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ABSTRACT

The mode of action of streptomycin has been investigated
with specific ‘emphasis on the effect of the antibiotic on adaptive enzyme

formation by Escherichia coli. The first phase of this study was to

investigate the possibility that streptomycin interferes. with the.

‘action 'of a metabolite required by E. coli for enzyme synthesis and
growth. A resistant variant of E. coli, which exhibited partial dependence
on the drug for enzyme formation, was used to test for the presence of a
metabolite in other variants which did not exhibit this dependence,. Sub-
cellular fractions derived from susceptible and resistant cells were

tested for the presence of a sub‘staﬁce which would satisfy the streptomycin
' requirement of partially dependent organisms for";nzyme' induction. All

attempts to demonstrate such a metabolite were unsuccessful.

In the second phase of the study, the effect of streptomycin
on the protein and nucleic ‘ac;id'contenf of partially dependent cells
during enzyme induction was stidied. By the standard techniques
employed, it was shown that the :a;ntibio’tic did not affect either the gross

protein or nucleic acid content of the cells during the period in which the

formation of a gpecific enzyme was demonstrated.
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INTRODUCTION

Since the discovery of'the‘.antibiotié, streptomycin, and
‘,the,elu'cid'at_ibn of its molecular structure, much attention has been
focused on the problém of determining its mode of action, Many diverse
metabolic processes have been implicated as the site which is:attacked

by the drug. Many of these studies were hindered by two factors:

1. The criteria used to measure the effect of streptomycin
(i.e. oxygen uptake) were indirect in nature and thus it was difficult
to interpret f.he results in van‘..uneq_uivocal fashion.

2, There is difficulty in'distinguishing the key interaction
which is responsible for the cessation ‘of'bacteriaI' multiplication from
secondary interactions due to the chemical nature'..and size of the

streptomycin molecule,

Respiration studies on several bacteria have yielded
varied and contradictory results., In 1947 Benham found that streptomycin
stimulated the endogenous metabolism of a ;su‘sbfce.ptible strain of

Eberthela typhosa and failed to inhibit the oxidation of carbohydrates.or .

carbohydrate intermediates by this.organism (1). In contrast to this
observation, Henry and co-workers reported that streptomycin had no
effect on the endogenous respiration of-S. aureus and inhibited that of

B. . cereus (2). Upon testing various substrates, these workers found



that the joxidation.of glycerol or lactate by S. ,au‘r‘e,uS was inhibited by
streptomycin, whereas the oxidation of either glucose, pyruvate,
glutamate, or glycerate was unaffected, With B. cereus, hbwever,_the
oxidation of all substrates tested was inhibited. - All of these inhib'ition.s
‘exhibited a lag period and seldom reached 100% inhibition. - Permeability
factors .did ;pdt seem to be involved since the antibiotic:did not affect the
permeability of susceptible .cells to pyruvate. Under “anaerobi-c:c,o‘nd_ition:s',
it was shown by measuring carbon dioxide ’and’ ‘acid production that with
-S. au‘reus,-rstréptomycin: did not inhibit the mefa'bolism'. of any substrate.
Investigations dealing with E. coli showed that anaerobic dissimilation .of
pyruvate was inhibited but not that of glucose, as determined by carbon
‘dioxide production: (3). Geiger noted that str-eptom?cin had no effect on
the oxidation of glucose, malate, fumarate, oxalacetate, or pyruvate (4).
‘He found that the oxidation of 'aminb acids by E, coli was-stimulated by
prior oxidation of fumarate, oxalacetate, or certain other 'c.ompouﬁds.
Streptomycin prevented "this‘-stimulatory effect.  Geiger postulated that
the action of an intermediate,. connevc;ted‘wi“"ch ‘amino acid metabolism,
formed during the period of prior oxidation of fumarate or oxalacetate,
was interfered with by the antibiotic. This work done by Geiger led to
the series of investigations -carried out by Umbreit and his associates

(5,6,7,8,9).

They attempted, through the interpretation of oxygen uptake



studies, to learn the nature of the effect of streptomycin on the inter-
action between fumarate and subsequent threonine oxidation., Evidence
was obtained that the process inhibited was connected with terminal
respiration (5), Umbreit and co-workers 'suggre sted that the intei‘m:ediate
formed. _from“fuma‘rate which, according to Geiger (4), was not formed in
the pr‘eée,nC‘e of 'streptomycin, was actually oxalacetate (7). These
Twork'eral-; (7) found that, in cells . which had been aged to remove -oxalacetic
-decarboxylase, pyruvate and oxalacetate were oxidized separately at.a
slow rate whereas a mixture of the two was rapidly oxidized. This rapid
oXidation was. inhibite_d by streptomycin, Thus, they concluded that the
.sensitive reaction was :'fhe .condensation of oxa.lacetatel-and pyruvate (7).
‘However, they were unable to isolate the enzyme responsible for the
condensation. Since the formation of citrate was not inhibited by strep-
tomycin in sus-ce?t_ible _drg.anisms, Umbreit postulated an fa,l.ternate
pathway by which pyruVate .enters the terminal re spiraﬁon 'system (8).
He suggested that this alternate pathway involved the formation of a seven
carbon phosphorylated compound (9) similar to one isolated from rat
liver by Rapoport and Wall.gnerl'(IO.). .Umbreit and'co-workers obtained
some evidence for 'a similar compound in E. "cb‘li;but were unable to
isolate it or to relate it to any known metabolic pathway., Incorporation of
radioactive phosphorus into the Afraction'of’the_ trichloracetic acid extract

