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1.

I INTRODUGCTION

During the fifty years that have passed since the
discovery by Pfeiffer that blood was required for the culti-

vation of Hemophilus influenzae the problem of the nature and
function of the accessery growth factors has been the subject
of almost continuous study. This sustained interest has been
due in part to the supposed etiological relation of the or-
genism to epidemic influenza, and a great need has been felt
for suitable methodé of isolation and cultivation. To many,
hbwever, the biotogy of the bacterium possessed an intrinsic
interest by virtue of its peculiar relation to other bac-
teria and because of the light it promised to throw on the
fundamental biologicél processes of living forms. Today,
when it has become obvious that the organism is of but little
significance in the production of disease, this other phase
has become increasingly important and it is highly probable
that in the future Hemophilus influenzee and related bacteria
will serve as useful biochemical tools for the study of enzyme
chemistry and the chemistry of respiration, Before this can
be done, however, a more detailed knowledge of the biochemi-
vcal characteristics of these bacteria is required.

The “vitamin" or accessory growth requirement of

Hemophilus influenzae was early resolved into two components,

and, within certain limits, each of these may be studied
gseparately. The nature of both of these factors is now known

and the function of the heat-labile "V-factor® may be considered

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.

largely understood, but controversy still exists concerning
the function of the heat-stable "X-factor", protohemin, It
ig with the function of the latter factor in relation to the
process of growth that the present work is concerned. The
investigation has been confined to a single strain of Hemo-

philus influenzae, but since there 1s no evidence that pro-

tohemin serves different functions for different bacteria,
it is eXpected that the conclusions will be applicable to
other bacteria that require this factor,.

Of the several functions that have been suggested
for protohemin, some have been later eliminated. It is now
“known, for example, that protohemin is not required for its
content of inorganic iron as such, and that neither hemoglo-
bin nor protohemin is active by virtue of an ability to trans-
port oxygen. Three theories concerning the funetion of pro-
tohemin as the X-factor remain in good repute at the present
time., These suggest that protohemin is used by the cell for
the synthesis of some essential mechanism, which may be
either a catalytic respiratory system (cytochrome and cyto-
chrome oxidase), catalase, or peroxidase. The available
evidence does not permit a choice to be made from these possi-
ble functions, nor their relative importance for growth to be
evaluateds It has been observed that proportiohal augmenta-
tion of oxygen consumption occurs when protohemin is added to

cultures of Hemophilus influenzae, which shows that protohemin

does have a respiratory function, yet the faet that growth
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may be obtained under anaerobic conditions seems to indicate
that this function is not essential for growth, The evidence
for the catalase theory is not strong and consists of the
observations that compounds possessing catalase activity sup-
port the growth of bacteria requiring the X-factor, and that
in the absence of oxygen the X-factor is dispensable, No
evidence has been presented concerning the formation of a
true peroxidase, It is highly desirable, therefore, that
additional information be obtained in respect to these ques-
tions,

In the present work methods are employed whereby the
respiratory catalytic function and the catalase function may
be studied separately and the influence of each alone on
groﬁth determined, Thege methods consist of substituting
for protohemin, which may possess both functions, substances
that can proyide only one of the two functions. It was found
that substences supplying the respiratdry catalytic function

~alone did not permit growth but, on the contrary, were growth
inhibiting, and this inhibition was traced to the accumula-
tion of hydrogen peroxide formed as a result of oxygen con-
sumption., It was also shown that hydrogen peroxide was
formed in the absence of protohemin or other added catalysts

and that substances preventing its accumulation permitted
gfowth. Finally, it was demonstrated that the organism is
able to produce catalase from protohemin, From these re-
sults it was concluded that the only essential function of

protohemin for growth is the production of catalase and perhaps

of peroxidase,
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II REVIEW OF THE LITERATURE

The bacterium now known as Hemophilus influenzae

was first observed by Pfeiffer in influenzal sputum during
the grippe epidemic of 1889-1890, 1In his preliminary pub-
lication (Pfeiffer, 1892) he described the morphological
characteristics of the organism, but was unable to obtain
it in pure culture, In the same year, however, Pfeiffer
and Beck (1892) reported successful cultivation on a nu-
trient medium containing hemoglobin., Coagulated hemoglo~
bin was also found satisfactory.

At this time and for many years after it was not
clearly realized that the accessory growth requirement of the
organism was of a dual nature. Although it had been reported
by Gohn and v, Preyss (1902, 1904) and Luerssen (1904) that
hemoglobin alone was insufficient for growth, it was not
until 1917 that Davis (1917) demonstrated thattwo substances
were required, These were differentiated on the basis of
their resistance to heat. The heat~gstable factor withstood
autoclaving for 20 minutes at 20 pounds and was supplied by
protohemin as well as by hemoglobin; the other factor was
inactivated by autoclaving and occurred in other bacteris,
in fresh plant tissue, and it was later claimed by Davis
(1921 &, 1921 b) that it was present also in pure hemoglo~
bin. BSeparation of the factors was independently obtained
by Fildes (1920, 1921), who discovered the heat-stable fac-

tor in the pigmented deposit of his peptic digest blood
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medium, and the heat-labile factor in the colorless super-
natant, The terms "X-factor" and"V-factor" were proposed
by Thjgtta and Avery (Thjgtta and Avery, 1920-21; Thjdtta,
1921) to designate the heat-stable and heat-labile factors

respectively. They also showed that fresh plant tissue
could supply both factors, and were thus the first to de-
monstrate that the organism was not dependent on blood

for growth,.

The elucidation of the dual accessory growth re-

quirements of Hemophilus influenzae led to the discovery

of other bacteria with like and differing relations to the
same growth factors. Examples of all the possibilities
were found, so that the "hemophilic" bacteria may be
separated from other bacteria by the need of one or both
factors, and may be classified as follows according to

their exact requirements in this respeoct:

Group I, requiring the addition of both the X-factor and
V-factor to the culture medium, and including:

Hemophilus influenzae Pfeiffer, of which there are

several strains differentiated mainly on the
basis of indol production and the formation
of an hemolysin.

Hemophilus conjunctivitidis Koch and Weeks, which

is considered by many to be the same organism

as Hemophilus influenzae.

Hemophilus gallinarum Eliot and Lewis, placed in

this group by S8chalm and Beach (1936).
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Group II, requiring the addition of only the V-factor to the
-medium, and including:

Hemophilus hemolyticus Bergey et al.

Hemophilusg parainfluenzae Rivers.

Group III, requiring the addition of only the X-factor to
the medium, and including:

Hemophilus canis Rivers,

Hemophilus ducreyi Bergey et al, (Lwoff and Pirosky,1937),

Hemophlilus influenzae murium Kairies and Schwartgzer

(Ivenovics and Ivehovies, 1937).

Pasteurella lepiseptica Bergey et al, (Webster, 1925).

It appears that all other known bacteria require the addi-
tion of neither growth factor to the medium. This method
of classifying the %"hemophilic" bacteria was introduced by
Davis (1921 d), Fildes (1923, 1924), and Valentine and
Rivers (1927).

It is now generally conceded that the "hemophilie"
bacteria owe their accessory growth requirements to the in-
ability to synthesize these substances from the usual nu-
trient media, and that they differ from many other bacteria
in this way. This explanation was presented largely as the
result of the study of commensal growth of the "hemophilic"
bacteria,

The influence of other bacteria on the growth of

Hemophilus influenzae was noted early, Grassberger (1898)

observed the growth of this organism on ordinary nutrient
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media in the presence of either living or dead Staphylo-

coccus aureus. Meunier (1898) noted that colonies of

Hemophilus influenzae grew abundantly in the neighborhood

of colonies of other bacteria on hemoglobin-free solid
media, and he termed this phenomenon "satellitism",

These observations were confirmed by Neisser (1903), who
showed that some species of bacteria were better "nurses"
than others, and by Luerssen (1904)., It was reported
that when killed cells were used, only certain species

induced growth of Hemophilus influenzae.

It has been shown that commensal growth of Hemo-~

philus influenzae may be related to either the X-factor

or the V-factor. It was demonstrated by Davis (1921 ¢)

that the typical satellite phenomenon might be observed

on media containing an abundance of the X-factor, and thus
must be due to the production of the V-factor by the foreign
bacterial colonies. The V-factor was apparently diffusible
through agar and might exert a stimulating influence on

Hemophilus influenzae colonies at a distance of as much as

one centimeter., In media containing e sufficiency of V-
factor but no X-factor, growth of the organism may also be
induced by foreign bacteria, but in this case there is no
rformation of satellite colonies. According to Kollath
(1925 a) this is because the X-factor is not readily dif-
fueible and there need by a more intimate relation between

the cells of the two species. These results suggested that
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Hemophilus influenzae differs from other bacteria in having
a lesser synthetic ability, since it is unable to produce from
ordinary media two growth essentials that are formed from
such media by other bacteria.

The question then arose, whether those "hemophilic"
bacteria requiring the addition to the medium ofcnly one or

- the other growth factor differ from Hemophilus influenzae in

that they require only the one mechanism for growth, or in
that they are able to synthesize the factor that need not be
added, The answer was readily obtained by observing the ef-
fect of the various types of "hemophilic" bacteria on the
growth of the other types., Fildes (1924) was able to show

that Hemophilus canisg, which does not require the addition

of the V-factor, was able to support growth of Hemophilus

influenzae on media lacking this factor. In the same way

Valentine and Rivers (1927) demonstrated that Hemophilus

pareinfluenzae synthesizes the X-factor, They obtained, in

fact, true symbiotic growth of Hemophilus canis, requiring

the X-factor, and Hemophilus parainfluenzae, requiring the

V-factor, on a medium containing neither growth factor., These
resulte throw the weight of probability on the view that the
actual growth mechanisms are the same for "hemophilic® and
for other bacteria, and that the former differ from other
bacteria and among themselves only in regard to their syn-
thetic abilities. This is quite in harmony with the observa-
tion of Andre Lwoff (1936 b) that all the chemically known
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growth factors are fundamental and general constituents of
living organisms, and with the theory that the need of growth
factors is secondary, being due to a loss of synthesis and
not to the gain of new growth mechanisms. In connection

with the "hemophilic" bacteria, this view was first ex-
pressed by Knight (1936), who suggested that these organisms
are parasites that have been constantly associated with the
two growth factors preformed in the animal body, and have
consequently lost the ability of synthesizing one or both

of them from simpler substances.

Since the present work is not concerned with a study
6f the V-factor, it will suffice here simply to note its
probable nature and function, This problem has been eluci-
dated principally by Lwoff and Lwoff (1937 a). It was noted
that certain properties of the V-factor were similar to those
of cozymase, and tests showed that either cozymase or War-
burg!'s coferment was able in high dilutions tovreplace the
V-factor. These codehydrogenases are known to act as media-
tors in certain oxidation-reduction reactions, and it was

shown that Hemophilus parainfluenzae possesses some of the

specific enzymes catalyzing such reactions, It is probable,
therefore, that the V-factor consists of the codehydrogenases,
and that these substances are growth promoting by virtue of
their.well-known function, There is some evidence indicating
that they may have additional functions, and their function

as mediators in oxidation-reduction reactions has not been
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shown to be essential for the growth of those bacteria
requiring the V-factor,

It was demonstrated by Lwoff and Lwoff (1937 a )
that the component parts of the codehydrogenases could
not replace the V-factor, either singly or severally,

- which suggests that the V~factor requirement is due speci-
fically to an inability to unite the parts to make the
Whole codehydrogenases.,

The fact that the dual nature of the growth re-

quirement of Hemophilus influenzae was not at first recog-

nized delayed the discovery of the identity of the X-factor,
Attempts to substitute a single pure substance for blood
were naturally not successful. Hemoglobin has been an ex-
ception in this respect (Pfeiffer and Beck, 1892; Davis,

1921 a , 1921 b) undoubtedly because of the difficulty ex~-
perienced in purifying this compound. 8ince coagulation

did not inactivate hemoglobin as the X-factor, Pfeiffer
believed iron to be the egsential constituent, but he was
unable to substitute iron albuminate. Gohn and v, Preyss
(1904) were unable to substitute potassium ferro- or ferri-
cyanide, sodium nitropfusside, iron phosphate, iron tartrate,
or iron heated with urea until the biluret test was obtained,
although they observed "“symbiotic" growth on media containing
iron compounds, as did Kollath (1925 a, 1925 b, 1926). They
also claimed that iron was a necessary component of a bile

salt medium used successfully by Cantani (1901). Davis (1907b)
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was unable to substitute hemocyanin, hemerythrin or echino-
chrom, With the discovery that two substances are required

for the growth of Hemophilus influenzae, Davis (1917) was eble

to show that one of these is the prosﬁhetic group of hemo-
globin, protohemin, Clsen (1920) demonstrated that the
iron~-free tetrapyrrol, protoporphyrin, is inactive, as is
bilirubin, chlorophyll and pyrrol. Fildes (1921) confirmed
the observation that while protohemin is active, the related
porphyrin is not, Protohemin has been shown to be much

more active in the free state than when combined with a pro-
tein as in hemoglobin,

Several theories have been suggested to explain the
growth promoting function of the X-factor. It was pointed
out by Davis (1917) that hemoglobin does not act as an oxy-
gen carrier in a manner comparable to its function in the
enimal, which had, of course, already been demonstrated
by Pfeiffer's use of coagulated hemoglobin., It was noted
early that only very small amounts of blood are required
for growth (Czaplewski, 1902; Gohn and v, Preyss, 1902),
and Davis (1907 a, 1907 b, 1910) showed that growth might
occur in dilutions of hemoglobin as high as 1/180,000,

More recently, Lwoff and Lwoff (1937 b) have claimed that
limiting dilutions of hemolyzed blood represent about

1079 grams/ml, of protohemin, The efficacy of such small
amounts suggests a catalytic function (Davis, 1921 b) and

this view was supported by the observation of Olsen (1920,
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1921) that media permitting growth of Hemophilus influenzae

gave the gualac or benzidine test for "peroxidase", As a
result of this observation, Olsen suggested that the hemin
fraction of hemoglobin has some peroxidase function that
enables the organism to obtain required oxygen. There has
been some controversy concerning the correlation between the
"peroxidase" activity of certain preparations and their ac-
tivity as the X-factor. Both the observation and the theory
of Olsen were supported by Fildes (1921), who attributed the
relative inactivity of hemoglobin as the X-factor to its
ability to take up oxygen liberated under the influence of
the peroxidase, Davis (1921 b) found, however, that not all
compounds exhibiting a veroxidase test possessed the bio-
catalytic X-activity, and Thjgtta and Avery (1921 a, 1921 b)
claimed that banana was active as the X-factor but gave no
peroxidase reaction, and Kent (1923) obtained similar results
for certain other plant tissues. Later Fildes (1922) demon-
strated that the failure to obtain a peroxidase test with
these tissues was due to faulty technique, and this was con-
firmed by Anderson (1930)., On the other hand, Baudisch
(1932) has shown that certain ferric oxide preparations
having catalase activity but no peroxidase activity function

as the X-factor for Hemophilus canig and Hemophilus influenzae,

but it has been argued that the bacterial test may be more
- sensitive than the peroxidase reaction, and that the failure

to demonstrate the latter is not proof of the absence of per-
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oxidase activity. Hemophilus parainfluenzae, which syn-

thesizes the X~factor, gives a peroxidase test (Valentine
and Rivers, 1927), and Anderson (1930, 1931) has shown

that Hemophilus influenzae cultivated anaerobically without

the X-factor does not give a peroxidase reaction., Thus,

it appears that nearly all substances supporting the growth
of bacteria requiring the X-factor give & positive peroxi-
dase test with guaiac or benzidine., However, it has been
pointed out by Stephenson (1939) that while these substances
are oxidized by hydrogen peroxide in the presence of the
enzyme, peroxidase, the oxidation is also catalyzed by many
hemin compounds present in blood and tissues (including
cytochrome ¢), and that while the reactions given by the
latter are likely to be confused with those caused by the
enzyme when only qualitative tests are used, they are quan-
titatively insignificant. Thus, the guaiac, benzidine,

and paraphenylenediamine tests may not be considered con-
clugive evidence of the production of a peroxidase by the
organisms,

At the time this peroxidase theory was proposed to
explain the function of protohemin for the growth of bac-
teria requiring the X-factor, the mode of action of peroxi-
dase was not clearly understood., It is now conceded that
peroxidase catelyzes the oxidation of substrates by hydrogen
peroxide and, whilé it is true that hydrogen peroxide is

reduced and thus removed, it was not this aspect that was
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stressed by the earlier proponents of the peroxidase func-

~tion of protohemine It was considered, rather, that

Hemophilus influenzae and the related bacteria were obli-
gate aerobes and peroxidase was essential because of its

oxidative or Moxygen transferring" ability. It is now

known that only in certain cases (é.g., Acetobacter per-

oxydans ) is a peroxidase used as the main respiratory
mechanism, and that its more important function is probably
the removal of hydrogen peroxide. The older peroxidase
theory of the function of protohemin has little in common

~with the peroxidase theory suggested more recently.

