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Nomenclature and Abbreviations

For convenience the following abbreviations and

conventions are used throughout this thesis:

PAB = p-Aminobenzoic acid

Folic acid = The natural factor(s) which is reguired for

S

growth of Lactobaeillus casei and other organisms

LF = The natural factor(s) which supports growth of

Lbscasei in media free from folic acid

CF ='nggggggggg_g;%£?13ggg factor, either the
natural factor(s) or the synthetic compound

(leucovorin”) which supports growth of
Le.citrovorum in media free from folic acid

CoF = Coenzyme F, the coenzyme form of folic acid,
which participates in the transfer of one
earbon units.

PABG = p-Aminobenzoylglutamic acid

ATP = Adenosine triphosphate; AMP = Adenosine
wonophosphate; rFi' = Pyrophosphate

The structures of compounds to which freaquent reference

is made are shown in Figure 1.
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PREFACKE
Present Invest tion

The object of the work described in this thesis was
to investigate the biochemical mechanisms of resistance to
sulphonamide drugs.

A study of the attributes of drug-resistant strains of
gtaphylococei is valuable because of the particular
| frequency with which such strains occur in clinical
infections (Jawetz, 1956; Harington, 1957). Reeistant
atra;na of initially sensitive organiems may be obtained by
several laboratory procedures (Chapter I). The biochemical
mechanisme of resistance that have either been demonstrated
or postulated ere discussed in Chapter II with special
reference to sulphonamide resistance. Resistance to
sulphonamides was chosen for investigation because more is
known about the mode of action of these druges than of most
antibacterial substances (Chapter III). Such information
directs attention to the metabolism of p-aminobenzoic acid
and folic acid and suggests that the development of
resistance may lead to changes in the metabolism of these
compounds. Present knowledge of the biosynthesis and
function of folic acid is, therefore, briefly reviewed.
(Chapter IIX).



Plan of the inveetigetion.

The general plan for thies study was firet to obtain
from sensitive straine of staphylococei, substraine
resistant to sulphonamides. The growth, nutrition and
general biochemicral propertiee of these strains were then
to be examined (Section 1). Closest attention was to be
given to the metabolism of folic acid and PAB, where changes
which bring about resistance seemed most likely to occur
(Seetion 2). TIn particular, the investigations of Tascelles
and Woods (1952), on the syntheesis of folic scid by a
sensitive and a resistant strain of Staph.aureus were to be
extended to other strains. The metaboliem of sulphethiazole,
and the permeability of the organiems to this drug were also
studied (Bection 3),

Owing to the number of properties investigated, it was
not practical to use more than three or four pairs of
eensitive and resistant strains. With more straine, time
would have been insufficient for each pair to be examined in
any detail.

Only thore aspecte of drug resistance that are relevant
to the present study are considered in the Tntroduction.
More extensive information may be found in the review by
Abraham (1953) and in the comprehensive treatise of Schnitzer
and Grunberg (1957).
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CHAPTER I

The development and attributes of drug-

Drug-resistant strains of micro-organiswms for
comparative studies are usually derived in tne laboratory
frow known sensitive cultures. Drug-resistant sirains that
are isolated frow clinical infections do sometimes prouuce
seusitive back-mutants, but otherwise it is very diifficult
to identify related seusitive strains that might be usea for
comparison with the resistant straiuns.

The majority of drug-resistant strains of wmicro-organisms
developed in the laboratory have been obilained by exposure to
& chemical agent either in vitro or in vivo. For bacteria
and fungi, the former is the wmore convenient method; with
wany protozoa only the ig vivo approach is practicable.

Development of resistance by serial passage in vitro.

This is the most often used method for the development of
drug-resistant straine of bacteria. Organisms are incubated
in a medium which contains a econcentration of drug which is
insufficient to suppress growth completely. When growth
appeare under these conditions, organisme are transferred to
medium econtaining the same or 2 higher concentration of drug.
Such transfers are continued either for a2 fixed number of
times or, more frequently, until transfers cease to produce

further increasse in resistance.



Although the operations involved in this method are very
gimple, it is not always emsy to obtain resistant gtrains.
Detailed deseriptions in the literature of the progress of the
development of resistance sre not frequent, but it appears
that there ie seldom a consistent decrease of sensitivity at
every transfer. Usually there is a gradual but not uniforn
inerease of resistance (e.g. WeIntosh and Selbie, 1943;
Grunberg and Eldridge, 1950). The degree of resistznce is
not dependent only on the number of passages; different strains
may show considerable variation in fastness after the same
number of pessages in the presence of a drug (¥illiston and
Youmane, 1947;: Vright, Pupcell, Wilcox, Broderick and Finland,
1953) end in other casee resistance may rise precipitously
after only a single exposure to a drug (Demereec, 1948).

There may be differences in the development of resistance
depending on the composition of the medium used and whether it
ieg liguid or solid. Thue, Ramsey end Padron (195,) obtained

resistance to chloramphenicol in Staph.sureug with a complex

medium, but falled to do so in a chemically defined mediunm.
Haight, Vilcox and Finland (1952) obtained a two-fold increase
of streptomycin-resistance with e streptococcus in bdlood
broth, but an almost one hundred and thirty-fold increese if
the organism was subcultured on blood agar.

While a certain degree of resistance can be obtained
against practically all antibacterial agents, increase of



resistance greater than one hundred-fold seems to be limited
to a few drugs, such as the sulphonamides, penicillin and
streptomycin. Chloremphenicol and the tetracyclines show
wuch less tendency to give rise to high resistance (Schnitzer
and Grunberg, 1957).

The method of serial passage was the only procedure by
which resistant strains were developed successfully in the
present work. Certain practical difficulties were found and

these will be considered later (Chapter V).

Development of resistance by single exposure in vitro.

Resistance to drugs of the streptomycin type may occur
on a single exposure of a large inoculum to the drug (Demereec,
1948). The gradient plate of Bryson and Szybelski (1952) is
a useful device in performing experiments of this kind. In
bacterisl cultures which have not been in contact with the
drug there are individual organisms of very different degrees
of sensitivity (Silver and Kempe, 1947) so that when large
numbers of cells are exposed to the drug there is a reasonable

chance that some highly resistant organisms will be present.

In recent years methods have been devised by which
resistant organisms may be identified without exposure to a
drug. While these methods are of great theopretical interest,
and provide strong support for the view that resistant
organisms arise by spontaneous mutation, they have not been

used extensively to select resistant strains of micro-organiems



Development of resistsnce by exposure to traneforming principles.

Practione containing deoxyribonucleic acid from

penieillin-fast or streptomycin-fast pneumococei have been
used by Hotchkisse (1951) to transfer resistance to sensitive

pneumococci. The transformation of Haemophilus influenzae to

gstreptomycin resistance has been demonstrated (Alexander and
Leidy, 1953: Schaeffer, 1956), and Hotehkise and Evans (1957)
have described transformation of pneumococecil to sulphonsmide-

registance.

This method will De described in detail because a

modification was used in attempts to obtain s sensitive backe
wutant from a resistant strain which was used in the present
work.

The technique of Lederberg and Lederberg (1952, consists
of the transfer of bacterial growth from a plate countaining
no drug to another which contains druge Dluring the transfer
the original spatial location of the colouniee on the first
plate is walntained by using for the transplantation a plece
of sterile velveteen on which an iwprint is made of the first
plate. On the second plate only resistant colonies will
develop, and since this plate is a replica of the first, the
sites on the original plate of the resistant colonies can be
found. Cultures prepared from these locations contain a high

number of resistant organisms, which have not been in contact



with the drug before their sensitivity is tested.

panisus.

= fi w

When resistance has been acquired there is usually a
considerable degree of specificity of resistance towards the
drug to which the organism had been exposed. Dacteria may
develop resistance to a chemotherapeutic agent without
Yecoming less sensitive to others (e.ges Collier and Phillips,
1953; Alexander and Leidy, 1947). OJometimes, however,
resistance occurs to agents other than the individual drug
againet which resistance originally developed. For exaunple,
it ie generally found that resistance developed to one
sulphonamide confere resistance towarde other members of the
group (Kirby and Rantz, 1943; Spink and Vivino, 1943). 1In
this case the drugs are similar in their chemical structures,
but cross-resistance to chemically unreiated agents is also
known. Examples are the sulphonamide-fast Jtireptococcus mitis
described by Clapper and Heatherman (1950) which wese also
resistant to bacitracin, and the strain of Plasmodium
gallinaceum which acquired resistance to proguanil at the same
time as it became resistant to sulphonamides (Bishop and
McConnachie, 1950). The explanation of such cases of cross-
resistance is not often evident, although a similarity in the
mechanisu of action of the drugs is sometimes indicated.
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tion of Arup-resistance in ence he drug.

In considering the duration of drug-resistance the most
useful eriterion would be the number of generations in druge
free medium for which resistance is stable. BSuech information
is not available, and failing this, the number of transfers in
drug- free medium for which resistance is maintained, is a good
eriterion., Resistance is generally maintained for several
years when little growth oceurs, as in lyophilized cultures.

The stability of resistant organisme subcultured in
ebsence of drug seemse to vary from one drug and one organism
to another. Reeistance to peniecillin and chloramphenicol
tende to be of relastively short duration; sulphonamides,
gtreptomycin and isoniazid give resistant strains of greater
stability (Schnitzer and Gprunberg, 1957). One factor that
sppeare generally to be involved in the stability of resistance
ies the degree of fastness of the organiem; thus & higher
degree of resistance ususlly conferes a higher degree of
stability (Monnier and Schoenbach, 1951; Tam and Sevag, 1955).
Vhen cultures of bdbacteria are acquiring resistance during
gerinl passage it 1e sometimee found that the resistance which
first develope 18 readily lost but that later the resistant
strain becomes stable (Schmidt, Sesler and Dettwiler, 1942;
Davies and Hinshelwood, 1943).

Changes in morphology, virulence and other biological

properties are often observed in resistant bacteria. This is
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in contrast to the position among the protozoa, where generally
there are few such changes accompanying the developwent of
resistance.

The significance of such changes is not understood. They
may be caused by the altered metabolism which enables a
resistant strain to grow in the presence of a drug. On the
other hand many of these changees e¢an be produced or lost
without change in the sensitivity of an organism to a drug.
Sulphonamide~resistant micro-organiems generelly do not show
marked chengee in blologieal properties. (Schnitzer and
Grunverg, 1957).
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CHAPTER II
Biochemical mechanisms of drug-resistance

The mechanism of drug-resistance hag two aspects. One
is the procees by which a hereditary change in resistance to
an inhibitor arises in an organism and becomes transmitted to
succeeding generations. The other is the nature of the
biochemical changes, regardless of origin, that are directly
responsible for the decreased sensitivity of the organism to
the effect of the drug. The work that is desecribed in this
thesis has only been concerned with this second aspect.

It 1= possible to obtain information about the cellular
changes that are responsible for resistance, without being
certain of the way in which these chenges are brought about.
In theory at least, a number of mechanisms of resistance
appear possible, and these have been listed by Davis and
Vase (1952).

1% Alternative metabolic pathways by-paseing the inhibited

reaction,

2e increased formation of a metabolite that antagonizes the
inhibitor.

3o Decreased requirement for a product of the inhibited
reaction,

Ue Increased destruction of the inhibitor, or decreased
conversion of an administered eompound into a more
active inhibitor.

e Increased amount of the eunzyme that the drug inhibits.
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6. Formation of an altered enzyme with decreased affinity
for the innibitor, or with increased relative affinity
for the substrate compared to a competitive inhibitor.

7. Decreased permeability of the organism, or of subecellular
unite, to the inhibitor.

Since mutations can give rise presumably to an increment
of resistance by various mechanisums, all of wihich might be
operating in a wmutant, there is no reason to suppose that any
of the above mechanisms will be uniguely important. For the
operation of some of these possibilities there is experimental
support, while others (3, 5 and 6) have been very seldom
demonstrated. Although mechanisme 5 and € appear formally
distinct it would be very difficult experimentally to
distinguish between them.

Alt e 8 in resistant or me.

Changes in metabolism are much more common in drug-
resistant strains of bacteria than in protozoa. This subject
is reviewed extensively by Sevag (1955) and by Schnitzer and
Grunberg (1957), so only a few examples bearing on sulphonamide-
resiegtance will be quoted.

Changes in amino acid metabolism are freguently observed
in drug-reeistant micro-organiemes. Steers and Sevag (1949)
found that two sulphonaemide-resistant etrains of taph.asureus
suffered partial loss of the ability to syntheeize amino acids,
which was more pronounced in the abeence of glucose. On the

other hand, Gale and Rodwell (1949) found that penicilline
resistant straine of Staph. aureus produced in the laboratory



1%

became inereasingly lese exacting in their amino aeld
requirements as sensitivity fell.

Staph.aureus made resistant to sulphonamides in the
presence of glucose was not resistant in a medium where
glucose was replaced by pyruvate (Sevag and Green, 19.4).
The authors suggested that some step in the metabolism of
glucose via pyruvate was blocked by sulphonamides, and that
the resistant organism developed an alternative metabolic
procese which by-passed pyruvate. Repeated subeulture of the
resistant organisms in a glucose-free medium resulted in a
strain reeistant to sulphonamides even in the absence of
glucose.

The nature of the medium has an important influence on
the blochemical characteristics developed during seleection
of a resietant strain. Sevag (1946) summarized this
influence by poastulating that an orgenism can more readily
adapt 1itself to the presence of substances which interfere
with its usual metabolic functions if its environment
contains other substances which can be utilized for the
development of slternative mechanisme of synthesis. A etrain
of Esch.coll resistant to sulphanilamide was developed by
Kohn and Harrie (1942) in a defined medium containing
methionine. Methionine became an essential growth factor
for the strain, which originally had been able to grow
without it. A similar vesult was found by Harrison and
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Clapper (1950). Strains of Streptococcue mitis when made
resistant to sulphonamides in a medium which contained

pteroylglutemic acid, developed a requirement for this factor.
Both these findinge may be explained by suppoeing that when
the synthesis of a metabolite is blocked by an inhibitor,

the organisme have developed the ability to utilize a new
source of the product of the inhibited reaction.

It ie sometimes very difficult to aesess the significance
of these changes in metabolism, and to decide whether they
are responsible for the development of resistance or are
consequences thereof. GCrowth requirements and metabolic
functione vary sc much from organiem to organism with the
same or different drugs that it ig difficult to find common
features in the various changes that have been observed in
reaistant organisme., The evidence for the utilization of
alternative metabelic pathwaye aes a mechenism of resistance
is generally inferential rather than direct owing to the
lack of knowledge of the processes inhibited by most drugs.
The moet direct demonetration of such a wmechaniem for
sulphonamide- resistance would be to show thet the reaction of
FAB which is sensitive to sulphathiezeole in the synthesis of
folic acid may be replaced by = reaction or reactions that
are insensitive to the drug,

An objection put forward by Davie (1957) to thie type

of mechanism of resistance is that in a biosynthetic sequence
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proceeding from compound A to C, via B, the appearance of a
new route by-passing B would probably require the insertion

of more than one new enzyme in the sequence. This is unlikely
to occur by a single mutation, although it is possible that
one of the enzymes new in the sequence might already be

present for other purposes.

The best known example of this mechaniem is the

antagonism of PAB with the sulphonamides. Woods (41940)
suggested that resistance to these drugs might be due to
increased production of PAB. This view has been confirmed
experimentally in several micro-organisms (MacLeod, 1940;
Miriek, 1943; Landy, Larkum, Oswald and Streightoff, 1943).
However, the increase in PAB formation does not slways
parallel the increase in resistance, and there are many cases
of sulphonamide-resistance where no increase in PAB formation
has been found (Lemberg, Callaghan, Tandy and Goldsworthy,
1948; Yaniv and Davis, 1953). It may be that a failure to
detect increased PAE syntheeis, at least in some ceses, ie
due to all the PAB being converted into a higher product
which might not be detected by an assay for PAB.

Apart from this instance of sulphonamide-fagtness there
seem to be very few cases where increased synthesis of a

metabolite antagonistic to a drug is responsible for
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resietance., In spite of much effort, none of the antibioticas

has been elearly shown to act by competing with a metabolic

intermediate.

Before this mechanism can be investigated, it is necessary
to have consideradble knowledge of the mode of action of the
drug to which resistance 1s developed. As thlis 1s the case
with few drugs, the occurrence of this mechanism has not been
explored, but it seems unlikely that it could cause more than
a moderate increase of resistance. In the case of
sulphonamide-resistance a decreased requirement for folic acid

or for products of the function of folic acid would result.

The acquisition of an ability to render a drug inactive
is well known to be involved in some cases of drug-
reeistance, but it is uncommon. The best known example is
the enzyme penicillinase, which is found in most penieillin-
resistant organisme that are isolated elinically (Abraham
and Chain, 1940; Eagle, 1954a; Barber, 1957). The enzyme
converts penicillin to penicilloic secid, which is not
beetericidals The enzywme is constitutive in some organisms,

for example in wany staphylococei, and inducible in others,
such as Bacillue cereus (Polloek, 1950).
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A few other cases of drug inactivation by resistant
organiems are known. WYoolley (1944) found that a strain of
Endomyces vernalis which had developed resistance to
pyrithiamine was able to cleave the drug between its
pyrinidine and pyridine ringe. Merkel and Steers (1952; 1953)
described the increased "chloramphenicol reductase” activity
of resistant strains of Esch.coli. This enzyme reduces the
nitro group of chloremphenicol to the corresponding amino
derivative, which ies subsequently degraded further (Smith and
Vorrel, 1949). The destruction of sulphonamides by resistant
organieme hae been very little inveastigated.

At one time it wae thought that the sulphonamide drugs
might be converted in micro-organiesme to more active
compounde (see review by Henry, 1943). The reason for this
view was that p-hydroxylaminobenzene sulphonamide is in vitro
a more sctive inhibitor of the growth of some bacteria than
is sulphanilamide. The hydroxylamino compound was held to
inhibit catalase activity so that toxic amounte of hydrogen
peroxide accumulated. This "anti-catalase" theory of
sulphonamide action is no longer maintained (Chapter III).
p=liydroxyleminobenzene sulphonamide i no more active in yivo
than sulphenilamide, probably because of ite instability,
and ite in vitro effects are not antagonized by PAB, as are
the effects of sulphonamides.

There are very few reports of drugs that are metabolically
converted to the actual inhibitory substance. Lxauples are
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gshown in Pigure 2, These reasctions are usually brought about
by the tissues of the host, and there is no evidence that

resistant organisme can decrease the extent of these changes.

This poesibility has never been demonstrated, perhaps

because of the practical difficulty of any such attenpt,
especially without knowledge of the nature of tiie enzyue to
be investigated. With the sulphonamides, only very recently
has any evidence been obtained about the actual reaction
inhibited by the druge (Chapter III).

To demonetrate this wmechanism it would bLe necessary to
purify the enzyme and show its presence in increased amount
in resistant strains. It wight be possible to do thie if
the purified enzywe had distinct serclogical propertics.
Cohn and Torriani (1953) showed that the A -galactoside
activity developed after addition of methyl-f} -galactoside
t0 a culture of ksch.coli corresponds guantitatively to the
production of a new protein with distinct and specific

immunological properties.

n it alte nzyme.
Difficulties similar to those discussed for the previous
mechanism of resistance arise in this case. Owing to the
lack of knowledge about the enzymees with which drugs interfere,
direct demonstrations of changed properties of these enzymes

have not been possible.
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In recent years it has been shown in animals and in
micro-organisms that mutation may give rise to subtle changes
in the nature of the enzyme performing a gliven reaction.
Those resulting in increased thermal sensitivity appear to be
frequent perhape because they are easy to seleet (Davie, 1957).
Such findings encourage the search for other qualitative
changes that would lead to drug-resistance.

Davis and Mase (1952) showed that p-nitrobenzoic acid
inhibits the growth of Esch.coli by competing with both PAB
and p-hydroxybenzolec acid (POB). By growing the organism in
the presence of p-nitrobenzoic acid and each metabolite
separately, two types of resistant celles were obtained which
showed no cross-resistance. It could therefore be assumed
that resistance was not due to destruction of the inhibitor
nor to changes in the permeability of the organisms to the
inhibitor. Moreover, it was found that the two kinds of
resistant organisms were distinet from strains resistant to
p-aminosulphonamides and p-hydroxysulphonamides, which also
compete with PAB and POB. Thie indicated that resistance was
not due to increased nroduction, nor more efficient
utilization of the metabolites, nor to the development of
new metabolic pathways which enabled the metabolites to be
dispensed with. The exclusion of these mechaniems led to the
conclusion that reeistance was due to a qualitative change in
th? enzyme using PAB or POB, as a result of which the enzyue
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showed a decreased affinity for the drug compared with the

metabolite.

Vacker, Trebet and Simon (1957) found that in resistant
strains of Asch.cpli and Enterococcus Stei, 1uC-Iabe11ed PAB
was less completely displaced from the organiesms by
sulphathiazole than in sensitive strains., Thie could be
interpreted to mean that the affinity of the PAB-utilizing
enzyme for its substrate had inecreased in the resistant
strains, since experiments with 35B~labelled esulphanilamide
had ehown that the permeability to this drug of sensitive

and resiptant strains was about the same.

Decreased permeability to an inhibitor.
Changes which prevent a drug reaching its site of action

may be important in the development of drug-resistance. When
a resistant strain is found to take up a decreased amount of
a drug, this may mean that the drug is unable to penetrate
the cell to its site of action, or it may mean that the
sensitive component itself is changed and no longer reacts
with the drug. The experimental distinction between these
two poesibilities may be very difficult.

Correlation between the uptake of a drug and sensitivity
occurs more frequently and more convineingly in drug-
resistant protozoa than in bacteria. Normsl trypanosomes,
for example, absorb acriflavin, while resistant organisms do
not (Gonder, 1912; von Janeso, 1932). Again, normal
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trypancsomes differ from those that are resistant to drugs
sueh as atoxyl in absorbing appreciable quantities of the

arseniecals concerned (Yorke, Murgatroyd and Hawking, 1931;
Hawking, 1937).

Redueced uptake of the drug is not alwaye characteristic
of drug-resistance in bacteria. Eagle (1954b,c) used
355_1abelled penieillin to study the binding of penicillin in
A4 fferent organisms. BSome of the resistant variants bound
less penicillin, others bound the same amounts as the parent
strains, and some even more. Such discrepancies were found
among strains of the same speeies. Barelay (1955) found
that a strain of Mycobact.tuberculosis resistant to
p-aminosalicyliec aeid took up much more of the drug than diad
the sensitive strain; on the other hand, isoniazid-resistant
organisme took up markedly less of the drug than 4id the
senaitive strain (Barclay, 1953). Yegian and Budd (1945)
showed that sulphonamide-resistant mycobacteris did not
differ from the parent strains in permeability to sulphonamides.
The syntheeis of citrovorum factor from pteroylglutemic acid
was studied by Nichol (1954) in whole organiems and in
extracts of sensitive and resistant strains of Strep.faecalis A.
Large smounts of aminopterin were required to inhibit the
synthesie by intact resistant organieme, in contrast to the
very much smaller amounts of inhibitor that were neceded to
inhibit the syntheeis in extracts of the same organism or in
whole cells and extracts of the sensitive strain.
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A poseibility which has not been investigated 1s that
the drug which 1es taken up by resistant strains may be
insetiveted by dinding into some compound. This mechanism
is suggested by the example of diotin, which is inactivated
when 4t rescts with a protein, avidin, in egg white (Eakin,
Snell and Williams, 1940). Evidence has been found that a
penieillin-binding component 4s present in penieillin-
seneitive organisms (see review by Cooper, 1956) but there
has been no suggestion that penicillin is inactivated when
1t combines with this substance.

In the past few years views have altered very much on
the permeability properties of bacteria. The presence has
been demonstrated of a variety of permeation systems, each
stereospecifiec for a setructurally related group of substrates
(see review by Cohen and Monod, 1957). Certain of these
systems are adaptive, while others seem to be constitutive.
Permeation systems, like enzymes, can be gained or lost by
mutation.

By applying these facts to the problem of drug-
resistence, it can be imagined that mutetions as well as
physiological adaptations could alter the transportation of
a drug into the organism. Compounds that overcome an
inhibition are not necessarily metabolites; they can also be
analogues that interfere with the penetration of an inhibitor.
Such applications of these new theoriee are very attractive,

but work in these directions has not yet proceeded very far.
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Summary of mechenisms of sulphonanide-resistance in

The mechanisms that have been demonstrated for

sulphonamide-resistance are gathered together for

convenience,

1.

26

e

Some, but not all, resietant stralns have an increased
ability to syntheeize PAB. The increase in FAB synthesis
is not alwaye as great as the increase in resistance.
Metabolic changes sometimes accompany sulphonamide
resistance. In a few cases the changes can be
interpreted on the basis of the anti-PAB theory of
sulphonamide action, as being a means of avoiding the
inhibited reaction. In other instances it is less
clear whether or not the change is directly responsible
for resistance.

A few observations could be interpreted as suggesting

a change in the amount or properties of a PAB-utilizing
enzyme, but there is no unequivocal evidence for this

mechanism,.

Changes in permeability to sulphonamides or inactivation

of sulphonamides have not been demonstrated in resistant

strains.



CHAPTER TITT

The mode of action of the sulphonamide drugs,
nd the b nthesis and functions of folil d

Competitive relation between PAB and sulphonamides.

It i now generally accepted that the primary action of
the sulphonamides is to interfere with the metabolism of PAB
or a closely related substance in micro-organisms. This
interference seems to be a result of the structural similarity
between PAB and the p-aminobenezenesulphonamido-residue which
is common to all sulphonamides.

Bell and Roblin (1942) showed that the distance between
the p-amino-and the N-substituted sulphonamido-groups in
sulphonamides 18 very similar to the distance between the
p-amino-and the carboxylic acid groups in PAB (Figure 3).
These workere also found that when the antibacterial
activities of various sulphonamides were plotted sgainst
their pKa values a peak of activity occurred with those drugs
which had a PKg in the region of that of PAB. At neutral pH,
the carboxylic acid group of PAB is almest completely
ionized, so it was suggested that the activity of a
sulphonamide is inereased the more negatively charged, at
neutral pH, the oxygen atoms of the sulphonamido-group
become. Consequently ionic forms should be more active
inhibitors than molecular forme. The more electrophilic the
group R, the more ionization will be favoured, and the pKa
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value will rise. However, as E becomes increasingly
electrophilic 1t will draw towards itself a large part of
the negative charge of the ion, which will no longer be
available to the sulphonamido-group. Consequently there
will be an optimal position, where the group R produces
ionization without drawing away to itself much of the
negative charge conferred by the ionization.