supposed to contain this compound was reduced by streptomycin (9).
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Paine and'Clark found, using resting cell suspensions of
respiration.or oxygen .uptak'e.in the presence of glucose.as a substrate (11.)..
However, using fumarate and glutamate as substrates, 'theyo“bserved
marked inhibition of oxygen uptake in the presence of the antibiotic. To
attempt to correlate these results with the '~"killingf” ability of streptomycin,
these investigators .determined_,the. number .of_'viablé-;cellﬂs remaining at
intervals during the incubati_on; It turned out that bacterii were killed
meost rapidly in the presence of glico se.even though oxygen uptake
continued undiminished, The rate of killing was’ sub-stantiglly: less 'Wiﬂ:l
the other substrates. They drew the significant conclusion from this and
other 'sim'_ilar. data that the inhibition of oxygen u’ia,take’ seemed _toKbeja'r_noﬂ
particular relation to the killing effect of the .antibibtic, but rather; was
related to the substrate being metabolized (12). In other words, the -
killing action of strépto'myc,in is a function of the rate of metabolism of
the organisms, rather than being connected primarily with its varied
‘effects .on oxygen uptake. These results:do not support Umbreit's concepts,
against the terminal respiration system of Umbreit as the site of action
of this:drug (12). This organism does not manifest a terminal respiration
system und’e,r‘ar;aerobic conditions and acts on pyruvate by reducing it.to
lactate. Nevertheless streptomycin exerts a bacteriacidal e_ffect on such
cells :either in the resting or the growing state. Henry made"a similar

observation in his earlier studies (2).
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Thu.s, it can be seen that indirect studies of ‘this type have
not led to a systematic and ‘consistent body of knowledge. Too many
distantly related metabolic processes :contribute to the overall respiration
of the cell to permit uneqvuivoca'l;conclAusions to be ;drawn.a.s to the .site of

action of " streptomycin.

Numerous other effects of str‘eptomycin have been reported.
Olitzki found that hydrogen sulfide production by é'everal species of bacteria from
cysteine, 'cystiné', and ‘methoionine etc. was inhibited by the antibiotic (14).
' Non-multiplying ‘organism's .exposed to streptomycin for twenty-four hours
at 37 © remained viable but lost their ability to produce hydrogen sulfide.
This ability was regained on subculture. The effect of streptomycin on
cysteine de vsjulfhydr‘a' se in céll-free extracts from E! - coli was e#amin‘ed
by Artman and ico-\‘;vorkér's‘.:’(ISi). He showed A_that'th'e inhibition was non-
competitive and irreversible. The inhibition.of succinic dehydrogenase
from E. coli hé's also been reported (1 6). .In this ,c‘a.‘se_,the .inhibitio‘n is

.reversed by Biotin. Lichstein and Gilfillan discove:réd that Sac¢charomyces.

ragilis is sensitive to streptomycin -when grown ona medium containing

/3 - alanine as a precursor for coenzyme A (17). However, when
pantothenate is supplied in the medium the organism is no longer:susceptible.
So far, this finding has not been extended to any other organisms. The
.diamine oxidase of several organisms has been shown by Owern and'co-workers
to be inhibited in suscéptible Var-ia'nts but not in resistant variants (18).

This enzyme is also inhibited by a variety of other substituted, synthetic
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amines (10). . With regard to the physical properties of bacteria,
streptomycin has been found to combine with the surface groups of the
rough form of E, coli, thereby*d-ec‘reasing the charge on the .cells and

Te ;c.ultin‘g. in agglutination (20) .' This:combination and ';a‘gglut'inat'ion is
readiiy’lieversed',by washing With.‘O. IM sodium chloride or by re.suspe}nd_-b-

ing the cells in fresh broth.

These various effects would appear to be secondary phenomena
arising frem the chemical properties.of the streptomycin molecule .rather
than the result of the primary biochemical lévs_ivon. (This is not to say that
the primary lesion is not a manifestation of the structural features of the
. molecule). ,In-:'vie.wi of the properties,of this molecule, it is only to be
-expected that such é, structure would have various repercussions ina
biological system apart from that directly re's‘pon.sible‘ for killing the cell,

. For ‘e};ampie‘_, the two highly charged guanido groups may tend to disrupt the
polar grou‘f intera"ction-sv responsible for;.rhaintaining the configuration of |
‘'macromolecules in general. Also, the molecule contains two moieties,
hitherto unknown in nature--a branched chain sugar, .and glucosamine in
the L-configuration. The ultimate aim of the studies.on streptomycin is

to elucidate the mode of action in terms of these molecular features.,

The effect .of streptomycin on nucleic acids has received
‘considerable attention due to the fundamental role played by nucleic acids
in protein synthesis and cell multiplication, In this connexion, the first

_observation was made by, Cohen in 1946 (2I, 22). He found that desoxyribo-.
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nu’éleic ‘acid from the T, bacteriophage of E; - ¢oli was precipitated by
streptomycin. These \“streptomycin nucleates" a',ndfcomplex-es-of"virus:and
antibiotic were dissociated by I.OM sodium chlorid’e' as weré thymus
nucleohistones and mi‘cleoprota'm_ines which also contain many guanido
groups. After treatment of the virus with de soxyril.)onuclea‘se, streptomycin
is no longer ‘capable of causing the formation of a pre'qipitate'. On the basis
:of their 'work, Di Marco and Boretti suggested that the action of streptomycin

~ifrvivo- might involve.a competition between the antibiotic.and protamine for

‘nucleic.acid (23).