Lwoff and Lwoff have developed the theory that pro-
tohemin is used by bacteria requiring the X-factor for the
formation of a respiratory catalytic system, This theory is
similar to the original peroxidase theory in that oxygen
consumption is again stressed. Marguerite Lwoff (1933 a)
noted that certain trypanosomes require protohemin, catalase,
or vegetable peroxidases in the medium in order for growth
to occur, and suggested that the need was connected with a
deficiency of respiratory catalysts. Later (1933 b), she
reported that protohemin might be replaced by protopbrphyrin
but not by related compounds such as deuterohemin, mesohemin,
pheophorbide b-hemin, or the active iron preparations of
Baudisch (1932)., The similarity in this respect of these
protozoa to the influenza group of bacteria was noted. Andre

Lwoff (1934) demonstrated that the addition of protohemin to
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hemin-deficient cultures of these trypanosomes caused a
marked increase 1n’both oxygen consumption and growth, and
suggested that protohemin and protoporphyrin are used by
these organisms for the formation of cytochrome ¢ and of
the respiratory ferment (cytochrome oxidase)., Similar

experiments were carried out with Hemonhilusg influenzae

and protohemin, with similar results (Lwoff and Lwoff,
1937 b), When an excess of protohemin was added to cul-

tures of Hemophilus influenzae depleted of X-factor, mini-

mal oxygen consumption was increased by 150 to 400 per cent,
and with limiting doses of protohemin the effect was propor-
tional to the amount of protohemin added., In these experi-
menteg, hemolyzed defibrinated blood was used as the source
of protohemin and the augmentation of oxygen consumﬁtion be-
gan in less than seven minutes, This meems a remarkably
short time for the complex changes probably concerned in
the transformation of protohemin into cytochrome ¢ and the
respiratory ferment.

However, other evidence of the transformation of
protohemin into hemin ¢ (the prosthetic group of cytochrome
¢) has been presented, André Lwoff (1936 a) showed that,

while Hemophilus canis is unable to grow in the presence of

cytochrome ¢ alone, the addition of this compound to cultures
decreases the amount of protohemin required. It was suggested
that the hemin ¢ supplied by cytochrome replaces that amount

of protohemin which would otherwise be transformed into this
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substance. Cytochrome ¢ alone is inactive probably because
protohemin is necessary as such and because the reaction,
protohemin —————3 hemin ¢ may not be reversible.

The catalase theory of the function of protohemin
differs significantly from the respiratory catalyst theory
and the original peroxidase theory. While the latter are
concerned with establishing the necessity of oxygen con-
sumption for growth, the catalase theory suggests that pro-
tohemin may be required for protection against the harmful
effects of oxygen consumption. This protection is supposed
to be effected through the removal of growth-inhibiting hydro-
gen peroxide formed as the result of oxygen consumption. This
theory has received some support from several sources. When
Thjgtta and Avery (1921 a, 1921 b) reported their inability
to obtain a peroxidase reaction with banana, they noted that
the extract contained a markedly active catalase, Likewise,
certain inorganic iron preparations have been reported to
possess catalase activity and the biocatalytic X-activity but
give no peroxidase reaction. Webster (1925) found that

Pasteurella lepigeptica required for growth an element present

in blood which was apparently the X-factor, and Webster and
Baudisch (1925) observed that certain chemically defined iron
compounds, particularly sodium pentacyanoaquoferroate and to a
less extent magnetite, could function as the X-factor for this
brganism. These compounds showed catalase and peroxidase

activity and absorbed oxygen. The bilocatalytic activity was

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17.

destroyed by heat under the same conditions as the oxygenase
and peroxidase activity. These observations were confirmed
by Bourn (1927). Later, Baudisch (1932) reported that cer-
tain ferric oxide preparations having catalase activity but
giving no peroxidase reaction could replace protohemin for

the growth of Hemophilus influenzae and Hemonhilus canis,

but the suggestion that the biocatalytic activity was re-
lated to the decomposition of hydrogen peroxide (catalase
activity) was not expressed. Baudisch and Dubos (1932)

showed that these compounds prolonged the aerobic life of

Diplococcus pneumoniae cultures, probably by destroying

peroxide, and recently Baudisch (1937) has demonstrated that
inorganic iron compounds possessing only the peroxidase ac-
tivity will not replace the X~factor for the growth of

Pasteurella lepiseptica. It is necessary to note that Mar-

guerite Lwoff (1933 b) was unable to substitute these active
iron compounds for protohemin or protoporphyrin in the culti-
vation of the "hemophilie" trypanosomes, so that there may be
& fundamental difference between-the "hemophilic" bacteria
and protozoa as regards the function of the X-factor. It has
already been noted that protoporphyrin may be used by the
protozoa but not by the bacteria.

Anaerobic cultivation of the "hemophilic bacteria
has a very important bearing on the cétalase theory, Pfeiffer
(1893) was unable to cultivéte the original strain of Hemophilus

influenzae in an atmosphere of carbon monoxide or of hyﬁrogen.
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Fildes (1921) also experienced difficulty, and attributed the
short-lived growth he did obtain aneerobically to loosely
combined oxygen not removed from the medium by the ansaerobic
methods that he used. It is only fair to state that he ob-
tained growth with the best anaerobic methods available,

and that he was forced to conclude that growth could not be
dependent upon dissolved oxygen, Kopp (1927) obtained an-
aerobic cultures, and claimed that not only was the X-factor
dispensable under these conditions but that it was even in-
hibitory. He concluded that in aerobic culture the X-factor
protects the organism from the harmful action of oxygen, but
he was unable to explain in what manner this was effected,
Eirund (1929) confirmed Kopp's anaerobic cultivation and the
inhibitory effect of the X-factor anaerobically., He obtained
anaerobic growth for five passages with certain strains,
Kleineberger (1930) observed anaerobic growth of the or-
ganism and noted that growth was less abundant under these
conditions. As a rule, these authors report anaerobic

growth with some strains and not with others. Anderson
(1930, 1931) found the X~-factor dispensable anaerobically,
but did not consider its presence detrimental to growth., She
suggested that the X-factor neutralized some growth inhi-
biting substance formed in the presence of oxygen, Apparently,
Knight (1936) was the first to point out the possibility that
this harmful substance might be hydrogen peroxide, and he
‘compares this theory with the respiratory catalyst theory of
Lwoff, admitting the possibility that the X-factor might be
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dispensable anaerobically because ths organlsm may then be
using metabolic processes not 1nvolv1ng the cytochrome res-
piratory system. Lwoff and Lwoff (1937 b) have suggested,
without adducing any evidence on the point, that protohemin
may be used for the formation of catalase and peroxidase by

Hemophilus influenzae, as well as for the synthesis of

cytochrome ¢ and cytochrome oxidase.
Although the catalytic respiratory function of pro-

tohemin for Hemophilus influenzae has been demonstrated since

Knight's review, this function was not shown to be necessary
for growth, so that it is still not possible to express a
definite opinion concerning the relative importance of the
respiratory catalytic function and the catalase function of
protohemin., Consequently, the function of protohemin as an
‘essential growth factor remains to be determined,

For further details concerning the history of the
accessory growth requirements of the "hemophilic" bacteria,
the reviews of Scott (1929), Anderson (1931), Thompson and
Thompson (1933), Knight (1936), and Lwoff (1937, 1938) may
be consulted. Recent information concerning the nature and
'mode of action of respiratory mechanisms is reviewed by

Stern (1937), Clark (1938), Stephenson (1939) and Barron (1939).
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ITI METHODS AND MATERIALS

1. 8tock and inoculating cultures

The strain of Hemonhilug influenzae used for the

present study was isclated from the human throat.% It is
not hemolytic, and produces considerable quantities of in=-
dole from Difco Proteose Peptone, It has been maintained
on laboratory culture media as described below for about
two years. Frequent attempts made during this time to de-
tect any variation in the basic cultural requirements of
the organism showed that none has occurred,

Originally, the cultures were maintained on choco-
late agar (104 rabbit blood added to meat extract agar and
heated at 75° for 15 minutes) and the inocula for experimen-
tal purposes were prepared by suspending a small amount of
growth from an 18 to 24 hour slant culture in 0,8% sodium
chloride solution. It was found that inconsistent reéults
were obtained by this method, Accordingly, a liquid medium
containiﬁg 10°6 grams/ml, of protohemin and & 1/500 dilution
of yeast extract (see Sections 4 and 5) wae adopted both for
maintenance of the stock culture and for use as the experimen-
tal inoculum. Abﬁndant growth occurred in this medium, but
transfer of 0,1 ml., of an 18 to 24 hour culture did not permit
growth in the fresh medium unless both growth factors were
present in suitable concentrations. 8ince this method results

# It gives us great pleasure to express our thanks to Dr., Merlin
Cooper of The Children's Hospital for the gift of this culture,
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in the transfer of small amounts of growth factors with the
inoculum, controls containing each of the growth factors
alone accompanied all experiments.

| Later, anaerobic cultures containing only the V-
factor were used for maintenance and for inoculation. In
this way the possibility of transferring even subminimal
amounts of protohemin to the experimental cultures was
eliminated, and it was also found that stock cultures re-
mained viable for much longer periods in this condition.

It ﬁas shown that washing of the bacterial suspen-
sion was not necessary in order to prevent significant
amounts of growth factor being transferred with the inoculum,
This has been amply demonstrated by comparison with washed
suspensions.

Throughout the work the standard inoculum consisted
of 0.1 ml, of an 18 to 24 hour culture, which was either an
aerobic culture containing both protohemin and yeast extract
in the concentrations described above, or an anaerobic culture

containing only yeast extract.

2. The basal medium

The basal nutrient medium used for maintenance of
stock cultures and for experimental work consisted of 2%
- Difco Proteose Peptone and 0.,6% sodium chloride in distilled
water, This medium was adjusted to pH 7,3 to 7,4 with normal
gsodium hydroxide, bottled in 300 ml. quantities and autoclaved

at 15 pounds for 15 minutes. The medium was not further
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buffered except where noted. It contained neither V-
factor nor X-factor in detectable amounts., Experimental

cultures were always made up to a final volume of 5 ml.

with this medium,

3. Examination of cultures for growth

All cultures were incubated at 37° and examined
at intervals for the presence of turbidity. The degrees
of turbidity that were produced under different conditions
were found to differ considerably, In the tables this
difference is indicated by the symbols, -, +, ++, and ++4
It is recognized that these symbols are arbitrary and that
observations made on different experiments are not strictly
comparable, but the following approximate meanings may be
ettached to the symbols:
-, no turbidity detectable.
+, the slightest degree of turbidity that can be
considered definite.
++ , an intermediate degree.
+4++ turbidity comparable to that produced by a
' 10-6 protohemin, 1/500 yeast extract culture
after 24 hours,
Turbidity due to growth of the organism was usually
distinguished with ease from thét due to other causes.
Crucial experiments were always checked by microscopic exam-

ination of smears stained by Gram's method.
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Cultures were discarded after 72 hours incubation
since it is very probable that the concentration of V-factor

would have become subminimal by this time (see 8Bection 5).

4, Preparation and titration of protohemin

Protohemin was prepared from defibrinated, filtered
dog's blocd by the method of Schalfeiev (see Gatterman and
Wieland, 1932). For use, the dry material was dissolved in
distilled water with the aid of a minimum of normal sodium
hydroxide and was sterilized by autoclaving.

In order to determine the minimal quantity of proto-
hemin required for growth, 0.5 ml, quantities of protohemin
dilutions ranging from 10~% to 10711 grams/ml. and 0.5 ml,
gquantities of a 1/10 yeast extract dilution were added

aseptically to sterile basal medium and inoculated with O,1

ml, amounts of a saline suspension of Hemophilus influenzae

from a 24 hour chocolate agar slant culture, These tubes

were incubated 24 hours and the lowest concentration of pro-
tohemin showing turbidity was used to inoculate a second

set of dilutions. The transfers were thus continued for five
subcultures. While growth occasionally appeared in the 10~7
protohemin, it was consistently present and was more abun-
‘dant in the tubes containing 10-6 grams/ml. The latter con-
centration of protohemin was consequently adopted as the
minimal concentration for the present work. This concentra-
tion was insufficient to permit transfer of significant amounts

of protohemin with the inoculum, since O.1 ml. of this type
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of culture did not initiate growth in fresh media contain-
ing no protohemin. Nevertheless, all experiments were con-
trolled with protohemin-free tubes, and crucial experiments
were always confirmed by series transfers or by the use of

protohemin-free inocula,

It was later found that growth might be considerably
delayed or entirely absent in 1076 grams/ml, of protohemin
when inoculations were made from anaerobic cultures contain-
ing only the V-factor, 1In this case, a concentration of 2 x

1076 gave more satisfactory results.

5, Preparation and titration of yeast extract

Yeast extract was prepared according to the method
described by Lwoff and Lwoff (1937 a), but with a single
modification, During heating the hydrogen ion concentration
of acidified yeast suspensions falls with some rapidity, sd
that it was found preferable to determine beforehand the
amount of acid required to give the desired final reaction,

470 grams of fresh, pressed baker's yeast were emul-
sified in 260 ml, of distilled water and the reacfion ad-
justed to pH 4.5 with concentrated hydrochloric acid, The
suspension was then added slowly to 210 ml. of distilled
water at 800, the temperature being maintained above 750
during the addition by means of a water bath, At regular
intervals during this time the calculated amount of acid
was added. After addition was complete, the suspension was

kept at 80° for 20 minutes. It was then centrifuged and
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and the supernatant filtered by means of a Seitz filter.
It was found that filtration proceded more rapidly if the
supernatant was previously refrigerated over night., The
reaction of the filtrate was approximately pH 4,5, It was
tubed aseptically and stored in the refrigerator. No de-
crease in activity was detectable after a period of two
yéars.

For use, the extract was diluted 1/10 with distilled
water. Yeast extract was always added to the medium shortly
before inoculation,

It was desired to work with minimal concentrations of
the V-factor as well as with the X-factor, so that a titration
of the yeast extract was attempted., The instability of the
codehydrogenases in alkaline solution is well known and it
was shown by Lwoff and Lwoff (1937 a) that the codehydrogenases
are also specifically removed from the medium during the
growth of the bacterium. It might be supposed, then, that not
only the initial yeast extract content of the culture used for
inoculation, but also the age of this culture would influence
the results obtained in the fresh medium. In the present work
it was found that this effect was registered not only by the
presence or absence of growth, but also by the time required
for its appearance, For this reason, as the following results
~show, accurate titration of the yeast extract would require
.rigorous standardization of several factors.

Fifteen tubes containing 10-5 grams/ml, of protohemin
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were divided into three sets and to each set was added one
of three dilutions of yeast extract. All tubes were inocu-
lated with 0.1 ml, of a 24 hour 1079 protohemin 1/500
yeast extract culture and were incubated. At intervals,
tubes containing each dilution of yeast extract were centri-
fﬁged and the bacteria resuspended in an equal volume of 0.8%
sodium chloride solution., 0.1 ml. of this suspension was
inoculated into media containing 1079 protohemin and various
dilutions of yeast extract., The approximate time at which
turbidity appeared is shown in Table I. It is seen that the
age of the inoculum, as well as the initial concentration of
yeast extract in both the inoculum and the experimental cul=-
ture, conditions the time of appearance of turbidity, and
that turbidity may appear after as long as 46 hours., It is
probable that other factors, such as slight differences in
the reaction of the medium and variation of the synthetic
ability of the organism, may affect this delicate balance,
since it was shown that with experimental conditions supposedly
constant, the time of appearance of turbidity could vary within
rather wide limits, It is not to be expected that titrations
based on either the presence of growth after a certain period
of time, or on the time of appearance of turbidity, will have
any real value until the exact influence of these various fac-
térs has been determined.

Similar resulis were obtained with anaerobic cultures

containing no protohemin,
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The difficulties thus encountered in attempting to
define a minimal concentration of yeast extract have led us
to select an arbitrary dilution (1/500) which permits suc-
cessful transfer from an 18 to 24 hour culture, providing
a similar concentration is present in the inoculated medium,
but which does not allow the transfer of sufficient V-factor

to permit growth in media lacking this factor,

6. Preparation and Use of cozymase golution

In certain of the experiments, cozymase # wasg sub-
~stituted for yeast extract., Since it was not posgsible to
weigh out the very small amounts of purified cozymase re-
gquired, a minute amount was dissolved in phosphate buffer at
}pH 6.0 and sterilized by Seitz filtration, This solution
was found to support growth in very high dilution, In cru-
cial experiments similar results were obtained with either
cozymase or yeast extract, so that it may be concluded that
yeast extract introduces no significant factor other than

the codehydrogenases,

7. Preparation of solutions

Cysteine hydrochloride Pfanstiehl was dissolved in
distilled water and autoclaved. Immediately after autoclaving
sufficient normal sodium hydroxide was added to bring the re-
action to pH 7.0 (as previously determined by titration with
bromthymol blue) and to bring the concentration of cysteine to

# It gives us great pleasure to express our thanks to Prof., K.
Lobman and to Prof. P, Ohlmeyer for supplying us with a speci-
~men of purified cozymase.
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0,06 molar, Required amounts of this solution were used
immediately, not more than 30 minutes being allowed to
elapse between the autoclaving of the cysteine and the in-
cubation of the cultures. A fresh solution was prepared
for each experiment, It was shown, by comparison with
golutions sterilized by 8eitz filtration, that autoclaving
in this way had no detectable effect on the cysteine,

Cystine in similar concentrations and O.1 M. thioglycollate

were prepared in a like manner from crystalline cystine and
technical thioglycollic acid., Autoclaving was shown to have

no deleterious effect. 0,05 M. neutralized ascorbic acid

and O.1 M. 8-hydroxyquinoline were prepared in the same way

from crystalline ascorbic acid and 8-hydroxyquinoline sul-
fonate, but were sterilized by Seitz filtration.