The antagonistic relationship has been shown for
practically all drugs that contain the p-aminobenzene-
sulphonamido-moiety (see review by Henry, 1943) and has Dbeen
demonstrated in protozos, fungi and higher organisms, and

for all bacteria tested except Bact.tularense (Tamura, 19L4).

A series of papers between 1938 and 1940 presented
evidence that sulphonamides acted by deetroying or inhibiting
catalase, thus causing an scecumulation of toxic hydrcgen
peroxide (eee review by Henry, 1943). Thie view ie no
longer regarded as satisfactory because sulphonamidee act on
organismes that contain no catalase, and on others that form
no hydrogen peroxide. In addition, Mann end Keilin (1940)
showed that sulphanilawide had no effect on purified catalase.

Another theory, which is summarized in reviews by Henry
(1943) and Sevag (1946) ie that the primary action of
sulphonamides is8 on the respiratory enzymes of bacteria. The
experimental basis of this theory is not very convineing and
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it is probadbly of little value. Wyss, “trandskov and
Schmelkes (1942) found that in Egch,.coli, Staph,aureus and

Strep, pyogenes therapeutically inactive isomers of

sulphanilamide affected respiration as much, or more than
sulphanilamide itself; sulphathiazole had no effect on

respiratory enzymes. "Training" Esch.coli to resist

sulphonamides had@ no effect on the respiratory enzymes.

8ince sulphonamides interfere with the synthesis of purines,
which form part of the respiratory coenzymes, it is under-
gstandable that sulphonamides may affect respiration indirectly.

Some eulphonamide drugs have inhibitory effecte in
addition to that which is overcome by PAB. In such cases it
might be necessary for a resistant organism to develop
fastness towardes the several modes of action of the drug.
Dorfman and Koser (1942) showed that the stimulation of
respiration which occurs when nicotinamide is added to
suspensione of shigella harvested after growth under
conditions of nicotinamide deficiency, was antagonized by
sulphapyridine and by sulphathiazole, but not by sulpha-
nilamide. Mann and Keilin (1940) found that sulphanilamide
affected the enzyme carbonic anhydrase, though other
sulphonamides were inactive. This effect was not due to the
complete sulphanilamide molecule, as removal of the p-amino-
group gave compounds which still inhibited the enzyme.
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n nd folic acid.

In view of the presence of a PAB residue in the folie
acid molecule (Pigure 1) it seemed likely that one function
of PAB in uicro-organisms might be its use in the synthesis
of folic acid., This is possibly the only function of PAB in
some organisme (see review by Woods, 1952), and in others
there is little evidence of other functions.

Davie (1950) found that PAB, at coneentrations higher
than are needed for growth of PAB-requiring organisme, can
gct as a source of p~hydroxybenzoic acld for mutants which
need this factor. Sloane (1953) isolated a free base from
cultures of Mycobact. smegmatis which had grown in the
presence of large quantities of PAB. MeCullough (1957) has
obtained apparently the same compound from cultures of
Esch.coll grown similarly. The base has cofactor activity in
the hydroxylation of aniline and anthranilic acid by enzyme
preparations and it can overcome non-competitively the action
of the sulphonamides, The possibility that this bese is in
fact related to folic acid is suggested by the observation of
Zaufman (1958) that tetrahydropteroylglutemie acid ean act as
a cofactor in the hydroxylation of phenylalanine by a rat
liver enzyme.

 The role of PAB in the syntheeis of folic acid is well
established. Nimmo-Smith, Lascelles and Woods (1948) end
Lascelles and Voods (1952) demonstrated the synthesis of
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Lactobacillus caeel factor by washed suspensione of various
organieuns; PAB was the only essential requirement for this
synthesis, though glucose and glutamic acid were stimulatory.
Mitbander and Sreenivasan (1954,a,b) found that Lb.arabinosus
could synthesize folic acid from PAB and glutamate. The
synthesis was stimulated by Tween 80 or biotin, and by
xanthine, The incorporation of carboxyl-‘uc labelled PAB

has been demonstrated by Wacker, Grisebach, Trebst and

Yeygand (1954) into folic acid in Esch.eoli sand Entepococcus

Stel.

Although 1t 1s believed that sulphonamides inhibit the
conversion of PAB into folie acid, the exact locus of this
effect has been obscure, owing to the lack of knowledge about
the reactions involved. Pteroylglutamic acid contains
residues of PAB, glutamic acid and a pteridine. It is not
neceesarily the case that these three residues are synthesized
separately; for example, PAB might combine with a precursor
of the pteridine ring. Also, because the ultimate coenzyme
form of folic acid contains a reduced pteridine ring,
pteridine intermediates in the biosynthesis of the coenzyme
may also be in a reduced state. Little experimental work on
the synthesis of folic acid seems yet to have been done with
these poesibilities in mind,



A possible pnoint of interference by sulphonamides would
seem to be in the synthesis of pterolc acid (Pigure 1).
Pteroie acid can replace pteroylglutamic acid for growth of
Str a g R, and utilization of pteroic acid is not
inhibited by sulphonamides. In other organisms, however,
pteroic acid is less active than PAB in reversing sulphonamide
inhibition, and the reversal is competitive, indiecating that
pteroic aclid is not a produet of the reaction inhibited Dy
sulphonamides. (lLampen and Jones, 19,6a,bh).

Another possibdle site for inhibition by sulphonamides
might be the conjugation of PAB with glutamic acid to give
p-aminobenzoylglutamic acid (PABG). Tf this reaction is
suppressed by sulphonamides, then in the presence of PABO
sulphonamides should be ineffective. Auhagen (19,3) found
PABG was eight to ten times as active as PAR in reversing
sulphonamide-inhibition of Streptobacterium plantarum, though
the reversal was competitive. The competition is suggestive
of an initial breakdown to PAB, unless the utilization of
PARG, as well as its formation, 1s inhibited by sulphonamide.
With a number of other organisms, however, PABG is effective
only at concentrations explicable by contamination with PAB,
and the reversal obtained is competitive (Lampen and Jones,
1946a,0; 1947).

Recently, Japanese workers (Katunuma, Shoda and Noda, 1957;
Katunuma and Shoda, 1957) have published an entipe scheme of
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folic acid biosynthesis in cell-free enzyme preparations from
Mycobact.ayium (Figure 4). BExtracts, after treatment with lon
exchange resin, produced PABG in a reaction mixture which
contained PAB, glutamate, ATP and Mg”; the synthesis was
increased four-fold by coenzyme A. In the absence of
glutamate an aetive intermediate accumulates, as suggested bY
the formation of & compound giving a hydroxamic reaction with
hydroxylamine and ferric chloride., Evidence was obialned for
the formation of an acyl adenylate of PAB as a primary

product of utilization of PAB. This first step, as well as
the overall formation of PABG, was inhibited by sulphonamides
(Xatunuma N,, private ecommunication). It would be interesting
to know whether PABG overcomes sulphonamide-inhibition of the
growth of thie organism; and if so, whether competitively or
non-competitively. Also it is desirable that these
cbeervations should be extended to other organisms.

Pteroylglutemic acid was synthesized from 2-aming=l-
hydroxy-pteridine-6-carboxylic acid and PABG in the presence
of ATP. Xanthopterin could also be used as a substrate if
thiemine and bilotin were added as cofactors.

Comparisons of the synthesis of folic acid by sulphonamide-
resigtant and eulphonamide-sensitive strains of bacteria have
not been numerous, Lascelles and Woods (1952) found that a
sulphathiazcle~-resistant strain of Jtaph.supreus formed about

ten timee as much folic aecid as 1ts parent strain when
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organisms depleted of folic aeid by growth in the presence of
sulphathiazole were incubated in a mixture of PAB, glucose
and glutamic seid. BSevag and Ishii (41953) have reported that
a sulphathiszole-resistant strain of a PAB-requiring mutant
of Esch,coli synthesized four times as mich folic acid from
PAB, glucose and intracellulsr precursors as the sensitive
parent. After depletion of the intracellular precursors the
regietant strain formed folic acld from PAB and 2-amino-l-
hydrexyjterid1ne—6—carboxy11c acid, The sensitive strain
also performed this reaction, but only if originally grown

in the presence of sulphathiazole. It appears that the
organism can acquire this new ahility when grown in the
presence of the drug and that 1t becomes 2 permanent character
of the mutant.

Very little is known about the blosynthesis of the
pteridine ring itself in any of the compounds in which it
occurs. The investigations that have been made with various
substituted pteridines as precursors of folic acid have
recently been reviewe@ by VWoods (1958) and will not be furthor”
discussed here as this work does not bear very Airectly on

the problem of sulphonamide-resistance.

Eunctions of follc acid.
The metabolic reactions in which folic acid participates
as a cofactor are shown in Pigure 5. It might be that in
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sulphonamide-resiastant organisms these reactions take place by
alternative wechanisms which no longer require utilization of
folic aclid. In every case where evidence has been obtained
of the ultimate function of PAB or folic acid at some
gpecific step in a blosynthetic pathway the reaction is one
in which a single carbon unit is transferred (see review by
Welch and Nichol, 1952). It must be emphasized that a
considerable part of the experimental work on which our
knowledge of the functicn of folic acid 1s based has come
from studles with animal tissues and enzymes.

The chemical nature of the ultimate coenzyme form of
folic acid is not known. It is certainly, however, a
derivative of tetrahydropteroylglutamic acid or some closely

related compound (see reviews by Creenberg and Jaenicke, 1957;
and Wright, 1958)0
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CHAPTER IV
Materiale and Methode

The usual precautions that are necessary in micro-
biologieanl studies were observed, espeeially with regard to
the purity of the chemicale and the eleanliness of the
glaseware. Chemicals were of A.R. quality when available;
any special details about individual chemicals are given in
Appendix I, Glaseware wae cleaned with chromic acid and was
then washed very thoroughly with resin deionized water
followed by glase distilled water.

Qrganisus.

The properties were investigated of three paire of
seneitive and resistant straine of staphylococeci, and of one
strain that wae resistant when isolated (Table 1). A number
of other organisms were used for aesaye of PAB and folic acid.
Details of the origins and methods of culture of the various
organisme are given in Appendix II. Stock cultures were
subcultivated monthly and stored at 2°., Four working
subcultures were made every month from & stock culture, and
each was used for one week to provide daily cultures.

Slaph.lactis 2102 is the strain that was called

Staph.aureug 2102 by Lascelles and Woods (1952), The organism
forme golden coloured colonies, but it is cosgulase negative

and does not ferment mannitol. In modern claesificatione
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Table 1

Strains of staphyloecocei used in present work

-

Parent strain |Resistant strain | Degree of | Origin of
resistance resistant

. 8train _
Staph.lsctis 2102  © 2102R x50 Serial passage
- of 2102 4in
; medium B +
j sulphathiagole
i glgggg ' x5o "

Slaph.aureus Jii g LR x20 serial passage
i of JHM in

medium B +

| sulphathiazole
Steph.sureus H * m2 | x200 Serial passage
| of I in medium
| B ¢+ sulpha-
; thiazole
Etaphe.aureus R122 Sulphonamide=-

resistant when
w M S

* Provided by Dr J.Lascelles.
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(Breed, Murray and Smith, 1957; Shaw, Stitt and Cowan, 1951)
the distinctive property of Staph,gurcus ie the possession of
the coagulase enzyme, while pigment formation is not regarded
as of taxonomic value since variants with altered pigwentation
arise frequently. Staph.gureus is also able to ferment
mannitol.

In the seventh edition of Bergey's manual (Breed gt al.,
(1957)) the coagulase negative staphylococci are all assigned
to one species, Staph.epidermidis. Howvever, the description of
thie epecies differs at several polntis from the propertiés of
Btaph.2102. Thue, 2102 grew very poorly ansercobiceally, and
did not grow in presence of 10% sodium chloride; & eclot a8 well
ae scid was formed in litmus milk medium and gelatin was not
liquified. None of the descriptions of other species of the
Micrococcaceae fitted 2102 more closely.

The clessification used by the N.C.T.C. places all aerobic,
catalase positive, CGram positive coceci in the genus
Staphylococcus. Again, Steph.sureus ies distinguished by the
cosgulaee reaction. The coagulase negative strains are
divided on the baeis of the production of acid and acetoin from
glucose. Btaph.2102 resembles closely the description of Staph,
Adactis n.sp. in that it is coagulase negative, produces acid but

not acetoin from glucoee, and its coloniee are not pink.

decided to re-name Staph.aureus 2102 as g 2102.

It was

Media,

Full details of the composition of all media and the
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methods of preparation mre given in Appendix III, Most growth
experiments with staphylococei were done in mwedium B, which was
e seni-defined medium based on vitaminefree acid-hydrolyzed
casein, Medium B was modified from the staphylococcal medium
described by Lascelles and Woods (1952) by the replacement of
DiL-cysteire by l-cysteire hydrochloride, and by doubling the
emounte of disodium hydrogen phosphate and potassiuvw dihydrogen
phosphate. Medium 32 was a completely defined medium suitable
for the growth of the strains of Staph,aureus, in which the
casein hydrolyzate was replaced by amino acids.

ure h experiments.

Except where stated otherwise, growth tests were done in
€"x3" rimmed "Pyrex" test tubes. Double strength medium was
added and other additions including inoculum were made to a
final volume after inoculation of 5 ml. The tubes were
autoclaved at 101b per sq.in. for 7 min., cooled, and sterile
additions and inocula added. The tubes were incubated at 37°
in a wire basket sloped at about 10° to the horizontal to
expose a large surface of the culture liguid ("semi-serobic"
conditions), Each experiment was always set up in duplicate.

Inocula were prepared from fresh 16-18 hr cultures on
egar slopee by making a suspension of organisms in water and
diluting thie serially in water to a desired colorimeter
reading. Such dilutions were made from suspensions of cell
density about 10 as read in quarter inch diameter tubes, with
neutral density filter (1.0) in an EEL photoelectric
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colorimeter (Evans Blectroselenium Co.lLtd., Harlow, Essex).
Small inccula were used routinely to minimize the danger of
contamination by nutrients carried over with the inoculum;
normally, 5 ml medium was inoculated with 0.1 ml of a
suspension of organisme diluted to E% EEL 1 (equivalent to
about ux103 organiems per ml of inoculated medium). In some
cases the organisms were washed once in water before the
serial dilution. Whether or not a washed inoculum was used
made very little difference in growth tests,

Growth was estimated routinely by visual examination at
intervals of about 12 hr during incubation., Vhen quantitative
results were required, cell density was assessed in the EEL
colorimeter, with uninoculated medium to give the zZero setting.
The relation between EEL reading and dry weight of suspensions
of organisms in water was linear for each of the strains of
staphylococci, up to & reading of 30-35. The dry weighte
correeponding to an EEL reading of 10 were:

Staph.lactdis 2102 0.15 mg/ml
Staph.sureus Jik Oe21 "
glepheaurcus I Oe23 "

Staphsgureus R122 0s18 "

Ifhe resistant substrains gave relations similar to their
parent strains,

Estimations of viable organisms were made by plating on
peptone agar weasured volumes of suspensions which had been
serially diluted to give about 50 colonies on a plate. The

significance of viable counts on cultures of staphylococci is
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not easy to assesa, since the tendency of the organisms to
grow in groups means that a single colony may have arisen
either from one organism or a group. For this reason, the
resulte of viable counts on dAifferent suspensions of the
same organism were very variable. Very roughly, 1 ml of an

EEL 10 suepension correeponded to 108 colonies.

Erocedure for measurement of growth curyves.
Cultures were incubated in 6'x64"xi" T-tubes which were

rocked in e water bath at 37°, 35 times per wmin. by a
mechanical shaker with an excursion of 4 in. The tubes were
optically wmatched and shaped to fit directly intoc an BEL
colorimeter so that growth could be assessed at intervals
without the need to withdraw samples frow the tubes. EEL
readings measured in T-tubee and in quarter inch diameter
tubes on the same culture, with neutral density filter, agreed

well. The volume of culture used in T-tubes was 10 wl, with

Oe2 ml of standard inoculum.

Condition (s) b o

The usual conditions for growth experiments were followed,
but the tubes were incubated upright in a MeIntosh and Fildes
Jar containing an atmosphere of hydrogen and 5 (v/v) earbon
dioxide. The Jjar was three times emptied and filled with this
mixture before the platinized asbestos capsule was heated for

45 win. while the jar was in the incubator. The early stages
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of growth were observed through the sides of the Jar, which
wae not opened at all until the end of the experiment. With
a facultative anaerobe, it is essential to remove all traces
of oxygen to ensure that growth ie strictly anserobiec. In

most experiments, two similar series of tubee were prepared;

one was incubated anaerobically, and the other aercbically.

Sigchemical tests.

The straine were examined by verious bicochemical tests
(coagulase, fermentations, etc) using methode described in
standard works on bacteriology (Mackie and lMcCartney, 1931;
Kolmer and Boerner, 1945).
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CHAPTER V
Isolation of sulphonamide-resistant estrains

Two pairs of sulphonamide-sensitive and resistant straine
of staphylococci were available at the start of this work,
Staph.lactis 2102 and 2102R and Staph.aureus H and HR?.

The resistant strains were developed by Dr J. Lascelles by
gserial passage in the semi~defined medium B.
Further substrains reeistant to sulphathiazole were

developed from Staph.lactis 2102 and Staph,aureus JHM.

Sulphathiazole was used because the organisms were initially
more sensitive to thies drug in medium B than to other
sulphonamides tested (Teble 11). Medium B was chosen for
the development of resistant straine because of the greater
sensitivity of the parent strains in this medium (Table 2).
Organisme were grown in a series of tubes containing
medium B and sulphathiszole. Usually the concentration of
inhibitor was doubled between each tube of the seriees, but
sometimee the levels were closer. Organisms from the
higheet level of sulphathiazole at which growth occurred
after 2-3 days were used to inoculate a fresh series of tubes.
Repetition of this procedure led to a gradual loss of
sensitivity, which, however, was not consistent at every step

(Tables 3 and 4). The resistant strains that were produced
were called Staph,lactis 2102R2 and Staph.aureus JHMR. The
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Sensitivity of
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Medium

Maximum toler- Incubation time

r‘

|
i

Organism

ated conc. of | (hr) for growtih
sulphathiazole at max.conc. of
" (M) _sulphathiazole
Peptone water 10~k 70 8, aureus JHM
Tryptic meat broth | > 10 3 16 s
Medium B 5x10~° 80 | "
|

Peptone water 1077 60 |S.lactis 2102
Tryptic meat broth Lx10™> 60 % "
Medium B 10”2 90 | "
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stance to sulphathiazole
2102 grown in medium B.
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B e i =

assage Interval Maximum toler- Time of incuba- Helative
No. (days) ated concen- tion (days) for inoculum
: between tration of growth at maxi- size
| passages sulphathiazole mum conc. of
- ¢S] sulphathiazole
9 o} 0x10™2 23 140
- 3 Lx10=5 3 140
3 2 6x10™2 2 1.0
L 2% 6x10™2 2 1.0
5 2% 10~k 2 1.0
6 M 10~% 3 1.0
7 3 10~k 3 1,0
| 8 3 10~k 2% 1.0
2 . 2x10~b 3% 1.0
10 33 ox10~k4 21 1.0
19 5 2x10~h 3 1.0
| 12 L Lx10™4 L 1.0
13 L 14110.’4 1 1.0
1 4 2x10~l 31 0.1
15 3 2x1o"l‘ 2 0d1
i L Lx10=4 I 0.1

Inocula. Passage 4

O0¢1 ml of & suspension of celles from an
agar slope diluted in water to .% BEL 1.

Passages 2-16 0.1 ml of each preceding culture diluted

in water to ] EEL 1 (passages 2-13) or

3% REL 1 (paessages 14~16)
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Table 4
Development of resietance to sulphathiazole
in Staph.sureus JHMK grown in medium D
—_— -t —
Pasgage Interval Meaximum toler- Time of incubae-~ Relative
No. (days) ated cone. of tion (deye) for inocculuw
ST (M) growth gize
|1 ot 2x10™9 2% 1.0
2 3 10=5 3 1.0
3 2 4x40=5 2 1.0
-’ 2% 6x10~2 2 1.0
s 3 10-L 11 1.0
6 4 2x10™k E 1.0
T 3 2x10~k 3 1.0
8 3 10=4 24 1.0
? “ 1074 2 1.0
10 33 2x10~}4 33 1.0
11 3 ox10~k4 3 1.0
12 L ox10~k4 <5 1.0
13 L 2x10~k 3 1.0
. L 4x10=4 M 0.1
| <115 2% Ux10~H 24 0. 4
‘ 16 2 8x10~4 2 Ou1
‘ 17 2 10~3 ) 0.1
. 18 v:? 10=3 ” 0.1
Inocula. Passage 1 O0s1 ml of a suspension of cells from

an agar slope diluted to .} EEL 1.
o

Passages 2=18 0.1 ml of each preceding cul ture
diluted in water to % BEL 1 (passages

2=13) or 3% BEL 1 (passages 14-~18).



sengitivities of the parent and resistant atraine in medium B
are compared in Table 5.

The first attempte to develop resistant substraine were
unsuccesaful (Table 6) probably owing to the use of too small
an inoeulum in the early passages, and tc the period between
subcultivations being too long.

Tf resistance is developed by the selection of spontaneous
mutants, it is desirable to use a large inoculum to increase
the probability of a mutant being present. Hovever, the size
of the inoeculum muet not be too large, for then the drug
faile to inhibit growth so that it is impoesible to select
resistant organismse (Table 7). The inseneitivity ies not due
to the selection in one step of highly resistant mutants,
gince cultures which have grown from a large inoculum in the
presence of drug show an increased, not decreased, sensitivity
on subcultivation (Table 8). The probable reasson is that the
organisme in the incculum initially contain sufficient
sulphonamide antagonists to permit & limited number of cell
divisions, even in the presence of a high concentration of
drug (Hotchkies and Evans, 1957). If a large inoculum is
used, these divieions may be enough to produce visible growth.

For the earlier passages, therefore, the size of the
inoculum (0.1 ml'é EEL 1 per 5 nl) was ten times that normally
used in growth experiments. The inoculum was reduced to the

usual size in the final passages to assess the degree of



Table 5

Seneitivities of strains of staphylococei
to _sulphathiazole in medium B, e

L2a

Organisn Max, tolerated conec. of sulpha- Approximate
thiazole(¥) after various times increase in
of Tncubation (hr) resistance
25 Lo 50 80
h. ———
Staph.lgetis 2102  5x10~6| 5x107C(5x107¢| 1073
» 2102R| €2.5%10™%|2, 5x10~4 | 5x10~%| sx10~4 50
" 2102R2| 2.5x10"2|2.5%10~4 | 5x40=4 50
Staph, sureus JiM E49.5x1o-5 2. 5x10~6 5x1o"6 10™2
" Ml 2.5%102| 8x10=3| q0~4| oxq0-b 20
| [ =4
Etaph,sureus H | <2,5%40"° 2.5:10‘6 5::10"6 10~
: HR2 | 5x10™4| sxi0~4| 40~ 200
Staph.aureus R122|<2.5x10"%| yx1o~4 7. Exq0=b 100 %
e — s e A——d———_-———————t—

* Compared with Staph,aureus JHM or H.
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Table 6

Fallure of §§|eeglgcgia 2102 to develop sulphonamide-
resistance when a sma noculum was used, and

in g b

™= ver rolonged.

m

——

‘assage Interval Maximum tolersted conc. Time of incubation

No. (days) of sulphathiazole () (days) for gvovth at
maximum conce.
et it snlpha:;;;;g;g&______.
o 2 10~2 2
é 2 Lt Lx403 3
3 Lt 6x10~5 L3
L L4 Lx10=2 5%
5 7 6x10=2 6f
6 61 {Lx10™2 61

Inocula. Passage 1

Passages 2-6

0«1 ml of a suspension of cells from
an agar slope diluted in water to A
EEL 1. 50

0.1 ml of each preceding culture
diluted in weter to .1 RBEL 1.

50
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ble
Relation between sensitivity to sulphathiazole
—e 80d 8ize of inogulum >

S.aureus JHM in medium B

Maximum toler- Incubation time (hr) Inoculum Relative
ated conc. of for growth at max. per inoculum
sulphathiazole conc. of sulphathiazole 5 ml size
(%)
5x10"6 80 O«1 ml A 0.02
5%10™2 60 0.4 ml B 0.2
ox10™4 25 0ud M1 € 1.0
5x10~L 13 02 Wl C 2.0
2x10™ 13 O.4 ml C LeO
_2x10™2 13 0.8 ml C 8.0

Inocula Cells from an agar slope suspended in water
A Diluted tO‘E% EEL 1
B Diluted to -% EEL 1

C Diluted to EEL 1.
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Table 8

Increaaed oenaitivity on subcultivation of organisms

OCrganisme from ager slope
suspended in water

/ —

Diluted %o ;% EEY Diluted to TEL 10
001 ml 200 Bl
! |

5 ml medium B + sulphathiazole 25 ml medium B + sulphathiagsole

Srowth elter JO hr in Srowth after L5 br in
10’5& sulphathiazole 10‘?& sulphathiazole

1
Diluted to = BEL 1
0 50 &

0.1 nl

Vv
5 ml medium B + sulphathiazole

rowth after h n
10~ sulphathiazole
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resistanee when indefinite propagation was required from a
small number of organisms.

Growth occurs in progressively higher concentrations of
sulphathiazole as the time of incubation ie increased (Figure 6).
Cultures which grew in the presence of sulphathiazole after a
long lag, however, usually did not show increased resistance
on subcultivation (Table 6). Resistance developed more
readily when only a small increment wes sought at each
subcultivation after a falrly short period of incubation
(2-3 deye),

Screening of strains of § for resistance to
sulphathiazole.

Thirty-two strains of Staph.sureus isolated at the
Radeliffe Infirmary, Oxford, from cliniecal infections were

screened for resistanee to sulphathiazole.

