 75.2 mg. l-lysine HCl, 13 mg.
1-trypteophan, 2,8 mg. l-histidine HC1, in 2,0 ml. :

Noe Lo 10 mg. l-tyrosine, 8l mg. dl-aspartic acid, 1 mg. l~eystine,
1h); mg. l-leucine, 104 mg. dl-isoleucine, 15 mg. dl-norleucine,

110 mg. dl-phenylalanine, 106 mg. dl-valine, in 10.0 ml. E50.

O.1 mle of solutions 1, 2, and 3, and 0.5 ml. of solution L were
normally added to each Warburg vessels It should be noted that where
only the dl-emine acid was available, an amount was added which gave

the same quantity of the l-form as found in 1,0 ml. of the 5%

hydrolysate.

Except where otherwise stated, these amino-scid solutions,

as well as all other acid or alkaline solutions, were meutralized with

M NeOH or HC1, using phenol red indicator.
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Preparstion of hydrolysates of gelatin and tryptone

0.9 gm, of gelatin or becto-tryptone were refluxed in 20 ml,
of 1l:1 HCl overnights The biuret reaction was used as a test for the
completion of hydrolysis, The hydrolysed solution was svaporeted
E vacuo at 80°C, and the solid material remaining dissolved in water,
filtered and neutralized with M NaOH, The final concentration of NaCl
in the Warburg vessel, resulting from addition of the hydrolysates will

be given with each experiment described,

Determination of nitrate and nitrite

Nitrate was estimated by the phenol disulphonic acid reagent,
nitrite by the Griess - Ilosvay reagent (see reference 145a). The writer
is indebted to Mr. W. Brown of this institute for carrying out these

eatimations,

Tachniques of paper ochromatography

In the one chrometographic experiment reported here, the amino acid
mixtures were spotted on paper. The chromatograph was developed in & solvent
of the following composition:

60 ml, ethanol

20 ml, butanol

7 ml. conc, NH,OH
13 ml, HoO

After the solwent had ascended overnight, the paper was dried,
spreyed with 0,1% ninhydrin in weter-saturated butanol, re-dried and
heeted at 105-110°C for o few minutes to enable the reaction between

ninhydrin snd the amino acids to take place.




C. EXPERIMENTAL RESULTS

PART I

Introductory Experiments: The Use of Synthetic
and Non-synthetic Media as Nitrogem Sources for
Formio Hydrogenlyase Formation,

Washed suspensions of E. coli grown on nutrient agar had no
ability to produce hydrogen gas from sodium formate, If bacto-tryptone

X wore added to the formate medium, the bacteria could

or bacto~peptone
produce hydrogen from formate after a lag of 60-70 minutes, These agar=
grown cells, however, were able to oxidize formate from the start at a
maximal rate, These facts are illustrated in Figure VIII which rep-
resents experiments carried out with two separate bacterial suspensions,
No endogenous production of hydrogen was ever observed in unadapted or
adapted bacteria, nor were unadapted bacteria ever found to liberate
hydrogen from formate, tryptone, or peptone, alome, It may be seen from
Pigure VIII that the lag period elapsing before the production of
hydrogen from formate could not have been due to a low permeability of
the cell, as formate was immediately oxidized by these organisms, Both
bacto=tryptone and bacto-peptone served almost equally well to stimulate

adaptation (Table XII). As bacto-peptone was more readily available, it

% Difco Bacto~tryptone and Bacto-peptone were used throughout these

experiments,
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MINUTES

FIGURE VIII

Oxygen consumption and hydrogen evolution by unddapted bacteria in the
presence of formate,

A comparison of the ability of unadapted bacteria to oxidize snd to libe
erate hydrogen from formate.

Oxygen consumption:
I. Endogenous
II. Formate

Hydrogen evolution:

I1I. Formate
IV. Formate ¢ tryptone

Bacteria: Grown overnight on mutrient agar; l.3 mg. bacteria/vessel for
I and II, 1.5 mg./vessel for III and IV,

Concentrationss; 0.033 M phosphate buffer, pH 7.4, 0.067 M formate, 1% tryp-
tone, ~ -
In I and II, bacteria were in main vessels, H,0 or formate were tipped in

at zero time, after equilibration. In III and IV, bacteris (0,5 ml,) were
tipped in from the side arm at zero time after gassing and equilibration.