Sodium thiosulfate and sodium sulfide were dissolved

in distilled water and autoclaved, 8Sufficient normal hydro-
chloric acid was added to bring the reaction to pH 7,0

(as previously determined by titration with thymol blue)

and the concentration to 0,5 of 0,05 M,

Potassium ferricyanide and sodium diethyldithiocarba-~

mate were dissolved in distilled water in concentrations of
0,05 Ms and O.1 M, respectively, and sterilized by filtration.
Analyzed samples of the dyes % were dissolved in dis-
~tilled water in a concentration of 0,001 M. actual dye content,
and were sterilized by autoclaving,

- - - - - - - o - - - - - - - - -

# It gives us great pleasure to thank the National Aniline
and Chemical Company, Inc, for a generous supply of dyes.
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Potassium cyanide was dissolved in distilled water

and the reaction adjusted to pH 7.6 with potassium dihydro-

gen phosphate. Hydrogen peroxide was prepared in the desired

concentrations by addition of sterile distilled water to "30%
hydrogen peroxide® known to contain 25% hydrogen peroxide.

Fresh solutions of potassium cyanide and hydrogen peroxide were

prepared for each experiment, and were not sterilized,

8. Methods of obtaining anaerobiosis

For the most part the pyrogallol-sodium hydroxide
method was used on individual tubes, After inoculation,'the
cotton plug was pushed down each tube to within one or two
centimeters of the surface of the medium, and a shorter cotton
plug placed about a half centimeter above this. About O.llgram
of pyrogallol and 2 ml, normal sodium hydroxide were added,
and the tube closed with & rubber stopper, It was found that
as long as 30 minutes might be required for nearly complete
absorptioﬁ of the gaseous oxygen in the tube, in so far as
this was indicated by the complete reduction of methylene blué
in a drop of alkaline glucose solution, and that one to two'
hours might be required for complete reduction of indicators
dissolved in 5 ml, of medium,

In addition, evacuation together with the pyrogallol-
.éodium hydroxide has been employed for certain pﬁrpoées, but

bthis is described, together with the results obtained, in the

section on anaerobic cultivation. (Experimental, Section 5),
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9. Determination of hydrogen ion concentration

Hydrogen ion determinations were made with the
Coleman and Coleman pH Electrometer employing the glass
electrode. The results are reported to two decimal places
on the pH scale, but it is recognized that the last figure
18 approximate only., Determinations were made on 5 ml,
guantities of material, When anaerobic cultures were
studied it was necessary to withdraw the medium with pipettes
in order to avoid alteration of the reaction by the sodium
hydroxide adhering to the mouth of the tube,

The reaction of all cultures showing growth inhibi-
tion was determined in order to eliminate the possibility

that inhibition might be due to an alteration of the reaction.

10, Qualitative chemical testis

The presence of cysteine was determined by the nitro-
prusside reaction for the detection of the sulfhydryl group
(-8H). To the solution to be tested was added one crystal
of sodium nitroprusside, ammonium sulfate to saturation?Pg
few drops of concentrated ammonium hydroxide. The appear-
ance of a reddish-purple color was taken as positive evi-
dence of the presence of sulfhydryl sulfur in the cysteine-
cystine system. ,

For the detection of catalase, 0.2 ml, of a 5% hy-
drogen peroxide solution was added to 0.2 ml. of the cul-

~ture to be tested in a small serological tube, The test

was not regarded as definitely positive unless the evolu-
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tion of gas occurred at the rate of several bubbles per
,second or greater,

For the determination of the presence of hydrogen
peroxide, the phenolphthalein test (Schales, 1938) was
‘employed. This reaction depends on the oxidation of color-
less reduced phenolphthalein (phenolphthalin) by hydrogen
peroxide in the presence of the cupric ion, According to
Schales, the dilute reagent gives a definite color within
30 seconds to 3 minutes in the presence of a’dilution as
high as 1/100 million of hydrogen peroxide (0. 000,0003
molar) while & 1/200 million dilution (0,000,000,15 M.)
gives a doubtful test, This has also been our experience
using known dilutions of hydrogen peroxide in distilled
water,

One drop of 8chales' phenolphthalein reagent
(Schales, 1938) diluted 1/4 with distilled water was added
to 5 ml, of the solution to be tested. This was followed
by one drop of 0,02 M, copper sulfate, which was found
preferable to the 0,01 M. solution recommended. Develop=-
ment of a pink color within 30 seconds to 3 minutes was
- regarded as a positive test,

Certain precautions must be observed. The medium’
must be sufficiently alkaline to show the presence of
phenolphthalein if it is formed, The peroxide reagent con-
~tains alkali, but when diluted this may not be sufficient

to neutralize the buffer action of 2% peptone. Depending
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wpon the reaction of the medium, additional alkali may or
may not be required. Excess alkali, however, will give a
biuret test, especially if excess copper sulfate is added,
énd this is easily confused with a positive test for peroxide

when both are faint.

Before peroxide tests were performed on media con-
taining dyes, the dye was removed by absorption with kaolin,
and it was sometimes necessary to repeat this procedure.

It is obvious that this manipulation may have introduced an

error by removing a portion of the hydrogen peroxide present.

11l. Recrystallization of catalase

Three ml, of an ammonium sulfate suspension of Sumner's
catalase crystals (Sumner and Dounce, 1937)% were centrifuged
and the crystals washed five times with distilled water, The
crystals were then shaken for 1 hour with 1 ml, distilled
water plus a few drops of 0.3 M. phosphate buffer at pH 7.4,
centrifuged, and the remaining crystals shaken 1 hour with the
same amount of fresh water and buffer, This suspension was
centrifuged and the two supernatants pooled. Acid potassium
phosphate was added until the solution was orange to methyl
red by the spot plate method, and saturated ammonium sulfate
added to complete crystallization., The crystals were removed
by centrifugation and dissolved as before, Crystallization
was repeated twice again in a similar manner, and the crystals
finelly dissolved in 3 ml. O.3 M. phosphate buffer at pH 7.4,

% It gives us grealt pleasure to express thanks to Prof. James
B. Sumner for the gift of a specimen of his crystalline catalase.
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This solution was filtered through a small, sterile Seitz
filter and the pad wasghed twice with 1 ml. quantities of
distilled water., In this way, there was obtained 4 ml, of
solution of such concentration as to correspond colorimetri-

cally to about 10™° grams/ml. protohemin solution.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34.

v EXPERIMENTAL

1, The effect of reversible oxidation-reduction systems

on growth

It is generally accepted that protohemin is essential

for the growth of Hemophilus influenzae. It has been suggested

by Lwoff and Lwoff (1937 b) as a result of the observation
that addition of protohemin (hemolyzed, defibrinated blood)
to cultures containing a minimum of protohemin caused a pro-
portional increase in oxygen consumption, that one function
of this substance is to supply a respiratory catalyst necessary
for the growth of the organism, It has also been suggested,
however, that protohemin may supply another function, namely
the formation of catalmse in order to remove hydrogen peroxide
which may be toxic for the organism (Knight, 1936)., 8Since

it is probable that protohemin serves of both these functions
it is difficult to draw any conclusions concerning the rela-
tive importance of these two possibilities from the use of
protohemin alone. It is possible, however, to seléct sub=-
stances that are capable either of destroying hydrogen per-
oxide or of acting as respiratory catalysts, but which cannot
supply both functions.

It has been shown by Barron and Hoffman (1930) that
resersible oxidation-reduction systems of suitable potential
can function as efficient respiratory catalysts, Dye systems
may supply this function if their potential (E,') is such

that the dye will be reduced by the substrate and the reduced

dye will be oxidized by oxygen. Thus, the dye may oxidize
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the substrate either directly {Equation 1) or through the
intervention of the codehydrogenases (Equations 2 and 3).
vThe reduced form of the dye is oxidized by oxygen with the
formation of hydrogen peroxide (Equation 4). If the essen-

tial function of

substrate oxidized reduced
(1) substrate +dye >  substrate + dye
dehydrogenase
reduced
codehydro- substrate oxidized codehydro-
(2) substrate+ genase &—— Substrate 4+ genase
dehydrogenase
(3) reduced + dve diaphoraseodehydro- reduced
codehydrogenase & genase dye

(4) reduced dyet 0y ———> dye+H 0
e g7g

protohemin is to supply a respiratory catalytic system it
should be possible to substitute such systems for protohemin,
Accordingly, tubes of the basal medium containing

yeast extract with or without 10~% or 107°

grams/ml, of pro-
tohemin and dye systems of various potential were inoculated

with O.,1 ml. of a Hemophilus influenzae culture containing a

minimum of protohemin and incubated aerobically and anaerobi-
cally. The relative turbidity due to growth of the organism

after 48 hours incubation is shown in Table II.
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It is apparent from these results that under aerobic
conditions none of the dye systems used was able to replace
prbtohemin as the X-factor., It is also to be noted that those
dye systems known to be most efficient in respiratory cetaly-
sis (E ' at pH 7 and 30°C. =+ 0,047 to -0.252 volts)
actually inhibited aerobic growth in the presence of minimal
amountsg of protohemih. In the presence of greater amounts
(10'4 grams/ml, ) or under anaerobic conditions these dyes
did not inhibit growth (with the exception of nile blue:
see below). Thus, a system providing only the respiratory
catalytic function was shown to prevent rather than to pro-

mote growth of Hemophilus influenzae.

The results given in Table 11 are similar to those
obtained by Broh-Kahn and Mirsky (1938) with cyanide treated

Escherichia coli. Cyanide, which inhibits the activity of

catalase and of the cytochrome respiratory system (eytochrome
koxidase) had little apparent effect on the growth of Escheri
chia coli in aerobic culture. 1In the presence of both cy-
anide and an added respiratory catalyst (dye systems of suit-
able potential), however, growth was markedly inhibited. This
inhibition was traced to the effect of hydrogen peroxide

formed under the influence of the added respiratory catalyst,
vGrbwth occurred in the presence of cyanide alone since Escheri-
chia coli possesses no cyanide insensitive respiratory mechanism
énd hydrogen peroxide could not be formed. This type of growth,
which occurred in the presence of air but without oxygen con-

sumption, was termed anoxytrophic. It appears probable that
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"Hemophilus influenzae possesses a respiratory mechanism in

addition to the cytochrome system, since in the presence of
oxygen anoxytrophic growth of nrotohemin-free cultures does
nqt occur,

The potential range of the dyes found inhibitory for

Hemophilus influenzae is similar to that inhibiting growth

of cyanide treated Escherichia coli. Dyes of the highest

potential did not inhibit probably because these were less
efficient respiratory catalysts. While these dyes are reedily
reduced by the substrate, reoxidation by oxygen is slow and
little hydrogen peroxide is formed, Dyes of the lowest po=-
tential are also less efficient since, while oxidation by
oxygen must be rapid, they are not readily reduced by the
substrate.,

The results of numerous experiments with nile blue
have been variable, This dye may inhibit growth even under
anaerobic conditions in the absence of protohemin, and later
(Teble V) it will be shown that cysteine does not always

’protect the drganism against the inhibitory activity of this
dye in aerobic culture. It is possible either that nile
blue is the most efficient respiratory catalyst for these
experimental conditions of any that were tested, or that
it possesses toxlc properties not related to its catalytic

respiratory function,
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B, The effect of added hydrogen peroxide on growth

It is well known that hydrogen-peroxide is formed as
a normel product of oxygen consumption and that many forms
of life are sensitive to this substance. It appeared most
probable from the results given above that inhibition of
growth under the influence of dye systems was due to an in-
creased accumulation of hydrogen peroxide. In order to test

this possibility, the sensitivity of Hemophilus influengzae

to peroxide was investigated.

Dilutions of "30%"™ydrogen peroxide were prepared
agseptically and added to sterile basal medium containing yeast
extract and 10~ grams/ml. of protohemin., These were inoculated
with 0,1 ml. of a culture containing yeast extract and a mini-
mum of protohemin, The final theoretical concentrationsof hy-
drqgen peroxide ranged from 0,3 molar to 0.000,03 M. Growth
occurred within 24 hours in 0.000,03 M.,hydrogen peroxide and
within 48 hours in 0,000,15 M. but not at all in concentrations
of 0,0003 M, or greater,

It appeared probable that under these conditions the
organism might be expected to form, after a period of incuba-
tion, sufficient catalase to destroy the hydrogen peroxide
added, or that it might produce additional hydrogen peroxide
by ite respiratory activity, and that a more exact knowledge
of the limiting dilution could be obtained by adding dilutions
of hydrogen peroxide to the basal medium containing only yeast

extract, inoculating this with a hemin-free strain of the
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organism, and incubating anaerobically. It was expected that
a markedly lower concentration of hydrogen peroxide would be
found inhibitory in this case, since in the absence of proto-
hemin the formation of catalase and the consequent decomposi-
tion of hydrogen peroxide would be impossible., The difference
was found not to be marked, however., Growth occurred in the
presence of 0,000,03 M. of added peroxide and not in the
presence of 0,00015 M, The addition of 10~% protohemin per-
mitted growth in the latter dilution after 24 hours., The
results of both experiments are summarized in Table III.

It may be shown, however, that these figures, also, do not
represent the lowest limiting concentretion of hydrogen per-
oxide for growth inhibition, because a considerable propor-
tion of added hydrogen peroxide is reduced immediately upon
addition to the basal medium,

A rough estimation of the limiting growth inhibiting
concentration of hydrogen peroxide may be obtained in the
following manner, 8Schales' (1938) qualitative test for hy-
drogen peroxide is the most sensitive at the present time,
and gives a definite reaction with 0,000,0003 M., hydrogen

| peroxide in distilled water. It was demonstrated that when
the basal medium is used as & menstruum, & concentration of
0.003 M, must be added to give a definite test., This indi-
cates an immediate reduction of at least 0,9999 of the added
peroxide. 8ince it was noted that the anaerobic growth of

the organism in the absence of protohemin was inhibited by
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P0.000,15 M, of added hydrogen peroxide, an actual concentration
of 0.000,000,0IS M. or lese is probably growth inhibiting.
Inasmuch as Schales' reagent is insensitive to 0,000,000,15 M.,
it is probable that the accumulation of hydrogen peroxide in
cultures must reach at least ten times the inhibiting concen-
tration before it is detectable, These amounts are so much
smaller than those previously recognized as growth inhibiting
as to appear incredible, but it must be remembered that
previous observations may have neglected to take into ac-
count the reducing activity of the medium and have considered
the added peroxide representative of the actual peroxide
concentration, It must be emphasized that the figures here
‘reported cannot be considered very accurate since the ex-
perimental errors are probably large and since certain assump-
tions that were made may not be valid.

Since the difference between limiting dilutions of
added peroxide for growth inhibition as obtained anaerobically
with and without protohemin is only five-fold (Taeble III), it
is questionable whether it can be considered significant, If
the difference is significant, it would seem to indicate that
catalase formation is at first inhibited by peroxide but,
perhaps as a result of reduction of part of the hydrogen per-
oxide by the medium, is later resumed and ultimately results
in the decomposition of all the added hydrogen peroxide and

growth of the culture.
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It is interesting to note that concentrations of
added hydrogen peroxide as low as 0.000,15 M, were shown

by Broh-Kahn and lirsky (1938) to inhibit the growth of cyanide

treated Escherichia coli. This was the lowest concentration
tested, and reduction of the peroxide concentration by the
medium was not taken into account; it is possible that the
limiting dilution may be similar for both cyanide treated

Escherichia coli and enaerobic, hemin-free Hemophilus in-

fluenzae, since evidence to be presented later (see Dis-
cussion) will show that in these situations both organisms
- are lackiné catalese and a functioning oxygen consuming
mechanism,

The cause of growth inhibition by hydrogen peroxide
is not known., It may be shown that in the present case in-
hibition is not due to the high potential of the medium
caused by the presence of peroxide, since growth was obtained
both aerobically and anaerobically in the presence of 0,001 M.
and 0.0001 ¥, potassium ferricyanide which has a higher poten-
tial (E,' at pH 7.0 =+ 0,43 volts) than hydrogen peroxide
(E,' =+ 0.25 volts). Although the sensitivity to peroxide
differs considerably among the various bacterial species,
the phenomenon of peroxide inhibition is of rathef wide
occurrence so that it is probably concerned with mechanisms

essential to living tissue in general.