A preliminary experiment with Staph.lsctis 2102, 2102R
and Staph.sureus JHV showed that only the resistant strain
grew on medium B solidified with 2 agar in the presence of
5%x10™% sulphathiazole within two daye ineubation. Plates
of medium B containing sulphathiazole (5110'§u) were
inoculated with elght strains, including Staphe.lactis 2102
and 2102R ae controls, each on a separate sector of the
surface, and incubated for two days. Growth which appeared
in this time was subsequently tested in liquid culture for
sulphathiazole-resistance. Control plates containing no
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gulphathiazole were used to check the viability of the
inocula on medium B,

To prepare inocula, drops of sterile water were put on
to the surface of a sterile paraffin wax plate. One drop
wae 1ightly touched with a platinum loop charged with
organisms from an agar slope. Part of the inoculated water
drop was used to inoculate an agar plate.

Five of the straine tested on plates were resistant to
5x10™2y sulphathisgole, Vhen tested in 1iquid medium B
only one of the straine was resistant to 10'?2 gulphathiazole.
This strain was called Staph.aureus R122.

FYor compariscns it was desirable to have a sensitive
subptrain of Staph,aureus R122., Attempte were made by two
methodes to select such sensitive organisms.

Staph.aureus R122 was subcultured daily for about 5 weeks
in tryptose glucose broth. If the rate of growth of
sensitive organisme were greater than that of resistant
organisme, then under these conditions the resistant strain
might be overgrown by sensitive organiems. However, at the
end of the experiment no loses of resistance was found.

A replica-plating technicue was also used. About 4O
colonies of Staph.aureus R122 were grown on medium B. By
using a nylon velvet pad replicas of this plate were made on
to two fresh plates of medium B, one of which contained 10‘?!
sulphathiazole. If a colony of sensitive organisus were
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preesent on the originasl plate then a replica of this colony
should appear on the plate which contained no sulphathiagole,
but not on the plate in which sulphathiazole was present.
About 250 coloniee were tested in this way, but none showed

any increaced sensitivity to sulphathiazole,

Atteupts to select resistant organisws by single
exposure of a large inoculum to sulphathiazole were
unsucceesful. When inocula heavy enough to give confluent
growth of sensitive strains in the absence of sulphathiazole
were incubated on solid medium B containing inhivitory
concentrations of sulphathiazocle, (5110'?!,10'5&) the lag
period before growth became visible wae extended, but growth,
when it appeared, was confluent. Individual colonies of
increased resistance were never found. Organisms which had
grown in the presence of sulphathiazole on a plate showed no
increase in resistance when subcultivated on a plate or 4in
ligquid culture.

Iwo attempts were made to obtain resistant mutants of
Staph.aureus JIM by ultra violet irradiation. A culture in
wedium B in the logarithmic phase of growth (LEL 25) was
diluted 1:500 in medium B without glucose, and 5 ml was
exposed in a quartz tube for 4 win, to a eource of U.V.
radiation. The guartz tube wes shaken mechanically to spread
its contents round the walle in a thin uniform film during
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the irradiation. Counts before and after irradiation showed
that in each experiment 99.90% of the organisme were killed.

Graded portions of the irradiated culture (0.25 ml -
1.0 ml) were used to inoculate tubes of medium B, some of
which contained sulphathiazole (107;!. 10ry!’and 5x10‘§g).
There was no growth in medium which econtained sulphathiazole,
and the cultures which grew in the absence of the drug
showed no increase of resistance when subcultivated in
medium B containing sulphathiazole.



CHAPTER VI

owth and inhibition

—

More complex medis, such ae tryptic meat broth or
peptone water did not give much heavier or more rapid growth
of staphyloecocei than medium B, Staph.lactis 2102 and its

substraine grew less well than the strains of Staph.aureus
in the medis that were tested. OCrowth of the varicus strains

of staphylococei was investigated in medium B under various

conditions and in the presence of different inhibitors.

sgrobic growth.
Conditione of good aeration were provided by incubating
cultures in rocked T-tubes (Chapter IV) and growth curves
for the various strains were determined. All straines of
Staph.,aureus, whether resistant or not, grew at about the
same rate and to about the same final level in medium B
without sulphathiazole. Typical growth curves, for
Staphogureus Ji and JIE, are shown in Pigure 7. There was
a lag of about 12 hr before logarithmic growth began, and
growth reached its highest level after about 18 hr, at EBEL 4O
to 45 (about 1 mg dry wt/ml)., Staph.lactis 2102 and its
resistant substreins grew to a lower final level; 2102 and

210212 grew to about Eil 25 to 30, and 2102k grew to only
EEL 20. Staphe.lactis 2102R2 coneistently showed a lag before
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visible growth dbegan, sbout L hr longer than the parent strain
or the other resistant strain (Pigure 8). At the beginning
of this work (1955), Staph.lactis 210°R grew as heavily in
medium B as its parent strain, but after three years it no
longer grew as well., Compare Pigures 11 (1955) and 8 (1958).

Vhen increessing concentrations of sulphathiazole are
added to medium B the lag phase is progressively lengthened
(rigures 9-11). The rate of logarithmic growth or the final
level of growth are little affected by sulphathiazole with
Staph.aureus JHM end H and their resistant straine, the only
difference being in the concentrations of sulphathiaszole
needed to prolong the lag phase. V¥ith Staph.lactis 2102 and
2102R the final level of growth was reduced in presence of
the higher concentratione of sulphathiazole.

Sepi-aercbic growth.

Cultures growing in sloped 6"x3" tubes, the normal
conditions for growth tests, were regarded as being under
semi-aerobic conditions. Growth curves were not wcasured in
these experiments, but certain generalizations way be made
from qualitative inspections during the ccurse of iancubations.
In medium B the lag phase before visible growth was rather
longer than under serobic conditions, about 15 hr, and
maximum turbidity was not reached for about 30 hr. The
‘highest level of growth of strains of Staph.gureus was EEL
30=35 and 20-25 for Staph.lactis 2102 and its subsirains.
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Anserobie growth.
Staph.aureus is a facultative anaerobe. A defined medium

which supported the aerobiec growth of Staph.aureus fails to do

80 under anaerobic conditions unless carbon dioxide, pyruvate
and urscil were present (Pildes and Richardson, 1937). The
presence of nitrate was also advantageous.

Sevag and Steers (1949) found that a2 sulphonanmide-
resistant strain of Staph.aureus was unable to grow
anaerobleally, whereas the parent strain could grow to a
limited extent. The defined medium that was used lacked the
supplements recommended by Fildes and Richardson for
anaerobic growth, and the effect of thelr addition 1s not
reported. A concentration of sulphathiazole which reduced
aerobic growth of the sensitive etrain by LO¥ completely
prevented anaerobic growth. It was suggested that
sulphathiazole inhibited anaerobic pathways of metaboliem,
and that these were completely lost in the resistant strain.

Staphelactis 2102 and 2102R grew very poorly
anaercbically in several uedia (Teble 9). Only in medium B

supplenmented with yeast extract was there appreciable growth.
Lascelles (1956) described a strain of Staph.aureus which
grew anaerobically in presence of haematin, but addition of
haematin to medium B did not permit anaerocbic growth of
Staphelactis 2402, indeed aerobic metaboliesm was inhibited.
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dable 2

Anaercblec growth of Staphelactig 2102 and 2102]

B e e e s

l Medium 2102 2102R T

Aneerobic Aerobic Anserobic Aerobic |

Mediur B (9 1 0 7
" & enaerobic suppnl. 0 15 0 12
" 4 vesst extraect 6 2L 6 23 |

" + ansercbic suppl.

+ hsematin 0 0

rFeptone water 3 10 0 10
Tryptic meat broth 2 20
'y " 4+ anaerobic suppl. 2 20

Numbers are ZEEL readings after about 100 hr incubation

Anaerobic supplement:- Uracil 5:10’5[4
Na Pyruvate 1.6x10"3M
Na nitrate 2x10'3;g

Na bicarbonate 2.5x10"7Y
Yeast extract 1.25g "Bacto" yeast extract/l

Haematin 2 ng/l
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An absolute requirement for the asnaerobic supplement of
uracil, pyruvate, bicarbonate and nitrate was not found in
skaph.gureus JHM and I and their resietant straine in medium 3B,
though addition of these compounds improved anaerobic growth
(Table 10). Anaercbic growth was very poor in the absence of
glucose, Both sensitive and resistant strains were able to
grow in wedium B in the presence of sulphathiazole (10’9! and
10'%& respectively).

After the amino acid requirements of the various strains
of staphylococei had been established, a fully defined medium,
(medium B,)» was prepared, suitable for the aerobic growth of

Staph,aupeus JHM and H and their resistant substrains.
Staph.,aureus H grew anaerobically in this medium only when

the supplements were present, and sulphathiagole (16-55) did
not inhibit. Steph.aureus JHY and JHMR grew anaerobically in
unsupplemented medium B, but growth was more rapid when the
supplements were present, Neither Staph,aureus JHM nor H
grew anaerobically if glucose was omitted from medium B,.
Under aerobic conditions, the anaerobic supplement was
inhibitory to Staph,aureus JHY and JHMR in the fully defined
medium,.

Although there are differences between one sensitive
gtrain and another in the requirements for anaerobic growth,
there is no evidence that the development of resistance or
the presence of sulphathiazole affect anaercbic metaboliem,
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Table 10
Anaerobie growth of Staph.gureus JiM and H
[ | ! B
| JHM [ JHH H HR2
Medium
a ) a \ a A 4 8 A_
|
Eedium B 112 22 112 21 [11 29 |44 30
. 43 28 | 826 | 729 143 28
!
Yedium B + anmerobie suppl. Fl; 34 126 32 [33 33 /29 39
" + s + 8T %}Cf 28 129 31 130 Jm
Medium B + anaerobic suppl.-glucose | 1. 43 | 2 14 [ 1 471 4 16 |
R i | | |
" + " - " +3T | 4 1}_ 2 15 o ‘L !l 1!|
|
|
!
Medium B, ERAMETRT S X LN —
|
piedium By + anaercbic suppl. 19 0 120 © |27 =
. + s ¢ ST 26 o
Medium 32 + anaerobic supple-glucose | 1 O | 1 O | 2 e
| " - " - " «8T 2
A = Anaerobic Numbers are EEl. readinge after about
100 hr incubation.
A = Aerobic

8T = Sulphathiazole

10~Cy

and 10""'l

for sensitive and

resistant straine reepectively in medium B
5x10~ 7 and 10~y in medium B,

;
\

|
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The dependence of anaerobic growth on the presence of glucose
in addition to pyruvate is very striking, but hae not been

investigated further since it dcoes not seem relevant to the

present study of reesistance,

The sensitivities of the various strains of staplylococel
towards sulphathiazole, sulphapyridine, sulphadiazine and
sulphenilamide were determined in mediuw B (Table 11). The
highest concentrations of sulphapyridine and sulphadiazine
that could be used were limited by the low solubilities of
these substances.

All strains were most sensitive to sulphathiszole.
Sulphadiazine was the next most potent inhibitor and
sulphanilamide was least effective. Resistant strains show
cross-resistance to all the drugs in the group; resistance
ie not specific to the drug used to develop the resistant

strain,

ation of resistance to s n 8
All the strains of staphylococei were subcultured once
every month on agar slopes for two and a half yearsa, a total
of about thirty transfers in the absence of drug. The
gsensitivities of the organisms to sulphathiazole were
unchanged at the end of this tinme.
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The effect of aminopterin on growth of the various
strains of staphylococeci was tested in medium B, to find
out whether sulphonamide-resistant strains also show
decreased sensitivity to this drug, which is believed to
inhibit the reduction of the pteridine ring of
dihydropteroylglutanic acid to the tetrahydro level.
(Putterman, 1957; Wright, Anderson and Herman, 1958).

However, there was no inhibition of any of the strains,
even by the highest concentrations of aminopterin that were
used (10'“!). Aminopterin was still inactive in the
presence of just sub-inhibitory concentrations of

sulphathiazole.

LfTect of g:nitrdbgggoio acid on growth.

p-Nitrobenzolic acid is an analogue of rAB and it is
inhibitory to some organisms, especially in the presencs of
aspartic acid (Davis, 1951). Ite effect on growth of the
various strains of staphylococci in medium O was investigated
to find out whether there wae any cross-resistance lLowards
sulphonamides and p-nitrobenzoic acid (Table 12). The
argumente of Davie and Maas (1952) about the mechanisus of
reeistance to antagonists of PAB operating in kscl.coli are
based largely on the presence or absence of cross-resisiance

towards p-nitrobenzoic acid and sulphonamides (Chapter 11).



Table 12

h2a

Sensitivities in medium B of strains of staphylococei
to p-nitrobenzolc acid

Organisn Kaximun tolerated conce of
p-nitrobenzoic acid (M) after
Yarious es _of incubation _ il
20 hr 30 hr 40 hr | 50 he |80 hy
e 210: 10~4| 3x10~H 10~ |
" 21028 10~k 10~3 1075 | |
" 210282 | 3x1073|  3x1072 1072 |
| | |
S taph, aureus JHM 10=6 0=l 104  q0=3
" JIMR 10~6 10=4 10°2|  10™?
Staph aureug i 1074 1072 1077 | 2x10™2
" R2 10~k 102 |  2x10~3| 2x10~3
Staph, sureus R122 (?.Sxm"“ <?.5x10"u Q.Sx‘l(‘;'l‘ ?.5110'1‘ 10"3
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None of the straine was very sensitive to inhibition by
p-nitrobenzolec acids Developwent of eulphonamide-resistance
did not lead to any marked decresse of sensitivity to
p-nitrobenzoie acid, indeed, Staph.aureus R122 (the
sulphonamide-reeistant wild gtrain) was the most sensitive
to p-nitrobenzoic acid. Staph,lactis 2102R2 was slightly
nore sensitive to p-nitrobenzolic acid than was ite parent
strain, and thie difference could not be attributed to the
slower rate of growth of 2102R2.

Inhibition by p-nitrobenzoic acid (10'?!) was overcome
by PAB (10'31) though the final level of growth was lower
than in the absence of inhibitor. There was no effect of
addition of p-hydroxybenzoic acid alone or together with PAB.



CHAPTER VIT

bi ¢ e g and nutrition

All the strains of staphylococci were Gram positive,

catalase positive organisme whiech grew in typicel
etaphylococeal clusters.,. Colonies on solid media were round,

1=2 mm diameter, and usually became pigmented after keeping

at room temperature for a few days. Staph.lactis 2102 and
h 210 gave an orange coloured growth on tryptic

meat agar slopes, and the medium became a reddish-brown
colour, apparently through the excretion of a porphyrin-like

substance., S 210 excreted less of this coloured
material, and the growth was whiter in colour. Staph.aureus

JHM, JHMR and R122 gave growth on agar slopes which was white,
but which, after keeping at room temperature in darkness for
a day or two became golden in colour. Staph.aureus H and HR2
never produced a pigment.

Steph.lsctis 2102 and ite substrains were coagulase
negative. All the other strains were coagulase positive and
were therefore considered to belong to the species Staph,aureus
(Breed et al, 1957). A distinctive property of Staph,sureus
is the ability to grow in the presence of high concentrations
of sodium chloride (Chapman, 1945). Staph.lactis 2102 and
its substrains grew poorly on Chapman's medium No.110
(Chapman, 1946), which contains 7.5% sodium chloride. The

other strains all grew well on this medium.
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The strains were examined by various biochemical tests
(Table 13). These experiments failed to reveal any
conspicuous differences between sensitive and resistant strains.
The ability to reduce nitrate wes irregularly distributed,

but this property did not show & clear relation to sulphonamide-

resistance.

The procedure was eesentially that of Gladstone (1937).
The effect on growth was observed of omitting each amino acid
in turn from s complete mixture (Appendix III) which supported
growth. The usual conditions for growth tests were employed,
with a washed inoculum.

The amino acids that were most often needed for growth
were valine, arginine and histidine (Table 14). It was
surprising that all strains were able to dispense with
cystine, and use sodium thioglycollate as a main source of
sulphur. Gladstone (1937) found that most strains of
staphylococei tested required cystine, and that it was
difficult to remove this requirement by "training"”". No marked

changes in requirements for aminc acids seemed to accompany

resistance to sulphathiazole in strains of Staph,aureus.
8taph.lactis 2102 grew only after 30 hr when aspartic

acid wae omitted, and after 60 hr in the absence of glutamic

acid. The growth of Staph.lactis 2102R was as rapid in the
absence of either acid as it was in the complete medium (25 hr).



Table 13
Biochemical propertice of strains of staphylococel

e e e — ——

Glucuse A A A A A A A A E
Sucrose A p A A A ‘.
Galactose A A A A A A A |
Fructose A A A A A A A A
Mannose - - - A A A A A

§ Lactose A A A A A A A A

§ Haltose P A A A A A A A

G Mannitol - - - A A A A A

5 nrythritol - - - P e -
Olycerol A A A A A A A A
Rhamnose - - - - - - - -
bulecitol - - - - - > -
Sorbitol - - - - - A A -
Xylose A A A - - - - -
Riboee A A A I \ A A A
Arabinose A A - - - - -

Indole form™* - - - - = - - -

Voses—?rorxkaucr; - - - - - ™ Tr -

Methyl red - - - x * 4 - -

Nitrate reduction s e - Tr Tr « = bt

Hy8 form™* - - - - - - o -

Litmue milk A 0 AC A C ACAC ACAC AC

Wﬂf_ - -- P e e e -

A = Acid formation No gas was formed from any of the

substances used in fermentation tests
C = Clot formation
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Table 14

n_requirements of strains of sta coce
V Omiesion 2102 _2102R__2402R2 JHM JHWR H_ _HR2 R422
Tryptophan 0 0 0 0 0 - + +
Tyrosine 0 0 0 - - . - +
Valine 0 0 0 0o o iy Ny |
’Alanine 0 0 0 B « - - B %
‘Throonine 0 0 0 + . (+) () + |
Leucine 0 ) 0 - . 0 0 ()
Methionine 0 0 0 (+) (+) (&) (+) (o)
EPhenylalanine 0 0 0 + + 0 0 -
;Ar(i.n!.no 0 0 0 0 0 0 0 0
Histidine 0 0 0 griege - o g 3
!A:pnrtic ecid (+) + + 0 0 + + 0
Gluteamic acid  (+) + 0 + e ¢« + =
!Proline + » 4+ 0 0 0 O +
Glycine + . + (+) () + + (+)
Cystine + + + + + + + +
Biotin 0 0 O + B - + +
Nicotinic acid + - + 0 0 0 0 0
Thiesmine + + + ) 0 0 0 O
0 = No growth
+ = Growth When constituent is omitted
(+) = Orowth delayed from the medium
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If both amino acids were omitted at the same time, Staph.lactis
2102 failed to grow after six days, whereas 2102R grew after
two days. Staph.lactis 2102R2 grew in the absence of aspartic
acid as rapidly as in the complete medium, but glutamic acid
was absolutely required for growth after four days.

Growth under semi-aerobic conditions in thie defined
medium wae not so rapid as in medium B, There was a lag of
25=-30 hr before growth became visible, and the level of
highest growth was only about EEL 25 with the straines of
Staph.aureus, and about EEL 15 with Staph.lactis 2102 and its
substrains,

It was possible to grow each strain in & medium that
contained only those amino acids that were found to be essential
when they were omitted singly from a complete mixture of 15
amino acids. Hewever, growth was always improved when none
essential smino acide were also present.

FProm the results of these experiments, a completely
defined medium was devised which was suitable for growth of
Staph,gureus JHM and Staph.aureus H and their sulphonamide-

registant substrains. 7This medium was called medium 32.

Because of the differences in the requirements of

Staph.lactis 2102 and 2102R for aspartic and glutamic acids,
it was decided to investigate the oxidation of these acids by
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washed suspensions of the two organiems. COrganisme were grown
on the surface of casein digest agar, harvested and weshed ae
described by Gale and Rodwell (1948). The oxidation of the
amino acids was followed in Varburg manometere as described
by these authors. After an hour the manometers were removed
from the bath, and the contents of the cupe were centrifuged
to remove the cells. Ammonia in the supernates was estimated
in the apparatus of Markham (1942).

The results are given in Table 15. Aspartic acid was
hardly oxidized at all, and the rate of attack on glutamic
acid was not very highs There were no differences between
the sensitive and resistant organisms in their aerobic
metabolism of these amino acids. Crowth of Staph.lactis 2102R
in the presence of 10” Y sulphathiazole did not affect its
ability to oxidise aspartic or glutamic acid.

Yitanin requirements.
Qulit.tiveo

All etrains grew in medium B, which contains biotin,
thiamine and nicotinic acid. The effect on growth was observed
of omitting each vitamin in turn from this medium. Inocula
were prepared a& in the experimente on amino acid requirements,

All the Staph,eureus strains required nicotinic acid and
thiamine but not biotia for full growth. Staph,lactis 2102
and 1ts substraine required only biotin for full growth.



Table 15

Oxidation of L-sspartic and I-glutamiec meics by

gStaph.lactis 2102 and 2102K

57a

2102 2102R 2102R + sulphathiazole
“0, “NH; ‘0, “NH; “op. “NHz
i‘L-aapm'ti.c acid 1 1 1 0 1 O
Xl-glutamic acid 22 10 25 9 26 A
Blank (no substrate) L 18 6 16 L 15

v e e D T

Qo? = ul0, uptake/hr/ug
Q... = pINE_ liberated/hr/mg
L"ds o

. Corrected for bDlank.
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Quantitative.

The concentrations of nicotinle acid and thiemine
required for growth of Staph.aureus H and HR2 in medium B,
were titrated in the presence of sulphathiazole (5x10'?! and
10’9! respectively) and in its absencey 100 mug nicotinic
acid/ml was sufficient to give full growth of both strains in
the presence or absence of drug. There was no growth in the
absence of nicotinic acid. Thiamine also was absolutely
required; 0.5 mug/ml was sufficient to give full growth of
both strains whether or not sulphathiazole was present.



en ul
Section 2

The metabolism of aminobenzoic acid
W
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CHAPTER VIIZ

als thods

Medium B (25 ml after all additions) in a 7"x1:" tube

wag inoculated with 2 wl of a suspension of organisms made
to a turbidity of about EEL 10. The tube was incubated for
14-16 hr at 379 in a sloped position. The organisme were
centrifuged out at 3000 r.p.m. for 15 min. and washed once
with the culture volume of 0.02M phoephate buffer pH 6.8 or
7.4 The washed organisms were resuspended in buffer or in
the reaction mixture used for the experiment, toc a density

of about 0,5 mg dry wt per ml.

Est tion PAB.

Two assay orgenisms were used, t t 621

and Lsgherichia coll 273/384, a PAB-requiring muteant.
Acetobacter suboxydans wae one of the first organisme to be

used for assay of PAB (Landy and Dicken, 1942) and preliminary

experiments were done '§th this organisws in preference to the

mutant. However, its use involved some difficulties:

IS The concentration of PAB required for growth continued to

fall as the time of incubation was increased. Assays were
read after 72 hr incubation, though growth in sub-optimal

concentratione of PAB was etill proceeding.
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P Oracded portions of cell-free culture medlium gave & |
response curve of the assay organism similar to that given

by FAB, but extracts of staphylococcal cells gave & regponee
curve quite unlike thet produced by FPAB (FPigure 12) although

this abnormal response was sensitive to inhibition by
sulphathiazole. B8ince added PAB could be recovered guantitatively
from cell extracts it was unlikely that an inhibitor of the

eseay organism was present.

3. The absolute requirement for PAE is very wuch decreased

by a number of substances, some of which are prcducts of PAB
function (Lascellee and Cross, 1955).

Assaye with Esch.coli 273/384 were more satisfactory.

The medium wes less complex, and kept better. (Appendix III).

Assayse could be read more quickly since growth in sub-optimal
concentrations of PAB had ceased after 48 hr incubation. Cell
extracts of staphylococeil had no growth promoting effect at
all; activity was found only in the culture filtrates.
Reeponse to graded quantities of culture filtrate, diluted

1:10 in water, followed the same curve ae response to FPAR
(Figure 13) although growth in the presence of culture
filtrates appeared rather sooner than did growth with PAB.
The requirement for PAB is reduced by the presence of
methionine, xanthine, thymine and vitamin B,, (Lampen, Jones
and Roepke, 1949; de Haan, 1950). These sparing effects are
illustrated in Table 16. If any of these compounds were
added in sufficient concentration to the assay medium with
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Table 16
Sparing effect of edditions to medium on response of
Esch.coli 273/38L4 to PAB and to staphylococcal extract.

Addition Conec. of PAB(}Y) | Amount of extract | Eparing effect
for half maxi- for half maximel of addition on ‘
mal growth 1) Extract

- 3%10"” 0e3 |

Me 10~7 Oui 5>fold  3fold

Me+X 3x10™ 10 0.02 10 " 45 " ’

Me+X+T 3x10™11 0.003 100 " 100 " |

MerXsT+VeB,, No PAB needed o @ |

Byp 10~? J Oe 1 >fold 3fold |

! _‘il

Me = Methionine (10™7)) |

X = Xanthine (10~4%%) }

T = Thymine  (10™Yy) |

V = Valine (10=3y) “
B,,= Vitamin B,, (2 mpg/ml)
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PAB in material under assay, then a falsely high value would
be obtained for the PAB content of the extract. It was not
practicable to overcome this difficulty by saturating the
medium with these PAB sparing substances since they abolished
the requirement for the factor. Inestead, an atteuwpt was made
to show that these compounds were not present, in amocunts
sufficient to reduce the PAB requirement, in material under
assay. This was done by demonsirating that the compounds
gave egquivalent sparing of PAB or of staphylococcal extract
needed for half-maximal growth (Table 16). Had the compounds
been present in extracts in amounte already sufficient to
produce thelr PAB-sparing effects (which a rough calculation
had shown tc be unlikely), then it would not be expected that
their further addition to the extraet would give any sparing
effect.

The miniwal medium of Davie and Mingioli (1950) wae used,
modified by autoclaving the glucose in the wmedium. To double=-
strength medium (2.5 ml) in 6"x3" tubes were added extract or
PAB solution, and water to 4.9 wml. After autoeclaving 10 1b
for 7 win. the tubes were inoculated with OC.1 ml of a
suspension of Eech.colil 273/384 which had been diluted in
water to‘;% EEL 1 (about 53105 organisms per mwl inoculated
assay wmedium). The tubes were incubated sloped at 37° for
48 hr, and growth was assessed in the LEL colorimeter., To

prepare extracts for assay, cultures, including the organisms,
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were heated for 5 win. in boiling water, and the supernates
assayed after centrifugation.