.The process of enzyme induction has also been implicated in
the search fdr,the,site,of action.of streptomycin. Fitzgerald, Bernheim
and Fitzgerald found that, under certain conditions, the antibiotic inhibited

the oxidation of benzoic acid by a strain of Mycobacteria (24). In this

organism, the enzyme responsible for benzoic acid oxidation is an adaptive
enzyme, Streptomycin had no effect on oxidation of the acid by cells which
had been grown on media 'containing benzoate as a nutrient. However, the
drug inhibited oxidation by cells which had not been grown on benzoate and
‘which .Showed,the ...clharacteristic lag period due to adaptation when incubated
with the substrate. They concluded that the .adaptive process rather than the
catalytic action of the enzyme itself had been affected. These workers
eXtendedfthei_r observations to include hydroxybenzbic acid which is also
metabolized via an induced enzyme system. Strieptomyciﬁ also prevented

adaptation to this substrate.
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Further support for the consideration of this interference
with, en‘zynﬁe induction as an important aspect of the ,Iﬁcde of action of
streptomycin was supplied by the work :of Polglase on adaptive enzyme

| formation in .non'-prolifefating’ E; “colt (25, 26,27,28). It Was‘,found that
dihydrostreptomycin (which has the same antibiotic activity as strepto-
mycin) inhibited enzyme induction by arabinose, lactose, and glucuronic
acid (25). These results, based on oxygen uptake :studies, were confirmed
by the invéstigation of the formation of /3. - galactosidase, an enzyme. fof
which there is a specific method of assay (26). Dihydrostreptomycin-
(DHSM) was found to inhibit induction of ﬂ - galactosidase in susce»ptible
cells grown on glucose but it had no effect on the enzyme activity in such
cells’ grown on lactose. In the resistant variant, the induction of e;nzym-e-v
was not inhibited _By DHSM. The formation of /3 -galactosidase in dependent
organism S"wa‘S'ignhanced by prior incubation with DHSM (27). Thus, the
a.daptiye behavior of susceptible, resistant, and dependent strains of non-
proliferating E:{ - coli under the influence of the antibiotic is consistent with
the effect of the antibiotié on growth, . Also, the concentrations of DHSM
e,mployéd in the stp’.die s of adaptive enzyme formation in non-proliferating
cells were of the same order of magnitude as the concentrations affect-
ing growth of the respective variants. Unlike the reports on streptomycin-
inhibition of certain specific enzymes, the inhibition of adaptive enzyme
formation is a general phenomenon, not restricted to a particular enzyme.

These facts provide corroborative evidence that the inhibition. of enzyme

induction is fundamentally connected with the primary site of action.of the



antibiotic.

Thé present investigation is a é’ontinuation of work in which
the general objective is to delineate the site of antibiotic action of strepto-
mycin with specific emphasis on the effect of the drugblon énzyme formation.

. The first phase is devoted to a search for a possible metabolite capable of
antagonizing the action of streptemycin. The second ‘phé.se is-concerned
with the effect of streptomycin on the protein and ngcleic ‘acid content of

an E.-“celi variant which showed antibiotic ‘dependency for enzyme formation.



10.
MATERIALS AND METHODS

~Cultures )
Two variants of E,. coli'were used in these experiments:
(1) A dihydrostreptomycin (DHSM) ; sensitive variant..in which
growth is prevented by iapproxim‘atell}(; 50 units. per ml of
DHSM. | |

(2) A DHSM-resistant variant which is capable of growth in

'‘medium containing.1000 units per -ml of DHSM.

Meédia and Growth Conditions

The following basal medium was used for the growth of

all cultures:

Substance ~Weight (gms. )
KZHP04. 3HZO~ 7.0
KH,PO, 3.0
-sodium citrate 3H,0 0.5
MgS0,. 7TH,0 . ' 0.2
(NH 4)250, 1.0

"HZO : to make .1 liter

Glucose, from a .10% sterile solution, was . added to this
basal medium, after-autoclaving, to give a final concentration of.0,2%.

Yeast extract was added to the medium as a supplement (0. 2%) except
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-where.a chemically defined medium was desired, as for the growth
experiments, . Where necessary, DHSM was introduced, from a sterile
aqueous stock solution, as the sulfate -s_al_t. The antibiotic éctivity‘of
DHSM is:equal to that of streptomycin, the parent compound. (1 unit of
DHSM = 10~° g of the free base). The cultures were grown for 20-22
hours in Roux flasks at 3710, ‘aftel; ‘which, harvesting was accomplished
by centrifugation at. 2500 rpm followed by ‘one washing with 0,85% saline.

. Cells were stored under refrigeration for 24 hoﬁrs before use, . Such ':
cells may be described as "semi-starved". Growth experiments, /
deécribéd_ under Part I of the results, were carried out either in Roux
fla.-sks--or’color'ime,terk'tubes, using chemically defined medium. -'W,hen
Roux flasks were used, aliquots were taken for turbidity measufements
using the Beckman Model B Spectrophotometer. In the case of experiments
‘carried out in colorimeter tubes, the tubes were placed directly in the

Klett-Summerson-Colorimeter for turbidy determinations using the blue

filter.  All incubations were carried out at 370,’

Sonic=Disruption of “Bacterial-Cells

Fér many purposes in these investigations, cells:disrupted
by sonic oscillations were required, This trveatment was-carried out by
suspending the cells in 0.022 M potassium phosphate buffer (pH7 5) and
'placing'tile .suspension in‘a Raytheon 9 kc :sonic-oscillator. The disintegra-

tion of the cells. 'was -carried out for varying periods:of tim‘etdepend_ing on
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the particular experiment involved. . Such sonic-disrupted cell preparations

are, hereafter, called "sonicates'.