Temp.: 37° c. Gas: Air, I end II; Np, III and IV. Filter paper end KOH
in all center wells,

' da
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TABLE XII

Comparison of the formate-tryptone and formate-peptone
systems: The effects of varying concentrations of
tryptone and peptone

Experi- Lag, minutes
ment System Ty T, "Lag" Final Q-Hp
1. . FPormate $ 1% tryptone 50 120 76 8h
Formate ¢ 1% peptone 30 80 6L 50
2. Formate ¢ 0¢5% tryptone 80 120 104 50
Formate ¢ 1% tryptone 80 1,0 102 116
3e Formate ¢ 0.1% peptone 100 120 120 13
Formate ¢ 1.0% peptone - 80 52 129
Formate + 2% peptone - 70 L2 390
Bacteria: Grown overnight on nutrient agar; l.5 ms. bacteria/véssel

in experiments 1 and 2; l.l; mg./vessel in Experiment 3,
Bacteria tipped in from side arm after gassing and
equilibration, at zero time.
In main vessels: 0,033 M phosphate buffer, pH 7.).:,, 0,067 M formate,
- other Tinal coneentrations as shown.

Temp: 37°C, Gas: N Final volume: 3.0 mle

2
Filter paper and 0.2 mle. 20% KOH in center wells.




was used in most of the experiments reported here. The effects of
changes of tryptone and peptone concentrations on the stimulation
of hydrogen production from formate by umadapted bacteria are also
given in Table XIT, A small effect on the lag periods and a much
greater one on the final rate were found with'increasing concentrations

of tryptone and peptone,

Interpretation of the effects of different concentrations of
these complex materials is made difficult by the faot that such natural
materials may have a stimulatory effect on hydrogen production by
adapted cells, This was found true for yeast and liver extracts by
Lichstein and Boyd (78). Peptone was also found to stimulate hydrogen
production by adapted cells (Table XIII) end though tryptone was not

tested for this property, it almost certainly had it as well,

In Table XIV are showm the effects of changes in the initial
formate conoentration.on adeptation in the formate-peptone system. The
initial concentration of formate was lowered in this'experiment to test
the possibility that high concentrations of formate inhibitéd adaptation,
As may be seen, when the formate concentration was lowered to 1/10 that

normally used, no adaptation occurred.

Following the demonstration that bacto-tryptone was able to
stimulate formic hydrogenlyase production, experiments were performed to

determine whether the action of bacto=tryptome could be ascribed to the
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TABLE XII1

The effect of peptone on formis hydrogenlyase activity:

Experi- Per cent. stimulation
ment System Q-H2 by peptone
1, Formate, pH 7.4 88
Formate + peptons, pH 7ol 356 305
2. Formate, pH 70,4. 336
: Formate ¢ peptone, pH 7.4 510 52
Formate, pH 68 369
Formate ¢+ peptone, pH 6.8 650 76
Bacteria: Experiment 1, grown overnight 4n formate broth, 1 mg.
bacteria/vessel.
Experiment 2, grown 22 hours in glucose broth, l.5 mge
baocteris/vessel.

In main vessels: 0.033 M phosphate buffer, pH as shown. 0.067 M formate,
1% peptone. -

evolution measured from O to 30 minutes in Experiment 1, from 20 te 50
mgnutea in Experiment 2.

Other conditions as in Table XII,
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TABLE XTIV

Hydrogenlyase formation in the formate-peptone system
at different initial formete concentrations

lag, minutes
System 5] To Final Q-Hp
0,067 M Formate + peptone Ls 90 51
0.0067 M Formate + peptone >180 0
Bacteria: Grown 12 1/2 hours on nutrient agar; 1.5 mg. bacteria/

vossel,

In main vessel. 0.033 M phosphate buffer, pH 7.4, 1% peptone, formate
as shown,

Other conditions as in Table XTI,

amino acids it contained, It was found that after acid hydrolysis,
tryptone still retained some ability to stimulate adaptation., Though

the stimulating power of the hydrolysate was less than that of the
unhydrolysed tryptone, the loss of this powsr could be partiaslly ascribed
to the NaCl present in'the neutralized hydrolysate. These facts are

summarigzed in Table XV,

It was found in a separate experiment that NaCl had no effect
on formic hydrogenlyase activity. When adeptation was carried out in a
formate-tryptone medium in & Warburg vessel end NaCl to & final concentra-
tion of 0.2|¥ tipped into the adapted bacteria, the Q-H, values before and