Each assay 1included a standard response curve for PAB;
each extract was assayed at two or three levels, and every
tube was set up in duplicate. When more than one deose of
extract fell in the range of the standard curve, the concen-
tration of PAB in the extract was calculated from the results
at each level, and an average was then taken. Good agreement
(210%) was found between the concentrations of PAB calculated
from reeults at different levels of dilution of the extract.
Very close duplication was found between similar tubes, and
the assay showed no day-to-day variation in the range of
response to PAB or in the level of growth in response to sub=-
optimal conccntrntidna of FAB., Added PAB waes recovered
guantitatively from staphylococcal cultures.

An evaluation of the significance of the results of one
assay was made by the method of factoriael analysies described
by Blise (1956) for a non-randomized assay. Three points on
the response curve to PAB and three on the response curve to
an extract were used for this purpose. The precision of the
assay wae assessed by determining the statistic C, which
measures the reliablility of the assay slope; a value of 1.030
was obtained. The more nearly C approaches unity, the more
precise is the assay, while an assay with C greater than two
ie of little value. The potency of the extract was determined
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by factorial analysis, and the confidence limits of this value
were assessed. This procedure gave a result of 144230 mug PAB
per ml. Direct calculation from the assay readings in the
ordinary way gave a value of 140 mug PAB per ml. The valldity
of the assumptions that are made in this factorial analysis,
namely, a linear relation between the response and the log.
dose, and agreement in slope of the response curves for
different samples, was confirmed statistically.
Letimation of FAB in p nce _of sulphathlazole Dy
hromatography followed by assay.

¥ith PAB at the normal level used in assays (10‘?!-10'%!)
the aseay organism is inhibited by 10~'l sulphathiazole.
Consequently, PAB and sulphathiazole must be separated before
PAB can be assayed.

A good separation of PAB and sulphathiazole was obtained
on descending chromatograme run on Whatman No.1 paper for
about 12 hr at room temperature, using ee solvent n-butanol

gsaturated with water.

R wvalues Sulphathiazole 0.50
. PAB 0.15
The position of PAB on the chromatogram was found by

running a warker etrip which was subsequently cut off and

examined by biosutography with Esch.coli 273/384. The region
of the chromatogram which contained PAB was eluted with water,

and the eluted material was assayed for PAB,
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Recoveries of known amounts of PAB added to staphylococecal
extracts were not quantitative, even when no sulphathiagole
was present in the extracts, neither was recovery of PAB run
alone quantitative. WVashing the paper with 2N acetic acid
before chromatography led to more rapid development (about
8 hr) but did not improve the recovery of PAB.

Assay of folic geld,
Lb.,casei factor.
The aseay techniqué of lilmmo-Swmith, Lascelles and Woods

(1948), es modified by Lascelles and Woode (1952), was used.

A susmary of the procedure is given in Table 17. Extracts of
all the strains of Staph,aureus that were used gave a response
curve which diverged from that given by pteroylglutamic acid
(Pigures 14 and 15). Consequently, the amounts of LF present
in extracts was assessed against a reference extract as
described by Lascelles and Woods (1952). The reference extract
wae obtained by pooling the residues of experimental extracts
and storing at 2°. Bach complete assay contained: (a) the
"unknowne," each at two or three concentrations, (b) four

levels of pteroylglutamic scid in the range 0.,01-0.08 mug/ml,
and (¢) four levels of reference extract. This had previously

been assayed against pteroylglutamic acid so that the response
to the smallest gquantity was approximately equal to that with
0.01 mug pteroylglutamic acid/ml. 1In plotting the resuits,

the scale for the reference extract standard curve was
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determined in terms cf pteroylglutamic acid by equating the
lowest level of reference extract to the conecentration of
pteroylglutamic acid which gave the same turbidity. The
potency of the "unknowns" (in terms of pteroylglutamic acid)

was then read off from the reference extract curve.

égggitrgggggg factor.

The method of estimation was essentially that described
by Sauberlich and Baumann (1948) with the modifications
introduced by Lascelles and Woods (1952). A summary of the
procedure is given in Table 17. Good recoveries of leucovorin

added to staphylococcal extracts were obtained.

Sirep:faccalie R factor,

The procedure is due to Lascelles and Woods (unpublished),

and is summarized in Table 17. The curves for the response of
the assay organism to synthetic rhizopterin and to graded
quantities of extract were similar (Figure 16). The assay
organism did not grow as heavily nor as gquickly as had
previously been found (Cross, 1956) and the assays were,
therefore, read after 4O hr incubation instead of the usual

20 hr. Good recoveries were obtained of rhizopterin added to
staphylococcal extracts. The potencies of "unknowns" were

read of'f from the response curve in terms of rhizopterin.
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CHAPTER IX
The prevention of sulphonamide-inhibition by PAB
b f the function

The inhibition by sulphathiazole of the growth of
staphylococei in medium B could be completely overcome by the
addition of PAB. The inhibition index (Shive, 1950) 48 a
useful concept in considering competitive inhibitions by

analogues of metabolites. Shive derived the equation:

= K, where K is a constant, the inhibition index, and is

U2

the molar ratio of the analogue concentration [I] to the
metabolite concentration (8] in the medium which gives a
defined inhibition witiin a constant period of time. The
concentrations of I and S muet be sufficiently high that they
are not appreciably altered during the period of the experiment
by the metabolic activities of the blological system; and
other experimental conditions wust not be varied. Davis and
Meas (1952) found that the inhibition index for sulphathiazole:
AB was about 25 for a sulphonamide-sensitive wild-type strain
of Esche.goli; 200 in a one-step sulphathlazole-resistant
wutant, and 1000 in a multi-step resistant wutant. These
indices were proportional to the levels of resistance of the
three strains. Whether a similar relation occurred with the
sulphonamide~sensitive and resistant straine of staphylococei

wae investigated.
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Sulphathiazole-inhibition overcone by PAB.

The lowest concentration of PAB was determined in medium B
that allowed at least half maximal growth in the presence of
sulphathiazole (Table 18). The inhibition indices were
calculated from the concentrations of PAB needed to overcome
inhibition by 2x10™7) eulphathlezole after L0-45 hr incubation.
As the time of incubation increased, so the concentration of
PAB needed to overcome inhibition fell., OGrowth in these
lower concentrations of PAB was ae heavy as when sulphsthiazole
was absent, though there was a longer lag before growth dbegan.
With the higher concentraticns of PAB, growth in the presence
of sulphathiazole was as rapid as in the absence of the drug.
The titration of PAB was not very close; there was a three-
fold increase in concentration of PAB from one tube to the
next. However, when the inhibition index was determined at
more than one concentration of sulphathiazole, the results
were in reasonable agreement,

The inhibition indices of the various straine were roughly
proportional to their degrees of resistance (Table 19).

Davie and Maae (1952) interpreted their results as suggesting
that the resistant etrains had an enzyme with an altered
relative affinity for PAB and sulphathiazole. Before such an
interpretation could be accepted for the present results it
would be necessary to exclude other mechanisms of resistance
discussed in Chapter II, since an increase in the inhibition
index might also result from the development of other

mechanisms of resistance.
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Table 418
Prevention of sulphathiszole-inhibition by PAB in medium B

Organism Cone. of sul-| Cone., of | Time | Inhibition
phathiazole vAB(Y) |[(hr) index
(M) for half
maxinal
growt \
10> 3xq0™% | 15 |
10°% | us 10 "
Steph.aureus JHM 2510‘5 55 =
2%40™ sx10~% | 20
1074 | 45 20
5%1072 | 60
10=3 éx10~6 | 30
[Staph,aureus JHMR | }::10"6 L5 330 —
2x40™2 10°2 | 30
6x10=6 | 15 | 330 'i
Staph.aupeus H 10=3 106 | yo 10 ﬁj
2%103 _3x40~4 | 10 10 -
aureu 10~3 108 | 50 | 1000 |
2x10™2 3x107% | uo 660 |
ureus 2%40~3 3x10"6 4O 660 l
2x10™7 10754 | 1o 20 |
2x40=> 10=2 | 40 200 | ]
2x40™2 0=5 | 40 200 |
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Table 419 |

Relation between inhibition index and sensitivity to
sulphatialasole avsence o Al _dn ume

Urganiswm inhivition |Change of 4i|Max. toler- Legree of
Tndex (%) in resis- |eted conc. | resis-
after 4O hr|tant strain| ol sulpna- | tance

thiazole(M) )

[Btaph.lactis 2402 20 10.5 ]
’ 2402R 200 x10 “ 5x10'1* x25 |

" 2402R2| 200 x10 2. 5x10~H x25 _J

15 ?.5x10‘6 q

R SRR | 330 %20 5x10™3 20
Staph.aureus ki 10 5X10~6 E
, ﬁ

HEZ |660-1000  |x66-100 5x10™" x100 |
Staphsoureus K122 660 x66™ 510 x100" |
-—l‘.

* Compared to Staphsaureus I 1
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Prevention of & honamide-inhibition by products

When ultimate products of PAB utilization are present in
the medium, the amount of PAB required to overcome
sulphonanide-inhibition is reduced, and the inhibition index
ie increased (see review by Shive, 1950). A mixture of
methionine, xanthine, thymine and valine, abolishes the PAB
requirement for growth of Staph.aupreus in the presence of
sulphanilamide. (de Haan, Vinkler and Baljet, 1949).

The resistance to sulphonamides of some or all of the
straine of staphylococci may have been due %o the synthesis
of compounds, normally ultimate products of PAB function, by
pathways which did not involve PAB. To determine whether this
vae 80, the effect of addition of these compounds on the PAB
requirement of both sensitive and reeistant strains growing
in the presence of sulphathiazcle was investigated. If any
substance reduced the PAB requirement of the sensitive strain,
but not of the resistant etrain, then this would suggest that
the compound wae synthesized in the resistant strain by a
route which no longer involved FPAB function.

To test the effect of methionine on the requirement for
PAB, it was necessary to use medium 32' the fully defined
medium for growth of Staph.gupreus, from which methionine is
absent. The effect of valine could not be investigated because

ite presence is absolutely required for growth.
Results of experimentes with Staph.aureus JHM and H and
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their resistant substralne are shown in Tables 20 and 21.
Addition of methionine led to an increase in the inhibition
index with all the strains. Xanthine reduced the PAB
requirement only in the presence of methionine, and thymine
was active only in the presence of both methlonine and
xanthine. Serine and pteroylglutamic acid had no effect on
the PADB requirement,

With Staph.sureus JHM and JiliR, wethionine, xanthine and
thymine showed similar PAB-sparing effects. Addition of
vitamin 812 led to a further reduction in the PAB requirement
of Stapi.aureus Jil and to earlier growth of Staph.sureus JHMR
in the absence of PAB, 1In neither etrain, however, was a
mixture of methionine, xanthine, thymine and vitamin B

eg
12
effective as PAB in overcoming inhibition by esulphathiszole.

and HR2 behaved siwilarly to Staph.aureus

JHM and JHMR, except that with Staph.gureus JRO xanthine did
not enhance the effect of methionine in sparing PAB, In a

subsequent experiment (Table 22) methionine plus xanthine
reduced slightly the amount of PAE needed for growth in the
presence of sulphathiazele., Furthermore, methionine plus
thynine was much lese effective than methionine plus thymine
plus xanthine in reducing the PAB requirement of Ztaph,gureus
HR2.

S8ince, with the exception of xanthine in Staph,gureue IR2,
the compounds tested produced similar Fib-sparing effects in
sensitive and reeistant strains of Staph.aureus Ji¥ and H, it
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Tadle 20

Effect of additions to medium 32 on the inhibition index of

Staph.sureus JHM and Jikk growifg in presence of sulphathiagole.

Addition | Come. of PAB needed for half |Inhibition Index
maxinal growth ()
i Pi oy me
- 10~4 40™2 10 100
Ve  3x10™5 3x90~0 33 330
X 3x10™H 10~° 3 100
T 3100 10™3 3 400
Me+X 105 3x10™7 100 3300
Me+T 3x10™2 10~6 33 1000
XeT 3x10™4 102 3 400
Me+X+T 3x10™0 - (80 hp) 330 o
WesX+T4B, L 3x10‘i£Po nr) - (50 hr) 330 5
S.aureus JE¥ 107K sulphathiagole 135 hr incubation

Seaureus J
Ne =
X =
T =

Byo

Xanthine

Thymine
= Vitamin B,, (2 ug/wl)

10~} sulphathiszole 110 hr incubation

Methionine (10~7H)

(10=4)

(10~by)
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Effect of addftio'ls to medium Bo on the inhibition index of
aureusg F 2 growing in presence of sulphathiazole.

Addition |Conc. of PAB needed for half |Inhibition Index
maxiwal growth (M)
i HR2 E HR2
b——_ﬂ—-—————————————-ﬁn—— | e
- 3x40°% 107 3 200
Ke 3x10~° 3x10~6 30 660
X 3x10~%  40~5 3 200
T 3x10~4 4075 3 200
Me+X 1003 3x10~6 100 660
Me+T 3x10~=3 3x10~6 30 660
X+T 3x10~% 1077 3 200
Me+X+T 3x40~6  3x10~7 300 6600
Se.aureus H 10"3]!_ sulphathiazole 80 hr incubation

Senureus HR? 2x10~7) sulphathiazole 80 hr incubation
Me, X, T as in Table 20.
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ie, therefore, likely that these compounds are synthesized in
both sennitive and resiestant strains by mechaniems in which

PAB participates.

uantitat r 3 d [8) t .

If a resistant strain has a decreased requirement for a
given produet of PAB function, then this should be detected by
titrating the amount of product needed to reduce the amount of
PABR required to overcome sulphonamide-inhibition.

The minimun concentration of methionine needed by Staph,
gureus H and HR2 to spare PAB was determined by measuring the
inhibition index in medium B, in the presence of 10“?!
sulphathiszole and decreasing amounts of methionine. The
requirements for xanthine and thymine were then determined
similarly in the presence of methionine and of methionine plus
xanthine respectively. To reduce the number of tubes needed
for an experiment the titrations were not close, each
concentration level of the product of PAB utilization was one
fifth of that preceding.

Incubation periods of only about two days were required
to show the effects of additions with Etaph,aureus HR2, With
longer incubations in the presence of methionine, growth
occurred in the absence of PAB or other additions. For
comparison, inhibition indices for the sensitive strain are

also quoted after two days incubation. Although greater PAB-
sparing effects were found on longer incubation of Staph,aureus H,
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the concentrations of the compounds neceded to produce this was
unchanged. (Table 22).

In both strains, 8:10'€§ methionine was the lowest
concentration that gave a2 maximal PAB-sparing effect., For
maximal sparing of PAB 2:10‘%3 xanthine was required by
Staph.aureus Ili, whereas ux10°§§ was adequate for the resistant
gtrain. Bach strain showed a meximal PAB sparing effect with
10~ thymine.

The difference in the requirement for xanthine of the
resistant and sensitive strain was confirmed by a closer

titration. The significance of this observation is considered

in the Discussion.
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Quantitative requirements for methionine, xanthine and thymine

B D = O

gtaph.oureus H in medium B,

_to give PAB-sparing effect

e e —

10"J) sulphathiazole

Eethionino (X)

TR e .

Xanthine (}) Thymine (l) Inhibition index
S50 hr 90 hr __

- i - q 3

10~7 - - 10 30

sx10~6 5 - 10 30

2x10~6 " : 3 10

2x40~H 10~U - 30 100

2x10™H 2%10™2 - 30 100

ox 10~k ux10-6 - 10 30

2x10~k 10~k 10~4 100 1000

2x10™4% 10~4 2x10™7 100 300
gtaph aureus HR2 in medium B, 10"31 sulphathiazole
- - - 200
10~ - - 800
8x10~6 - - 800
2x10~° - “ 40O
2x10~H 10~k - 1000
oxi0=l 4r10~6 3 1000
ox10~k 8x10=7 . 300
ox10~4 10~4 10~k 3000
2x40~4 10~k 2x10=5 53000
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PATT A T
Y

Ehg_ synthesis of ramino’oenzoic aclid by staphylococel

Some sulphonamide-resistant substrains of bacteria
produce greater amounts of PAB during growth than their
seneltive parent strains, but this ie not found in all cases
of sulphionamide-resistance (see Introduction). The synthesis
of PALS during growth of the various strains of staphylococel
in medium B in the presence and absence of sulphathiazole was
investigated. GCowe work wae also done on the synthesis of

FAB by washed suspensicne of organicms.

< ] ems growing in wedium B.

Urganisws were grown in 25 wl volumee of medium B from
large inocula (Chapter VIII). Cultures were incubated 14-16 hr,
by which time growth had Jjust reached the e¢nd of the
logarithuic phase (Figure 47). With the large incculum used
(2 m1 of an BEL 10 suspension), growth of all strains was
insensitive to inhibition by sulphathiazole.

The amount ¢f PAB in these cultures was assayed with

Esch.coli 273/384.(Teble 23). The few assays that were done
with Acetobacter suboxydens 621 gave resulis in substantial

agreement. The growth attained by Staph.lactis 2102 and its
substraine waes less (about 0.2 mg/ml) than that of the strains

of Staph.eureus (about O.4 mg/ml). For comwpariscn, therefore,

results are expressed as nugPAB per mg dry wt of organisme in

the culture.
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Teble 2%
e o ot

Syntheeis of PA3 by staphylococed growing 14-16 hr in medium B

Orgenism I pug@ PAB per | mug PAB per mg
— LBl cultupe _.QH_!!_M_EI.M

Staph.lactis 2102 ] 7 35

” 2102R 21 150

2 210252 5 33
k- aupreu 75 170

U JHMR 38 180
Staphesurcus H 92 210

v HR2 100 240
8¢ u 1 1700 1900
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The most striking feature of the results ig the very high

eynthesis of PAB by Staph.aureus R122. The concentration of

PAB in the medium is just over 10~2). The other strains of

Staph.aureus only synthesized nbout one twentieth of this

emount of PAB, The resistant strains of 8taph.aureus JIM and H
did not synthesize appreciably Aifferent amounts of PAR from
thelr sensitive parent straine. 9Still less PAB was synthesized
by Staph.lactis 2102. In one of its resistant strains, 2402R2,
the synthesis was the same as that in the parent, but in the
second resistant strain, Staph,lactis 2102R, there was a2 five
fold increase in PAB synthesis, although this organiem ie no
more resistant to sulphathiezcle then is 2102R?. The synthesis

of PAB by Staph.lactis 2102R, even though it is greater than
thet of its parent strain, is 8till no greater than that found

in the sensitive straine of Staph,aureus.

To find out whether, with a longer period of incubation,
greatér differences between the aynthesis of PAB in a sensitive
gtrain and in a resistant strain might occur, the course of

FPAB synthesis with time was measured in Staph,sureus JIM and
JHMR, (Pigure 18). The synthesis followed a similar course in

each strain.

It may be argued that only during growth in the presence
of sulphathiazole do the resistant strains synthesize greater

amounte of PAB than their sensitive parent strains. To test
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this poeeibility, orgenisms were grown se before in medium B,
but in the presence of sulphathiszole« PAB and sulphathiazole
were separated in the extractes by chromatography, and the PAB
wae assayed.

Since PAB wae never recovered quantitatively from
chromatograms, the reliability of these assays ie uncertain.
Toc check the assays, known amounts of PAB were added to
portions of each extract before separating the sulphathiazole,
and the recoveries of PAB from these extracts were determined.
This gave some measure of the proportion of the total FPAB in
the extract that was being estimated by the assay. Extracts
from a sensitive strain and from ite resistant substrain were
prepared in the same experiment, and sulphathiazole was
separated from PABE in each extract on the same chromatogram,
so that each would Dbe subjected to similar losses of PAB before
assay. Results are shown in Table 24. Sensitive and resistant
pairs of straine of Staph,aureus synthesized similar amounts
of PAR during growth in the presence of sulphathiazole.
Although the accuracy of the figures is uncertain, a ten-fold
or greater difference in PAB synthesis between sensitive and

resistant strains (euch as would be required to explain

resistance) would have been detected.

A few experiments were done to investigate whether

staphylococei could synthesize PAB in solutione more simple

A e
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mable 2L

Synthesis of PAB by etrai of 8ta;

s growing 14-16 hr

S & a

Organism mug PAB per wmug PAB per ng % Recovery
. ml_eculture dry wt organisme  of PAB
i€ taphe aureus JHM 0a 250 €0
73 180 Lo
8taphe aureus JHUR 99 250 60
73 180 Lo
Staph.aureus H 1" 37 30
o HR2 8 20 L0
8t » ALY 1 550 1400 100

densitive strains grown with 5x10~%4 sulphathiezole
Resistant stralns grown with 5x10~7M eulphethiazole



76

than the growth medium. Most of this work was done with
Staph.aureus JHM and JIMR but a few observatione were made
with other strains.

Synthesie of PABE Ly washed suspensions of organisms in the
winimal medium of Davis and Mingioli (1950) was firet
investigated. It was anticipated that in thies eimple medium,
without additions, synthesis of PAB would be slight. The
effect of possible precursors on the synthesis could then be
examined, 89yntheeis of PAB by washed suepensione in medium B
was also examined., Here it was anticipated that synthesis of
PAB would take place, and it was intended to find out the
effect of omitting constituents of the medium on this synthesis.

Organiems were grown in 25 wl volumes of medium B frow
large inocula as already described. Washed suspensions were
prepared in 0,02} phosphate buffer pH 6.8 or 7.4 to a
concentration of about 0.5 mg dry weight per ml. Suspension
(2,0 m1), double strength medium (2.5 ml), and other additions
to a final volume of 5 ml were mixed in 5"x:" tubes and
incubated upright at 37°, usually for 5 hr. The suspensions were
then assayed for PAB using Esch.coli 273/38L4.

Results are shown in Table 25. Contrary to expectation,
all straine tested synthesized PAB in Davisg' minimal medium at
least as well as in the growth medium., With the sensitive
gtrains, synthesis of PAB is considerably better in Davis'
pedium than in the growth wedium, where the synthesis is
markedly less than with the resistant strains., This finding was
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Table 25

8ynthesls of p-aminobenzolc acid by suspensions of Jtaph,
gureus in various medla

Ramant

Pigures are mug FAB/ug dry weight of organisms

Btrain
ke _Medius Ji JRE 4 0 2 Ri122
}Davia' minimal 120 120 130 150 1500
? 3 - glucose 0 0 0 0 12
ilodtum B 30 100 60 140 1500
" « glucose 2 10 0 7 35
Medium B, 30 120
" = glucoee 0 (¥
io.oeg buffer pH7.l 0 0
| " + glucose® 59 L8
» + casein hyd.* 0
" +glucoae+mi3a 180 100
" +glucose+casein hyd. 56 54
Glucose® 0«27 in medium

Casein hydrolyeatc‘ Equivalent to 3g casein/l in medium
NHB. D. 1% ammonium sulphate in wedium
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purprising since growing cultures of both sensitive and
resistant strains of Jtaph,aureus JHY and I in medium B had
eynthesized about the same amounts of PAB, This difference
between sensitive and resistant straine was still shown when
sugpensions were incubated in medium B for different lengths

of time, (Figure 19) and it was also shown by washed suspensions
incubated in wedium 2g¢ the completely defined growth medium,
There waes no synthesis in any of these media if glucose wae
omitted.

The amount of PAB formed by Siaph,aureus JHV and JHMR in
glucoee and phosphate only, was about half that synthesized
in Davis' medium; further addition of ammonia increased the
eynthesis to the same level as that in Davis' medium. Similar
resulte have been obtained with Staph.aureus R122 (C.A.Rushton,
unpublished results).

These findings indicate that washed suspensions of Staphe
aureue JHM, while able to synthesize PAB from glucose and
emmonia Jjust as well as suspensione of the resistant strain
are less capable of synthesigzing PAB from glucose and amino
acids. The resistant straine might be better able to produce
ammonia from amino acids than can the sensitive strains. Lan
and Sevag (1957) have some evidence that sulphathiazole
inhibits transaminase sctivity in a sensitive strain of Staph,
gupreus. It is, therefore, possible that in reesistant strains,

transaminase activity is increased. However, with neither

§taph.aureus JHN nor JHMR was the synthesis of PAB from glucose
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dnereased by addition of acid-hydrolyzed casein. This may be
because tryptophan or cysteine, which are absent from acid-
hydrolyzed casein, are among the requirements for this
synthesis, or, 1t may be that the vitamin constituents of the
growth medium (nicotinic aecid, thiamine and biotin) are needed
as well,

It is not at all clear why washed suspensions of sensitive
etrains of Staph.sureus show a decreased synthesis of PAB when
incubated in the growth medium, while the resistant stralns do
not, because sensitive and resistant substrains synthesize
girmilar amounts of PAB during growth. The synthesis of PAB
seems to be proceeding in both sensitive and resistant strains
at the time of harvesting (14-16 hr; see Pigure 17) so it does
not appear likely that the PAB-synthesizing enzymes have eceased
to be active in the sensitive strain by the time of harvesting.
Furthermore, the enzymes of the sensitive strains which synthesize
FAB from glucose and ammonia are as active as those of the

resistant substrains,
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CIAPTER XI

The synthesis of folic aeid by washed suspensions and by
growing cultures of Staph.lactis 2102 and 2102R has been
investigated by Lascelles and Toode (1952). The findings will
be briefly summerized as they form the basis of the work
described in this chapter.

Folic acid formed by staphylococeil gave a response curve
with the assay organism (Lb.casei), which differed from that
given by pteroylglutamic acid in that heavier growth was
produced at optimal concentrations; the staphylococcal material
wvae not identical with any member of the folic acid group that
wae tested, Folic scid was synthesized by washed suspensions
of organiems in a mixture containing buffer, glucose, glutamate
and PAB. In this mixture and during growth, the sulphathiazole=-
resistant strain synthesized about ten times as much folic acid
g8 the parent strain, and this synthesis was less sensitive to

inhibition by eulphathiazole.

The synthesis of Lb,casei factor (LF) by staphylococei.