‘Examination of -Sonicates and Growth Supernatants by Chromatography

"The .growth supernatants were concentrated to a small
volumé__under vacuum at 406 so as . to minimize d’e.cornposition' of labile
.components. . The concentrates were then siaotted"_on .sheetS*ofA'Wh.ai:i:na'n
No. 1 filter paper.‘ The volume of selution used in mak"in‘g‘u‘p each spot
was such that all spots represented the same weight of bacteria (as
‘determined by the optical density of the cultqre). In the case-of the
‘sonicate s., equi\/;alenc“e was affected by dilution of the samples in
acc;arda.-rice‘ ..Wﬂitlfr,the 6ptica1' density of the original suspensio'n'of'or‘ganisrns.
Thus, valid ,C'oi;.rlp'arison.s.'w’eire'poss'ibl“e between a given sample and its
control, . The sélve,nt system employed was butanol;acetic ‘acid:water;
250:60:250,  The chromatograms .were run overnight at room temperature
during .which:time'the solvent fll'o'nt‘iadvanced'approxima,tely 14 inches,

The papers were dried at room temperature prior to development.
The.devel.opin‘g reagents 'employe.dv were: acidic potassium permanganate
(28); benzidine.(29); p-anisidine (30); aniline-phthalate .(31); ninhydrin (32).

The chromatograms. were also photographed under ultra-violet light.

Induction of [3:Galactosidase
(A) Six Hour:Induction:

When a compléte rate curve showing /J’—g'a_la;ctosida.se
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formation was 'de._sired the following pf‘ocedure. was adopted. A suspension
of organisms. in phosphate buffer (pH7.5) was adjusted in cell con-cerﬁ:ra-
tion to optical density 0.85 and ‘then divided into two equal portions., After
being brought to: eq_uilibrium‘in‘aa water bath at 370; DHSM was added to
one portion to bring the concentration to 100 units per ml. The volume

of the other suspension was increased by a corresponding amount. Any
other ‘additions- of test sﬁbstanc_e.s»wer'e ‘made at this point. After a period
‘of preincubation, usually one hour, lactose was added to both portions to
bring the final concentration to Z'ILbrhole-s per ml. During the sub sequent
incubation s‘am\'pl{a;g.‘were' taken at regular intervals ,for"aria,le,is"as‘:des—
cribed und_e,r,..;![Ep;'zyrﬁ-é- Assay"., For-certain experiments.where it was
desired to obtain :'c‘on‘clentr‘a»ted samples for other ‘analyses during the
enzyrﬁé induction, a heavier initial suspension was employed.and the

concentration of inducer was increased correspondingly.

(B) Three Hour Induction:
In '~experimént s where one point on the enzyme induction
curve was.sufficient to show the effect of an experimental parameter,
a less-elaborate and time-consuming procedure was used. Inthese
experiments, incubations were carried out in small flasks:containing a
bufféred .solution of the bacterial fraction under te st‘; A uniform suspension
of the organisms to be indl;ced, was made up in buffer and aliquets intro-

duced into each flask so as to eliminate any variation in the results:due



14,

to uneven distribution of cells. .Each flask contained the following:

Cell suspension in phosphate buffer (pH7.5) _ 0.5'mls
Lactose (aqueous solution - 100 (4 moles per mly 0,5 mls
.Phosphate buffer '+ bacterial fraction, etc. 779 mls

10 mls
.Preincubation with DHSM was carried out for 0,5 hours
and the incubation itself was;cérried‘_out.for three hours at 370. At thé
.end of this period the contents of each flask §vere immediately treated
as described under "Enzyme Assay'. This procedure is tantamount to

sampling at the three hour point of the six hour induction (see figure II).

. Enzyme.Assay

(A) Preparation of Sample:
VThe sample taken for analysis (generally, 10 mls) was
placed in the sonic ospﬂlator immediately after refnoval from the
incubation medium. .Sonic oscillations were applied for a period of

three minutes. The sonicates were maintained at 0° yntil assayed.

(B) Aséay‘:
The method used to carry."out the assay of/:‘—gala-ctoslidase
has been described by Polglase (26) and is based on that oti Lede;berg (33).
.An a._iiquot of the sonicate buffered.with pH7.5 phosphate buffer was
pla.‘céd in a cuvette (3 fnls) and 0.2 mls of 0,005M ¢’-nitrophenyl-/3-D-
galactoside (ONPG) was added. The rate of hydrolysis at room temperature

was measured with the spectrophotometer set at a wavelength of 420 m U,



The slope of the first order rate curve was taken as a measure of the

/3, -galactosidase concentration,

.Protein Determination

- Bacterial protein was:determined by the procedure of

Lowry et al. (34) which involves the use of the Folin phenol reagent.

15,

The precipitation of protein from the bacterial suspensions was carried

out with trichloracetic acid, the final concentration of the acid in this
case being 5%.  After two washings with 5% trichloracetic acid, the
precipitate was dissolved in 1,0N sodium hydroxide and made up to
volume with 1,0N alkali, . A 0.5 ml aliquot of this solution was taken
for analysis and the reagent volumes modified accordingly. In adding
the Folin reagent it wés found necessary to standardize the addition
procedure carefully in order to obtain reproducible values. This
reagent decomposes rapidly in the basic solution., It was:also found
that the color -of the final solution continued to increase slowly even
after standing for thirty minutes, Thus, samples must be measured
for-color in'tens:ity after precies time intervals.  Commercial egg
.albumin was used as the working standard in these determiinations.
The color intensity was measured at 750 m/J. yvith the Beckman Model

B Spectrophotometer.
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Isolation of Nucleic-Acids

The procedure adopted for the isolation of nucleicacidé

was.based on that of S'chne_i-d,er '(35) which has been used by other
-investigators for bacterial tissue (36). A suitable aliquot of the
bacterial suspension was treated‘at.0° with perchloric acid to precipitate
the protein and nucleic acids. In each case the final concentration of
perchloric acid 'was 6%, The precipitate was Washed'tw_ice with 2 mls
of 6% perchloric a'_éid. ;I‘hisjinit'ia;l treatment servéd to remove the
"acid-soluble fraction', . The'preqip'ita.t‘e was then extracted with
successive portions.of 5 mls each of: (1) 80% ethanol (2).100%. ethanol
and (3) ethénoliethe-r (11) The residue from the lipid extraction