3. The accumulation of hydrogen peroxide

Although Hemophilug influenzae has now been shown to
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be extremely sensitive to hydrogen peroxide, it is necessary
to demonstrate that hydrogen peroxide is produced under the
conditions in which growth inhibition occurs before a

causal relationship can be considered established., In addi-
tion, it would be desirable to demonstirate the absence of
hydrogen peroxide under all conditions in which growth is
not inhibited. However, it is apparent from the results
given above that chemical detection of inhibiting concen-
trations may not be possible, and a perfect correlation be-
tween chemical detection and growth inhibition cannot be
expected a priori,

Cultures containing yeast extract, or yeast ex-
tract plus protohemin and dye systems of the upper, lower
and middle oxidation-reduction potential range previously
used were inoculated with O,1 ml, quantities of a yeast
extract-protohemin culture and tested with Schales'! diluted
reagent after 24 hours incubation. The results of the tests
and the occurrence or absence of growth are indicated in
Table Iv.

It is seen that the presence of dye systems inter-
mediate in the oxidation-reduction potential range caused
the formation of detectable amounts of hydrogen peroxide
under aerobic conditions but not anaerobically. This 1s
‘correlated perfectly with growth inhibition with the ex-
ception of the anaerobic hemin-free culture containing nile
blue, which may have some unrelated toxic activity, and the

aérobic hemin-free culture to which no dye was added. The
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latter is susceptible of explanation., It may be expected
that in the absence of a supplementary dye system less per-
oxide would be produced and that this might reach an inhibi-
ting concentration but not be sufficient for chemical de-
teotion. That all the mechanisms required for the forma-
tion of hydrogen peroxide are present is indicated by
another experimént using & heavy inoculum and testing for
hydrogen peroxide after 30 minutes (Section 9 and Table IX).
In this case a strong test for peroxide is obtained. It
mﬁst also be pointed out that the method of testing for per-
oxide after 24 hours incubation is open to criticism. Hydro-
gen peroxide may be formed early in the incubation period
and so damage the bacteria that when the peroxide concentra-
tion is later lowered below the inhibiting level as a result
of partial reduction by the medium the bacteria may be in-
capable of multiplying or of forming catalase, In this case
a test for hydrogen peroxide would be negative in the absence
of growth,

In order to explain the observed production of hydro-
gen peroxide in the absence of protohemin it is necessary to
postulate the existence of a non-~-hemin respiratory system,
Hydrogen peroxide is very unlikely to be formed under con-
ditions that allow the existence of living forms, except as
a product of oxygen consumption (see Broh-Kahn and Mirsky,

1938), and hemin-free Hemophilus influenzaee is presumably

unable to form a cytochrome system in the absence of proto-

‘hemin, It is most likely that this additional respiratory
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system is of the flavoprotein type since this is very
common among bacteria, This question will be treated in
more detail in the Discussion.

S8ince yeast cells contain flavoproteins, the
possibility suggests itself that the additional respiratory
system may have been supplied preformed in the yeast extract,
which was markedly fluorescent. Dye inhibition was demoh-
strated, however, when yeast extract was replaced with puri-
fied cozymase, so that it is necessary to conclude that

Hemophilus influenzae normally synthesizes the additional

respiratory system from the constituents of the basal
medium, The flavoprotein present in the yeast extract is
probably without effect since the large molecule cannot be
teken into the cell,

Table IV shows that neither growth nor production
of detectable amounts of hydrogen peroxide occurs in the ab-
sence of the V-factor, It is to be expected that no per—‘
oxide is formed since the codehydrogenases are probably
essential parts of the respiratory system (Lwoff and Lwoff,
1937 a), There is some evidence that this factor is essen-
tial for growth aside from its role in dehydrogenations

because lactic and succinic dehydrogenations appear to be

effected by Hemophilus para-influenzae in the absence of

the V-factor, but growth does not occur without V-factor
‘even when lactate and succinate are present in aerobic

(Lwoff and Lwoff 1937 a) or anaerobic conditions, so that
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growth may not be expected in its absence quite apart from

the question of inhibition by peroxide.

4, The production of catalase

It has now been established that growth inhibition

of Hemopnhilus influenzae in the absence of the X-factor is

causally related to the production of hydrogen peroxide by
the organism, It remains to show what means are possessed
by the organism for the removal of hydrogen peroxide, or
for rendering it innocuous. That catalase is produced for
this purpose has already been suggested, but there appear
to be no reports in the literature of the demonstration of
catalase production by this bacterium, The presence of
catalase in appreciable gquantities is readily determined by
the addition of hydrogen peroxide to the culture, since the
decomposition of hydrogen peroxide under the influence of
catalase is highly specific and is easily recognized by the
formation of bubbles of oxygen. It must be recognized, how-
ever, that under the usual cultural conditions only small
amounts of catalase would be required for the decomposition
of the minute amounts of peroxide produced, so that unless
the orgenism produces catalase‘far in excess of its needs,
this enzyme might not be detectable., It must also be noted
that where minimal amounts of hemin are used, catalase pro-
duction must also be minimal,

It was shown b y the addition of hydrogen peroxide

to cultures of Hemophilus influenzae that catalase is pro-
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duced. An equal amount of 5% hydrogen peroxide was added
to portions of cultures and the occurrence of bubbling
noted., The test was always negative in the case of anaero-
bic cultures containing no protohemin, In the presence of
minimal amounts of protohemin (10"6 grams/ml.) the test was
very weakly positive and was sometimes negative, even after
the appearance of turbidity, In cultures containing an ex-
cess of protohemin (10~* grams/ml.) & moderate degree of
foaming always occurred, and a positive test was frequently
observed before turbidity was apparent. Although the test
cannot be considered accurate in a guantitative sense, the
rapidity of foaming appeared to decline in older cultures
(30 to 60 hours incubation).

The observation that greater amounts of catalase
are formed in the presence of 10~4 protohemin than in cul-
tures containing only 106 is quite in agreement with the
reéults of the experiments on the inhibition of growth by
dyes. It was noted there (Section 1 and Table II) that the
greater concentration of protohemin protected the organism
against the inhibitory activity of the dyes. It appears
most probable that in the presence of 10-4 protohemin suffi-
cient catalase is formed or is formed with sufficient rapidity,
to decompose the additional hydrogen peroxide resulting from
the supplementary oxygen consumption promoted by the dye sys-
tems, Later, (see Discussion) evidence will be presented to

show that the protective effect of excess protohemin is due to
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an increased rate of formation as well as to the formation
of larger amounts of catalase. The rate of formation of
catalase may be especially significant when autoclaved
broth is used because, as it has been shown, the hydrogen
4peroxide formed early in the period of incubation must be
reduced by the basal medium and some time might be expected
to elapse before a growth inhibiting level of peroxide is

attained,

5. Anserobic cultivation

Supplementary evidence indicating the importance of

catalase for the growth of Hemophilus influenzae is pre-

sented by the results of anaerobic cultivation. In the
absence of oxygen respiration does not occur, hydrogen per-
oxide is not likely to be formed, and catalase is thus not
required, If the formation of catalase is the sole essential
function of protohemin, the X-factor should be dispensable
in anserobiec culture. The dispensability of the X-factor in
enaerobic culture has been reported (Kopp, 1927) and confirmed
(Eirund, 1929; Anderson, 1930, 1931) but it was not claimed
that all strains studied were able to grow anaerobically., Other
investigators (Pfeiffer, 1893; Fildes, 1921) have preferred to
regard the organism as an obligate aerobe.

In the present work a single strain was studied but
»the results of anserobic cultivation have so varied under
different conditions as to suggest that part at least of the

'différences between strains reported by earlier workers was
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due to the technical methods employed rather than to actual

~differences in the bacteria, It is not claimed, however,

that strains of Hemophilus influenzae which are obligate

aerobes do not exist..

At the time of writing the strain of Hemophilus

influenzae used in the present work has been maintained

anaerobically without protohemin for more than 90 transfers.
In this form it is used as a stock inoculating culture. The
pyrogallol-sodium hydroxide method is used to secure anaero-
biosis and the medium is the basal medium containing yeast
extract, This strain has also been carried anaerobically for
5 transfers on the basal medium plus purified cozymase.
Transferred to aerobic culture growth does not occur unless
protohemin (10’6 or, preferably, 2 x 10-6 grams/ml.) is
present, Thus there appears to be no question that thisv
-strain is capable of anaerobic growth and that catalase is
not essential in this condition,

It must be recognized that the anaerobic methods

uged in the present work and by most other observers do not
produce an immediate condition of sgtrict anaerobiosis, With
the pyrogallol-sodium hydroxide method & significant period
of time is required for depletion of the oxygen in the atmos-
phere of the culture tubd. With certain other methods this
depletion may be effected almost immediately, but in either
case the removal of dissolved oxygen 1s relatively slow and
’ traces may remain in the medium for an indefinite period after

,fhoculation. Consequently, it is not possible to state that
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growth has occurred in a condition of complete anaerobiosis,
and it is possible that a minimum consumption of oxygen is
'necéssary for growth, This is a purely theoretical possi-
bility and has never received any experimental support. 1In
connection with the present problem it is important to note
that oxygen consumption through flavoprotein systems has been
shown to be proportional to the partial tension of oxygen so
that under "anaerobic" conditions respiration must be slight
and insignificant amounts of hydrogen peroxide formed,
Furthermore, while the anaserobic method employed in the present
work may not secure strict anaerobiosis, the condition is
definitely different from free access to air since only the
anaerobic condition permits growth of the organism in the
absence of vrotohemin,

The occurrence of growth in the ebsence of protohemin
under anaerobic conditions is a strong indication that the
respiratory catalytic function of protohemin is not an essen-
tial part of the growth mechanism, nor could the respiratory
function be expected to play even a suppleméntary role in an-
aerobic culture, It was frequently observed that the presence
of protohemin in anaerobic cultures had no detectable effect
on the rate of growth or on the degrees of turbidity finally
attained,

In the presence of oxygen, however, hemin might be
expected to supply the respiratory catalytic function, and

this supplementary function should provide additional energy
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for the cell, It is well known that the free energy of
‘reactions that may be used to obtain energy for cell syn-
thesis under anaerobic conditions is considerably less than
“that obtainable when oxygen is the hydrogen acceptor.- In
addition, since anaerobic oxidoreductions depend upon the
reactions of two substances in the medium, organisms
growing anaerobically frequently require more complicated
media than those growing aerobically. Thus, it is possible

that some of the energy sources utilized by Hemophilus

influenzae growing aerobically in peptone solution are not

available under anaerobic conditions., It might be pre-
dicted, therefore, that the rate of growth and the final
amount of cell material obtained would be less when oxygen
consumption is prevented. Such has been found to be the
case, turbidity appearing later and not reaching as great

a final degree in anaerobic culture, Using the standard
inoculum of O,1 ml, and the usual amounts of protohemin and
yeast extract, numerous observations hdve shown that aerobic
protohemin cultures develop a visible turbidity in as short

a time as 5 hours, whereas anaerobic cultures usuelly require
8 hours or more. The degree of turbidity finally attained is
definitely superior in aerobic cultures., These observations
indicate that the respiratory function of protohemin, while
~supplementary, is of some importance in aerobic culture.

'In aerobic culture, pH 7.4 to 7,6 has usually been

considered optimum for the growth of Hemophilus influenzae.

It may be shown that under anaerobic conditions the reaction

of the medium has little effect over a rather wide range.
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Quantities of the basal medium were adjusted to various
reactions in the pH range 6.5 to 7,5 by the addition of
‘molar dihydrogen phosphate /disodium hydrogen phosphate
buffer solutions to a final buffer concentration of M/15,
Media adjusted to each hydrogen ion concentration were dis-
tributed in 5 ml, gquantities in eight tubes, half of which
were autoclaved., Yeast extract and O,1 ml. of an anaerobic
yeast extract culture was added to each, anaerobiosis was
secured by the use of the pyrogallol-sodium hydroxide
method, and the tubes were incubated. At intervals, tubes
were removed, the degree of turbidity noted, and the re-
action of the medium determined., The results are pregented
in Table V.

It is seen that growth occurs in the autoclaved
broth at a hydrogen ion concentration as low as pH 7,4 and
as high as pH 6,5. In broth that was not autoclaved, growth
did not appear at pH 7.4, It is also to be noted that the
hydrogen ion concentration increases whether turbidity
-finally eppears or not. Kristensen (1922) observed that

Hemophilug influenzae is able to produce acid on protein

media in the absence of added carbohydrate. It is probable
that some of the reactions catalyzed by the organism proceed
whether growth occurs or not, That pH 7.4 is near the lower
limiting hydrogen ion concentration is indicated by another
experiment in which growth failed to occur at pH 7.6,

It has been found necessary to autoclave the basal

‘medium before using in order to insure the occurrence of
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growth in anaerobic culture without protbhemin, The re-
sults obtained in this connection have been inconsistent.
Usually growth has failed if the medium was not autoclaved,
~but occasionally growth has occurred in broth that was not
known to have been recently autoclaved., In this case it

was usually delayed, appearing after 24 hours as compared

to the usual appearance of turbidity in 8 to 12 hours (see,
for example, Table IV). It is possible that the observed
kinconsistencies in this respect which are on our records are
due to the fact that bottles of basal medium were frequently
"re~autoclaved after part of the contents had been used, and
& history of each bottle not recorded. Thus, broth that was
regarded as not autoclaved may have been autoclaved on the
previous day.

Attempts to determine the factor responsible for growth

“inhibition in broth that was not autoclaved have been hampered
by the inconsistency of its occurrence. Two of the more
probable explanations may be suggested. In the first place,
it is known that autoclaving is a very efficient means of
depleting water solutions of gases, and it was thought that
the oxygen dissolved in unautoclaved basal medium might be

consumed by the inoculated bacteria and an inhibiting concen-

tration of hydrogen peroxide produced before anaerobic con-
ditions were attained in the culture. Since solution of
oxygen in water attains equilibrium rather slowly, less oxygen
might be contained in media inoculated and subjected to pyro-

g&llol as soon as possible after autoclaving (approximately 5
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minutes), so that hydrogen peroxide might not reach an
inhibiting concentration in this case, This explanation
was made improbable by the observation that growth occurred
to the same extent in autoclaved media that were aerated
with bubbling compressed air for 20 minutes and for 2 hours
before inoculation and subjection to anaerobic conditions
as in the same autoclaved media inoculated immediately and
without aeration,

An alternative explanation appears more probable.
It is well known that hydrogen peroxide is formed in bac-
teriological culture media under the influence of irradia-
tion with light, especially of the shorter wave lengths
(ultraviolet ), The basal medium used in the present work
was stored on open shelves exvosed to diffuse daylight, and
it is possible that hydrogen peroxide accumulated under

pgroxide

these conditions, Hydrogen could not be detected by the
use of Schales' dilute reagent, but it has already been
ghown that this test may not permit the detection of a
growth inhibiting concentration, Thus, hydrogen peroxide
might be present in the unautoclaved basal medium. It is
volatile and may be completely removed by autoclaving.
Under the conditions of storage it is not to be expected
that peroxide would accumulate at all rapidly, so that
broth autoclaved one or a few days before use might permit
growth without additional autoclaving, and this may account
for the discrepancies that have been recorded. Growth has

always appeared early when substances known to reduce hy-
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drogen peroxide were added to anaerobic culture. This phase
of the problem is still under investigation, but it appears
probable that similar phenomena may account for some of the

conflicting reports on anaerobic cultivation of Hemophilus

influenzae in the absence of the X-factor that may be found

in the literature,

Preliminary autoclaving of the basal medium does not
permit aerobic growth of the organism in the absence of pro-
tohemin, because hydrogen peroxide is formed as a result of
oxygen consumption early in the incubation period.

A few experiments indicate that a minimum concentra-
tion of carbon dioxide is required for growth, An apparatus
was devised with which dissolved gases could be removed from
the inoculated basal medium containing yeast extract and the
culture maintained under anaerobic conditions. The culture
tube was attached to a rotary suction pump through a second
tube plugged with cotton socaked with pyrogallol-sodium hydrox-
ide solution. The culture was exposed to low pressure for 15
minutes with continuous shaking, after which the vacuum was
either maintained during incubation or else was released by
very cautious admission of air through the pyrogallol-sodium
hydroxide soaked cotton. All connections were well greased and
it was shown by manometric measurement that leakage during the
24 hour incubation period was negligible. Under these condi-
tions growth did not occur. The organism was able to grow if
the preliminary period of evacuation with shaking was less pro-

longed (5 minutes) or if the pyrogallol-sodium hydroxide system
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which absorbs carbon dioxide, was replaced by Roékwell's
solution (1924) and pyrogallol, which does not s&sorb car-
bon dioxide. It appears probable from these results that

a minimum concentration of carbon dioxide is required for
growth and that this gas is removed by prolonged evacuation
with shaking. If this is so, it is certain that the minimum
concentration required is very low, since the ordinary
pyrogallol-sodium hydroxide method of anaerobiosis must ab-
sorb some carbon dioxide even without preliminary evacuation.