Organisms were grown in 25 ml volumes of medium B from

large inocula for 14«16 hr as described previously. The
organisme were harvested, and washed once iln 0.02Y phosphate
buffer pH 6.8. BSuspensions of organisms in buffer were added
to double strength incubation mixture ¥, (Appendix III) which
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eontained glucose, glutamate, buffer and FAB, to give a final
concentration of about 0.2 mg dry wt of organisms per ﬁl. Sueh
suspensions, 2.5 wl final volume in 5"x." tubes, were incubated
upright at 37° usually for 5 hr. The total amount of LF in the
organisme and the suspending medium wasz assayed at the start
and at the end of an incubation. Estimations on extracis of
washed organisms and on suspemding wedlum or culture filtrate,
showed that all the LF was present in the organisms,

The amount of LF in organisms harvested from medium B anmd
suspended in mixture F is shown in Table 26. The LF content
of all the sensitive strains is about the same, roughly
30 mpg/mg dry weight. In two of the resistant atrains, Sta

tis 21 and Staph,gureus R122 there is a considerably
greater amount of LF, but in three other resistant strains no
more LF is present than in their parent strains.

Lascelles and Woods (1952) found that synthesis of LF by
washed suspensions of Staph.lactis 2102 and 2102R occurred
only in organisme which contained initially a low concentration
of the factor. BSuch organiesme were obtained by growth in the
presence of sub—inhibitoéy concentrationeg of sulphathianzole,
5:10‘€g for sensitive straine, and 5x10’§g for resistant strains.
The content of LF of depleted organisms is shown in Table 27.



Teble 26

Initial LP content of harvested organigms

80a

Organism LF (mpg/mg) in harvested organisms

Normal Depleted

Staph.lactls 2102 20-50 1=5

Staphelactis 2102R 100=300 3=13

St ctis 2 L8 1=2

g eus f 25=35 2=7

St ureu 33 2=9

Stapheaureus § 2De3% 7

Staphe 8 28 1=9

ug R12?2 110140 8

Piguree show the range found, usually in at least
three experiments, with each strain,

Normal organiems grown in medium B

Depleted organisms grown in wmedium B in the presence

of sulphathiazole.
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fyntheesis of LP by suspensione of washed organisms in mixt

The amounts of LF synthesized in mixture F by initially
depleted organisme is shown in Table 27. Undepleted organisme
showed very slight synthesis of LF. The finding of Lascelles
end Voods (1952) that Stgph.lactig 2102 synthesizes about ten
timee as wuch LF ae its parent strain waes confirmed, Although
210282, the other resistant substirain did not synthesize much
more LF than ite parent, there was a eignificant and
reproducible increase. Jtaphegureus R122, like Staph.lactig
21028, ehowed a relatively high content of folic acid after
normel growth in medium B, and it also synthesized a
comparatively large amount of LF in medium F after initial
depletion. Unfortunately, no sensitive strain of Jtaph.sureus
R122 wes available for compariscn. The reeistant straine of
Btaph.sureus JHM and § synthesized no more LP than the small
amount formed by their parent strains. Various procedures wepe
used to attempt to increase this synthesis,

The time c&urae of LF synthesis by depleted Staph,aureus H
and HR2 in mixture P was studied tc find out whether the
syntheeis was greater with a longer incubation (Pigure 20),
8ynthesis of LF continued beyond the normal period of
incubation (5 hr) and approached the level found in undepleted

harvested organisms. Staph,aureus IHR? synthesized rather more
LP after 10 hr incubation than its parent, but the difference

was not striking.
The effect of depletion with higher concentrations of
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Table 27

e —

Syntheeis of LF by depleted organisms in mixture ¥

LP (mug/mg

_____ Orgenigm InitieT o Snoteane

t 2102 5 15
gt 2 8 100
Etaphslactis 2102R2 I 26
Etaph.aureus JHM L 6
§taphe aureus JHMR 6 9

| ureu 6 7
Bt aureus iRk 6
Staphsaureus R122 8 70

- b £

Wixture P contains buffer, PAB, glucose and
glutamate. 0.2 mg dry wt organisnsg/ml.

Figures are averages of the results of several
experipents.
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sulphathiazele on the =ubsequent ab1lity o synthesize LF was
examined. In an experiment with 8taph.aureus HR?, growing the
organisms with concentrations of sulphathiaszole greater than
5x1d’?¥ d14 not csuse greater depletion of LP, nor were the
organisms subsequently able to synthesize more LF in mixture P
than those grown with 5x10 -¥ sulphathiazole (Table 28).

The effect of growing cultures in 2 complex medium was
next investigated. WVedium B supports the growth of ZStaph.aureus
gi¥ and H, and must, therefore, enable the organisms to
synthesize at least adequate amounts of folie acid. It may be,
however, that in a richer medium, more suitable precursors of
folic acid may bPe available, enabling greater synthesies of
folic acid. Also, in a complex medium the organisms might
accumulate sufficient precursors of LF so that when subsequently
incubated in mixture ¥ they might synthesize more LF than
organisms grown in medium B,

Organisme were grown in medium G, (Appendix ITI) which
contains peptone, marmite and liver extract, and washed
sugpensions of the harvested organisme were prepared. The
synthesis of LF by normal and depleted organisms in mixture P
was investigated (Table 29). The initial content of LF and the
eynthesis in mixture ¥ wae about the same as with organiasms

grown in wmedium B,
Lescelles and VWoods (1952) found that the synthesis of LF

in wixture F by Staph.lactis 2102 and 2102R was inhibited by



Bynthesie of LF by organisms depleted by growth with

Table 28

various concentrations of sulphathiazole. Staph,
aureus 12 in mixture 7
Conce of sulphathiazole n
during growth (M) Initial Increase
P—:‘I e

- 10 0

5x10™2 1 6

10~H 1 3

2x10~4 1 5

82a
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eulphathiazele, Oynthesls by the recistant etrain was elght
times more resistant to sulphathiazole than that of the parent;
this compared with a fifty-fold Aifference when growth was the
criterion of sensitivity. It was pointed out that this
comparison ie only realistic when it ie known that all the
reactants necessary for eynthesis of L by suspensions of
crganisms are preeent in optimal amounts.,

The sensitivity of the synthesis of LF to inhibition dy
sulphathiazole in suepensions of Staph,lsctis 2102R2 resembled
that of 2102R. (Table 30). In the experiments with Staph,aureus
Ji¥ and I and their resistant substrains the amounts of LP
synthesized were low, but there was a progressive inhibition
of LF synthesis by increasing concentrations of sulphathiazole
up to 10™Y, and the resistant strains were less seneitive to
this inhibition than the parent straine,

The synthesis of ] n factor (CF) by staphylococedl.

Lascelles and Woods (1952) showed that the difference in
behaviour of pteroylglutamic ecid and LF during assay with
Lb,casei could not be attributed to the presence of CF
( 5=formyl-5, 6,7, 8-tetrahydropteroylglutamic acid, Figure 1).
Typical extracts of Staph.lactis 210°R were very much more
active in supporting the growth of Lb,casel than the growth of
Le.citrovorun. This was confirmed, and it was also found that
none of the extracts of any of the strains of Staph,aureus
contained detectable CF activity.



Inhidition of synthesie of ILP in mixture ¥ by the presence

of sulphathiszole

Table 30

Cone. of PAB 102Y throughout

Synthesis: mug LF/mg

83a

kpnc. of sulphathluxolegg&) - |10 !10" 10~4 | 102
Synthesis 160 |150 g (3N 9
21028 % Inhibiticn 10 | G0 90
Synthesie | Ll | 4O | 48 5 0
gtggholacgig 210272 % Inhibitioen 10 J €0 90 100
! R—
Synthesis & 6 | 4 2 1
| taph. aureus JHM % Inhibition 0 | 30 60 80
[
Synthesis 8 T | 5 5 3
S & Inhibition 10 | 40 | 4O | 60
Synthesis P [= g oy 3 0
t s BUrSUS % Inhibition 15 | 30 60 100
Eynthesie 10| 6 | 6 6 L
Etggg,ggggg HR2 @ Inhibition LO J Lo 40 60
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Usze of Strep.faecalies B ag sseay organism for folic acid.

e —

A poesible reason for the low content of folic acid in

extracte of Staph.gupreus JUM and 4 and their resistant
substrains 1s that some of the folic acid might be present in a

form to which Lb,casei does not respond. gGtrep.faecalis B
responds to two cowpounds of the folic acld group, rhizopterin
and ptercic acid (Figure 1) which are not active for Lb,casei.
Accordingly, extracts of the varioue strains of staphylococel
were tesied for their ability to support the growth of Sirep.
faecalis R in a medium from which folic scid was omitted.
(Appendix III).

Results of determinations of the initial content of
rhizopterin of organisms grown in medium B and of the synthesis
of rhizopterin in mixture F are shown in Taeble J1. The very
low content of Strep,faecalis R factor in most of these extracts
is surprising, as all had LF activity. ©Gince there was good
recovery of rhizopterin from staphylococcal extracte (Chapter
VIII) it seemed unlikely that the extracts inhibited the assay
organism. The most likely explanation seemed to be that the LF
in the extracts was a form of folic acid to which Jgrep.faecalis R
does not respond. One such compound is pteroyltriglutamic acid
(Pigure 1), which on a molar basis is ten times as active for

Lb.casei as for Strep.faecalis R (Jukes and Stokstad, 1948).
Pteroylheptaglutamic acid, a higher conjugate, is active for

neither organism.

&
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Table 31
Initial content of Strevn,faecalis R factor in normal and
depleted celle of s%apﬁ?lococci and synthepis of the factor

Seaureus JiMR 0 5 1 1
e aureus H 0 0 1 1
|8, aureus HR?2 0 5 1 1

S.aureus R122 3 5 2 7

" Grown as before in the presence of sulphathiazole
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The resulte of amcid hydrolysis of extracta of Ctaph.aureug
JiM and X supported this view (Table 32). =Extracts were
diluted 1:1 with N hydrochloriec acid, autoclaved at 10 1b for
10 min, and neutralized with I codium hydroxide. The activity
of the extracts was considerably increased by this procedure.
Extracte prepared by direct treatment of organisme with §
hydrochloric acid or 0.1} eitrate buffer pl2 had no activity
for Strep,faecalis R. A more quantitative conversion of
materinl present in the extracts into Strep.faecalis R factor
could probably be achieved by use of s conjugase enzyme (see
Jukee and Stokstad, 1948), but this was not attempted.




Teble %2

Effect of acid treatment on content of w
s factor in staphvylococcal extracts

Organism Initial mug/mg | After acid treatment
J. meg/ nl
— -
5t ureus 0 3
Staph.aureus H I

85a
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Experimental Results

Section 3

The metabolism of sulphathiazole and the
permeability to sulpnaghiazolqlgndjgfaminobenzoic acid

(35
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CHAPTER XIX

Materinle and Methods

Orowth of large auantities of organisms for exneriments
)

dryptic digest of casein, or peptone water (100 wl)
8olidiried with 2 agar in a Roux bottle, was inoculated with
1¢5 ml of a suspension of organisme in water made to &
colorimeter reading of about sEL 20, and incubated for 20 hr
at j?o. ilie organisws were washed off with about 20 wl
water, filtered tarough glass wool to remove pieces of agar,
and centrifuged down. The organisms were washed once in
about 20 wml water and resuspended in the reaction mixture
used for the experiment to & density of about 100 wg dpry wt

per wmle.

Chemical estimation of PAB end sulphathiazole.

Sratton and Marsnall wethod.

The method of Bratton and Marshall (1939) wase used to

estimate iAB when it was present in concentrations of 10‘?!
or higher. A standard curve was established (Figure 21) and
concentrations of FPAE were subsequently read from this curve.
Samples were usually diluted to give readings from 5-30 on
the scale of the BEL colorimeter with green filter (OGR 1).

This method was originally devised to estimate
sulphonamides and is not specific for PAB. Any
which can be diezotized and coupled in acid -um-sz-'il
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reagent N-(1-naphthyl) ethylenediamine dihydrochloride, will
give a positive reaction. The same procedure was used to

estimate sulphathiszole as has been deseribed for estimation
of PAB. (Pigure 21). Good recoveries of both sulphsthiazole

and PAB were obtained from staphylococeal eultures by thie
nethod,

ayvin .

Sulphathiazole and PAB could each be estimated in the
presence of the other when both were present in eoncentrations
greater than about 10~2M, The method 1s a modification of
that of Havinga (1944) for the estimation of sulphapyridine
in the presence of PAB.

The dye formed when PAB ig diazotized and coupled with
A -naphthol ie more acidic than that formed by sulphathiazole
under similar conditions (Pigure 22). Vhen a weakly alkaline
(pH9) solution containing both dyes i1e extracted with
chloroform, the sulphathiazole derivative passes into the
organic layer, whereas that of PAB remaine in the acueous
phase. The PAB derivative can readily be extracted at all
pH's by n-amyl alecohol.

In estimations by thies method, the sample and water were
added to 2 5"xf" tube to a volume of 2 ml; 0.41N hydrochloric

gscid (0.2 ml) was added and the tube was cooled ‘EL“ we

I g .
before 1 drop sodium nitrite solution (5g/10C 1) was
added. After half-gn-hour the volume was made up %
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FIGURE 22

Reaction with the Bratton and Marshall resgent:

NH-CHCH NH, R = =N=N COOH

PAB dye
* N
R —N=N SOz'NH—< :n
S
Sulphathiazole dye
% H more acidic in PAB A4y

Reaction with A -naphthol:
R
OH

Structures of dyes used in estimations of PAB and
sulphathiazole
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with cold water (?o) and 0.3 ml of a solution containing 20 mg
/5 =naphthol in 10 m1 0,1 sodium hydroxide was ndded., The pH
wae adjusted to 9, using thymol blue as external indicator.

After adding 2 ml echloroform the tube wae corked and
shaken for about a minute. The chloroform layer was removed
with a Pasteur pipette, and the agueous layer wae extracted
twice more with chloroform. Yt was necessary to centrifuge
the tube after each extraction to break the emulsion which
formed. The combined chloroform extracts were centrifuged
to clear, =and the depth of colour (originating from
sulphathiszole) was then measured in 2 Hilger Spekker
photoeleetrie ecolorimeter (Hilper and Watts, IL.td, T.ondon)
with epeetrum blue filter (602?) apgainet a dblank of ehloroform.

The acueous layer was extracted twice in the same way with
2.5 ml n-amyl aleohol. The combined extracte were cleared dy
centrifuging and resd in the Spekker against n-smyl aleohol
ag zero, with speectrum blue filter.

Standard curves were established for PAEB and sulphathiazole
separately, relating Spekker reading to concentration of each
dye (Pigure 23). Sulphathiazole and PAB estimated in mixtures
of wvarious proportions gave results which fitted the standard
eurves well (Pigure 23)., The stendard curves were

subseouently used to cnleculate concentrations of PAB and

sulphathiazole from Spekker readings.
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Preparation of sulphathiazole labelled with >28.

Chemical methode would not measure ouantities of
sulphathinazole less than about 16-8 mole., T¢ was ealeulated
that 10'9 mole could be Aetected by measurement of radio-

2

activity 1f 107° mole sulphathiszole could be labelled with

one millicurie (mC), assuming a counting efficiency of 357,

35

Yhen the relative costs of 1“0 and Q2 were compared it

was clearly more economical to use 358 for labelling. This
labelling could be in either the thiazole ring or in the
sulphonamido-groun. A syntheeis of sulphathiazole labelled
with 278 1n the thiazole ring has been deseribed (Noll, Bang,
Sorkin and Erlenmeyer, 1951) and sulphanilamide labelled with
354 in the sulphonamido-group has also been prepared (Vacker,
Trebet and Simon, 1957). After consultation with May and
Baker, Ltd, Dagenham, Essex, about several poesible syntheses,
it was decided that the simplest and moet economical
preparation would be from chlorosulphonie peid--"25 (Pigure 24).
Pull working detalls are given in Appendix I,

The procedure for the first step is described by Gilman
(4932) for a preparation on a considerably larger scale than
wae reouired in thie ecase, In teste on a small scals, it wes
found that the time needed to complete the reaction was only
about an hour. The best yields in terme of chlorosulphonic
acid econverted to product (157) were obtained with proportions
of 3 moles chlorosulphonic acid to 1 mole acetanilide.
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Reeryetalligation of the product 444 not seem worthwhile,
gince 41f 1t was used immediately the erude materinl gave ag
good a yield in the next sten, a2 the recrystallized product.
Furthermore the reeryetsllization (from chloroform) led to
considerable loss of materiazl (about L07),

The conditions used for the reaction between
p-acetaminobenzene sulphonyl chloride and 2-aminothiszole were
those described by Posbinder and Walter (1939)., Wo
modifications were introduced other than s sesling down of
the cuantities of the resctants and the use of a slight
excess of 2-aminothiazole. The procedures for isolation of
Nh;acetylaulphathiazole and for all the remaining steps in
the synthesis were given by May and Beker Ltd (Private
communication), and were modified only by a scaling down of
the cuantities of the reactante used.

griteria of purity.

Sulphathiagzole which was synilesized in a trial experiment
was compared with authentic sulphathlezole ("Thiazamide," May
and Baker Ltd). The synthetic sulphathliazole was a white
erystalline solid, melting point 197°-199°, A mixture with
authentic sulphathiazole melted at 1980-2000.

On chromatography, the Rf values of the synthetic
sulphathiazole in p~butanol:ammonia and in methanol:benzenes
p-amyl alcohol:ammonia were O.45 and O.40 respectively. A
single spot was cbtained on chromatograms. The authentie
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sulphathiezole had eimilar properties.

8olutions of synthetic and authentic sulphathiazole
(1.25:10'“!) vere estimeated by the Bratton and Marshall
method. The coneentrations of the twe solutions were in
agreement by this method.

The synthetic sulphathiazole at 10™2¥ inhibited growth
of Staph,aureus JHM in medium B, Thie inhibition was overcome
by 10~ PAB after 40 hr incubation. Similar results were
cbtained with authentic sulphathiazole,

Legsurement of redioactivity.

Measurewent of radiocactivity enabled 10™2

mole
sulphathiazole to be estimated, at least while the
sulphathiazole-35s was freshly prepared. (The half-life of
555 is only 87 days). Thie estimation is free from
interference from other substances, provided they are not
present in amounte sufficient to increase the self-absorption
of the sample under investigation. 1In equating measured
radicactivity with concentration of sulphathiazcle it 1s
assumed that the 353 remaine part of the sulphathiazole

molecule. The validity of this assumption will be discussed

later (Chapter XIV,page reference 110).

Solutions containing aulphathiazole—359 were evaporated
to dryness under an infra-red lamp on 15 mm internal diameter
planchets 1.5 mm deep. The planchets were gstamped out from

aluminium sheet (0.1 mm thickness) and were washed in acetone
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and water. A disc (15 mm diameter) of Green's lens tissue
No.105 was put on to a planchet before the sclution wase
added. The presence of this disc led to the solution drying
evenly over the bottom of the planchet, so that no
correction for sample geometry was necesesary.

Counts were measured with an Ekcec automatic scaler,
Type N530.D (Ekeo Vorks, Southend-gn-fea, Hseex)., An end
window Oeiger-Miller tube Type EHM2/S (General Electric Co.)
was connected to the scale through a quenching probe unit,
Bkeo Type 11558. The Geiger-Muller tube was enclosed in an
ERD lead castle (ERD Bngineering Co. Ltd, Slough, Bucks),

The counter was checked daily with a standard ‘oo
source, 8o that when its efficiency varied, correction could
be made to results obtained on different days. ESuch
correction wae seldom necessary because 2ll samplee from an
experiment were usuaslly counted on the same day. For the
same reason, it was not usually necesesary to correct for the
decay of the aulphathiazole-”s during an experiment. ©Co
that resultes of Aifferent experiments could be compared, a
gtandard solution of eulphathiazole-’ﬁh wae included in each
experiment, to allow counte per min. (e.p.m.) to be converted
to m: molee sulphathiazole. The background was counted daily,
and wae 9 ep.m. throughout.

Each solution was plated on at least three planchets,

each of which wee counted. If there was considerable

.
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variation between planchete of the same material, extra ones
were counted. The sum of the counte of the individual
planchets was large enough to ensure that the probable error
of the counting was lese than 2;, The number of counts
needed to achieve this, for a given ratio of sample strength
to background strength, wae determined from published curves
(Franeis, Vulligen and Worwall, 1954).

There was no detectable effect of self-absorption
provided the weight of dried sample was less than about 0.5 ug;
if necessary sauplee were diluted to give weights not greater
than this. The relation between c.p.m. and concentration of
sulphathiazole was linear up to 3000 ce.p.m. Active samples
were diluted so that they did not give more than about 2000

CeDalle

Chromatography.

Diazotizable amines were separated by this technigue.
Chromatograms were run on Whatman No.1 or No.J paper at room
temperature., The solvents used were: (figures are parts by
volume)

n-butanol 80: water 20

p-butanocl 80: 0,88 ammonia 3: water 17
After thorough shaking the upper organic layer was used.
Methanol 35: p-amyl alecohol 17.5: benzene 35: 0.50 ammonia U3
water 8.5. This mixture forme & single phase at room

temperature, This solvent is a slight modification of one

~ used by Ekmen (1948) :
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Methanol 35: p-amyl alechol 17.5: benzene 35: 47 0.38 anmonia
added Jjust to saturation.

Methanol 35: p-amyl alcohol 17.5: benzene 35: 2l hydrochloriec
acid sdded just to saturation. This solvent was also
described by Ekman (1948).

Tec detect dlazotizable substances the chromatogram was
ellowed to dry after development, and the paper was then
expoeed for 10 min. to nitrous fumes generated from scdium
nitrite and hydrochloric acid. After a further 10 min. in
air the chromatogram wae sprayed with a solution of
N(1-naphthyl) ethylenediamine dihydrochloride (100 mg/100 ml).
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CHAFTER AIII

Metaboliem of sulphathiazole

A possible way in which staphylococci wight become
resistant to sulphathiazole would be for the organisms to
convert the drug into non-inhibitory substances. If any such
metabolism of sulphathiazole did oeccur then it should be most
apparent during the growth of cultures of resistant stralns.
Another formal possibility is that in sensitive strains,
Bulphathiazole is metabolized to a more powerful inhibitor,

or converted to the actual inhibitor, while in resistant

strains this takes place to a lesser extent.

Cultures were grown frow large inocula in 25 ml medium B
in the presence of sulphathiazole, usually for 14 hr. In a
few cases, organisms were grown from swaller inocula in 5 ml
wedium B. At the end of the incubation the organisus were
spun down and the supernate was heated in boiling water for
5 min. before the sulphathiazole was estimated eilher Dy the
method of Bratton and Marshall or wmicrobioclogically.

The results of estimations of sulphathlazole in culture
filtrates by the method of bratton and Marshall are shown in
Table 33 From these experiments there appeared to be no
disappearence of sulphathiazole during growlh. llowever, since

the Bratton and Marshall reagent tests only for the presence of



Table 33

Concentration of sulphathiazole at heginninp and end of

e
Organiem Time of Cone. of sulphathiszole ()
incubation in culture filtrate
(hr) Start of Yinieh of
i cubation ubation
h 102 15 5x10™ 7 6x10™7
" 2102R 15 5x10™ 7 5%10™7
| . 210282 15 5%10™7 6x10™7
l
: -b )
|staph.aureus JHM 15 5x40 Lx410
. THMR 15 5%10™2 lix40™2
he aUreus 15 5x10™7 6x10"°
" HR2 15 5%10 ~ 5x10'5
9 +anhe sureus R422 o5 10™3 1.6x10~

Ww
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& diazotizable amino group, the possibility remains that
sulphathiazole might be altered in a way which leaves its
amino group unaffected, or, muech less likely, that the
sulphathiazole that is metabolized is quantitatively replaced
by another substance containing a diazotizable amino group.
Culture supernates were, therefore, also tested
quantitatively for their power to inhibit a sulphathiazole-
sensitive strain, Staph.aureus ii. The concentration of
sulphathiazole in the diluted culture filtrate was tacen to be
the same as that of a standard soclution of sulphathiazole whieh
inhibited growth of the test organism for the same length of
time. Results from two or three dilutions of the filtrate
gave values in very close agreement Tor the concentration of
sulphathiazole in the undiluted filtrate. In every case there
wags no change in the inhibltory effect of the sulphathiazole

after organisms had grown in its presence (Table 3L).

Chromatography of culture filtrates.

Supernates were exanined by chromatography to detect
diazotizable amines. The solvent wost often used was the
modirication of that of Lkman (1948) which has already been
described (Chapter XII). Chromatograme on Whatman lice1 or Noe3
paper were developed for about 6 hr at room temperature by
descending chromatograpiye.

Chromatograms of supernates frow cultures which had grown

in the presence of sulphathiazole (usually 10‘?!) showed two



Table 3L
Ooneentration of uulphathiazole nt beginning and end of

97a

Conecentration of sulphathiazole
in culture filtrate (M) |

Organism Time of
incubation
(hr) Start of
D e e — - i Cu.b‘ i I
i taph.lactis 2102 1 10-3
’ 21028 14 10~
[Bogureus JHM ks 10~
" JHR 98 10™4
S.aurcus HRO Ll 103
95 10™~

Pinish of
incubat

10=>
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8pois of a similar brownishered colour when diazotized and
sprayed with the Bratton and Marshall reagent. The larger
spot had an Rf value of O.40 and corresponded in peeition to
that given by sulphathiazole alone; the second spot had an Rf
value of 0.15. The latter was not obtained with supernates
from cultures which had been grown in the absence of
sulphathiazole, nor with the supernatant from sulphathiszole-
containing medium immediately after inoculstion. Chromatograms
of uninoculated medium containing sulphathiazole whicl: had been
incubated at 37° for 14 hr gave only one spot of Rs 0.L0O on
chromatograms: The unknown was chromatographically distinct
from L4-amino-S5-imidazolecarboxemide, which has been reported .
to accumulate in sulphonamide-inhibited culturee of Zsch.ecoll
(Stetten and FPox, 1945; Shive, Ackerman, Gordon, CGetzendamer
and Baken, 1947), and from PAB (see Table 35). As far as

could be judged by eye from the chromatograms the amount of

the unknown substance formed was proportional to the concentra-

tion of sulphathiazole present in the growth medium. All

strains seemed to form about the same amount of the unknown.
BSQ.