‘was then heated at 90° for ‘one hour in the pre'sencie,,of:; 20 volumes of
6% pei-chldric_‘acid. Tr.ﬂw.o- washings with 6% perchloric acid were
_combined with the hot extract. -After ‘being made up to volume, the -

‘hot perchloric ‘acid. extract was used for analysis as described below,

‘Determination”of Nucleic-Acids

(A) Ribose Nucleic Acid (RNA): .
RNA was.determined on an aliquot of the hot perchloric
‘acid ‘extract by utilizing.'the color reaction of orcinol with pentoses as
proposed by Bial (37), In this ‘c‘ase, ‘the modification developed by

Mejbaum (38) was followed, . The reaction mixture was heated for

forty-five minutes instead of twenty minutes as -originally specified (39).
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.Standard solutions of commercial. RNA and DNA were'ra_iso run, The
.slight color due to DNA was subtracted from the total green color

measured at 670.m/w with the Beckman Model B Spectrophotometer,

. (B) bes’oxyribose;Nu’cleic Acid'(DNA)‘:

| A. second aliquot of’the hot perchloric acid extract was
' andlys'ed for desoxyribose by the diphenyla?ni__ne method of Seibert (40).
The color intensity was measured at 595‘m/1g with the ,B‘eckman Model B
Spectrophotometei‘. In moét .c‘vé.,-ses ;thé-amount of IIDNA‘ extractable ‘by |
hot perchloric acid lwa_,s’..to.o sfnall to 'gix}e réliablle r‘eéults so that in
these instances it was not possi-ble;té dra\;v' any rigoroﬁs,cohclusion‘s;

.Similar difficulty in studying DNA from.E; “coli by routine procedures

‘has been experienced by Bolton (41).
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RESULTS AND DISCUSSION

I, " The Search-for a-Metabolite ‘in” Estherichia Cold

The fact t.hat DHSM interferes with bacterial growth.as -
well as its action in blocking certain specific processeé sugg’ests'the
possibility that a metabolite may be caused to accurﬁulate at the point
of DHSM-blockage. Since no evidencezwas"available to suggest the
chemical nature of such'a hypothetical metabolite, a gi‘oup-of non-specific
chemical techniques was employed to det—qrmine whether any difference
between normal susceptible E; -coli, and .s_usceptibl_é ‘E.-coli-treated
with DHSM could be demonstrated, If such a dif'f‘évnren‘ce were found it
would constitute evidence for the presence of an accumulated metabolite,
The method of demonstration would also provide an indication of its
:-cilemical nature and suggest methods -of isolatiori. DHSM-treated cells
were obtained under two conditions, In one .case the .cells were grown in
the presence of DHSM and in the other, cells:which had entered the

stationary phase of growth were incubated in the presence of the antibiotic,

“The-Preéparation of DHSM-treated:Susceptible E. coli

(A)  Susceptible E; ‘coli-Grown 'in\the Presence .of DHSM:
It was reasoned that, under -conditions in which the concen-
tr‘éfion of DHSM was such that growth of the culture was impaired but not

completely stopped, accumulation of a metabolite would be most likely,
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Therefore, it was necessary to investigate the effect. of DHSM_'_-on' susceptible
organiéms in various phases of growth to determine éuitable conditions,
under which a limited degree of cellular reproduction would still be
possible, .Preliminary experiments were .carried out to determine the
effect of DHSM, in varying concentrations and at different times of addition,
on the growth of susceptible E; “coli.

A Roux fla sk containing 100 mls:of synthetic medium was
~ inoculated with one ml of a twenty-four hour ‘tub'e—éultur'e. The suspension
was then incubated at 37° for twenty-three hours,  After tex; hours .of
normal growth DHSM was added so asto obtain a .concentration of 50 units
per ml. At intervals, samples of the growing culture were removed,
using aseptic ;techﬁiq_ues, for measurement of the ,turbidity. A ‘cohtr,ol
flask inoculated from the .same tube was included, to which no DHSM was
‘added. It turned out that under these conditions, DHSM has no effect
either on the growth of the org'a(n‘ism‘s;or their morphological character-
istics as determined by mic‘rdscopic examination of cells fixed bir Gram's
stain, . The optical density re_adih'gs;were' plotted and the growth curve
obtained was the sa_rﬁe’ as that of normal organisms which is shown in
figure I.

Next, the effect of a wider range in the concentration of
DHSM on growth was investigated. For this purpose, 100 mls-of

synthetic medium were inoculated as before. Nine ml portions of this
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suspension were transferred to colorimeter tubes, The concentrationsof
DHSM intr‘dddced‘fa;ng,ed from 30 to 1000 unité per ml The time of
addition -éf the drug varied between 0 and 9 hours after the start of the
incubation period. Coﬂtrol tubes: containing no DHSM were also incubated.,
Turbidity measurements were made over a period of twenty~four hours
and.’.the;résults ‘were plotted to obtain growth curve’s,fo:'r_each set of
conditions. . As the results were found to be subject to'a certain amount
-of varia-_tion‘ for a given set of conditions, they have been reported in

tabular form using an’ arbitfa.ry‘scale of four (see ,Table,I).

TABLE 1

- Effect-of DHSM- on the: Growth' of DHSM=Susceptible E." coli

Time of addition (hours)
0 +5 ‘1 2 5 9
1000 #### FHE HEE
DHSM conc. 500  #### ###4 #4#4  #H ##4  #
(unitsper ml) 100  #### #H## B #HH #H
S50 M #H MR

300 #4#
Key: # = slight inhibition; ## = moderate inhibition;
### = hig’hvinhibition_; #### = total inhibitiqn.