If a minimum carbon dioxide requirement does actually exist

for Hemophilus influengae, those anaerobic methods previously
used (Pfeiffer, 1893; Fildes, 1921), whichdepend upon the re=-
placement of air by an inert gas such as hydrogen or nitrogen,

are subject to criticism,

6. The substitution of cysteine for protohemin

It was shown that substances, such as dye systems,
that are capable of supplying only the respiratory catalytic
function are unable to replace protohemin for the growth of

Hemophilus influenzae, It is now proposed to study the effect

of substances that reduce hydrogen peroxide but which probably
do not act as respiratory catalysts.

Cysteine reduces hydrogen peroxide with the formation
of cystine and water (Equation 4). Quastel and Stephenson

(1926) have shown that cysteine protects cells from thd
~ + - +
(4) 2 CysH Hzoz-—-—-—) Cys-8Cy + 2 HgO

inhibitory activity of added hydrogen peroxide and Broh-Kahn

(unpublished) has observed that the inhibitory action of the
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‘hydrogen peroxide produced by cyanide treated Escherichia

¢oli in the presence of dyes ie neutralized by cysteine. 1In
the latter case, the peroxide is produced as a result of
cellular activity and might be expected to continue to be
formed as long as oxygen consumption continues. If the
catalase function is the only essential function of proto-

hemin in the case of Hemophilus influenzae, it should be

possible to replace protohemin by cysteine or other sub-
stances reducing hydrogen peroxide.

Tubes of the basal medium containing yeast extract
and concentrations of cysteine ranging from 0,006 M. to
0.0006 M, were inoculated with 0,1 ml, of a culture con-
taining yeast extract and & miniwum of protohemin, Turbi-
dity appeared in the presence of 0,006 M., cysteine but not
in 0,003 M., or less, nor in the absence of cysteine., This
observation has been repeatedly confirmed using a series of
five transfers without protohemin, and also using hemin-
free inocula, It was also shown that yeast extract may be
replaced by purified cozymase in such experiments.

It was noted, however, that growth in cysteine cul-
tures was not as abundant as in cultures containing proto-
hemin., Although turbidity appeared early (8 hours or less),
the final degree of turbidity attained was comparable to
that found in anaerobic cultures, It was also observed that
j%iable bacteria did not persist for mére than 18 or 24 hours

‘in cultures containing,cysteine alone, as shown by loop
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transfers to chocolate agar. Cysteine is readily oxidigzed
under these experimental conditions and it could be demon-
strated by means of the nitroprusside reaction that the dis-
appearance of viable bacteria was preceded by the disappear-
ance of cysteine from the culture, Further information on
this point was shown by a bacterial dilution plate count
made on cysteine and protohemin cultures, One hundred ml,
of basal medium containing yeast extract and 0,006 M., cys=-
teine or 10"6 grams/ml, of protohemin were inoculated with

2 ml., of an 18 hour anaerobic yeast extract culture and in-
cubated, At intervals 1 ml. samples were withdrawn and di-
lutions plated on the basal medium containing 1/100 yeast
extract, 10'4 protohemin, and 1.5% agar-agar. Plates were
counted after 48 hours incubation., The results are illusg-
trated in Figure 1.

It may be seen from Figure 1 that the bacterial
count of the cysteine culture increases logarithmically
during about the first nine hours, after which there is a
logarithmic decrease, The maximum count approximates the
disappearance of cysteine as measured by the nitroprusside
reaction., The absence of any prolonged stationary growth
phase and the occurrence of a logarithmic degrease in num-
bers in place of the usual growth phase of slow decline is
highly significant when considered in relation to the dis-
appearance of cysteine,
oy In the hemih culture the smooth growth curve doeé

not appear until later (10 to 14 hours) and the interim is
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characterized by rather wide fluctuations in the count, It

is not known whether the fluctuations observed are significant

or not, since the dilution plate count of Hemophilus in-

fiuenzae on this medium has not been used extensively enough
to allow evaluation of the experimental error. In cultures
containing both cysteine and protohemin, growth appears
early and the viable bacteria persist,

Thus, although the maximum turbidity attained in
cysteine cultures is comparable to that of anaerobic cul~
tures, it is probable that the cause differs in the two
cases, While the low degree of turbidity attained in an-
aerobic cultures may be related to the available energy, in
éysteine cultures it appears to be due to a cessation of
growth when the protective action of cysteiné disappears
and allows the accumulation of inhibitory concentrations
of hydrogen peroxide. Anaerobic cultures remain viable for
much longer periods than do cysteine cultures.

It is also possible to demonstrate that cysteine
protects the organism against the inhibitory effects of

~added dye systems, This is shown by Table VI, It is seen
that cysteine affords protection in the case of all dyes
except nile blue, 1In this it is comparable to an excess
(104 grams/ml, ) of protohemin (Table II). The results
obtained in the cultures containing both cysteine and proto-
hemin are surprising. When dye systems of the intermediate

potential are used, cysteine appears to exert an inhibitory
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effect on growth even in the presence of protohemin, After

12 hours incubation, all tubes containing protohemin plus
cysteine showed the same turbidity as the corresponding

tubes containing cysteine alone, so that undoubtedly cys-
teine is capable of protecting the organism in the presence
of all dyes except nile blue until there has been time for
considerable growth and, presumably, for catalase formation
if protohemin ig present, Catalase is extremely efficient

in the removal of hydrogen peroxide, so that if catalase is
formed growth should continue and maximum turbidity might be
expected in the presence of cysteine plus protohemin with all
dyes that permit any growth at all., For thig reason, the
partial inhibition that is observed is probably not due to
direct inhibition of growth by hydrogen peroxide. It may

be noted, however, that the degree of turbidity observed af-
ter 36 hours incubation in cysteine plus protohemin increases
as the potential of the dye system present recedes in either
direction from that of nile blue. It is probabld, then, that
the partial inhibition observed in these tubes is related to
the rate of oxygen consumption since this is plausibly the
only factor that varies in precisely this manner, Further-
mOre, turbidity is greater in the presence of protohemin alone
in the case of naphthol sulfonate indophenol and phenosafra-
hinevthan in the presence of both protohemin and cysteine.
The observationabmake it seem very probable that the partial
inhibition observed when cysteine is present with protohemin

is due to the result of increased respiration on the cysteine.
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This may tentatively be referred to the formation of in-
hibitory oxidation products of cysteine.

Although it is guestionable whether cysteine is
able to act as a respiratory catalytic system as in Equa-
tions (5) and (6), the objection may be raiged that it per-
forms this function in relation to the growth of Hemophilus

influenzae., This mechanism involves the reduction of cystine

(5) 2 CysSH + 1/2 0242222::? CyS-sCy + H.0

(6) substrate + CyS-8Cy ———> pxidized + 2 CySH
< substrate

under the influence of the organism and the oxidation of

cysteine by oxygen. If Hemophilug influenzae is able to

cause the reduction of cystine and if growth depends only

on respiration through this system, it should be possible to
replace protohemin with either cystine or cysteine. Numerous
attempts to substitute cystine in concentrations comparable
to those found suitable with cysteine have been made without
success. Obviously, this explanation will not account for
the effect of cysteine on growth., In addition, since c¢ystine
does not protect against the inhibitory action of dyes, it 1is

apparent that Hemophilus influenzae is incapable of reducing

this compound to cysteine which does exXert a protective action,
It may also be objected that in aerobic culture

gfowth of Hemophilus influenzae is dependent upon an in-

ereased oxygen consumption resulting from the oxidation of

cysteine to cystine. At the present time no evidence is
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available to determine whether oxygen consumption is in-
creased in the presence of cysteine., However, the total
respiratory capacity of 0,006 li. cysteine (0.1% cysteine

hydrochloride) may be calculated. From Equation (5),

11200 ml, (volume of 1/2 mol 02)

~ x 0,001 x 1000 =
315 grams (2 mols CySH-HC1)

35.6 cu, mm, Ogp reducible by 1 ml, 0.006 M. cysteine,

This total quantity of oxygen consumed is of the same order
as that consumed by many bacteria in a few minutes, so that
it is improbable that the axidation of cysteine will provide
the organism with a very large supply of energy. It has al-
ready been shown that this system cannot effect the oxida-
tion of additional substrates since the cystine cannot be
reduced by the organism,

The inability of cystine to substitute for cysteine
would appear to eliminate several possible functions of

cysteine in the growth of Hemophilus influenzae. Since

cystine is not reducible by the organism cysteine may not
serve a respiratory catalytic function nor as a significant
oxidizable source of energy, and for the same reason the
cysteine-cystine system ﬁay not fulfill a "peroxidase" func-
tion suggested by Equations (4@)and (6). Since cystine may
not be substituted, it 1is improbable that the amino acid
vétructure or any part of it is required for synthesis of

celluler material. Almost the only function that may be
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attributed to cysteine alone of the two compounds is its

reducing activity. These results lend very strong supporting

evidence in favor of the view that formation of catalase 1is

the only essential function of protohemin for the growth of

Hemophilus influenzae.

7. The substitution of thioglyeollate for protohemin

Thioglycollic acid also reduces hydrogen peroxide
so an attempt was made to repléce protohemin with this com-
pound. 8Since thioglycollate is considerably more stable under
the experimental conditions it was hoped that it might offer
several advantages over cysteine, and might even be of some
practical use in the cultivation of bacteria requiring the
X-factor.

Various concentrations of neutralized thioglycollic
acid were added to the basal medium containing yeast extract
with or without protohgmin and were inoculated with an an-
aerobic yeast extract culture. Several such experiments have
been performed and the results were either negative or else
of the sort shown in Table VII, Concentrations of thiogly-
cdllate of 0.01 M. or greater inhibit growth even in the
presence of protohemin or in the absence of oxygen, so that
they could not be expected to support aerobic growth in the
absence of protohemin, Thig inhibitlion was shown not to be
due to any alteration of the reaction of the medium., Concen-
_trations of 0,004 M. or less were not inhibitory if other

‘means were taken to prevent the accumulation of peroxide, but
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thioglycollate alone in these concentrations did not permit.
aerobic growth, It was noticed several times, however, that
SIight growth occurred aerobically in the absence of proto-
hemin if approximately 0.005 M, thioglycollate was added to
the medium. It may be seen that the range of concentrations
permitting growth was not wide. This concentration is lower
than that used successfully with cysteine, but data are not
available for comparison in all concentrations (see Table VIII).'
Thioglycollate appears to exert an inhibitory action at a con-
centration of 0,006 M., which in the case of cysteine permits
moderate growth, but it is poésible that at 0,005 M. the ef-
fect of cysteine would compare with that of thioglycollate.’

It was not considered necessary to confirm these
experiments by means of series transfers, since anaerobic
cultures carried many transfers in the absence of protohemin
were used for inoculation.

8ince thioglycollate inhibits growth of Hemophilus-

influenzae under conditions which do not permit the forma-

tion of hydrogen peroxide, it is obvious that the absence of
growth in this case cannot be referred to an inability to
protect against peroxide. Unless thioglycollate is toxic
per se, which appears unlikely because of the action of the
closely related cysteine, it is probable that inhibiting
substances are either present in the technical grade of thio-
Blycollic acid used, or are formed from it during incubation

of the culture. There remains the necessity of explaining
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why thioglycollate, which is much the more stable under the
experimental conditions, is not effective in significantly
lower concentrations than is cysteine. It is possible that
this phenomenon is related to the rate of diffusion of these
substances into the cell. This question is given further

treatment in the Discussion.

Protection against the inhibitory effect of dye

systems could not be demonstrated in the case of thiogly-
collate, probably because the proper concentrations of
thioglycollate were not used., However, thioglycollate does
cause an acceleration of growth in aerobic¢ cultures containing
protohemin., Under conditions in which turbidity appeared in

2 x 1079 protohemin only after 22 hours, cultures contalning
the same amount of protohemin plus 0,005 M. thioglycollate
were definitely turbid in 6 hours., This growth-accelerating
effect of thioglycollate was frequently observed.

The possibility that thioglycollate permits growth
by virtue of another capacity than its reducing activity may
be met by arguments similar to those given in the case of
cysteine.

8. The effect of cysteine and thioglycollate on growth
1nh1bition by added hydrogen peroxide

In order to show that the growth promoting effects
of cysteine and thioglycollate are indeed due to the ability
of these compounds to reduce hydrogen peroxide, it would be
desirable to demonstrate that cysteine and thioglycollate

protect Hemophilus influenzae against the inhibitory action

of added hydrogen peroxide.
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Dilutions of "30%" hydrogen peroxide were prepared
aseptically and added to sterile basal medium containing
vyeast extract and 0,006 M. cysteine or 0,002 M. thiogly-
collate, These were inoculated with O.,1 ml. of a hemin-free
anaerobic culture and incubated aerobically. The appearance
of the tubes after 24 hours is given in Table IX. The
appearance of the tubes remained the same after 48 hours incu-
bation, with the exception that turbidity was observed in the
btube containing 0,00015 M. hydrogen peroxide plus hemin
alone. It is apparent that both cysteine and thioglycollate
exert a marked protective action against added peroxide,
‘permitting growth in about ten times the concentration of
peroxide in which it appears with protohemin alone. Aside
from this observation it is difficult to assess the signifi-
cance of these results., At first glance it would appear
that 0,002 M. thioglycollate permits growth in about an
equivalent concentration of hydrogen peroxide (0.,0015 M.)
and that cysteine need be present in about three times this
ccncentfation in order to give the same effect. The eXcess
cysteine required may be related to the ease with which it
is oxidized by oxygen. However, it was shown in Section 2
that at least 0,9999 of the added peroxide is reduced imme-
diately by the basal medium so that it is obvious that both
> 8ﬁ1fhydry1s are present in considerable excess., 8ince the
pfotective action of these compounds in all probability de-

pends upon their diffusion into the cell, it might be ex-
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pected that an excessive extracellular concentration would
be required. Also, oxygen is present to permit the formation
of additional hydrogen peroxide,

The situation is further complicated by the presence
of protohemin, which may give rise to catalse. However,
since the same limiting growth inhibiting concentration of
added peroxide (0.003 M.) is observed with cysteine plus
protohemin as with cysteins alone, no supplementary pro-

vtective action can be attributed to protohemin in this case.
This demonstrates that the formation of catalase from proto-
hemin is inhibited by hydrogen peroxide. In lower concen-
trations of hydrogen peroxide (0.0015 M. or less) the pre-
sence of protohemin causes the production of a greater

finael turbidity, indicating that later in the incubation
period, after cysteine has disappeared, catalase is present
and permits the continuation of growth., This conclusion
depends upon the assumption that the growth rates are ap-
proximately constant,

9., The effect of cysteine and thioglycollate on the accumu-
lation of hydrogen peroxide

It was demonstrated in the previous section that

cysteine and thioglycollate protect Hemophilus infduenzae

against the inhibitory action of rather large quantities of
added hydrogen peroxide, and it is now proposed to show that
‘ these compounds also prevent the accumulation of hydrogen
fééroxide when this is produced under the influence of the
‘Gfganism. Since Schales' reagent is insensitive to low

concentrations of hydrogen peroxide that are yet growth in-
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hibiting, it was desired to use a method that would ex-
aggerate the rate of production of peroxide, This was
effected by replacing the usual inoculum with & heavier
suspension of the bacteria and testing for hydrogen per-
‘bxide after a short incubation period., The only effect
of this alteration in procedure should be to increase the
velocity of reactions that normally occur, and hence it is
a valid method of determining the respiratory mechanisms
present under various conditions of culture,

The basal medium containing yeast extract and 0,006
M. cysteine or 0,002 M. thioglycollate with or without 2 x

® M. methylene blue or 10"6 grams/ml, of protohemin was

10”
inoculated with 0.1 ml. of an 18 hour protohemin-yeast ex-
‘tract culture that had been concentrated 20 times by centri-
fuging 200 ml. of culture and resuspending the bacteria in
10 ml. of physiological saline. After incubation for 30
minutes the cultures were tested with Schales ' (1938)
dilute reagent. The results are given in Table X.