Vhen supernates from culturee grown in the presence of
lulphathiazole-55s (10’3E} were chromatographed it was found
that radiocactivity was present on the chromatogram in the

same positions as the two Dration and Marshall positive spots,

and nowhere else. The positions of the radicactive spots were
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Table 35

Rr values ?f suiphgt

hiazole and other Bratton and Yarshal

BUUBLEHCES 4l VAPrILOUS BOAVED

Solvent Substance hf
3% ¥ethanol ) fulphathiazole 043
17.5 n-anmyl alcoholz A "Unknown" 0.19
%5 Benzene PAB 0.2}

+ 8.5 Vater heamino-S-imidazole-
: carboxamide Ve

+ L 0,88 ammoni=s
sulphanilic acid Oe206
8 .
A
+ 2N hydrochloric acid OGulphathiazole Oelis
to saturation |

"Unknown' Ue22
FAB U2

Yeamino=--=-inidazole~
carboxamide 0.27
Butanol: water Sulphathiazole 0.55%
"UInknown" 0.15
PAB 0,10
Butenol: ewmmonia Sulphathiazole 0.53
"Unknown" Oe13

_PAB 0,10 p——
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determined with an unshielded mica~end window Ceiger-Miiller
tube which was connected to a scaler unit via a probe unit.
The end window of the CGeiger<liiller tube was shielded by &
thin polythene disc with a hole 2 em. square in the centre.
Squares of this size were lightly drawn down the whole length
of a chromatogram and the radiocactivity of each was measured
for 2 min. by applying the counting tube window to the paper.
A typical result obtained by plotting radioactivity against
distance from the origin is given in Pigure 25. The
chromatograms were diazotized and sprayed after counting to
confirm that the peaks of radloactivity corresponded tc the
positions of the spots.
When organisms had been grown with sulphathiazole-358
two peaks of radicactivity were found, whereae sulphathiazole~358
gave only one peak of activity after being incubated in the
uninoculated medium. An approximate estimate of the proportion
of the sulphathiazole that was converted to the unknown by
various straine during growth was made by comparing the
number of counts found in each of the two peaks (Table 36).
There was no correlation between the activity found in the
peak due to the unknown and the degree of resistance of the
strain to sulphathiazole, though there seems to be a species
variability. Staph.lactis 2102 and 2102R formed very much
less of the unknown material than did the stralns of Staph.aupeus.
The unknown compound formed during growth of Staph.sureus
HR2 in presence of sulphathiszole was inveetigated in more detail,



FIGURE 25

36

4&%.

a0dt

C.PM.

va
—
Q
— g
€E g
(%] 2
e
o
c =
2 L S
o Ly
oum
r ™
o
o
S
-
-
e |
[
v
c o
° 7
- i\
- | &
(a]

B

medium

in

™

ALl

Y-

14

* » " 0

- i
- -
g Y
5 1
th
Tl
Q
mi.C &d
~ |4
;, - -
» +
~4 r
.A. )
° £
-
(
}
"
) ¢
\J/
e \
e U
wd 0
)G+ &
’ 4
4
~ r—-
= =
rn ) wge




99b

Table 36
Radioactivity of Bratton and Marshall poaitive =pots on
O - D . R - W: -—
OUrganisn CoPellie % Unknown CePoliie CeDellis
Unknown (of total Sulphathi- Total
activity) azole chroma-
togram |
Etggh,lgctia 2102 22 7 265 291
. 2102k 14 L 313 333
Etaph, aureus Jill 82 16 L2 512
" JHMR 73 (I 436 517
8¢ aureug H 155 23 L57 687
. HR2 20l 31 LoL 666
|“su1phatn1azo1e-35e 21 3 611 699

" Bulphathiulolo-jss (10'%!) incubated 14 hr in unincculated
medium B.
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The Ry values of the unknown and of possibly related compounds
were determined in several solvents. No solvent tested gave a
good separation of the unknown from PAB added to cultures
after growth (Table 35). The unknown retains the diasotizable
amino group and the 358 aton of sulph.thiazolo—35s. Two
substances which would fulfil these requirements, and which
could be imagined to be derived from sulphathiazole, are
sulphanilic acid and sulphanilamide (Figure 26). Both of
these substances, however, were chromatographically distinct
from the unknown compound (Table 35).

Attempts were made to determine whether the unknown had
growth-inhibiting properties. Strips cut from chromatograus
to include the unknown spot were put on the surface of agar
plates of Davie' minimal wedium which had been inoculated with
either Esch.coli 518 or Esch.goli 273/384 (a PAB-requiring
mutant). The wain sulphathiazole spot inhibited growth of
both organisme in its vicinity, whereas the unknown spot gave
erratic results; Lech.coli 518 wes not inhibited, but Esch.coli
273/384 was inhibited in one experiment but not in ancther.
Thie may be because the positions of the unknown and PAB on
the strips were close together. The unknown was eluted from a
chrouatogran with water. Meesurement of the eluted material
with a Geiger counter showed that radicactive material was
present, but this eluant failed to inhibit the growih of

mw_g in medium B, This agein uight be because PAB



FIGURE 26
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was aleso being eluted from the chrowmatogram or because the
eluted material had been diluted too much for its inhibitory
properties to be shown when tested in liquid culture. An
amount of eluant equivalent to 0.3 ml of the original supernate
containing 10”°} sulphathiazole was diluted to 5 wl in testing
its effect on the growth of Siaph.aureus H. Assuming that one
molecule of unknown compound is formed from one molecule of
sulphathiazole and that about a guarter of the sulphathiazole
is converted to unknown, then the concentration of unknown
would not be much greater than 10 i in the test of its power
of inhibition even if it had been eluted quantitatively. The
concentration of sulphathiazole required toc inhibit thies strain
is 5x1o"63_.

Since eimilar amounts of the unknown compound were formed
from sulphathiazole during growth of pairs of sensitive and
resistant strains it seemed unlikely that the basis of
resistance was the conversion of sulphathiazole to an inactive
subgtance. For this reason, the chemical nature of the unknown

compound was not investigated further.

large inocula in the preeence of 5x10‘§g sulphathiazole. After

harvesting and washing in 0,02} phosphate buffer pH7 . ks
organieme were suspended at a density of ebout 1 mg dry wt per
ml in buffer and were incubated with eulphathiazole at various
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concentrations (10°§& - 10°%). After 5 hr sulphathiazole was
estimated by the method of Bratton and Marshall in cell-free
supernates. There was no disappearance of sulphathiazole, and
chromatography revealed only one diazotizable componemt, which
was sulphathiazole itself.

Supernates from lheavy suspensions of Staph.sureus JHM and
SR which had been incubated for an hour in medium B with
eulphathiazole—jss (2.5x10.ég) were examined chromatographically
(Figure 27). The unknown compound was found; with §taph.sureus
JI¥ it comprised only 5% of the total radiocactivity on a
chromatogram, while with the resistant substrain it represented
2355« If the suspensions were boiled before addition of

sulphathiazole then none of the unknown was formed.

2iscussion of results.

There is no evidence to support the view that the
resistance of any strain to sulphathiazole 1s due to the
conversion of sulphathiazole into non-inhibitory products.
Culture filtrates when tested chemically or microbiclogically
showed no disappearance of sulphathiazole following growth of
organiems in its presence. The chemical estimaticn is not
epecific for sulphathiazcle and only eshows that the aromatic
primary amine group in its molecule remains intact, Lut the
microbiological test appears to be unequiveczl in showing that
the inhibitery effect of sulphathiazole is undiminished after
staphylococci have grown in its presence. If thie test had
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shown an apparent decrease in the activity of the sulphathiazole,
then thie could have teen interpreted as being due not only to
destruction of the inhibitor but also to ite inactivation by

the synthesis of PAB, The fact that there is no decrease in

the activity of sulphathiazole shows, therefore, thaet no strain

is able to form as much as 10""3 PAB in the presence of 10™° ¥
sulphathiazole. (The inhibition index of the teest organiem is

10, sc a concentration of PAB one tenth that of the sulphathiazole
would inactivate the drug towards the test organism).

Even though there is some conversion of sulphathiazole into
an unknown compound by growing organisms, this takes place in
sensitive and reeistent pairs of streins to a eimilar extent.

Also the amount of sulphathiazole converted to unknown is too
emall to explaln the degree of resistance found in the
geulphathiazole-resistant straine. In no strain was more than

one third of the sulphathiazole present during growth converted
to unknown. Clear evidence was not obtained as to whether the
unknown substance was inhibitory after eeparation on
chromatogrems from sulphathiazole, perhape because of
contamination of the unknown with PAB, which was difficult to
geparate well from the unknown compound. Eince culture
filtrates showed the full inhibitory effect of the sulphathiazole
gdded before incubation i1t does seem likely that the unknown
compound has inhibitory activity similar to that of sulphathiazole.

It does not seem that inhibition by sulphathiazole is
brought about in eny of the present stralne by converaicn of
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the drug to a more potent inhibitor. After incubation in
growing cultures, lulphnm.unh-j %5 gave rise to only two
substances on chromatograms, and of these, only the spot
corresponding to sulphathiazole itself is definitely inhibitory
when tested by biocautography. Furthermore, if the uhknown
compound were responsible for the inhibitory effect of addition
of sulphathiszole to a medium, then the extent of its

formation might be expected to be similar in etrains of
eimilar sensitivity to the drug.

e T N, TR S B TE—

; ware harvested &iMa
e bar el wenspended 1o wmedlas U (Go
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The uptake of sulphathiazole by the various strains of
staphylococel was investigated with the primary object of
finding out whether there was any correlation between the
amount of sulphathiazole taken up by a strain and its degree
of resistance to the drug. The amount of sulphathiszole taken
up by organisms during growth in medium B was found to be so
small as to be barely detectable even when sulphathiazole=>8
was used. The uptake was more easily measured when the deneity
of organisms was increased by using washed suspensions.

The amount of eulphathiazole-358 present in organisms
after incubation with the drug wae measured directly. A second,
indirect method was similar in principle to that deecribed by
Mitchell (1953) for the measurement of the permeability of
staphylocoecci to phosphate. Results of these two methods were
in reasonable agreement in view of the assumptions and

approximations made during the calculations from the actual

observations.

Orgenisme were harvested after growth in mediun B, washed
once in water and resuspended in medium B (double strength) teo
a density of ebout 2 mg dry wt per ml. GSubsequent procedure
hae for clarity been shown scheuwatically (Table 37).
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Table 37

Procedure for experiments with thin suspensions of

-2
Suspension (1 ml) eced in weighed 5"xg" tube and 10
Bulphathiasole—gga (1 m1) added -

Incubated upright 1=6 hr at 37°  Veighed
Organiems spun down at 3000 r.p.m. for 15 min,

Kﬂﬂ_ﬂ§5§§§lﬂillﬂ_ﬁ §H&§E£ﬂ&§rﬁ removed with fine
we Pasteur pipette.

Heated 5 win in_boiling water
Organisms suepended in gulphathiazole-228 counted
water (2 ml) Weighed

Organiswms spun down at 5000 re.pem. for 15 win.

Pad of organisms 22 Supernate B removed.
weighed Heated 5 win.in_boiling water

Sulphathiazole->28 ecounted

ed in
We W eigh“
Heated 5 win.in boiling water
fipun down debris

T ——__ Supernate C removed
"2§§§%EE§%153010-358 counted
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The amount of sulphathiazole-35s asgociated with the
organisms at the end of the incubation, x c.p.m. i given by:
(P1 - 2 5D)A"~

1401
where Ay, Ap and A, @re the epecific activities (Cepems/wl) of

X = AgVy + AgVy -

supernates A, B and C; vy is the voluwme (ml) of supernate B,
and v, the volume (ml) of the suspension W of washed organisus
in water. Iy is the weight (g) of the pad of centrifuged
organisme after the incubation and D is the dry weight (g) of
organisms used in the experiment.

The values of vy end vy were taken to be equal to the
welghte of supernate B and suspension ¥V since their relative
densities are very close to unity. The concentraticns of
sulphathiazole in the washed suspension ¥V and in supernate C
were about the same. The orgenismes were removed before plating
samples to aveid the charring which tock place when suspensions
were dried on planchets.

It was found with thick suspensions of organisms that the
weight of a given amount of packed staphylococei (after
correction for 257 of the volume being interstitial liquid)
was 2.5 times their dry weight. Hence, in the present
experiments the wet weight of the organisna at the end of the
incubation was taken as 2.5 times their dry weight. The excess
by which the weight of the pad of centrifuged organisme
exceeded the calculated value was attributed to extrgcellulnr
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supernate A. An amount of sulphathiaszole equivalent to this
welight of supernate A (relative density 1.01) was deducted
from the amount of sulphathiazole calculated to be present in
the pad of organiems., The calculation from the resulte of e
typical experiment is 1)lustrated in Table 38.

The amount of sulphathiszole---% associated with the
organisme after washing, ¥y ce.pe.m. i8 given by:

Y = Avy = (P = 2.5D)A,

C

vhere P, is the weight (g) of the pad of washed organieme.
The caleculation from resulte of & typical experiment is
illustrated in Table 38.

Uptake of sulnhgthgazole-jﬁh from medium 3.
Results are shown in Table 39. The effect of a single

washing of the organisme after incudbation with sulphathiazole
is very striking; the sulphathiazole ie very largely removed,
which indicates that it is not firmly bound. The uptakee by
the various straines were similar, increasing somewhat with
time, but showing no obvious differencee between sensitive and
resistant straine. The only exception to this was Steph.aureus
JIM which ghowed an uptake of sulphathiazole roughly double
that of its resistant substrain.

Becsuee of the large correction that was applied in the
caleulation and becsuse agreement of results from similar

preparations was not very good, the uptake of sulphathiazole

was measured by a second method.
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Table 38
xample of caleulation of results for thin suspensions.

Staph, aureus H 1ncupated 1 hr in medium B » 5x10‘3g
sulphatuiazole--J5,

Ag, Specific activily of supernate C
Yy, Volume of suspension ¥
o'. OV' = 9512.097

Agy Specific activity of supernate B
V3¢ Volume of supernate B

e s ASVB = 1290x1. 826

95 Cepelie/ml
?0097 ml

199 Coelallle

1290 Coepems/ml
1.826 ml

2356 CeDale

il

P,ys Weight of centrifuged organisms = 0.028g
4y, Dry weight of organisms = 0,002g
A,» Specific activity of supernate A = 88000 cepems/ml

o (Py=2.5D)A, . 2020x808000. 2004 e.p.m.
1,01 1.01

e o Xy CoPelle @B8ociated with organisms = 199+2356=-2004
= 551 Ccopem,

e o CoDam, peFr Mg Ary wt = 221 = 276 CoeDeMe
CsDeM, per my mole uulphathiazolo—jjb = 17.6 (supernate A)

276 P
ks my woles sulphathiazole per mg = ;%“6 = 16

Ppy Weight of centrifuged washed organisms = 0.160g
o.o (P2-2¢5D)AB = 0015531290 = 199 Co peliie

.*e ¥, cup.m, associated with washed organisme = 199-199 = 0
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Tebhle 39

Uptake of sulphathiazole from medium B by washed suspengions
of staphylococei incubated with 5x10~JY sulphathiazole--8,

Organism Tine of mu moles sulphathiazole ta:::
(hr) up per mg dry weight
incubatiocn After After
e B Sy incubation washing e

Staph.lactis 2102 1 10 0
5 20 0
9 53 0
|Staph.lactis 2102R 1 25 0
6 2l 0
Staph.lactis 2402R2 1 15 0
6 23 0
Staph.aursus JHM 1 77 19
5 72 13
Staph, aureus JHMR 1 28 1
5 33 ?
Staph.aureus H 1 2?2 0
3 30 0
6 37 3
8t aureus HR2 " 8 1
29 3
8 36 1
1 1 30 3

I IE JERCEISNI PR St SRz

0 meane less than C.5 mu moles/mg dry wt.
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Ketlod 2. g wit Kk ngion pgani smns.

Crganisme were grown in Roux bottles. After harvesting,
washed suspeunsions in water were prepared and their dry weighte
determined. A given volume of this suspension was taken, sand
after sedimenting by centrifugation, the organisme were
resuspended to a measured volume to give & density of about
100 mg dry wt in the wmedium (at double strength) used for
investigation of permeatility.

This suspension (1 ml) was placed in a weighed 5"x3" tube,
and sulphathiazole and other test solutions were added to a
final volume of 2 mle The tube was incubated upright at 37°
for an hour and was then weighed. The organisme were spun out
(15 min, 3000 r.p.m.) and the supernate (L) was removed as
coumpletely as possible with a fine Pasteur pipette into a clean
tube. The tube containing bacteria wae rewelghed after removing
the excees solution from the inner wall with filter paper. As
part of the experiment, a tube was incubated in which the
sulphathiazole wae similarly diluted by the constituents of
the incubaticn wixture, but from which the organisme were
omitted.

The concentration of sulphathiazole in this eolution (F)
end in supernate E was estimated elther by the method of
Bratton and Marshall, or by measurement Of radioactivity.
Before these estimations, all lolﬁtione were heated for 5 min.

in dboiling water to kill the organisms. The tops of the tubes
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were closed with glass bubbles to prevent lose by evaporation
during heating.

The amount of sulphathiazole associated with the organiems
at the end of the incubation, Z c.p.ms 18 given by

zZ = ApVy - AE K -‘:féff
where A, and A, are epecific activities (cepemes/ml) of supernate B
and solution F respectively; v, is the volume of supernate E (wl),
and v? is the volume of solution F; VP3 is the volume of the
centrifuged pad of organisms,

The total volumes cf sclution F and supernate E were
calculated from their weighte and relative density (1.01). It
wae possible to remove the supernate from the pad of centrifuged
organisme completely, as far ae could be Jjudged by eye, and the
weights of the pads frow the various tubes in an experiment
agreed closely. The interstitisl liquid was, therefore,
assumed to be the only extracellular supernate E present.

The interstitial volume for closely packed spheres was taken

to be 257 of the total volume of the pad of organisme (Conway

and Downey, 1950), which was calculated from its weight and
relative density (1.13, measured in haematocrit tubes). An
amount of sulphathiazole equivalent to this volume of supernate B

was deducted as correction for interstitial liquid. The
calculation from resulte of a typical experiment is illustrated

in Table L4O.
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Table LO
Example of ealeulation of results for thick suspension.

Staph, aureus JHMR incubated 1 hr in medium B + ux1o'3g
sulpliathiazole---u

:F’ opecific activity of solution ¥ = 25450 Coepems/ml
= Volume of aolution P = 2,019 ml

o Ap"p - 25‘6&1?.019 = 51380 CeDellis
Aws Specifie activity of supernate E = 221,50 c.p.m./ml
vi. Volume of supernate & = 1777 ml

0.0 “.& B = —216503(10 777 = 5?390 Celellie
vp3 = Volume of pad of centrifuged organisms = %‘%%2 = 0.256 ml

(Wt of pad = 0.289g; relative density = 1.13)
L ]
. . V A & : g
+ o C‘ 6£C£ = 11‘j7 c.p.m.

‘e Z, CeD.m, associnted with organisme = 51380-39890-1437
= 10055 cCoepele
Dry weight of orgenisms = 88 mg

«'e CopPelle per mg dry wt -'1§§22 = 114 Cepeme

CeDeM. per mu mole sulphathiazole 278 = 6.4 (solution F)
«'es my moles sulphathiazole per mg = él& = 18

De 256 ;
W woles sulphathiazole per (0.256d-533) Bl organisms
wy moles sulphatidiazole per 0.192 wl supernate &

100 = 243
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The results calculated ss shove were checked in a few
cases by showing that voughly the same amount of sulphathiazole
was recovered from the pad of organisms by two washes with
water (2 wl) as wae calculated to be present. In one experiment
the centrifuged organisms which had been incubated with
sulphathiazole-228 were washed either with water or with 107 )
sulphathiazole., Each washing procedure gave a similsr recovery
of aulphathiazole-358, in agreement with the resulte calculated
indirectly from the dilution of the sulphathiezole--~5 at the
beginning of the experiment (Table 41). Theee results indicate
that the sulphathiszcle taken up by the organisms 1s not bound
firmly, but can exchange very easily with the external medium.
Chromatography of material extracted by boiling water frowm
gtaph, aureus HR? after incubation with sulphathiazole showed
the presence of only one diazotizable substance which was
sulphathiszole itself.

The sgreement between determinatione of uptake of
sulphathiazole by measurement of radioactivity (-80,-group) or
by chemical estimation (Nﬂz-group) make it very probable that
measurement of 358 gives a valid estimate of concentration of
sulphathiazole. Although sulphathiazole is partly converted to
an unknown compound (Chapter XIII) during tnoubnggon ut.f,* c
suspensions of organiems, the chromatographiec evidence '
above shows that sulphathiazole 1s taken up by téé




Bstimation by various procedures of uptake of snl;hathia:ole-’sb
by Staph.gureur JH'! and J K.

Incubated 1 hr at 37° in medium B with 4x10~3M sulphethiazole="-5.

emmm—

!&.LQ.L%IE le/ug dry velph meﬁ.gm. =
Dilution of sulphathiagole | Veshing in vater | vasidng in 407 9)
Organism by cell suspension _sulphathiagole |
Measurgment | Bratton and leasupenent of Measurewent of
of 558 Mershall pis 558
7 17 17 - o’
JHM o
e 2 T 4 a5 e 4% it
-
20 111 17 -
: &‘A: e ‘t 1:§‘:

gﬁllniol of sulphathiazole by eell suspension: Method 2

ashing in water: Organicms suspended after ineubation in ? ml waler and spun down.
k~ | Resuspended in water (2 ml) and again spun down.
Supernates counted.

hing in W"] ‘Procedure as above, using 1072} sulphathiagole (2 rl) instead of
‘ '=-|$' water.

-

) are averages of duplicate determinations.

BOL)
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take of su athiazole by thick suspen ne of organisms

Again the primary objeet wae to find out whether there was
a difference in the uptake of sulphathiazole between resistant
and sensitive straine. With 5x10™ ) sulphathiszole uptake by
all the strains is about the esme (Table 42). The uptake of
sulphathiazole by Staph.pureus JHM and ¥ and their resistant

substrains is roughly proportional to the concentration of
sulphathiazole in the medium during the incubstion; the ratio
(8] sulphathia € per x m n

e moles sulphathiazole per x ml medium
is fairly constant at different concentrations of sulphathiagole
in the medium. A value greater than unity for this ratio
indicates that the concentration of drug associated with the
organiems is higher than that in the medium.

The purpose of these experimentsa was to find out whether
25
g

the uptake of sulphathiazole- was reduced in the presence of
PAB, which might displace the drug from an enzyme surface.
Heayy suspensions were incubated as before in medium B for an
hour at 37° with 2.5x10'33 sulphathiazole and various
coneentrations of PAB, The uptake of sulphathiazole->~S by the
organisme was calculated from measurements of the radioactivity

of supernates.



Uptake of sulphathiggcole by thick suspensions of stayhylococed

_m‘ —
m: moles sulphathiazole per 1 _molee gulphathinzole ver xmlcel
R._8.- ng dey wt. ;_molee )hgihiaz ¢ pEP X um
Organism Molar conc. of sulphathiazole Melar eonce of sulphathiazole
present during incubation present during incubatipn
521077 ux10~7 2,5x1073 5x107% | 524077 1x9077 2.5x1077 5x107
Staph.lactis 2102 | 20 | 1.3 o
3l | 1.5 »
20 10 | 145
22 11 | 1.7
e
23 15 10 3 1.8 1.6 1«5 3
18 18 11 1.4 1e8 2.0
 f:.~f at 37° in medium B, with sulphathiazole- 8.

averages of duplicate determinations.
. A

BLLI
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No difference was found in the uptake of eulphathiazole-Bsﬁ
whether PAE was present or not (Table 43). This observation,
together with the fact that sulphathiaszole is so easily removed
from the cell by washing, strongly suggests that at least the
greater part of the uptake of sulphathiazole is not due to
binding at a particular site. This is considered further in

the Discussion.

A few measurements were made of the uptake of sulpnathiazole
by suspenslione in water and in buffer to find out whether the
uptake wae dependent on an external source of energy and
nutrients, and whether under these conditions the uptake was
the same in sensitive strains and their resistant substrains.
Such compariscon is perhape not so relevant tc the problem of
resistance ae is comparison of the uptace from the growth
medium, in which the phenowencn of resiastance is actually
manifested.

Heavy suspensions of organisus were incubated with
5x10~3) sulphathiagole for 1 hr at 37° in water and in 0.02H
phosphate buffer pli7.4 at the same time as they were incubated
in mediun B, The same procedure and method of calculation were
used as before. Results are shown in Table LL. The uptake
from buffer wae generally less than from the growih mediuw, and
the uptake from water was still less. Lven from water, the
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Iable 43
Effect of PAB on uptake of sulghathiazole—55s by cell
et ~Suspensions
Organism Cone. of PAB during my moles sulphathiazole
incubation ig) _____‘taken up per mg cells

Staph, aureus JHM 0 10

2.5x10=2 12

2, 5x10~4 11

2.5x10" 12
g ureus R 0 11

2. 5x40~0 11
; 2, 5%40™2 10
| 2, 5x10~" g
| 0 13

2,5x10™> 11
Staph,aureus i v 10

2.5:10"LL 11

2, 5x10™2 13
Staph,aureus HR2 0 11
| 2,5%10"2 1

2. 5x10~4 14

2510~ 12 =

Incubated 1 hour at 37° in medium B, + 2,5x10~7)
sulphathiazol Se

values are averages of duplicate determinations.



Uptake of sulphathiszole from various suspension medis (Method 2)
Incubated 1 hr at 37° with Lx10™ M sulphathiazole->78

! my moles sulphathiezole ,
d o
| o per ng dry wt. ,L
Organien 0.02M

: Vater Buffer Medium B Vater Buffer Medium B
}- RHZ !l . EHZ'Q

10 16 20 0.5 1.0 1.3
S taph. aureus JiiM - 16 25 - 13 2.2 J;
Staph,aureus H 9 . 10 20 | 0.6 0.7 1.5 j
Staph. aureus Hi2 10 14 22 : 0.7 1.0 1.7

actkl
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upltake of sulphathiazole led to & concentration associated with
the organiems about egual tc that of the mediuwm. The difference

in upteke of sulphathiezole from buffer between Btaph,asureus JHM
and JHR wae not shown when the uptekes by thin suspensions of

these organisme were compared.
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Co blo '-““A 1S AV

The uptake of p-aminobenzoic acid by washed suspensione of

- Staph.aureus

——

The fasilure to demonstrate any Aifferences between Staph,
aureus JE¥ and H and their resistant straine that might be
responsible for the resicstence, made 1t seem increasingly
probable that the resistance might be due to an inereased amount
of a PAB-utilizing enzyme or to a change in the relative
affinities of such an enzyme for PAB and sulphathiazole. It
wae thought possidble that if a change in the pronerties or
quantity of a PAB-utilizing enzyme had occurred in any of the
resistant gtraine, then this might be reflected by a greater
uptake of PAB from the growth medium by the resistant strains.
However, since PAB {g not normally required in the growth
medium of staphyloeccecci, which are able to synthesize this
feetor, the probability of finding such = change did not seenm
very great.