As shown in Table I, .a growth response of approximately one half the
control response is. obtained wh‘en 50 or 100 units per ml of DHSM are

added after five hours of incubation. To confirm this finding, a more
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precise determination was carried out, using 100 mls of growth suspension
instead of 9 mlé’. The results of this experiment are shown in figure I
where it‘ will be seen that the .above '.,cond.itio'ns ‘permit ‘growth to the

.extent desired for metabolite .ac c.umulaj:ion. .On'microscopic examination
‘of cells fixed with Gram!'s stain, it was found 'that DHSM caused the cells
‘to take the form of elongated rods, many of which were joined end to end

to prodice thread-like colonies. . E: “coli normally exists as.a short rod.

(B) Susceptible E. coli from the Stationary 'Pha,ée of Growth Incubated
with DHSM: .
In testing the metabolite hypoth:e sis, it is necessary to take
inte account the possibility that the metabolite may be in the form of a
factor, essential fo‘r'.the operation of -some metabolic process, which is
.displa‘ced from a complex by DHSM. If this were the case, the most.
deéirable_.experim'e,ntal -situation to .demonstra,te it would be one in which
complete di-splacemept of the factor could be achieved, Thus, for testing
: the‘_m-etabolite_hypothe sis from this point of view, a culturevof susceptible
organisms was allowed 'tb grow for ‘eighteén hdurs, b_y which time it
would be in the stationary phase of growth. At this point, a large
quantity (500 units per ml) of DHSM was introduced and the _,incubation
was extended for'a further 6 5'hours before ,the -cells were‘harve sted.,

A control culture was also incubated under the same conditions except for

the addition of DHSM, JIIn“ this .case, no morphological difference was

’
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Fig. I The effect of dihydrostreptomycin (DHSM) on the growth of
streptomycin-susceptible E: “coli, '
Curve A, no DHSM added to growth medium,
; B. growth in the presence of ;50 units per ml,
C. growth in the presence of 100 units per ml,



observed between DHSM-treated and control organisms.

Both conditions {(A) and (B) utilized separately, supply
systems sultable If‘or examining either aspect of the hypothesis, but in
conjunction they offer a wider scope for inve stig’at’ion;

The .cultures resulting from the respective treatments
described under-conditions (A) and (B) were prepared for ‘subsequent
investigation in the follrox;/ing manner, First, after -Iiarvestin'g ‘the
organisms, the growth media were filtered through an ultrafine
sintered glass funnel to remove any remaining .c‘élls. The resulting
Mgrowth supernaténtS"' were stored under refrigeration until used,
The harvested cells were suspended in distilled water and subjected

'to sonic distintegration for a period of ten minutes. . The cell debris
‘was removed from the resulting -sonicates by centrifu‘g'a,tibn under:a

force of 12,000 g, The sonicates were then frozen until used.

-Examination of ‘DPHSM:treated E.- coli' for Evidence of a'Metabolite

(A) By Paper Chromatography:
The son’icéte’s and growth supernatants, obtained as
‘described above, ;}vere subjected to partial fractionation by paper
chromatography. The wide range of reagents used in the development
of the chromatograms obtained, produced identical patterns among
both sonicates and growth s,uper,riatantls“. In each case the test material

derived from DHSM-treated cells gave rise to the same distribution of
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spots, with regard to both Rf value and ‘intensity, as itécorreépoh‘ding
control, The only exception to this-finding occurred in'a chromatogram
of the gro“rtih supernatant from c':ells;tr"ea,ted'.withv DHSM during growth
{condition A) which had been developed with the-aniline phthalate 1;'eagent.
In this.case, a brown spot appeared in the pattern given by DHSM-treated
cells ‘with no corresponding spot in the pattern-derived from the normal
cells used in the control. However, this .spot was traced to the presence
.of unmetabolized glucose still present in the growth medium owing to

the retarded growth of the organisms,

.. (B) By Ultraviolgt, Spectrophotometry:

Absorbance measurem.enfs on-all vs,onicates in the range
from 230 m/u.«to 340 m/b yie,lded similar curves with'a maxirngm at 257"m/.
‘Curves_ obtained w,ith gi'owth supernatants failed to .show:a' peak in this
wavelength band.

Thus, up to the point to which these experiments were
carried, they fé.iled‘_to ‘yield any ev'j.d'en‘ée—fc)‘r ‘a metabolite or 'factor®
accumulating under the influence of DHSM, either in growing or resting
suspensions-of susceptible E: “coli. This 'approach was discontinued in
favor ‘of a recently observed phenomenon ‘which gave promise of demonstrat-
ing a "'metabolite' effect,’ This test-system involved a DHSM-resistant

variant not yet described,
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~The Use of ‘DHSM=resistant-Organisms: to ‘Detect a Metabolite

Description-of the Tl “Variant

VAs well as.;théDHSM--su’s%:eptible,var’:iant of 'E; -“coli, there

are also resistant and dependent strains which are genetically distinct
‘and interconvertible under the proper conditions., ' The résistant strain
-under ‘consideration was derivéd originally from a .suscei)tibl-e variant
and is capable of growth in media containing 5000 units per ml of DHSM.
-For :experimental purposes, medium suppiemented‘.with yeast extract

and containing no. DHSM, is inoculated from a stock culture of resistant
‘organisms which have been grovvn~ for twenty hours in the presence of

500 units per ml 6f DHSM., The culture resulting from this first transfer
in the .absence of the antibiotic is used to inocu‘la_.t-e,Roux flasks cqntaining
supplemented medium, After twenty to twenty~two hours of g'rpw@i_h, the
the cells 'are»-har\}ested and are designated as "T-1" organisms, They
are, 1n effect, .DHSM—resvista‘nt cells which have been grown. in the
absence of the drug. The'properties.;of’this;véria‘nt are .complicated by
the fact that it possesses'a certain -d‘égree ofﬁDHSM;deper}‘dence. _This
is_shown by the finding that growth, as measured by turbiciity, takes.
place at a greater rate .in the presence.of DHSM than in its.absence.
(However,. it is not the same .as tile dependent variant, which will not
grow at all unless DHSM is present). Also,,th_e‘ process of enzyme
induction in these organisms is greatly .influenced by _DHSM.. It is this

latter property which gives rise to the possibility of using this variant
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.as a tool in the search for 'a metabolite,