It is to be observed that while moderate or strong
tests for hydrogen peroxide were obtained in the absence
of cysteine and thioglycollate, the test was weak, negative
or questionable when these substances were present., It is
surprising that the test for peroxide was no more marked in
the presence of methylene blue than in its absence, since
this dye system has already been shown to be an efficient

‘respiratory catalyst, but it is possible that this may be

.accounted for by the fact that it was necessary to treat
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dye cultures twice with kaolin, and that even after this
treatment the solutions were still bluish, Thus, it is
doubtful if the results oBtained after treatment with kao-
lin are strictly comparable with those of solutions not so
treated, The marked difference still remains between the
cultures with and without cysteine or thioglycollate,

In this experiment protohemin was added in the be-
lief that it might exert only a respiratory catalytic func-
tion since Lwoff and Lwoff (1937 b) have shown that augmen-
tation of respiration begins in less than 7 minutes after
addition of hemolyzed blood to cultures containing a minimum
of protohemin and it appeared unlikely that appreciable cata-
lase formation could take place in the incubation period of
30 minutes. The results do not indicate any such effect,
however, since the concentration of hydrbgen peroxide, as
nearly as can be judged by this method, is lower in the
presence of added protohemin than in its absence (Table X,
Column 1), This result suggests either a rapid formation
of catalase or else a slower rate of formation of the cyto-
chrome system than was reported by Lwoff and Lwoff. Since
a protohemin-free inoculum was not used in the present ex-
periment, some catalase may be expected to have been added
,to the tubes, but this factor shéuld have been equal in all

ftubes.
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10, The substitution of ascorbic acid for protohemin

Ascorbic acid is capable of reducing hydrogen per-
oxide, and it was found that this compound could replace

protohemin for the growth of Hemophilus influenzae. Tubes

of the basal medium containing yeast extract and goncentra-
tions of neutralized ascorbic acid ranging from 0,01 M. to
0.,0005 M, with andwithout 2 x 10~%® grams/ml. of protohemin
were inoculated with 0.1 ml, of a protohemin~-free anaerobic
culture., The results are given in Table XI, It may be seen
that while concentrations of ascorbic acid of 0.01 M. and
0,005 M. were able to replace protohemin, they also had an
impeding effect on growth both alone and in the presence of
protohemin, With lower concentrations neither protection

nor the impeding effect was observed, It is not probable
that this impeding efféct is due to a decrease in the growth
rate since turbidity appears as early in the presence as in
the absence of ascorbic acid. It is more likely that growth
is halked before maximum turbidity is attained., Furthermore,
since this effect occurs also in the presence of protohemin,
it is apparently not due to exhaustion of the protective
agent as in the case of cysteine., It may be suggested that
growth inhibiting factors are produced from the ascorblc acid
and that the situation is analogous to the case of thiogly-
collate in this respect. It was shown that the impeding effect

was not due to an alteration of the reaction of the medium.
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This experience has been repeatedly confirmed using
anaerobic cultures as inocula. S8ince, for this reason,
protohemin could not have contaminated the cultures, it
was not considered necessary to repeat the experiment using
series transfers,

The effect of ascorbic acid on growth inhibition
;n the presence of dye systems is shown briefly in Table
XII. The results are similar to those obtained with cys-
teine and need no additional comment, The effect of ascor-
bic acid on the accumulation of hydrogen peroxide and on
growth inhibition by added peroxide has not been studied.

Ascorbic acid is capable not only of reducing hy-
drogen peroxide, but also of acting as an oxidation-reduc-
tion system, Whether this function plays any role at all
in the present experiments is not known, but it has al-
ready been shown that respiration is probably not essen-

tial for the growth of Hemophilug influenzae, so that the

essential function of ascorbic acid cannot be its ability

- to act as a respiratory catalyst. In addition, the substi-
tution of ascorbic acid for protohemin eliminates the possi-
bility that the compounds previously used are effective

because they provide the organism with a source of sulfur,

11, The effect of thiosulfate and sulfide on growth

Sodium thiosulfate and sodium sulfide also reduce
hydrogeh peroxide. An attempt was made to replace protohe-

min by these substances.,
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Sodium thiosulfate was employed in concentrations

ranging from 0.1 M..to 0.001 M. ©No turbidity developed

either in the presence of thiosulfate alone or with the
eddition of protohemin in any concentration of thiosulfate
tested., Inhibition of growth was shown not to be due to any
alteration of the reaction of the medium,

Sodium sulfide, in concentrations ranging from 0.5 M.
to 0,005 M., was tested alone and in the presence of proto-
hemin, Turbidity appeared in all tubes containing sulfide,
including those not inoculated, and was proportional to the
concentration of sulfide added. It was shown by micro-
séoEic examination that the turbidity was due to colloidal

precipitation, and that no growth of Hemophitus influenzae

was apparent either in the presence or absence of protohemin.
Inhibition of growth was shown not to be due to any altera-
tion of the reaction of the medium,

It appears that the results of these experiments
contribute no evidence bearing on the problem at hand.
While both thiosulfate and sulfide are unable to replace
protohemin, it is obvious from the observation that these
compounds inhibit growth in the presence of protohemin that
some other growth inhibiting mechanism is concerned.

12, The effect of cyanide, diethyldithiocarbeamate and
’ 8-hydroxyquinoline on growth

It is well known that cyanide inhibits the action

"of enzymes in which a heavy metal, particularly iron, is

the active group. Growth of Hemophilus influenzae would
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not be expected to occur in aerobic culture with proto-
hemin in the presence of cyanide, since this compound
poisons both catalase and cytochrome oxidase, The removal
of these systems is more eésily effected, however, by de-
‘pletion of protohemin and it has already been shown that
when this is done aerobic growth does not occur. It was
not expected, therefore, that cyanide would inhibit growth
of the organism when growth did not depend on the presence
of enzymes derived from hemin (e.g., in anaerobic culture
or aerobically with cysteine), but such inhibition was
found to occur. Tubes of the basal medium containing yeast
extract and 107° grams/ml. of protohemin or 0.006 M. cys-
teine plus 0,005 M. or O,00125 M. potassium cyanide were
inoculated with O.1 ml. of a protohemin-yeast extract cul-
ture. These were incubated aerobically and anaerobically
with the results shown in Table XIII.

The results show that low concentrations of cya-

nide inhibit the growth of Hemophilus influenzse not only

in aerobic tubes containing protohemin, but also in an-
aerobic culture and to a less extent in aerobic culture
containing cyéteine. It is obvious that inhibition in an-

aerobic culture and in aerobic cysteine culture cannot be

attributed to inhibition of the catalase or cytochrome oxi-
dase systems, since these are not required for growth under

the conditions used.,
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It was also observed that sodium diethyldithiocar-
bamate in a concentration as low as 0.00L M. and 8-hydroxy-
quinoline in even lower concentrations inhibited the growth

of Hemophilus influengzae in the presence of 10-6 grams/ml.

of protohemin, 0.006 M., cysteine, or 0,005 M. ascorbic acid,
It is known that cyanide, diethyldithiocarbamate and
8-hydroxyquinoline inhibit the action of heavy metal-contain-
ing enzymes, so that it is probable that growth inhibition
was due to the effect of these compounds on "anaerobic
mechanisms" egssential for either aerobic or anaerobic growth,
A similar explanation may ultimately be found for the im-
peding or inhibitory effects found with thioglycollate, sul-
fide, and thiosulfate, since in cultures containing these

compounds the odor of hydrogen sulfide was always detectable,

13. The effect of crystalline catalase on growth

It was expected that preparations of catalase might

replace protohemin for the growth of Hemophilus influenzae.

Even if the added catalase does not act as such, it might be
active by virtue of its protohemin content, as is the case
with hemoglobin, For this study, a small amount of Sumner's
(8umner and Dounce, 1937) crystalline catalase suspended

in ammonium sulfate solution was washed and dissolved in
phosphate buffer at pH 6.0. This solution was comparable
colorimetrically to about 10-5 protohemin and could replace
prdtohemin at a further dilution of 1/1000. Growth appeared

about as rapidly in this concentration as in 10~9 protohemin,
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Since the catalase solution was not prepared from
weighed, dry material, and since the activity of the crys-
tals was not known, any comparison of the X-faétor activity
of this solution with the activity of protohemin could not
be considered strictly quantitative, but the results suggested
that the crystalline catalase was active as the X-factor in
a higher dilution than was protohemin, It was later found
‘however, that the catalase solution could also replace the
V-factor (yeast extract) for the growth of the organism,
and augmentation of growth may be attributed in part to the
excess V-factor present, since lower concentrations of pro-
tohemin may be used when a great excess of the V=-factor is
~present, It was found that the ability of crystalline cata-
lage to supply the V-factor was not removed by three addi-
tional recrystallizations, but was destroyed by heating to
70° in phosphate buffer solution at pH 7.4 for 5 to 10 min-
ﬁtes, or by autoclaving, The apparent activity of catalase
as the V-factor was shown not to be due to yeast extract,
introduced into the test along with the inoculum by carfying
out a series of 5 transfers in the bagal medium conteaining
catalase but no yeast extract.,

It was noted that in many cases a concentration of
catalase sufficient to give a qualitative catalase test on

addition of hydrogen peroxide did not permit the growth of

Hemophilus influenzae, which seems to indicate that a rela-~
ktively high concentration of added (extracellular) catalase

doés not protect against hydrogen peroxide. This is to be
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expected since the large catalase molecule must be unable
tb penetrate the cell, where in the absence of intracellular
catalase, hydrogen peroxide may be produced and kept at a
growth inhibiting concentration., This question is given

further treatment in the Discussion,

V  DISCUSSION

l, The essential function of protohemin for growth of
Hemophitus influenzae

At the present time there is no evidence available
to indicate that cytochrome ¢ and cytochrome oxidase are
not formed from protohemin by those.bacteria requiring
this factor for growth, The respiratory augmentation ob-
served by Lwoff and Lwoff (1937 b) upon the addition of

protohemin to cultures of Hemophilus influenzae containing

only a minimum of protohemin lends support to this view,
especially since it was noted that augmentation was propor-
tional to the amount of protohemin added. The cytochrome
system is found in many bacteria as well as in plant and
animal tissue, and acts as the final mediator in oxidations
by oxygen., In the presence of the specific dehydrogenases
cytochrome may oxidize various substrates éither directly
(Equation 7) or through the mediation of the codehydrogenases
(Equations 8 and 9). In either case, the reduced cytochrome

is reoxidized by oxygen in the presence of cytochrome oxidase
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with the formation of hydrogen peroxide as the primary re-
duction product of oxygen (Equation 10). This peroxide
may either be removed under the influence of catalase,
peroxidases or other mechanisms, or it may accumulate.

substrate
(7) substrate + cytochrome g > oxidized + reduced

«

dehydrogenase substrate cytochrome

codehydro-~ substrate | oxidized reduced
(8) substrate + genase < ~ substrate + codehydro-
dehydrogenase genase

reduced diaphorase jcodehydro- ; reduced
(9) codehydro- t cytochrome genase cytochrome

genase -~

cytochrome )

(10) reduced cytochrome + Op ¢ “cytochrome + Hp0p

oxidase

Further evidence indicating that the cytochrome system
is formed from protohemin by the bacteria requiring this
factor is supplied by the observation of André Lwoff (1936 a)

that the presence of hemin ¢ has a sparing effect on the

amount of protohemin required for the growth of Hemophilus

canig. Present knowledge indicates (Stern, 1937) that the
prosthetic group of neither cytochrome ¢ nor of cytochrome
oxidase is protohemin, so that the formation of the cyto-

chrome system from protohemin involves not only a combination
of a hemin with & protein but also an alteration of the hemin
structure, For the formation of hemin ¢, the prosthetic
group of cytdchrome ¢, this probably means the addition of

a base with tertiary nitrogen to an unsaturated side chain;
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end in the case of pheohemin, which is probably the pros-
thetic group of cytochrome oxidase, the oxidation of a
»vinyl side chain to a formyl group. Lwoff found it im-
- possible to completely replace protohemin by hemin ¢ for

kthe growth of Hemophilus canis, and suggested that this

might be because protohemin is necessary as such and because

the reaction, protohemin hemin ¢, may not be re-

e
versible, Considering the chemical changes concerned this
appears quite likely.

Whatever weight may be given the cytochrome-cyto-
chrome oxidase theory of the function of protohemin as a
‘result of the demonstration that protohemin causes a propor-
tional augmentation of oxygen consumption, equal weight must
 be given the catalase theory as a result of the demonstration
of a catalase test by cultures of the organism, since this
test i1s highly specific. There was even a rough indication
that the amount of catalase produced depended on the amount
of protohemin present., On theoretical grounds, also, the'
formation of catalase from protohemin might be expected,
since the prosthetic group of catalase is protohemin itself

(see Stern, 1937).

It may be submitted, however, that the demonstration
of the presence of elither catalase activity or of respiratory

augmentation on the part of cultures of Hemophilus influenzae

1s insufficient evidence for the evaluation of the importance

of either of these functions for growth., This evaluation
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~§as been attempted in the present work by determining
 whether the reactions catalyzed by the respective systems
are essential for growth,

Several observations show that respiration through

the cytochrome system is not essential for the growth of

Hemophilus influenzae. It would appear that successful
anaerobic cultivation isbsufficient to demonstrate that
oxygen consumption is not an essential function of the cell
and that, accordingly, mechanisms catalyzing oxygen con-
sumption cannot be essential as such, Anaerobic cultiva-
tion has been reported (Kopp, 1927) and confirmed (Eirund,
1929; Anderson, 1930, 1931) and the present work contains
suggested explanations for the reported failures (Pfeiffer,
1893; Fildes, 1921). It was admitted that "anaerobic cul-
tivation" rarely signifies the absolute exclusion of oxygen
but it is obvious that under the conditions specified suf-
ficient oxygen was not present to provide a significant
respiratory energy source. In addition, it may be shown
that the cytochrome system need not even be present to per=-
mit cultivation of the organism. It is generally conceded

that protohemin is required by Hemophilus influenzae and

certain related bacteria because they are unable to synthe-
size thlis structure from its components, and because this
structure is part of some essential mechanism of the cell.

It may be shown that under certain conditions (anaerobically,

and also aerobically if means are taken to prevent the

accumulation of hydrogen peroxide) Hemophilus influenzae is
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eble to grow without the addition of protohemin, and that
‘this ability is not due to a suddenly acquired mechanism
for synthesizing protohemin, since this compound remains
essential in aerobic media lacking agents that reduce hy-
drogen peroxide, Obviously, then, the cytochrome system

is not indispensable for the growth of Hemophilus influen-~

zae and there is no reason to believe that the same conclu-
sion may not be applied to related organisms requiring pro-
tohemin, \

The available evidence indicates, in fact, that the
respiratory function of protohemin, if it were supplied to
the organisms without the usually accompanying catalase
function, would prevent growth, S8ince it is not possible

to inhibit specifically the catalase function of Hemophilus

influenzae, this was shown by the inhibitory activity of

certain oxidation-reduction systems capable of supplying
only the respiratory catalytic functioh. In the presence
of these systems growth was lacking entirely unless means
were taken to prevent the accumulation of hydrogen peroxide.
On the oiher hand, the evidence supporting the
essential nature of the catéiasefunction is rather complete,
The enzyme catalase specifically catalyzes the decomposition
of hydrogen peroxide (Equation 11), so that attention was
focused on the relation of growth to hydrogen peroxide.

' catalase . '
(11) HgOg 2  Hgo *1/2 0,
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It was shown, by the addition of known amounts and by

testing for peroxide, that the growth of Hemophilus influ-

enzae was inhibited by extremely low actual concentrations
of hydrogen peroxide, It was demonstrated that in the ab-
sence of protohemin hydrogen peroxide accumulated in aero-
bic culture, and it was shown that growth occurred only

when peroxide did not accumulate (anaerobic culture, or
aerobically with protohemin or substances reducing peroxide).
It was concluded that in the usual culture or in the

natural habitat, where agents reducing hydrogen peroxide

are probably lacking, the growth of Hemophilqg_influenzae'

is dependent on the formation of catalase from protohemin,
It might be objected that these results apply
equally well to the essential nature of peroxidase., This
enzyme or group of enzymes catalyzes the reduction of hy-
drogen peroxide by various substrates (Equat;on 12)., It
is probable that those peroxidases which have been studied
peroxidase oxidized 4 H0

(12) substrate +HpOp 2 substrate

L
T

(horseradish and fig sap peroxidases) contain protohemin
as the prosthetic group (see Stern, 1937). Satisfactory

evidence is not available to determine whether Hemophilus

“influenzae produces peroxidase or not., It must be recalled
that the "peroxidase test" frequently ﬁsed on cultures of

Hemophilus influenzae with positive results cannot be con-

"sidered valid in this respect, since cytochrome and related
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gubstances also give the test and can be distinguished

from the peroxidase enzymes only by quantitative methods.
Even if peroxidase is produced it must be noted that it is
relatively inefficient in the removal of hydrogen peroxide
as compared to catalase and, since the latter was shown to
occur, it is obvious that peroxidase cannot play a signifi-
cant role in any case,

After continued anaerobic cultivation without proto=-
hemin it might be expected that the organism would be de-
pleted of the cytochrome respiratory system., If no other
means of respiration and formation of hydrogen peroxide is
possessed by the orgenism, aerobic culture without protohemin
should then be possible. This did not occur, even when
freshly autoclaved media containing no preformed peroxide
was used, In addition, it was noted that hydrogen peroxide
accumulated when such media were inoculated heavily. These
results demand the possession of a non-hemin respiratory sys-

tem by Hemophilus influenzae, in order to account for in-

hibition and peroxide accumulation in aerobic hemin-free
culture. The nature of this meéhanism is not known,but it

may well be a flavoprotein, since these are of common occur-
rence. The phosphoriboflavin proteins containing the alloxazin-
adenine~-dinucleotides are known to act as mediators in respira-
tion., The flavoprotein isolated by Warburg and Christian

is not reduced directly by any dehydrogenase although it may

be reduced by either of the codehydrogenases (Equation 13).
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At the reduced oxygen tension occurring in tissues and in
the presence of electroactive systems of higher potential,
~such as the cytochrome system, reduced flavoprotein is oxi-
dized by cytochrome (Equation 14) which is in turn oxidized
by oxygen in the presence of cytochrome oxidase, with the
formation of hydrogen peroxide (Equation 10). However, in
the absence of such electroactive systems, as probably in
the present case, the flavoprotein may act as the final
mediator in the series and reduce oxygen with the formation
of hydrogen peroxide (Equation 15). In the absence of cata-
lase, peroxidase or substances reducing peroxide, hydrogen
peroxide will accumulate and inhibit growth., If Hemophilus
influenzae produces sich a system, it must be capable of syn-

thesizing it from peptone plus cozymase,

(13) reduced + flavoprotein scodehydro- + reduced

codehydrogenase ¢ genase flavoprotein
(14) reduced. + cytochrome s flavoprotein + reduced
flavoprotein S .cytochrome

(15) reduced flavoprotein+0, ______ 5 flavoprotein + Ho0p

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



83,

2. The relation of growth to the kinetiecs of peroxide
formation and removal

In the present work catalase has not been quanti-
tatively measured. Under conditions in which the accumula-
tion of hydrogen peroxide would be possible except for the
presence of catalase, the occurrence of growth has been
considered evidence of the production of catalase, and the
failure of growth as evidence of its non-production, Conse-
quently, it is difficult to consider separately the effect
of hydrogen peroxide on growth and on catalase production.