after adding the NaCl were 88 and 9l respectively,

Next, seventeen different amino acids were tested separately

for their ability to stimulate formic hydrogenlyase formetion. In no




TABLE XV
The use of acid hydrolysates of tryptone, gelatin, and casein as nitrogen
souroces for formie hydrogenlysse formation.
Experi- Lag, minutes
ment System T, T "Lag" Final Q-H,
1, Formate + 1% tryptone 50 120 8l
Formate 4 145% tryptone hydrol=
ysate, 0,15 M in NeCl 60 140 (M) L6
Formate + 1% tryptone ¢ 0.15 M
NaCl Lo 1L0 (M) 22
Formate + 1% tryptone 4 l.5%
tryptone hydrolysate 70 140 (M) 286
24 Formate + 1% tryptone - - Th 89
Formate 4 le7% casein hydrols
ysate, 0,17 M in NaCl - - 320 16
3 Formate + 1% tryptone - - 66 98
Formate + 1.5% gelatin
hydrolysate, O.11 M in NaC1l =~ - 7255 o
Formate ¢ 1% tryptone ¢ 0,11 M
NaCl - - 90 Lo
Formate 4 1% tryptone + 1.5%
gelatin hydrolysate - - 8L 21
Le Formate + 1% peptone - - 52 129
Formate + 1% peptons # 1.5%
~ gelatin hydrolysate - - é8 31l
Bacteria: Grown overnight on nutrient agar; 1.5 mg. bacteria/vessel

in Experiments 1-3, l.} mg./vessel in Experiment L.
In mein vessel: 04033 M phosphate buffer, pH 7.L, 0.067 ¥ formate, other
final concentrations as shown.

The seme lot of gelatin hydrolysate was used in Experiments 3 and L

Other oonditions as in Table XII

714,
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case did adaptation take place (Table XVI). In addition, acid hydro-
lysates of ocasein and gelatin, containing little besides amino acids,
had practically no power to stimulate formic hydrogenlyase formation
in the presence of formate alone (Table XV), An interesting observa=
tion made at this time is also recorded in Table XV, A hydrolysate of
gelatin, which could not stimulate adeptation in the presence of
formate alone, increased the rate of hydrogen production in the
formate-tryptons system, Further experimental work was carried out

on this phenomenon, but a discussion of its significance will be
deferred till later. Comtrol experiments showed that no hydrogen was
evolved by bacteris grown on nutrient agar from gelatin or tryptone
hydrolysates alone, From the above results, it was seen that some
factor was essential, or very important, for adeptation in the presence
of formate alone, which was contained in pevptone, tryptone, and tryptone

hydrolysate but which was not an amino acid,

While this work was going on, the attention of the writer was
drewn to the experiments of Billen and Lichstein (100, 137). Experie ‘
ments to be reported, confirming and extending some of their work,
revealed that a much higher level of formic hydrogenlyase activity could
be reached by using glucose or pyruvate as a source of formate than by
using formate alone. Preliminary experiments also showed that fewer
factors were needed for formic hydrogenlyase formation in the presence
of glucose or pyruvate than in the presence of formate. For this

reason, glucose was used as & source of the adaptive substrate in most




TABLE XVI

The inability of individual amino acids to bring esbout fomio

hydrogenlyasse formation in the presence of formate

Final oonceﬁtrati on

Amino acid (Molar) Lag T, greater than
glycine 0.1 240 minutes
dl-serine Ol 2,0 minutes
l-proline 0.1 21,0 minutes
l=cysteine 0.1 210 minutes
dl-methionine (138 ] 155 minutes
dl-alanine 0.1 355 minutes
l~leucine Ol 355 minmutes
dl=-norleucine 0.05 355 minutes
l=lysine Oel 355 minutes
dlethreonine 0.1 355 minutes
1=tyrosine 0.00125 255 minutes
dl-phenylalanine 0.0l 355 minutes
dl-valine 0.1 180 minutes
dl~gspartate 0.1 2,0 minutes
l=hydroxyproline 0.1 240 minutes
l-tryptephen 0.1 140 minutes
laglutamate Ol 290 minutes
Bacteria: Grown overnight on nutrient agar; l.5 mg. bacteria/vessel.

In main vessels: 0,033 M phosphate buffer, pH 7L, 0.067 M formate, amino
acids as shown.

Other conditions as in Table XII,

//6.
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of the.experiments directed toward finding & completely synthetio
medium which would stimulate formic hydrogenlyase formation %o the

same extent as more complex materials of unknown composition, Some
experimonts were subsequently carried out in which formic hydrogenlyase
was synthesized by E. coli using a synthetic medium in the presence of
formte alone, This was made possiBle by the findings on (1) The
sources of nitrogen needed for formic hydrogenlyase synthesis in the
presence of glucose or pyruvate, and (2) The sources of energy used in .
formic hydrogenlyase synthesise This work will be reported after

Part III, in which the sources of energy required in formic hydrogen-
lyas<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>