_To determine the effect of DHSM on the induction of
[-galactosidase in the T-1 variant, a raté curVe‘of enzyme formation
was. plotted from data obtained 'during a six hour induction period as
:desc:ibed in the section on methods. As shown.in ._figulv'e,II, when DHSM
is present in the induction medium, enzyme synthve s,'i's‘fpr.ocee'ds rapidly
after a short. lag period and the enzyme cor,icentr,étion’reachesaz_max'irnu_mv
after ‘approximately three hours, The level then vremalinsjconstant for
*at.ieast three more hours, probably due to the exhagstion'of’nitr.ogén-
containing precur’sors-of en’zy‘fne protein, HoWeQ‘er, in the absence of
the antibictic, the rate of enzyme synthesis ,is,vel;y slow and only 'a.ft:'er
several houré does the enzyme -coricentration begin to approéch that
found in .the presenice of DHSM, This result confirms the observation
of Peretz and Polglase (28). |

In a second, similar experiment, sodium glutamate
(0.2 mg per ml) was: included in the incubation medium'as a source
of nitrogen., Inthis:.case, the extent of/-g.a__lactos;ida.se formation was
‘much greater, both with and without DHSM, ow_ing"'to the presence of
the exogenous nitrogen source (see figure III). In the preserice of DHSM,
the enzyme content of the cells did not level off, but continued to rise,
far outdistancing enzyme production in the ,.a,béence of the antibiotic.

. The continued rise in theﬁ—g’alactosidase concentration in the presernce
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Fig, II. Partial Dependence. The effect of dihydrostreptomycin (DHSM}- on
the induction of f/-galactosidase in streptomycin-resistant E; -coli grown in
the absence of streptomycin., Lactose was added at zero time,

Lower curve: no DHSM
Upper curve: 100 units per ml added one hour before inducer,
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Fig. III. Partial Dependence, The effect of dihydrostreptomycin (DHSM) on

the induction of B-galactosidase in

streptomycin-resistant ‘E: “coli grown in

the absence of streptomycin. Lactose was added at zero time.

Lower curve: no DHSM

Upper curve: 100 units per ml added one hour before inducer.
Enzyme units: slope of ONPG hydrolysis curve (O, D, ) % 104
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of glutamate may be attributed to the continued presernce of nitrogenous
precursors., It must be noted that under these conditions » general
metabolism and growth would also be stimulated.

The role of DHSM in this system is.to permit a m'or'ez
rapid. synthesis of enzyme s_ince protein is still synthesized in its
absence, although at a slower rate. That is, the effect is on the rate
‘of formation of enzyme rather than on the ultimate quantity formed.
Information bearing on the mechanism by which DHSM performs its
.role in increasing the rate of enzyme ind’uctiorﬁ was,bbtained_through
the observation, by Peretz and Polglase, that a sonicate .of the susceptible
variant, will, if present in the induction medium, exert an effect similar
to that of the antibiotic itself (42). It was postulated that seme specific
factor was present in the sonicate which fulfilled the role of DHSM in
speeding the rate of protein synthesis, A,hy'potheticaie‘xplanation of this
finding, taking into account the peculiarities.of the T-1 organism, may be
.set forth as follows, It presume.s.thg-,existence of a factor (F) in sus-
ceptible organism s.'wh'ich plays.an vvessentvial role in‘'adaptive enzyme
formation, perhaps in.the form of a charged'corhplex in some nucleic
‘acid-protein interaction, By virtue of its distinctive properties, in
particular its highly polar guanido groupings, the DHSM molecule
would replace F in the aforementioried complex. However, the presence
of DHSM instead of F in‘the é‘oi'nplex ‘would prevent its normal functioning

in enzyme synthesis. To extend this-concept to deal with the T-1 organism,
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it is postulated that the cellular chemistry has been modified so as to
permit DHSM to carry out the role of F. .However, it is:assumed that

F is still active, but owing to the reduced requirement for F, its synthes-
izing mechanism is less active. (This view is:compatible with the
reduced rate of grovmh of resistant organisms observed in DHSM-free
media)._ Thus,}v the internal pool of F would be smaller, This line of
‘reasoning may also be egtended:to cover the dependent variant by
postulating that in this case. DHSM only, will fulfil the function originally
‘carried out by F, F being absent from the cell or, at least, non-functional,
Returning to the cen s_ide»ratiqn of adaptive enzyme formation in resistant
E: -coli, .the role of DHSM may now be explrained.bin term s. of this hypothesis.
In the presence of the drug, the addition of inducer would initiate the
enzyme-forming mechanism and bring both F and DHSM into play.
However, in the.absence of the"antibioti-é, the low intracellula,r level

of F would permit only a low rate of enzyme synthesis. The ég}nthe s;s:

‘of further -Fiwould gradually permit more_:p‘rotein ‘to bé formed., The role
of susceptible sonicates 1n restoring the enzyme.synthesizing capacity

of T-1 cells through a.. ﬁHSM-—like effect could _b“e explained by the fact
that susceptible:organisrn.s‘contain normal amounts of F which would

be utilized in protein -synthesis.: Finally, the 'i‘-,l‘ system appeared to
provide a test system which could be used to sj:udy this metabolite or
fa'ctor,: apparently present in susceptiblezorg'anisms. _Unlike the experi-

ments described earlier, it provided the first evidence in favor of the
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metabolite concept.
Further work was then carried out, based on this observa-

tion, to confirm the presence of a metabolite and to isolate it_; Owing
‘to. the'_,fa_.'ct, that the ‘preparation of rate .curves based on the six hour
-induction pe,riod‘isk,ti_th'el consuming and unnecessary for the purpose of
showing a meta‘,boi"ite effect, the»»sﬂhbrvter'three,hour 'pro"cedu'r'e was adopted.
To accurately test each bacferial fraction for ‘activity in the T-1 system,
fhe»foilowing,set of incubations.was:carried out using aliquots from the
same suspension . of T-1 organisms.