It was shown directly, by the addition of hydrogen peroxide

to protohemin-~free cultures, that hydrogen peroxide inhibits
growth (Table III). Also, from the fact that measurable quan-
tities of hydrogen peroxide accumulate in the presence of
living bacteria and of protohenin (Table Iv), it may be con-
cluded that hydrogen peroxide inhibits the production of cata-
lagse, although this may be indirectly (e.g., by inhibition of
growth), It is probable that about the same concentration of
hydrogen peroxide inhibits bothﬁgrowth and catalase production,
It was noted (Table III) thatvanaerobically 0.00015 M. added
hydrogen peroxide secures permanent inhibition of growth in
the absence of protohemin, but only delays growth in its pre-~
sence. This appears to show that catalase can be formed in
‘concentrations of peroxide that inhibit growth per sge, but it
‘may be noted that double this concentration (0.0003 M) se-
yéures permanent inhibition in either case. If this differ-

ence is not attributable to experimental error, it is yet not
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great., It was also noted that cysteine permitted growth
in the same concentrations of peroxide whether protohemin
was present or not (Table IX). Since the production of

catalase depends on the reaction,
protohemin + protein ——————2>catalase,

and since the supply of protein depends on cell synthesis,
inhibition of growth should prevent the formation of all
but very small amounts of catalase. It is true that even
small amounts in particular cells might clear them of per-
oxide and permit growth and additional catalase formation
with the ultimate production of maximal turbidity, but the
results no more than suggest this,

It may be shown that the production of catalase also
depends on the concentration of protohemin. Growth may ap-
pear earlier in the presence of excess protohemin, and 1074
grams/ml, of protohemin permitted growth in the presence of
dye systems that caused inhibition when only 10-6 grams/ml,
was present (Table II). It appears, therefore, that the

reaction,
protohemin + proteim——Xcatalase,

depends on the concentrations of both reacting substances,
and probably on other factors.
It is now possible to consider from a kinetic view-

point the conditions existing in various types of cultures.
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Probably three principal reactions are concerned; (1) the
formation of hydrogen peroxide, (2) the decomposition of

hydrogen peroxide, and (3) the reduction of hydrogen per-

oxide.

+
(1) 2 H + 02———9 Hg 0, This depends on the
e..__,

presence of respiratory catalysts and of oxygen, In the
present work probably three catalysts have been involved;
(a) &a non-hemin respiratory system (called flavoprotein
for convenience), (b) the cytochrome system, and (c) dye
systems of suitable potential.

(a) The non-hemin respiratory system was present
in the cells under all conditions, although it could be
made non-functional by the exclusion of oxygen.

(b) The cytochrome system was probably always
present when protohemin was supplied the cell, but could
be removed by depletion of this compound. It could not
be studied in the absence of catalase, The factors in-
fluencing the formation of the cytochrome system are
probably similar to those concerned in the formation of
catalase, although there is some evidence that this sys-
tem is functionally less active.

(¢c) The dye systems are "artificial" catalysts and
may be supplied at will, They are accompanied by no
complicating accessory functions, so that their effects

may be readily studied. The effect of respiratory cata-
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lysts of various efficiencies may be determined by
using dye systems of various potential.
(=) H202;:::22H20 +1/2 0y By removing hydrogen

peroxide produced during respiration, this reaction
acts to neutralize the inhibiting tendency of the first
reaction, The occurrence of these two reactions in na-
ture is so frequent that they have not long been regarded
as distinct. The latter is catalyzed specifically by
catalase, which is extremely efficient in this respect.
It is probable that only very small amounts of catalase
are required. This reaction may be supplied at will, but
it is always accompanied by the cytochrome respiratory
function.

(3) 2 H*'i.Hzoz ——> 2 Hy0 This reaction re-

G

quires no catalyst not present in peptone solution, It
depends on the presence of an active reducing agent.
For the present purpose these may be considered under two
heads; (a) added reducing agents, and (b) those already
present in the medium,

(a) The reducing agents added (cysteine, etc.)
reduce hydrogen peroxide rapidly, and in thequantities
used may be effective for a relatively long period,
Cysteine appears not to be oxidized completely for about
9 hours (Figure 1), which is sufficient time for the

appearance of a definite turbidity if growth occurs,
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(b) Reducing agents present in the peptone solu-
tion appear to reduce hydrogen peroxide rapidly but,
probably because they are present in low concentration,
the protective effect does not last long. The rate of
the reaction is probably rapid at first, then gradually
becomes progressively slower. The occurrence of delayed
anaerobic growth may be due to this effect, the concen-
tration of hydrogen peroxide not becoming low enough in
certain cases to permit growth for 24 to 48 hours. In
this way, autoclaved peptone solutions exert a sort of
"ouffer®" effect and must be "saturated" with peroxide
before active hydrogen peroxide begins to accumulate.

It is possible to consider here the question of a
peroxidase, which catalyzes the third reaction and per-
mits the use of less actively reducing substrates, but
this enzyme would occur only along with catalase which

would be accountable for almost the entire effect.

The factors just described are of very different signi-
ficance under different cultural conditions. Three typical
cultures may be considered; (1) aerobic culture containing
protohemin, (2) aerobic culture containing cysteine, and (3)
anaerobic culture.

(1) If augmentation of respiration may begin within 7
" minutes of the addition of protohemin to aerobic cultures of

Hemophilus influenzae, it is probable that the production of

hydrogen peroxide in this type of culture begins almost imme-
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diately, If a protohemin culture is used for inoculation,
some catalase is undoubtedly present initially. The hydrogen
peroxide produced is thus removed and growth with the pro-
duétion of more catalase soon occurs if more than a limiting
dilution of protohemin is also present, If catalase is not
present in the inoculum; the broth may lower the hydrogen
peroxide concentration to below an inhibitory level until
catalase is formed; this may require many hours (Figure 1),
It is probable that the reaction producing catalase needs to
proceed more rapidly here, since it was frequently observed
that a greater concentration of protohemin was required when
protohemin-free inocula were used (2 x 107 asg compared with
10°%). After a very short time the effect of reduction of
peroxide by the broth must become insignificant and continued
growth will then depend on the rates (kj, ks) of the reactions,
+ k3 k
gH +0, ——2> HO, —=—> HQO +1/2 0,

%ed iratory 22 & —optaTaze
catalysts

Sufficient catalase must be present to keep the overall rate
(kg) of the second reaction greater than that of the first (kl).
This represents the limiting concentration of catalase, and
while the limiting concentration per cell may or may not re-
»main constant, the limiting concentration for the culture

’must increase as growth continues and the number of respiring
cells increase. For any limiting catalase concentration

kthere must exist a limiting protohemin concentration of the
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medium that will permit the formation of this amount of
‘catalase, Undoubtedly this concentration of protohemin is
considerably in excess of that actually converted into cata-
lase, Presumably this limiting protohemin concentration in-
creases as the limiting catalase concentrgtion increases
with growth of the culture. In order to permit the develop-
ment of a maximum turbidity, sufficient protohemin must be
present to allow the formation of enough catalase to decom-
pose the amount of hydrogen peroxide formed at the height

of the metabolic activity of the culture; lesser amounts
should stop growth before this point is reached. It is té
be expected that amounts of protohemin permitting the devel-
opment of "definite" and "maximum" turbidities would differ
considerably. Lwoff and Lwoff (1937 b), calculating from
the protohemin concentration of hemolyzed blood, have found
a concentration of 10"9 grams/ml. required for the former,
while in the present work 10'6 has been used for the latter;
these results may not be strictly comparable, since differ-
ent strains and sources of protohemin were used.

The overall rate of the first reaction (kl) probably
depends on two factors: the non-hemin respiratory system and
the cytochrome system. Decreasing the protohemin concentra-
tion below a limiting dilution for growth may or may not af-
fect this rate, since the flavoprotein system remains un-
’changed; but increasing the concentration has been shown

(Lwoff and Lwoff, 1937 b) to increase the respiratory rate,

In this case, however, the concentration of catalase should
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be correspondingly increased., If dye systems are added,
respiration is increased without an accompanying increase
in catalase concentration; so that k; may exceed k2 causing
an accumulation of hydrogen peroxide and the resultant
growth inhibition. This respiratory increase may be compen-
sated by the addition of more protohemin (Table II), which
appears to indicate that the respiratory function of proto-
hemin is less efficient than the catalase function,

In the presence of : ssufficient protohenin (10"6
gfams/ml.) it is probable that growth is finally stopped
in old cultures as a result of depletion of nutrients and
pf the V-factor, rather than by the accumulation of hydrogen
peroxide, although tests for catalase appear to become in-
creasingly feeble in old cultures (after about 36 hours).

(2) The situation is rather different in cysteine
cultures, A considerable concentration of reducing sub-
stances is present from the beginning, hydrogen peroxide
cannot accumulate at this time, and growth may start imme-
diately (see Figure 1) whether or not a protohemin-free
(catalase-free) inoculum is used. Consequently, turbidity
always appears early. In this type of culture the limiting
concentration of protohemin is zero, since no catalase is
required. In the absence of protohemin the non~hemin res-
piratory system is the only catalyst promoting the production
of hydrogen peroxide., However, in the concentrations used

in the present work, cysteine does not remain in the cul-
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ture for more than about 9 hours. $8ince many cells (consider-
able amount of the non-hemin system) are present at this time
and the rate of peroxide production must be high, the dis-
appearance of cysteine marks the maximum turbidity attained
and death of the cells occurs rapidly (Figure 1) unless pro-
tohemin is also present to exert a continued protective ef-
fect, in which case the culture continues as a protohemin
culture, If dyes of intermediate potential are present the
usual final turbidity of protohemin cultures is not attained.
The reason for this is nqt known but it appears to depend
upon the presence of the cysteine and upon a high rate of
oxygen consumption,

(3) The type of inoculum used makes considerable
difference in the case of anaeroblic cultures. If inoculation
is made from a protohemin culture, so that some catalase is
transferred, cultivation is accomplished without difficulty,
and several transfers may be made before this protective ef-
fect is lost. Presumably, preformed peroxide present in the
medium, and any that may be formed before "complete' anaero-
biosis is initiated, is decomposed by this catalese and no
more can be formed. Since the concentration of peroxide is
‘not great and since no more is formed, only very minute con-
centrations of catalase must be required. In addition,
since hydrogen peroxide in this concentration is inhibitory
rather than toxic, decomposition of this peroxide may ex-

tend over a period of several hours, so that the rate of
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decomposition (concentration of catalase) may be very low
without affecting the final result,.

If a protohemin-free inoculum is used, very small
amounts of hydrogen peroxide inhibit growth completely, so
that this type of organism is one of the strictest of an-
aerobés. Two sources of hydrogen peroxide are possible;
there is some evidence that preformed peroxide 1s present
in the medium if it has been stored for some time, and it
ia'possible that peroxide is formed through the non-hemin
respiratory system of the organism before complete anaero-
biosis is attained. It has not been possible to detect per-
oxide in stored media by chemical tests, so it may be merely
that the reducing capacity of stored media is lessened and
it no longer acts as a "buffer" for the peroxide formed be~
fore anaerobiosis is attained. To obtain growth consistently
with a hemin-free strain of the organism it is necessary to
autoclave the medium before inoculation. In this way the
accumulation of inhibitory concentrations of peroxide is
prevented and growth occurs., Aside from this point, the same
result is obtained whether catalase, the cytochrome system,
cysteine or other reducing agents, or dyes be present or ab-
sent, Without oxygen respiration does not occur and no method
of removing hydrogen peroxide is required. Growth apéears to
persist for longer periods in anaerobic culture, but it is
probable that this is related to the stability of the V-
factor under these conditions. Turbidity is never as marked

in aneerobic cultures but this is probably related to the
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avallable energy sources.

The preceding description of the history of various
types of cultures is fragmentary and highly speculative, but
it is hoped that it may introduce some sort of order and sug-
gest points of attack for further experimentation., The elu=-
cidation of certain points will require laborious and expen-
sive quantitetive methods, and were for this reason not under-

taken in this preliminary work,

3. The site of formation of hydrogen peroxide

It may be shown that the chemical reactions with
which this work is concerned are largely intracellular, so
‘ihat it is impossible to avoid some consideration of the ef-
fect of diffusion across the cell membrane. Some of the
results that have been obtained appear explicable only when
the importance of this factor is recognized.

Respiration is in general an intracellular process.
Flavoprotein and the cytochrome system are normally found
within the cell and it is undoubtedly here that they cause
the reduction of oxygen. The dye systems, which were added
aé artificial respiratory catalysts, were placed in the ex-
ternal medium, but it is known that dye systems act as res-
piratory catalysts only after absorption, since the acid
dyes, which are incapable of penetrating the cell, are un-
néble to exert this function. Inasmuch as the respiratory
‘systems Jjust described are the final mediators with oxygen

it is obvious that the site of formation of hydrogen peroxide
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is within the cell. Consequently, any substance that is
to prevent efficiently the accumulation of peroxide must
also be located intracellularly.

The relative efficiensy of intra-and extracellular
protective agents is readily demonstrated in the case of
catalase, Catalase formed by the culture from protohemin
is located entirely or almost entirely within the cell and
exerts a protective action in concentrations that are not
"demonstrable by the addition of hydrogen peroxide to the
culture. 8ince hydrogen peroxide and its products, water
and oxygen, are readily diffusible, this appears to indi-
cate that a very low concentration of intracellular catalase
prevents growth inhibition, On the other hand, when crys-
talline catalase is added to the culture, the size of the
molecule undoubtedly retains it in an extracellular position,
‘and in this case growth inhibition may occur even when suf-
ficient catalase is added to give a moderately strong test.
’Concenxrations of added catalase sufficient to prevent in-
hibition give a very strong catalase test. It may be sug-
gested that such extracellular agents exert a protective ef-
fect by lowering the extracellular concentration of hydrogen
peroxide and thus increasing the rate of diffusion of peroxide
out of the cell., It is possible to show that this effect
alone cannot protect the cell. Two concentrations of added

~catalase may be selected, both of which give a demonstrable
catalase test upon addition of hydrogen peroxide, but only

one of which permits aerobic growth of the organism., Both
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concentrations probably reduce the concentration of extra-
cellular peroxide to zero almost immediately and maintain
it there, so that both should cause the same rate of diffu-
sion of peroxide out of the cell, but only the higher con-
centration protects the organism, For this reason, the
protective action of added catalase cannot be referred
entirely to the removal of extracellular peroxide, and must
be largely due to the utilization by the organism of proto-
hemin formed through the decomposition of the added catalase.
It is probable, however, that extracellular agents
exert some protective action by the removal of extracellular
peroxide, It was observed that concentrations of added cata-
lase or of thioglycollate that are too small alone to prevent
growth inhibition may exert some protective action when a
minimum of protohemin is present. Turbidity appears much
earlier in protohemin cultures when these substances are
present, and this observation has been made within single
experiments, where the experimental conditions were presumably
constant, It may be suggested that, by the complete removal
of extracellular peroxide, these sgents increase diffusion of
peroxide out of the cell, and also prevent the entrance of any
peroxide into the cell from the medium. By thus lowering the
effective concentration of intracellular peroxide, these agents
might permit the more rapid formation of catalase and the re-
sﬁltant earlier appearance of turbidity. In addition, the
lowered intracellular peroxide concentration would decrease
the limiting concentration of intracellular peroxide-reducing

agents required for growth,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



96,

It is to be expected that in the case of respiratory
catalysts, the rate of diffusion into the cell might be of
minor importance, since very small amounts should exert a
gignificant effect., The situation is quite otherwise in
the case of reducing agents, however., These are oxidized
ag a result of the reaction with peroxide and are thus pro-
portionally inactivated, so that a fresh supply must always
be at hand. In a given time an equivalent of the reducing
agent must be absorbed by the cell in order to neutralize
“the production of an equivalent of hydrogen peroxide. 8ince
the hydrogen peroxide is produced under the influence of
a catalyst, the reducing agent must be absorbed at a very
much higher rate than the respiratory catalyst, Cysteine,
for example, might diffuse into the cell much more rapidly
thaﬁ nile blue and still be unable to prevent rapid accumu-
lation of peroxide. In addition, in all the present experi-
ments, at least one respiratory system was always present
(non-hemin system) and usually others were added.