The uptake of PAB from the growth medium by thick
susnensione of washed orgenisms was investigated. Only Staph,

gureus Ji¥ and H and their resistant substrains were used in

these experimente,

Uptake of PAB from medium 3.
Orgenisme were grown in Roux bottles, and suspensiones of

washed organiems (100 mg dry wt per ml) were prepared in
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medium N, "Meas suspensiong were incubated for an hour at 37°
with added unlebelled PAB, Subsequent procedure and calculation
were the same as in the experiments on the upteke of
sulphathiazole by thick suspensione (Chapter XIV). The method
of Bratton and Marshall was used to eetimate FAB.

To check the results, the ped of centrifuged crganisms
was resuspended in 5 ml. water and heated for 5 wine in boiling
water. The debris was spun down and the concentration of PAB
in the supernate was estimeted. The amount of PAE recovered in
this way from the pa@ of organiesme wae in gocd sgreement with
the amount of PAB that the firet calculetion had indicated to
be present (Table 45). Very 1ittle materisl which geve a
poeitive reaction ih the Bratton and Varshall test remained in
the cell debris.

The first experiments with Staph.gureus H showed that the
amount of PAB taken up by the organisme was no greater after
3 hr incubation thsn after 1 hr, and all subsequent incubations
were for 14 hr, The uptake of PAB wae usually measured directly
on the ped of centrifuged organisme se described above.

Results are shown in Table 46, The uptske of PAB was
proportionsl to the concentration of PAB 1n the medium, and the
concentration of PAB within the organisms was higher than in
the external medium, Vith the same concentration of PAB in the

medium all strains tested took up very similar amounts of FAB,
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Zsble 45

Uptake of PAB by thick suspensions of washed celle of
Staph.aureus H incubated in medium B

Conc. of PAB in Time of Uptake of PAB (mp moles/mg)
medium (M) incubation ¥Indipect “*Direct
(hr)
10~ 1 6 7
5x10~4 1 4 4
245x10~k 1 2 E
1.25x10~k 1 1 2
= 1 0 1
5%10™% 0 3
5x10™H 1 5
5x10™4 5 “
” 3 1

® Indirect estimation of PAB by calculation from
concentration of PAB in supernate after removal of cells.

+ Direct estimation of PAB in pad of centrifuged organisme.

In both cases, correction was made for interstitial
gsolution containing VAB.

Values are averages of duplicate determinations.
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Table L6

Uptake of PAB by thick suspensions of washed cells of
Staph,aureus incubated for 1 hr in medium B

—

Organism

§,guggug Qﬂg

Se.aureus

S, aureus H

|

t
F,aggeus HR2 |

*Cono.

PAB uptake wae estimated directly on the pad of centrifuged

organiems,

Values are averages of duplicate determinations.

of PAB

' in mediuw(i) lwu woles/ g |
-———-—-——h—-‘

10~3
5x10™ =4
2. 5x10=l
10=3
5x10™4
2, 5x10™4

——-

|

i
!

P

N £~ -2 NN -

> T ON -

e

23
25
2.5

2.9
30h
3.6

28
32
39

e R S | i



116

take PAB w_redium B 4n the presence ¢f gulphathiazole.

Although there vas no difference in the upteke of PAB by
sencitive and resistant etrains of £taph.sureus from medium B,
it seemed possible that in the sensitive straine PAB pight be
displaced from the site of its function more easily by
sulphathiazole than it woulé be in the resistant strains. 8uech
behaviour has been observed in Enterococcus and fsche.coli by
Vacker, Trebst and Simon (1957). This difference might be
reflected Ly the uptake of PAL in sensiltive and resistant
streins in the preeence of sulppathiazole.,

Experimente were done with Staph,aureus JH' and JIDR with
sulphathiazole as well s PAB added to some tubes. After
incubstion the organisme were spun out, and PAR and sulphathliazole
were extracted with 4 wl water. The concentrations of FPAB and
of sulphathiezcle in the extracte were determined by the
modified method of HMevinga desérided in Chapter XIT. To cheek
the accurscy of the eum of these two concentraticns, the total
diazotizsbie substance in the extracts wns estimated by the
method of Bratton and ¥arshall.

The presence of sulphathiazole did not lead to any decrease
in the amount of PAB taken up by either strain (Table 47). The
apparent slight increasee in PAR uptake in the presence of
sulphathiazole was probedbly due to incouwplete separation of PAB
from sulphathiazole during thelr estimation.
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Table 47
Uptake of PAB by thick suspensione of washed celles of
S u and JHMR incubated for 1 hr in medium B
P n resgnce sulphathi

Organism Conc. of PAB Conc. of sulphathi- Uptake of PAB
in medium(}) azole in medium(}) m. moles/mg

=

Staph.aureus 10~ - 6

i —Jg -3 3

| 10 10~ 8
10~3 5x10™4 7
- - 1

8 taph. aureus 10=3 - 7

| - 10=3 10=2 9
10~ 5x10™4 9
- - 1

_’.

Values are averages of duplicate determinations.
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Seneral bioghemical properties.

The present work has bLeen an investigation of the
biochemical mechanisms of sulphonamide-resistance. Dlecreased
sensitivity to an inhibitor must result from biocclhemical
changes, and comparisons have, therefore, been wade of the
biochemical properties of reeistant and sensitive strains,

It should be borne in wind that some of the properties of
resistant straine might have arisen by mutations unrelated to
those which led to resistance. Thus, Morgenroth and OUchnitzer
(1925) went so far as to divide bacteria which showed changed
morphology and virulence as well as loss of sensitivity, into a
group of "pseudo-resistant” forms, distinet from the genuinely
fast strains which retained the charscteristics of the parent
getrains. One of the reasone for this distinction was that the
changes found in "pseudo-resistant” organisme could be cbserved
without the development of resistance.

However, at the present time, all the changes found are
regarded as consequences of the development of resistance by
mutations which do not necessarily affect one property only of
the variant (Demerec, 1955). The very extensive changes which
may accompeny resistance are exemplified by the CGram negative
bacilli obtained by growing Staph.aureus in the presence of
penieillin, (Briggs, Crawford, Abrehem and Gladstone, 1957).

Even if all the differences between sensitive and resistant
strains are a consequence of the development of resiestance, 1t

may etill be difficult to deecide which changes are primarily



responeidle for reeistsnce, and which sre secondary consequences
of an sltered metaboliesm. ¥nowledge of the mode of sction of an
inhidbitor 18 of value in deciding the immediate relevance of
observed changee to the mechaniem of resistance. For example,
the chenges in amino secid requiremente and in carbohydrate
metaboliem reported in sulphonemide-resistant orgenicms (Steers
and Sevag, 1949; Sevag and Green, 194!.) camnnot account for the
development of fastnese on the basis of the Voods-Fildes
hypothesis of gulphonamide asection, and appear, therefore, to be
secondary consequences of resistance.

In the present work, differences between sensitive and
resistant straing, other than their degree of fastness, have
been few. With a single exception, morphology and cultural
appearance of all the estrains remained unchanged; Staph.lactis
2102R produced less pigment and excreted less porphyrin than
its parent strain growing on s0lid medium. The significance of
this odbservation 1= not elear, becsuse the second resistant
substrain, 2102R2, resembled the parent rather than the first
resistant strain. The virulence of all the straine has not been
teated, bdut coagulase positive strains retained this property
vhen resistance developed,

The rate of growth of sulphonamide-resistant staphylococel
has been reported to be lower than that of sensitive organisms
(2teers and Sevag, 1949; Beljaneki, 1953). In the presence of
glucose, growth of reeistant straine was found by Steers and
Sevag to lag 48 hr behind the sensitive straine even though no
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drug was present, and the resistant straine showed a still
longer relative lag I glucose was absent. Tuls was not found
with any of the preseant stralns of Jtaph.aureus. Ctaph.laetis
£10252 showed a lag 4 hr louger than did Staphelactis 2102 and
£102R, though the rate of growth of all taree strains was the
sanes The reason for this is not kxnown; the synthesis of an
essential metabolite may proceed more slowly in 2102R2. Another
dirfference between 2102R and 2102R2 was that the former did not
grow as heavily as the parent strain in the semi-defined wedium
B (based on acld-hydrolyzed casein). This difference was not
shown when 2102R was first used, but has developed over a
period of three years witi monthly subcultivation; during thie
time the degree of resistance remained unchanged.

Comparisons of nutrition and general biochemical

properties did not reveal differences between sensitive and

resistant strains of Staph.gureus. Towsver, some points of
difference were again found Detween Slaph.lactis 2102 and ite

resistant substralns.

Staph,lactis 2102 grew only after a lag if aspartic or
glutenic acld were owmitted frou the medium, whereas 21022 grew
normally in the absence of either acid, though not of both
togetiher. The increased ablility cf the resistant strain to
gynthesize glutamic acid might be related to the increase in
the synthesis of folic acid, which contains the aminc acid in
its molecule. Both aspartic and glutamic acids are formed by
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tragsanination, from oxsloacetic an? o -ketoglutaric acilds
respectively. Lam and Sevag (1957) have some evidence that
eulphathiazole inhibits transaminase activity in a sensitive
etrain of Steph.aureus. It ieg, therefore, possible that in
£J102R transaminese activity has increased with the development
of reeistance, resulting in an ineressed rate of synthesis of
espartic and glutamic acids. Such an interpretation, however,
is not valid for Stophelactls 2102R2 since it has an absclute
requireuent for glutamic acid, although it also grows in the
absence of sspartic acid.

Staphelactis 2102 and 2107R _reduced nitrate to nitrite
whereas 2102R? did not. The eignificence of this is not clear.
Of the strains of £teph.gureus, only R422 wae able tec reduce
nitrete.

Particuler attention has been given to the metabolism of
p-aminobenzoic acid (FAB) and related compounds, since it is
here that changes are most likely to occur in sulphonamide-
registant streine, These results will be discussed in terms of

the various mechaniems of recistance prcposed by Davis and Maas

(1952). (Bee Chapter IT).

DA
P

The resistance of Stasph.gureus R122 may be due, at least in
part, to the synthesis of relatively large amounts of PAB. I%

synthesized twenty times as much PAEB as did Staph.aureus JHM and
H, and 1t was ebout 100 times less seneitive to sulphathiazole,
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A better comparison would be with & seusitive strain of the same
organism, but thir could not be obitained. In other work where

an increased syntheeds of I'AB hae accompanied sulphonamide=
reasistance there has not alwaye Leen z proportional relation
between increese in PAB synthesis and change in resistance.

The sulphonamide-resistant staphylococci described by Landy gk &l
(1943) synthesized about seventy times wore PAE than the

parent strains, but showed a thousand-fcld decrease in
sengitivity.

Staph.aureus JIIR and IR? and Staphelactis 2102R2
syntheesized the same smount of F.LE as thelr parent straine
during growth in wedium E. Jtoph,lgetls 21028 showed a four-
fold'increase in PAB synthesie over that of the parent strain,
but its sensitivity to sulphathiazole was fifty times less,

The inhibition index of all the sensitive strains is about
10, whereas in all the resistant strains it is over 100. 1IT
incressed syntheeies of PAB were alone responsible for resistance,
then an organiem such as Staph.aurcus 1X2 whick is able to grow
in the preeence of 5x10‘?§ sulphathiazole in medium 5 would
have to synthesize 5110’2& PAB, which it does not. Furthermore,
the value of the inhibvition index, measured at concentrations
of drug sppreciably higher than are needed to inhibit the
resiegtant etrain during the same time of incubation, would not
be very different from that of the sensitive sirain. Thus, to
overcoune the {nhibition caueed by 2x10'?g_eu1phath1azole,
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B sasalie i PP
eX107%4 2AB would have to bLe present. Lvea if tne organism
» =y F-"" . - P ¥ b |
eynthesized 5x10 ) FAB, it would still be necessary to add
R -\-l . T * . - . =
1« 5x10 *L,;An, 80 that the value of the inhibition index would

only be 13.

fdliernate pathways of metabolisu.

The probable route of folic acid synthesis, proceeding from
FAL, Dy a reaction inphibited by sulphonamides, to coenzyme F,
which is involved in a number of metabolic reactions (U —>D,
E—>F ete,) is illustrated in Figure 28a. The reaction
dnhibited by sulphonamides wight be avoided in a number of ways:
1. Utilization of PAB way be by a pathway which is less
sensitive to inhibition by sulphonamides (Figure 28b). This
doee not seem very likely, for if the FPAD wolecule were used
a8 suchy it is not easy to see why sulphonamides should fail
to inhibit its utilization, whatever the patlhiway of 1itis
metabolism,

To demconstrate this possibility, it would be aecessary to
show that the reaction undergone by FAB was different in a
sensitive and a resistant strain. 7o do this, work with celle
free extracts probably would be aeeded.

Gevag and Ishii (1358) have evidence for a changed pathway
of folic scid eynthesis induced by sulphathiazole. Growth of a
PAB-requiring mutant of Lgcli.coli in the presence of sulphathiasole
enabled the organisws tc synihesize folic acid frow 2-auino=le
hydroxy-f-carboxypterin and PAB. This ability was alsc shown by

1
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resistant organiswe grown in the presence or absence of
sulphathiazole, but not by sensitive organisms grown in the
absence of sulphathiazole. It Laes not been shown whether this
new pathway is less sensitive to inhibition by sulphathiszole,
Urowih in the presence of sulphathiazole was necessary in
the present work to obtain appreciable synthesie of folic aeid
by washed suspensione of organisme incubated in a mixture
contalning only buffer, PAL, glucose and glutamate. The
organisus were depleted of folic aecid by growing with
sulphathiazole, and may accumulate precursors of folic aeid
since only glucose is absolutely reguired for synthesis of
folic acids Lascelles and Woods (1952) found that 2-aminc=l-
hydroxy-6-formylpterin increased eynthesis by both JStaphelactis
2102 and 2102R in the above mixture, but 1t was rather less
effective than a wmixture of awinc acids, which approximately
doubled the synthesis of folic acid., Other pterins including
2eanino-U~hydroxy-Ct-carboxypterin had no effect. There is no
evidence that sulphathiazole alters the pathway of folie acid
synthesise. Although Stgphe.lactis 2102R synthesizes about ten
times more folic acid than its parent strain, it does so from
the same substrates and the difference in the amount of folie
acid formed is still shown during growth in the absence of

sulphathiazole.
2e Folic acid or coeunzywe ¥ may be syuthesized by a route in

which PAB is not an intermediate (Figure 28¢c). For example,

——

—
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8ulphonanideenresistant strains of Strep.mitis acquire the

ability to utilize pteroylglutamate present in the medium
(Barrison and Clapper, 1950), The sensitive strains are unabdble
to utilize this compound, No compounds of the folic acid group
arc present in the staphylocoeceal growth medium used in the
present work, and none of the strains responded to added
ptercylglutamate,

This mechanicm of resiastance eannot be responsible for
mere than a part of the synthesls of folic acid in the
recsistant straine, because sensitivity sulphonamides is only
reduced, 2nd is not lost entirely. The amount of foliec =seid
formed by an alternative pathway which by-passed PAB could be
ascertained by determining the incorporation of labelled PAB
into folic acid, This hae not been attempted owing to lack of
tine.

e The producte of the function of foliec acild might be
synthesized by routes which no longer require the utilization
of folic aecid (F—D, Xx—> 7 etec, FPigure 28d). It seems
unlikely that such 2 mechanism could be responsible for a high
degree of resistance because of the number of pathways that
would have to be modified to abolish the requirement for foliec
peid. However, small changes in resistance might be caused by
a reduction of the folic acid requirement for individual

reactione.
Indirect evidence has been obtained that xanthine may, at

least in part, be synthesized by Staph.aureus HR2 by a route in

.
&
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Even when the entire volume of the organisms was assumed to
be permeable to sulphathiazole, the concentration of the drug in
the organisms was 1-2 times that in the surrounding medium,
¥hether this uptake was 2t a particular site in the organism
vas not determined, but since the presence of PAB had no effect
on the uptake, it seemed unlikely that an appreciable part of
the sulphathiazole was combining with a site at which PAB also
reacts.,

Noll, Bang, Sorkin and Erlenmeyer (1951) found that the
uptake of sulphathiazole by Esch.coli was reduced by the
presence of PAB in the medium., There was a limlt below which
the uptake of sulphathiazole could not be reduced by high
concentrations of PAB, 80 it waes concluded that part of the drug
was free in the organism, and that part was in competition for a
receptor site with PAB,

Recent work has shown that the cell wall may account for a
considerable part of the uptake of small molecules (Mitchell
and Moyle, 1956; Weibull, 1955). Britt and Gerhardt (1958)
have measured lysine uptake by cell walls, protoplasts and

intect organisms of Micrococcus lysodeikticus, and have found

that much of the upteke was localized, and concentrated at the
cell wall.

In the present work the method of measuring uptake was not
sufficiently refined for changes to be detected in the uptake
by different parts of the organism. If a large part og’tho

B total sulphathiazole associated with the organism 19;’daofbod

wit
-
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Even when the entire volume of the organisme was assumed to
be permeadble to sulphathiazole, the concentration of the drug in
the organisms was 1-2 times that in the surrounding medium.
Vhether this uptake was 2t a particular site in the organism
was not determined, but since the presence of PAB had no effect
on the uptake, it seemed unlikely thst an appreciaeble part of
the sulphathinzole was combining with a site at which PAB also
reacts.

Neoll, Bang, Serkin and Erlenmeyer (1951) found that the
uptake of sulphathiazole by Esch.coll was reduced by the
presence of PAB in the medium., There was a limlt below which
the uptake of sulphathiazole could not be reduced by high
concentrations of PAB, so it was concluded that part of the drug
was free in the organism, and that part was in comwpetition for a
receptor site with PAB.

Recent work has shown that the cell wall may account for a
considerable part of the uptake of small molecules (Mitchell
and Moyle, 1956; Weibull, 1955). Britt and Gerhardt (1958)
have measured lysine uptaske by cell walls, protoplasts and

intect organisms of Ml us lysodeikticus, and have found
that much of the upteke was localized, and concentrated at the

cell wall,

In the present work the method of measuring uptake was not
sufficiently refined for changes to be detected in the uptake
by different parts of the organism. If a large part of the

Q‘--total gsulphathiazole associated with the organism 1ng§aovb.a

g
-

-4



128

&t the cell wall, this would mask cdifferences 1n the uptake of
Bensitive and resistant strains at other regions in the
eytoplasm, especially il these differences concerned only a
swall proportion of the total drug taien up.

Other workers have reported that sulphonamide-~resistant
organisus do not take up smaller amounts of sulphathiazole than
sensitive straine (Yegian and Budd, 1945). In fact, Vacker,
Trebst and Simon (1957) found that a resistant strain of
Enterococcus Stel took up more sulphanilamide than did a
sensitive strain, although the binding of the drug was less
firm in the resistant etrain. Sulphathiazole was not bound
firuly by any of the strains of staphylococci, and it was easily
removed by washing with water. With cther drugs also it is
often impossible to correlate the degree of resistance and the
amount of drug taken up by the bacteria (see Chapter II).

i roduct of the inhibited reaction.

The operation of this mechanism of resistance to
sulphonamides would manifest itself in a decreased requirement
for folic acid or for products of the function of folic aecid.

vith Staph,gureus H and HR2 it was found that the
guantitative requirements for methionine and thymine were the
gsame in both strains. The amount of xanfhine needed for growth
in presence of sulphathiazcle, however, was about five times

less in the resistant strain than in the senslitive strain, This

. pay mean that some Xanthine ls synthesized by a route in which

7
g
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folic acid is inveolved to a lesser extent or not at alle It 1s
Unlikely that the decreased requirement for xanthine is more
than partly responsible for resistance. ZStaph,aureus IR2 is
the most resistant of all the strains used in this work, and 1t
is aifficult to see how a five-fold decrease in xanthine
requirement could account alone for its resistance,

It is difficult to assess the relative requirement for
folic acid in sensitive and resistant organisme because
etaphylococei do not respond to any form of folic acid that is
added to the medium, It was thought possible that wmore
efficient utilization of folic acid for synthesis of coenzyme F
wight be reflected by a change in the inhibition index of the
drug aminopterin, which is believed to inhibit the reduction of
the pteridine ring of dihydropteroylglutamic acid to the
tetrahydro-level, (Futterman, 1957; Vright, Anderson and Herman,
1958) However, none of the strains, sensitive or resistant to
sulphathiazole, was inhibited by aminopterin, It is generally
found that organisms which do not respond to folic acid are also
insensitive to aminopterin (VWoeclley, 1952).

rme or
! r

2 changed relative
e N @

Theee two possibilities will Dbe considered together, since
experimental distinction between them is not easy. If an
increased number of receptor sites for PAB were present in a
pesistant strain, then sll analogues of PAB should begpue'1e..

. e
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effective inhibitors, and cross-resistance to p-nitrobenzoiec
acid would be expected. In fact, no appreciable cross-
resistance to p-nitrobengoic acid was observed in any of the
present sulphonamide-resistant straius.

The seconda possibility, & change in the relative affinities
of an enzyme for PAB and sulphonamides, is compatible with all
the experimental observations. It accounts for the increese in
the inhibition index in the resistant strains, and for the
resistance of the synthnesis of folic acid in these strains to
inhibition by sulphathiazole. The decreased affinity for
eulphathiazole might well be specific (Davis and Maas, 1952) and
the arffinity for other inhibitors of PAD utilization unight be
unchanged., This would explain the absence of crose-resistance
to p-nitrobenzoic acid,

The evidence for this wechanisu of resistance is indirect,
but its value is strengthened by the evidence that other
mechanisms are not operating. Declsive proof that the relative
affinity of a FAB utilizing enzyme for its substrate and for an
innhibitor had changed in a resistant strain would require
investigation of the properties of the isolated enzyme.

The values of the dissociation constants of an enzyme-
inhibitor complex, 14, and of an enzymne-substrate complex, Xg,

may be calculated from the eguation

T K = E}_S + Y‘i (Hunter and Downs, 1945)

1 =« Kg
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where I ig the concentration of inhibitor, S is the concentration
of substrate, and A is the ratio v/v, where v, is the veloecity
Of the enzynmic reaction without inhibitor, and v is the velocity

-

in presence of inhibitor. If I o« is plotted against 8,

the graph will be a atraight line oékintercept Ky on the I T_g%Z__
axis, and of slope -1

Kinetic treatme;t has been applied to the inhibition of
growth of Esch.coli by sulphonamides and its competitive reversal
by PAB (Klotz and Gutmann, 1945). The validity of such
procedure is very doubtful because of the number of substrates
end enzymes which take part in the complex phenomenon of growth.
It seems unlikely that it would even be profitable to make
kinetic studies on folic acid synthesis from PAB in whole
organisms, The rate of the reaction would depend on PAB
concentraticn alone only if all the other substrates were
present in optimal amounts;, and we do not know fully the nature
of these substrates, much less in what concentrations they are
needed,

Recent work (Ketunuma gt gl, 1957; see Chapter ITI) has

indicated that in JMycobact.avium at least, the reaction of PAB
with whieh sulphonamides interfere is

PAB +# ATP — PAB adenylate + PP,

and a cell-free enzyme has becn obtained which eatalyses thie

peaction. If a similar reaction occurs in staphyloeocei,



132

kinetic studies on its inhibition by sulvhonamides might reveal
Aifferences in Kg and }’.1 between the enzymes of sulphonamide-
eensitive and resistant strains.

To summarize the conclusions as to the mechanisms of their
resietance, the various resistant strains will be briefly
considered individually.

The reeistance of Staph,aureus R122 may be due to an
ebility to seynthesize relatively large amounts of PAB.

Etaph.lactis 210°R has a greater ability than its parent
strain to synthesize folic acid, and this synthesis is more
resisgtant to inhibition by sulphathiazole. £t lactis 2
is derived from the same parent strain, but it is clearly a
distinet mutant, as it differs in several ways from 2102R.
This etrain does not synthesize much more folic acid than the
parent, but the syntheeis is more resistant to sulphathiazole.
It seeme probable that resistance of both these straine is due
to a changed enzyme: substrate affinity, which leades to more
efficient synthesis of folic acid in the case of 2102R.

A pimilar mechanism of reeistance seems to occur in Staph,
gureus JHVR and IR2. An alternate pathway of xanthine
biosynthesie may also contribute to the resistance of Staph,

gureus HR?2.,

The conclusione from the present work support the idea

that qualitative changes in enzymee may be important in the
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developument of resistance. Ouch changes nay be responsible for
resistance in four out of the five strains examlned,

The importance of the investigation of drug-resistance at
an enzymic level is thus indicated. Recent developments in the
study of folic acid synthesis wake this approach more prowising
than hitherto. It appears that the work described in this
thesis could most profitably be continued by investigating the
eynthesls of folic acid in cell-free extracts to confirm the
results of the Japanese workere, and to seex for differences

between sensitive and resistant strains at this level.






APPENDIX I

Chemicals.

Synthesis of 359-1a2ellgd sulphathiazole.
1. Dp-Acetaminobenzene sulphonyl chloride., Gilman (1932)

7.2mC H35aojcl of specific activity 7.9mC/m¥ on 29/7/57

wvas transferred to a 25 ml round-bottomed, two-necked flask,

and the total weight of chlorosulphonic acid was made up to
3.5z (30mM) by adding freshly distilled unlabelled
chlorosulphonic acid., The flask was cooled in an ice-water
bath and the temperature was kept at 10°-15° while 1.35g
acetanilide (10mM) was added over about 30 min, The mixture
wae stirred mechanically throuchout.