The significance of these conclusions to the present
work is obvious. Those substances known to reduce hydrogen
peroxide, but which were fouhd to be relatively ineffective

ag protective agents, may well owe their relative ineffi-

ciency to slow absorption by the cell. There is some an-
vcillary evidence for this in the case of thioglycollic acid.
Répkine (1937) has shown that while monoiodoacetic acid
f(thl-GOOH) and monobromoacetic acid (GHgBr-GOOH) inhibited

the fermentation of glucose by yeast juice at pH 7, they
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had little effect on fermentation by intact cells and that
the rate of inhibition in the latter case was increased with
increasing hydrogen ion concentrations. It was concluded
that the ionic species present at pH 7 did not readily pene-
trate the cell. Thioglycollic acid (CHp8H-COOH) is more
closely related to these compounds than to cysteine (CHZSH-
GHNHE-GOOH) and the influence of an amino group adjacent to a
carboxyl group on the ionic structure of the compound is well
known, In the present work a reaction slightly on the alkaline
side was used, and it is not at all improbable that thiogly-
collate is less readily absorbed by the cell at this reaction
than is cysteine. It is apparent, at any rate, that attempts
to replace the X-factor by reducing agents must be made with
the diffusion factor in mind,

4., The resgpiratory structure of Hemophilus influenzae compared
with that of other bacteria

Finally, it should be intéresting to compare the res-

piratory structure of Hemophilus influenzae with representative

bacteria possessing a like or different structure, For this
purpose it will be most convenient to consider the organism in
two forms that are functionally quite different: (1) hemophoric

Hemophilus influenzae, containing catalase and the ¢ ytochrome

system, and (2) anhemophoric Hemophilus influenzae, which

lacks these factors,

(1) Hemophoric Hemophilus influenzae.

This is the common form, It contains both a non-hemin

neSPiratory mechanism and the cytochrome system, and pfoduces
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catalase and perhaps peroxidase., In this it probably re-
- sembles many of the common aerobes, although some of the

aerobes may lack a non-hemin respiratory system (e.g.,

Escherichia coli, Broh-Kahn and Mirsky, 1938), and in others

the cytochrome system is incomplete (e.g., Staphylococcus,

Burnet, 1927). Presumably, it may be differentiated from

Shigella dysenteriae Shiga on the basis of catalase forma-

tion, but the exact position of the latter organism is not

yet known. In this form Hemophilus influenzae is a faculta-

tive anaerobe,

(2) Anhemophoric Hemophilus influenzae

In this form Hemophilus influenzae possesses a non-

hemin respiratory system, but not a complete cytochrome sys-
tem, or catalase or peroxidase. It is a strict anaerobe; but

differs from the obligate anaerobes (Clostridium) in that oxy-

gen is not toxic per se, and from most of the Clostridia (ex-

cept, e.g., Cl. butyricum) in that it possesses a non-hemin

respiratory system. It may be differentiated also from Diplo-

- goccus pneumoniae, Lactobacillus acidophilus end bulgaricus,

and from certain Streptococci in that, while a similar respira-

tory structure is possessed by all, the latter group is rela-
tively insensitive to hydrogen peroxide and, consequently, may

grow to a certain extent in the presence of oxygen.

This form of Hemophilus influenzae does resemble certain

"artificial" bacteria, such as cyanide treated Staphylococcus

- (Burnet, 1927) and Escherichia coli in the presence of cyanide

plus an added respiratory catalytic (dye) system (Broh-Kahn and
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Mirsky, 1938), These organisms, also, are capable of only
anaerobic growth, since a respiratory system (non-hemin) is
present and no catalase is produced to remove hydrogen per-
oxide to which the organism is sensitive.

Anhemorphoric Hemophilus influenzae has been observed

only under quite artificial conditions, but it is not certain
thét natural occurrence is impossible. 8ince the V-factor is
not synthesized, association with living tissue would probably
be required under natural conditions and this, as a rule, pro-
vides also the X-factor, However, anasrobic commensal growth

with the Clostiridia or with facultative anaerobes not poss-

essing any part of the cytochrome system or of catalase and
peroxidase should lead to the development of anhemophoric
strains, since such bacteria could supply only the V=factor,
Association with living tissue would not be required for those

species of Hemophilus which synthesize the V-factor, If the

present work may be applied also to Hemophilus canis, this or-

ganism might readily come to exist as an anhemophoric sapro-
phyte, provided deprivation of the X-factor occurred anaerobi-
cally. Its nutritional requirements are probably as siﬁple as

those of Hemophilus influenzae, which is able to use any of

several kinds of peptone, 8ince there are many naturally oc-
curring anaerobic situations which would support bacterial
growth but which might not provide the X-factor, it is prob-

able that anhemophoric Hemophilus canis actually does occur in

nature. Thus, it is by no means certain that thie organism is

naturally an obligatory parasite,
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VI SUMMARY

(1) It was shown that Hemophilus influenzae is sensi-

tive to extremely small concentrations of hydrogen peroxide,
This substance was found to accumulate in aerobic cultures
~lacking protohemin or reducing agents. The accumulation of
‘hydrogen peroxide was correlated with inhibition of growth,
Cysteine, thioglycollate, ascorbic acid, or catalase, which
reduce or decompose hydrogen peroxide, permitted aerobic

growth of Hemophilus influenzae.

(2) Hydrogen peroxide was found not to accumulate under
anaerobic conditions and growth occurred in the absence of
agents that remove hydrogen peroxide, Anaerobic growth in
the absence of such agenhts was inhibited or delayed unless
the medium was autoclaved before inoculation. It is suggested
that this inhibition was due either to the presence of pre-

formed peroxide in the medium, or to the production of per-
éxide by the organism before anaerobiosis was attained.

(3) Oxidation-reduction systems of various potential

would not replace protohemin for growth of Hemophilus influ-

enzae, Oxidation-reduction systems of suitable potential
caused an increased accumulation of hydrogen peroxide under
aerobic conditions in the absence of agents removing peroxide.
In the presence of these systems higher concentrations of pro-
~tohemin were required for aerobic growth, Substances removing
“hydrogen peroxide permitted growth in the presence of these

systems.,
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(4) Catalase wasg produced by Hemophilus influenzae in

the presence of protohemin, Inhibition of growth and of cata-~
‘lase formation was found to be intimately related.

(5) 8ince growth was obtained without protohemin under
both aerobic and anaerobic conditions, it was concluded that
the cytochrome respiratory system is not essential for the

growth of Hemophilus influenzae. 8Since hydrogen peroxide

accumulates in aerobic cultures lacking protohemin, it was

cohcluded that Hemophilus influenzae possesses a non~hemin

respiratory system in additiqn to the cytochrome system,

(6) 8ince hydrogen peroxide was found to inhibit
growth and since growth inhibition was correlated with the
accumulation of hydrogen peroxide, it was concluded that the
essential function of protohemin is concerned with the removal
of hydrogen peroxide, principally through the formation of cata-
lasea The significance of the possible production of & per-
oxidase is discussed.

(7) The relation of growth to the kinetics of peroxide
production and removal is discussed, and the site of hydrogen
peroxide formation 1s indicated.

(8) The respiratory structure of Hemophilus influenzae

as depicted by these results is compared with that of other

bacteria.
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TABLE I

The effect of age of inoculum and of initial concentration
of yeast extract in both inoculum and culture on the time of
appearance of turbidity in aserobic cultures of Hemophilus

;g;;nenzag

Age of |Dilution|Time (hours) of appearance of turbidity in

‘jeulture |of yeast -5
|jused as |extract hemin (10 “) + yeast extract yeast
inoculumjadded to extr,

(hours) |inoculum| 1/50|1/100|1/500|1/1000|1/5000f O |1/100
. 17900 | g0 | 10| 10| 10| 210
19 1500 | 710 | £10 | f10 | 14-25| 1425
1/1000 | /10 | /10 |10-14| 14-25| 14-25
1/100 /9 9 9 YA JA
25 | /500 | 9| 91 L5 L9 | @
171000 | s9| /49| 9-24] 9-21 | 21-46

1/100 9| £9] 49 ] 9-26 | 9-26
43 1/500 /9 | 9-26] 9-26| 26-58| 26-58|144/| 144/
| 1/1000 | 9-26| 9-26| 26 | 26-58| 26-58

1/100 |14-28|14-28]|14-28| 28-46| 28-46

55 1/500 28 | 28 |46-61| 121/ | 46-61
1/1000 |28-46| 144/ 1aa/| 148/ | 1447
1/100 _

81 17500 | uaz| twaz| auas| asas | aus/

| 1/1000
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TABLE II

The effect of oxldatiom-reduction systems of varieus
potential on the growth of Hemophilus influenzae

(Aerobie) (Anaerobie)
ye %" | yedium ediun -
mBeaium + meaiunm +
3§§§§3’ : syzgen 1/500 yeast 1/500 yeast
pH 7.0 extract + extract +
: volts 0 0o
hemin|hemin hemin
2'6523§2§:§;1.+0.181 - 44+ | +++ ++ ++
Raphthol
sulfonate +0.123| - 4+ | e ++ *
indophenol ~
Brilliant
cresyl blue +0.047| = - +4++ ++ *
Hethyleneblue +0.011 - - +++ ++ ++
Nile blue -0.122] =~ - +++ - +4+
Fhaeno- inel-0-252] = | = | #se | 4+ | *
Neutral red |[|-0.325] = 4+ | 4 ++ ++
&) * - 4+ | e+ +4 ++

*not observed
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- TABLE III

Inhibition of the growth of Hemophilus
influenzae by added hydrogen peroxide

(Aerobie) - .
|Eyarogen|Bagal mediun « Basas meaiun +
eroxide Yeas

zdded t0 extract + 1/500 yeast extract +

| medium " ar3
10 © hemin o 10 © hemin
(mols)

v 24 hrs.|48 hrs. |24 hrs. |48 hrs.|24 hrs. |48 hrs.
0 . 0005 bl - - -~ - -
0.0001 5 - +++ - - - +4++
0.00003| +++ +4++ +++ e 4 4+
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TABLE 1V

The accumulation of hydrogen peroxide im
aerobic cultures of Hemophilus influenzae

1}
Dye B, of 1/500
systems systen 1/500 yeast
Gaseous added at o extract
tension pH 7.0 yeast -6
volts hemin
2,6-dichlor-
*“indocresol |*0- 181 - ? -*
Hethyleneblue +0.011| - + +
Aerobic |yite blue  [-0.122{ - | +
Neutral red |-0.325]| - ? -
(4] . - - -t
2,6~dichlor-
*“indocresol |*0-181| - -* -*
h(ef;h;;'lenem»uo +0.011] - _* _*
Anaerobic
Nile blue -0.122| = - -
Neutral red |-0.3%25| =~ - -
O . - - -¥

(Tested for hydrogen peroxide with Schales' reagent

after 24 hours incubation)
*indicates tubes in which growth occurred
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The effect of the reaction of the medium on the
angerobie growth of Hemophilus influenzae

116.

TABLE V

Treat- Period
mcgt N bogi pH of medium in Series
o ncubation
basal
medium| (hours) A B c D E
Auto-~ (Qubg #2) 7.51 |7.37 |7.11 |6.81 |6.51
claved
(Tu%i #3) 7.40%17.22*16.99*16.71*|6.46*
(Tugi #4) 7.38*17.29*16.98*]16.69*|6.43*
(Tug;6§!1') 7.58 |7.42 [7.11 |6.79 |6.51
8
not «51 . 06 16.74 [|6.48
auto- (Tube #2') 7.51 |7.37 |7 7
“lclaved 32
(Tubzz#“|) 7046 7024* 6098* 6'70‘ 6;43‘

*indicates tubes in which growth occurred. Growth
data given for all tubes remaining at time of
reading.
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The effect of c¢ysteine on aerobic
growth of Hemophilus influengae

117.

TABLE VI

Dye Eo' of|Basal medium + 1/500 yeast extract +
systems system )
added at 6| 107®
5 . .|PE. 7.0 o | 0.006 . 10 hemip +
(2 x 107 M.)| in cysteine | hemin | 0.006 M.
volts ' cysteine
| 2’6;g3:2£:§;1 +0.181 - + +++ +++
| Naphthol
sulfonate +0.123 - + +++ ++
indophenocl
Brilliant ;
cresyl blue|*0-047 = + - ++
Methylene & 1e|*0:011] - + - +
Nile blue -0.122 - - - -
PRen0  anine|=0-252| - + - +
Neutral red -0.325 - + P ++
0 ¢ - + +++ +++

(Readings made after 36 hours incubation)
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TABLE VII
The effect of thioglycollate on the
growth of Hemophilus influengzse
[Piegigenes] Qe | mee

medium 1/500 yeast extract + 1/500 yeast
(mols) 0 2 x 10°° hemin extracy
0.05 - - -
0.01 - - -
0.006e ? ++ +
0.005 + ++ ++
0.004& ? 4+ ++
0.002 .- +++ ++

(6] - +4++ ++

(Readings made after 44 hours incubation)
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TABLE VIII

The effeet of various concentrations

of cysteine and thioglycollate on the ,
aerobic growth of H ilug influenzae
in the absence of protohemin

Concentration
of sulfhydryl Basal medium +
added to 1/500 yeast extract +
medium
(mols) cysteine|thioglycollate
0.01 * -
0.006 +e ?
0.005 * +
0.004 * ?
0.003 - *
0.002 * -
0o - -

(Readings made after
44 hours incubation)

*not observed
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TABLE IX

The effect of cysteine and thioglycollate on
inhibition of aerobic growth of H hilus
influenzae by added hydrogen pero%f%e

Hydrogen| Basal medium + 1/500 yeast extract +
peroxide )
added to 10 © hemin +
medium o 0.006 M.
cysteine 0 0.006 M. 0.002 M.
(mols) cysteine|thioglycollate
0.03 - - - - -
0.008 - — baud - -
0.003 - bt - - -
0.0015 | -~ + - ++ ++4
0.0008 | - + - ++ +++
0.0003 | - + - ++ ++4+
0.00015] - + - ++ +++
0.00003| - + ++ ++ +4++
o] - + ++4 ++ +4++

(Readings taken after 24 hours incubation)
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TABLE

The effect of cysteine and thioglyeollate
on the accumulation of hydrogen peroxide in

heavy suspensions of Hemophilus influenzae

Respiratory Basal medium + 1/500 yeast extract +

added hemin |cysteine|thioglycollate
0o +++ * - *
2 x 10°7 M.
methylene it ++ + b
blue
107® hemin |  ++ . - +

(Tested for hydrogen peroxide with Schales' dilute
reagent after incubation for 0.5 hour with a heavy

suspension of Hemophilus influengae)

*not observed
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TABLE XI

The effect of ascorbic acid on aerobic
growth of Hemophilus influenzae

Neutralized
. Bagal medium +
ascorbic | 4/500 yeast extract +
acid
added -6
(mols) 0 2 x 10°° hemin
0.01 + +
0.005 ++ ++
0.001 - Ry
0.0005 - +++
0 - ++4

(Readings made after
48 hours incubation)
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The effect of ascorbic acid on

growth inhibition of
influenzae by oxidat

{nfuenss

systems of various potentials

Hemophilu
ensreauctfon

123.

TABLE XI1I

Dye Eo' of Basal medium +
systems system|1/500 yeast extract
added at + 0.005 M. ascorbic
-5 pH 7.0 acid
(2 x107 M.)| in
volts | Aerobic |Anaserobic
2,6-dichlor-

4 indocresol +0.181 ++ ++
Methylene & o|+0.01 - +
Neutral red |-0.3%25 ++ +4+

0 ¢ +4 ++

(Readings made after 48 hours imeubation)
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TABLE
The effect of cysnide on the
growth of Hemophilus influenzae
Potassium (Aerobic) (Anaerobic)
: Basal medium «+
¢yanide Basal medium + 1/500 yeast
addgd to | 1/500 yeast extract + extraZt .
medium '
-6 -6
. ' 10 0.006 M, 10
(mols) o hemin |cysteine 0 hemin
0.005 - - - * -
0.00125 - - + * -
0o - ++4+ ++ ++ ++

(Readings made after 28 hours incubation)
*not observed
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