When the addition of acetanilide was eomplete, the flask
wae heated on a sand bath and was kept at 60° for about 30 min.
until no more small bubblee were visible in the reaction
mixture. The temperature then wae raised to 80° to complete
the reaction. During this heating the mixture was stirred
mechanieally.

After cooling, the reasction mixture was eautiously added
to 25 ml ice-water with continuous stirring. The solid which
separated was collected on a buchner funnel and washed with a
small volume of cold water. The product was dried overnight
with P205.

vield 0.5z (7% conversion of chlorosulphonic acid).

This yield was lower than had been obtained in trial
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experiments, so for the next step the radioactive product was
di1luted with freshly prepared unlabelled p-acetaminobenzene
sulphonyl chloride, to permit the reaction to be done on the

same scale as in the trial experiments,

26 Nu-acetylsulphathiazole. Fosbinder and Walter (1939) and
May and Baker Ltd, Dagenham, Essex (Frivate communication).
1€ p-acetaminobenzene sulphonyl chloride=---5 (4e3mM) was

dissolved in 4.2 ml dry ethyl acetate in a 25 wl round-

bottomed flask.

A solution of 1g 2-aminothiszole (10mM) in 8.8 ml dry
ethyl acetate was added in portions over halfl an hour while
the mixture was cooled in water and stirred wmechanically.
After © hr the stirring was stopped, and the reaction mixture
was left to stand overnight at roow temperature.

The ethyl acetate was removed on an oil bath at 80°.
0e25 ml water was added and the mixture was stirred. 0.21 ml
80% acetic acid and 1.9 ml water were added, and the mixture
was warmed to 50° and kept for 30 win. at that temperature.

The suspension of N“-acctylsulphathiasole was cooled to room

temperature and left for 4 hr. The solid was then collected

at the pump and washed with cold water.

Yield 0.9g (705 conversion of p-ascetaminobenzene sulphonyl

chloride).
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3 Sodium sulphathiazole. May and Baker ILtd, Dagenham, Essex.

(Private communieation).

0.36g sodium hydroxide wae digsolved in water in o 5"xg"
tube graduated a2t 3,5 ml. 0,9 N“aaeetyleulphathiazole—358
was added, and 30 mg "Norite", and the volume was made up
with water to 3.5 ml. A small piece of porous pot was added,
and a glass buld was put in the mouth of the tube, The
mixture was hoiled vigorously for an hour, allowing the
volume to fall to 3.1 ml.,

The mixture was filtered, and the charcoal washed with
0.15 m1 water. The temperature of the filtrate was brought
to 80° and 0.7z sodium chloride wae added with stirring., The
mixture was then ecooled to 20° with oeeasional shaking. The
godium sulphathiszole which precipitated was collected, and

wached twice with 0.3 ml eold saturated brine.

Le Furification and isolation of sulphathiazole. May and
Baker Ltd. (FPrivate communication).

‘%
’58 was digsolved in water and

Damp sodium sulphathlazole-
the volume wede up to 7 mle 30 mg "Norite' was added, and the
wixture was stirred at room teuperature for an hour.

The wixture wae filtered and the charccal washed with
O.5 ml water. Concentrated hydrochloric acid was added slowly
with stirring until the initial precipitate redissolved. 15 mg
citric acid added and 15 mg "Norite", and the wixture was

stirred for an hour. The charcoal was filtered off, and washed
with 0.3 ml water.
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A solution of armonias wae prepared from ammonia solution
8.6. 0,88 (6.4 m1) and water (12 ml), and wes added to the
filtrate with stirring, until the solution was acid to litmus
and alkaline to Congo red, The suepension of aulphathiazole—’sB
wvas cooled and filtered,

Yield 450 mg (584 eonversion of Nu-acetylaulphathiazolo)

Melting Point 497° . 499°

Chloresulphonie secid-298 wae obtained from the Radiochemical

Centre (Ministry of Supply), Amersham,

2=Aminothiazole - Kindly supplied by May and Baker Lid as
specially purified material.

“1°) Ge E 51 oLuel
EAb derivatives:
PAB - (Roche Products Ltd). FPurified by recrystallization

from water, twice as the hydrochloride, and twice as the free
base, Dy Mr KeWe waxelin.
Rhigopterin - (Merck and Co. Inc.) A stock solution (10‘%!)

wae provided by Dr R.Ge Tucker.

EPieroyiglutamic acid ~ (Lederle Laboratories Livision of the

American Cyanamide Coe.) To make 10 ml of a 10'?& stock
solution, 4.4 mg was mixed with about 10 ng han003 and the

mixture dissolved in water.
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Leucovorin - (Lederle Laboratories). A stock solution (10‘33)
wae provided by Dr R.0. Tucker.

Anminopterin - (Lederle Taboratories). A stock solution (10'}!)
was prepared as with pteroylglutamic acid.

Sulphonamides:

Sulphathinzole and sulphanilamide stock solutiones were 10.?!,
nl id and sulphadiazine stoek solutions were 10'?!.

All four compounds were obtained from May and Baker ILtd.

YVitamine:

Vitamin 812 - Ailutione were made from a stock 2 mg/m] solution

in physiological saline. ("Cyanocobalamin", B.D.H., ILtd).
Pyridoxal HC1 - (Merck and Co. Inc.). A stock solution (10‘?5)

vae provided by Dr J.6. Vorris,

Other compounda:
L=Amino=-5=-imidazolecarboxanide - (California Poundation for

Biochemical Research)

Sodium pyruyate - Prepared by Mr R.¥, Wakelin,

Haematin - A solution (100 ng/ml) was provided by Dr J. Lascelles.
The haematin wae prepered as deseribed by Laseelles (1956),
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APPENDIX TI

Organteme

Etaphylococeus lactis 2102 A laboratory strain, Obtained

from Sir Paul Fildes.

W%%% A sulphonawmide-resistant substrain

evelon Dr J. lLascelles from Stavh.lactis 2102

Staphylococcus lactie 2102R2 A second sulphonamide-resistant
subsirain developed frow Staphe.laclis 2102.

W%_%m A laboratory strain. Ilsclated from
f y Dr J.H. Marahall,

g taphvlococcus aureus JHVE A sulphonamide-reeristant substrain

. developed Irom ptaphe.aupeus oy .
Staphylococcus aureus i "Oxford strain” N.C.T.C. No.6571.
mmﬂg_gm%g_gg A sulphonamide-resistant substrain
developed by Dr J, TLascelles from Staph,aureus H,
Sta lococcus aureus R122 A laboratory strain, Obtained from

the Radeliffe Infirmary, Oxforde oulphionamide -
resistant.

All straine of staphylococei were cultured on slopes of tryptic

meat agar, incubated for 15 hr at ,570.

ricl i 518 AeT.CeCe9725, Obtained from Dr R.
Roblin. Parent strain of E.coli 273/384.
Cultured on tryptic meat agar slopes, incubated

15 hr at 37°.

Escherichia ¢cpli 22}{;@* AeTusCuCe N0e9723a. CObtained from Dr
R. Robline An X-ray induced mutent, requiring
PAB., Cultured on tryptic meat agar slopes,
incubated for 415 hr at 37°.

A bact ub dan 621 A.T.C.C., N°o6n1o Obtained from
N.C.T.C, Cultured on yeast glycerol agar slopes,
1ncubated for 24 hr at 30°,



vil

2 tococ a A,T.C.C. Ne.8043, Cultured in
tryptose glucose agar stab. Incubated for
24 hr at 37°.

Lactobacillus c%eei (h ticus) A.T.C.C. Ho.7LE9. Obteined
row Dr n Wright. Cultured in tryptose
glucose agar stab. Incubated for 2 hr at 379,
u (Pediococcue cerevipipe) AeT.Cals

No.8081, Cultured in tryptose glucose agar
stab. Incubated for 2L hr at 37°.



Iryptic meat broth.

viii

Prepared from minced beef heart, treated with pancreatic

extract and stored at double strength with chloroform as

preservative.

Iryptic meat agar.
Tryptic meat broth

WVater
Agar
pH ad justed to

Eeptone water.
Evans' peptone
NaCl

Vater

pH adjusted to

Iryptic digest of caseipn.

500 ml
500 ml
20g
7.6

20g

58
1000 ml

T4

Prepared from B.D.H. casein, treated with pancreatic extract,

and stored at treble strength with chloroform as preservative.



Iryptic casein agar.
Tryptic digest of casein
WVater

Agar

pH adjusted to

Iryptoee glucose broth.
Bacto tryptose

Glucose

KZHPOh

Bacto yeast extract
%Liver extract

+8alts B

Vater to

pH ad justed to

300 ml
600 ml
18g
Tel

10g
10g
58
’g

10 ml

5 ml

1000 ml
6.8

® 16% (w/'v) Oxoid liver extract in water.

+ M380u7H?0 20g
nnsouuazo 1g
NaCl 1g
F080u7H20 1
Conec. HC1 Oe5 ml

vater to 500 ml

ix



Iryptose glucose agar.

Bacto tryptose 10g
Glucose 10g
KaﬂPou 2g
Oaco3 3g
Liver extract 10 ml
Salts B 5 ml
Agar 15e
WVater to 1000 ml
Glycerol yeast agar.

Glycerol LO ml
Bacto yeast extract 5g
Agar 15g
pH adjusted to 6.0

Vater to 1000 ml



xi

Media were generally prepared at double the final working
concentration, 1.e. to half the stated volume. Constituents
other than vitamine and Tween 80 were dissolved in a volume of
water a little less than the final volume required. The
eolution was boiled gently for 3-5 min, cooled, and the
remaining additions were made. The pH was adjusted if
necessary, and checked on a meter, and the volume was made up
to that required. Media were filtered through WVhatman No.50
paper and stored at 2° with carbon tetrachloride: toluene

(1:1 v/v) as preservative.
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Medium B (modified from Lascelles and Woods, 1952)

* Glucose 78

* Acid-hydrolysed casein 3g
DIl=-tryptophan 40 mg
L-cysteincHC1 100 mg
NQQHPOu12HZO 10g
KHQPOu 700 mg
NaCl 2g
H580u7ﬂ20 100 mg
PeBOu(NHu)280u652O 6 mg
Thiamine 200 ug
Nicotinic aecid 1000 ug
Biotin 1 ug
WVater to 1000 ml
pH adjusted to 7oL

% ,dded as a sterile solution to the autoclaved medium.

* Prepared after the method of Snell and Rannefeld (1945).
(Equivalent to 3g original casein). y

For anaerobic growth, a supplement was added:

NaNO3 170 mg

Uracil 5 ng
* Na pyruvate 220 ng
& NGHCO3 1.7¢

¥ geitz-filtered and added to the autoclaved medium.



N NaOH

KﬁzPou
Feso, (NH)) 280, 7H,0
IgBOhSHQO

® OGlucose
Dl-aspartic acid
DL-glutamic aecid
DL=-phenylalanine
DL-tyrosine
DL-histidine IHC1l
DL-lysine HCl
DI=-tryptophan
Glyecine
Dl-alanine
Di-isoleucine
DL=thpeonine
DL-serine
DL-leucine
DL-valine
DL-proline
DL-methionine
L-hydroxyproline
L-arginine HC1l

100 mg

120 mg
180 ng
160 mg
140 mg
170 ug
150 mg
140 mg

6 ng
80 mg
50 mg

(Cont 'a)

xiii



Dl-cystine 50 mg

* Na thioglycollate 120 mg
Nicotinic acid 1000 ug
Thiamine HC1 200 ug
Biotin 1 ug
Vater to 11
pH adjusted to Tl

¥ Added as a sterile solution to the autoclaved medium.
* Sodium thioglycollate was only included when cystine was
omitted.

In order that the amino acid content could be varied,
each amino acid was made up in concentrated solution, so that
the addition of 0.1 ml of each gave the final concentration
required in 5 ml cof the completed medium. Cystine and tyrosine
were made up in N/10C HCl; aspartic and glutamic acids were
made up in N/10 NaOH; tryptophan in N/20 NaOH; other amino
acids were dissolved in water, All amino acids were added to

the medium before autoclaving.



Medium B,

ca—.

®  Glucose 78
N sodium hydroxide 26 ml
KH, PO, Le5g
Pes0,,(WH, ) 480, 7,0 6 ng
MgBOh6320 100 mg
DLeisoleucine 180 mg
Di-leucine 170 mg
Dl=-valine 150 mg
DL-proline 140 mg
DlL-phenylalanine 80 mg
L-arginine HC1 50 mg
Glycine 50 mg
DL=threonine 160 mg
DL-tryptophan LO mg
Dl~aspartic acid 180 mg
DlL-histidine HCl 90 mg
DL-cystine 50 mg
Nicotinic acid 1000 ug
Thiamine 200 ug
Biotin 1 ug
Vater to 1000 ml
pH ad justed to 7.4

% ,aded as a sterile solution to the autoclaved medium,

(Cont'd)



Medium B, (cont'd) xvi

For anaerobiec growth, a supplement was added:

Nano3 170 mg

Uracil 5 ng
® Na pyruvate 220 ng
e Nanco3 1.7g

¥ geitz-filtered and added to the autoclaved medium.
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Medium for assay of PAB, using W.
Aeid hydrolysed casein 38
Glycerol 4O ml
Glucose 100 mg
DL=tryptophan 50 mg
L-oysteine HC1 50 mg
KRgPOH -
NagﬂP0u12ﬁ20 930 mg
Mgﬂ0u7ﬂ20 200 mg
Feﬁou(NHu) 250,461120 10 mg
nnsouzazo 10 ng
NaCl 10 mg
Adenine 14 mg
Guanine L mg
Nicotinic acid 1000 ug
Ca pantothenate 1000 ug
Vitamin 312 2 ug
Tween 80 (5% (v/v) in water) L ml
pH adjusted to 6.0

Vater to 1000 ml
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Medium for assay of Lactobacillus casel factor (Lescelles, 1951).

¥ Tryptic digest of casein 500 ml
I-cysteine HC1 130 mg
Glucose 10g
Adenine 7 mg
Guanine 2 mg
ugsou 800 mg
PeSOh(NHu) 2!30“6}{20 56 mg
MnsS0, LIH,0 160 mg
Thiamine 1000 pg
Nicotinic aecid 1000 ug
Riboflavin 400 ug
Ca pantothenate 1000 ug
Pyridoxine HC1 1000 g
Biotin 1ug
Vater to 1000 ml
pH adjusted to 6.8

The stock medium was made up to 700 ml. 3.5 ml of this
was diluted to 5 ml in each tube of an assay.

* See below.
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Tryptic digest of casein for Lactobacillus casei factor
2ssay wedium, (Lascelies, 1951).

100 g Glaxo vitamin free casein was suspended evenly in
1400 ml 0.8% sodium bicarbonate solution, which had been

warnmed to 40°, A suspension of 1g Difco trypsin in 20 ml

water and 5 ml toluene were added. The wmixture was shaken,
and then put in the incubator at 37° for 18=20 hours. The
mixture was shaken occasionally.

The mixture was steamed for 4O minutes in the autoclave
to remove toluene, and cooled. 4.4 wml acetic acid added, and
undigested casein was removed by centrifuging. 54 ml acetic
acid was added to the supernate.

LOg "Norite" wae added, and the mixture was shaken
frequently. After 30 minutes the suspension was filtered as
quickly as possible through two layers of Whatman No.54 paper
with suction. The residue on the paper was washed twice with
20 ml water., 20g "Norite" was added to the filtrate and the
mixture was shaken frequently. After 30 minutes the suspension
wae filtered as quickly as possible through a Ford's .mt
8/08/22 filter mat, -

4Og KHyPO), was added and LOg sodium I
was adjusted to 6.8, and the volume of the

to 2 1 with water.



Medium for aseay of ILc.citrovorum factor.

DlL-alanine
L-arginine HC1l
Di-aspartic acid
DL-asparagine
L~cysteine "C1
DL-glutamic acid
Glycine
DlL-histidine HC1
DlL-isoleucine
DL-leucine
DL-lyeine di HC1
DL-methionine
DL=-phenylalanine
DL=proline
DlL-serine
DL=-threonine
DL-tryptophan
DL=tyrosine
DlL=-valine

Glucose

Sodium acetate (anhydrous)
Ammonium chloride

KH PO,

12H O
anﬁPOh 2

200
240
200
800
60
600
100
130
250
250

100
100
200

50
200

Lo
200
250

mg
ug
ug
ug
ng
mg
ng
ng
mg
ng
ng
ng
ng
ng
ng
ng
ng
ng
mg

25g
20g

38

600

1.28

(Cont'd)



Le.citrovorum factor assay medium (cont'd)

S -

Mgs0) 71,0
PeSORTHZO
unsohunzo
NaCl

Adenine
Cuanine
Uracil
Xanthine
Thismine HC1l
Ca pantothenate
Rivoflavin
Hicotinic acid
Biotin
*pyridoxal

pH adjusted to
Vater to

- Pyridoxal added as
autoclaved medium.

———

——

200 wg
10 mg
20 mg
10 ng
8 mg
8 ng
10 mg
10 mg
500 ug
2500 ug
500 ug
1000 ug
1 e
2x10~ "X

6.8

1000 wl

in final medium

Seitz-filtered solution to



Acld hydrolysed casein

LUil-tryptophan
L=cysteine HC1
Glycine
Di-aspartic acid
Na eitrate
Glucose

KHPO,

Mg80, 7H,0

NaHCOB

Feso, (NI, ) 80, 6H,0
unsothgo
Thiamine HC1
Riboflavin
Nicotinic acid
Ca pantothenate
Biotin

pH adjusted to
Vater to

¥ pyridoxal

% pypidoxal added as a sterile solution (filtered) after

autoclaving.

(19577~

Medium for assay of Streptococcus faegalis R factor.

o8
100 ng

120 mg
200 wg
100 wg
20g
10g
6g
200 mg
100 mg
15 mg
10 mg
200 pg
200 ug
600 ug
LOO pg
0.8 pg
6.8
1000 ml

5x10~8y

xxid



in ucose-selts medium (modified from Davie and

Nea citrate 0. 5g
Mgse, 74,0 100 ng
(v, ) 80, 1g
Glucose 2g
Water to 1000 ml
pH adjusted to 70

neuoes

Glucose 180 mg
L-glutamic acid 14,7 mg
10~y PAB 1 ml
Na2HP0h12H20 1.7%
KH2POu 0.68g
pH adjusted to 6.8

Water to 100 ml

Suspensions of organisms. (Lascelles and Woode,

Mingloli,

xxiii

(1950) ).



Medium G.

Evans' peptone
Marmite

Oxoid liver extract
xzuyou
Glucose

Salts B

pH adjusted to

Yater to

10g

2g
0.8g
2.5

10g
2.5 ml
6.8
500 ml

xxiv
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Introduction.
An investigation hae been made of the biochemical

mechanisme of resistance to sulphonamide drugs in five strains
of staphylococeci. Resistant straine of micro-organisms for
comparative studies are usually derived from sensitive parent
organisms by a number of procedures, of which the most
frequently used is repeated subcultivation in the presence of
increasing concentrations of inhibitor.

There are several poseible mechanisms of drug-resistance,
and some of these have been demonstrated in sulphonamide-
resistant organisms. More is known about the mode of action
of the sulphonamides than of most antibacterial substances,
and this information directs attention to the metabolism of
p-aminobenzoic acid (PAB) and folic acid, where changee seem
likely to lead to the development of resistance.

Growth, nutrition and general biochemical properties,
Sulphathiazole-resistant strains, Staph.lactis 2402R and

2102R2, Staph.aureus JIMR and Staph.,aureus IR2 were developed

by subecultivation in inereasing concentrations of sulphathiagole,

from the mensitive strains Staph.lactis 2102, Staph,aureus JHM
and Staph.aureus H. C“taph.aureus R122 was a sulphathiazole-

recsistant organiem obtained by sereening strains of

staphylococei isolated from clinical infections, Various
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attempts to get a sensitive etrain.or this organism were
unsuccessful.

The resistant strains, compared with the parent strains
showed a 20-200-f'0ld increase in tolerance to sulphonamides
in a semi-defined medium based on acid-hydrolyzed casein.
None of the resistant or sensitive organisms were inhibited
by aminopterin. The sulphathiaszole-resistant strains did not
show cross-resistance to p-nitrobenzoic acid, which, however,
was not a very powerful inhibitor of the sulphathiazole-
sensitive organisms,

The rates of growth of the resistant strains under
aerobic conditions in a semi-defined medium were the same as
the rates of growth of the parent strains, except that Staph.
lactis 2102R2 showed a lag phase some four hours longer than
that of the parent., No differences between sensitive and
registant strains were found under anaerobic conditions
whether or not sulphathiazole was present.

Various biochemical tests, such as sugar fermentations,
formation of indole, and Voges-Proskauer, failed to reveal
changes accompanying resistance. The ability to reduce
nitrate to nitrite was distributed irregularly among the
resistant straine. All except Staph.lactis 2102 and its
substrains were coagulase positive and grew on 7.5" salt agar.

The requirements for vitamins and amino acids were
determined in a defined medium., Staph.,lactis 2102 and its
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substrains required only biotin, whereas all the other strains
needed thiamine and nicotinic acid but not biotin. The
quantitative requirements of Staph,gureus H and HR2 for
nicotinic acid and thiamine were the same, whether or not
sulphathiazole was present. The amino acide required varied
among the sensitive strains but in no case were there more

than slight differences between resistant and parent strains,

Metabolism of p-aminobenzoic acid and related compounds.

T W s TR

Inhibition by sulphathiazole was overcome competitively
by PAB. The inhibition indices of all the sensitive strains
were about 10, and 100-1000 for the resistant strains, in
proportion to their degree of resistance.

Methionine, xanthine, thymine and vitauin Byo reduced
the amount of PAB acid needed for growth of Jtaph.sureus JHM
and JHMR in the presence of sulphathiazole while
pteroylglutamic acid and serine had no effect. Vith Staph,
aureus HR2 addition of xanthine had less effect on the
requirement for PAB than with the parent strain. Also the
amount of xanthine needed to produce an effect was five times
less in the resistant strain than in the parent strain. These
observations suggest that some xanthine way be synthesized by

a pathway that does not involve function of folic acid. There

was no evidence in Staph.aurcus HR2 of changed pathways of
methionine or thywmine biosynthesis.
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The amount of PAB synthesized by growing organisms was
estimated by microbiological assay, using a mutant, Esch.coli
213/384 which requires PAB for growth. The greatest synthesis
was found with Staph,aureus R122 which formed 4900 mug PAB
per mg dry weight of organisms. Staph.gureus JiM and H and
their resistant strains all formed about 200 mug PAB per ug.
With Staph,lactis 2102 and its substrains only about 30-100
uug PAB per mg was formed. The resistant strains did not
syntheesize more PAB than their parent strains during growth
in the presence of sulphathiazole.

Washed suspensions of strains of Jtaph.aureus in buflfer
synthesized PAB from glucose and ammonia. In the sensitive
straine but not the resistant strains, the mixture of amino
acids and glucose provided in the growth medium gave a lower
synthesis of PADB.

Folic acid was assayed as Lactobacillus gasei factor (LF).
The response of Lb.casei to extiracts of every strain examined
was the same, but it differed from that given by known forms
of folic acid. The active material had very little growthe

promoting activity for Leuconostoc citrovorum or Streptococcus
faecalis R.

Syntheeis of folic acid by washed suepensions of organisms,
occurred only in organisms depleted of folic acid by growth
in presence of sulphathiazole. Such suspensions of Staph,
lactis 2102R formed about 150 mug LF per mg dry weight of
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organisms from PAB, glucose end glutamate whereas the parent
formed only about 20 mug/mg., This behaviour was not found in

all resistant strains, and Staph.lactis 2102R2, a second
resistant substrain, formed only 50 mpg LF/mg though it had

the same resistance to sulphathiazole as Staph.lactis 2102R.
The amount of folic acid synthesized by other strains was not
inereased when resistance was acquired. However, the resistant
strains could carry out this synthesis in the presence of
higher concentrations of sulphathiazole than was possible in

the sensitive strains.

lis d uptske of su i €

Disappearance of sulphathiazole during growth of cultures
wags not detectable by chemical or microbiological tests.
Chromatographic evidence showed that sulphathiazole is partly
converted by growing organisms into a second substance. This
unknown comprised about a quarter of the total raediocactivity
of supernatants of cultures of Staph.auseus grown in the
presence of sulphathiazole labelled with 355. Resistant and
sensitive pairs of strains formed similar amounts of the
unknown, so it seems unlikely that 1ts formation has to do
with resistance.

The uptake of sulphathiazole-358 by washed suspensions of
staphylococci was investigated. Suspenelone of organisms were
incubated in the growth medium with aulphathiazole-358 and the
uptake of radiocactivity by the organisms was measured directly
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on the cells or indirectly from measurements of the radio-
aectivity of the supernatants after the organisms had been
removed by centrifugation. All strains, whether sensitive or
yeslstant, took up about the same amount of drug per mg dry
weight. The concentration of sulphathiascle associnted with
the organisme wae 1-2 times that of the medium, Thise uptake
wae not altered by the presence of PAB. The attachment of the
drug eeemed to be weak because it cduld very easily be
removed by washing with water.

The amountes of PAB‘takon up from the growth medium by
thick washed suspensions of Staph.aureus JHM and H and thelir
resistant subetraine were similar., The presence of

sulphathiazole did not reduce the uptake of PAB.

Discussion,
The resistance of ZStaph,aureus R122 may be due to an

abllity tc synthesize relatively large amounts of PAB,
Staph,lactis 2102R has a greater ability than its parent
atfain to synthesize folic acid, and this synthesis is more
resistant to inhibition by sulphathiazole. Staph,lactis 2102R2
i8 clearly a distinct nmutant as 1t differs in several ways
from 2102R. This strain does not synthesize muach more folic
acid than the parent, but the synthesis is more resistant to
sulphathiazole. It seems probable that resistance of both

these strains ie due to a changed enzyme: substrate affinity,
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which leads to more efficient synthesis of folic acid in the
case of 2102R.

A similar mechaniem of resistance seems to occur in

Staph.eureus JHMR and HR2. An alternative pathway of xanthine
biosynthesis may also contribute to the resistance of Staph,
aureus HR?.

This work indicates the importance of investigation of
resistance to sulphonamides at an enzymic level. Recent
developments in the study of folic acid biosynthesis make
this approach more promising than hitherto.