(1) T-1cellsin buffér

2) T-1 ®» n v + lactose

(3) T-1 » = » 4+ b + DHSM
The contents of the flasks were-analysed ,forﬂ-gal_actosidase as.described
under ""Methods", The endogenous enzyme production was given by (1).
This value :(which was.‘éu'i‘te ‘small) was subtracted from (2) and. (3). Thus,
by comparing the corrected values from (2) and :(3), .a measure of the
enhancing effect of DHSM on enzyme production was obtained for the par-
ticular rculture of T-1 organisms used for the test. . With the :cha.ra'cter-
istics:of the test organisms thus defined, it was po s:s,ibl‘e to evaluate the
results obtained in a similar set of '-determinatiéns ‘carried out with the
test material present, viz,.:

| (4) T-1lcells + buffer + te.strrhaterial '

(5) T-1 " 3 nooo,oom g ‘4 lactose
(6) T-1 " &+ M . MmN L DHSM
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By comparing (5) and (6) with (2) and (3) after subtracting the corre sponding
endogenous values, it is possible to draw valid conclusions as to the

DHSM-effect of the test material.

"The:Testing of Susceptible:Sonicates for Metabolite Activity

»Asv stated above, some factor 'prejsent in the sonicate of
susceptible ‘E".""‘-'.‘c;'o‘li'-exerted a.DHSM-effect on the T-1 system in that it
increased.the enzyfne- concentration at three hours to a level approaching
that found with DHSM présent (4-2). The first step in ’-atterhpti’ng to isolate
this activity was to fractionate the sonicate and test the activity of the
fractions in the T-1 system. This was accomplished as follows, . A
twenty-two hour culture of susceptible organisms was harve slted and the
cells suspended in phosphate buffer (pH7.5). - Sonic oscillations were
applieci to thei.susper'ision for 'a period of ten minutes. The i‘esulting
sonicate was then'centrifuged at 12,000 g for twenty minutes to remove
cell debris-and any remaining wholé,cells, which give rise to false high
activities, The clear sonicate was separated into two fra;ctibns_by
'ultra;centr'ifug;ati‘on under a force of 150,000 g for two hours, During
~a run the centrifuge rotor was refrigerated to avoid decomposition of
labile .constituents of the sonicate, The resulting supernatant and
residue were then tested for activity by adding suitable aliquots to the

medium in which the three hour inductions were .carried out.
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TABLE 1II

The:Effect-of Susceptible-Sonicate -Fractions on the T-1" System

Test Fraction (derived from - Relative Enzyme Production (enzyme
ultracentrifugation of activity in the presence of DHSM
susceptible sonicates) with no'added test fraction = 1,0)
in the presence in the presence
of lactose of lactose + DHSM
1. buffer control 0.0 1.0
supernatant fraction. 1.5 4,0
~residual fraction 4,0 5.0
2. Dbuffer control 0.0 1.0
supernatant fraction 0.2 1.5
‘residual fraction 0,2 1.3
3. buffer control 0.2 ° 1.0
supernatant fraction 5.3 8.7
‘residual fraction 0.6 2.5

As shown in Experiment 1, Table II, most of th.e aptivify ‘appeared in
the residual fraction, However, subsequent attempts to duplicate these
results failed, .One determination gave results \%/Hich reversed these -~
the major portion of the high activity lay in the supernatant fraction
(Experiment 3). Experiment 2 gave results which showed equal,
,‘smaller activities in both fractions. It is to be noted from E}.cperiment
3 that the activity of the siiperriatant'frag:tion_is~, far greater than that of
DHSM and that the two in combination ‘giv.evrise to a further marked
‘enhancement in activity.. These findings:coupled with the fact that

the results of the experiments were erratic suggested that. non-specific
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effects, apart from any attributable to the metabolite, were tending to
‘mask any specific metabolite action. Also, the is su'é -was confused by
the fact that some .activity was dialysable, .This.'would"ar:gule' against a
large molecule such as :would be found in the residue from ultracentri-
fugation., Héwéver, these findingé» could be interpreted as showing that
a speéific factor Wa..s'pi'oduced in va-l;,iaible quantities, ‘being 'ass_oc'iated
with a mac,rém'qlecular fraction as well as being pre sent in a dissociated
form, In'an effort to better define the system by instituting more

rigorous controls, use was made of a hitherto undescribed variant of

‘Description-of the T‘:'Z'S'I-Va'zj‘iant

It has .beeﬁ shown (figure II) thét there is'a marked lag
in/)’-galactosidas:e formation by T-1 organisms unless DHSM is present,
However, if further transfers of the cultures are carried out in DHSM-
free _med-ium, this lag gradually decreases until, after 25 --~ etc, transfers,
the rate curve for enzyme induction corresponds to that obtained with T-1
organisms in the presence of DHSM: (42) (see figure II). This -organism
‘will be- designated as the A:"T'-v25"‘ variant, The behavior :of this variant
when induced with ,la_cctose::,dﬁ'r'ing a three hour period is shown by the
‘results for the buffer .control‘-ih ﬁféble V. The properties of this variant
may also be explaiﬁed' in a fa shion.tc‘pn'sistent with the hypothesis ,oﬁtlined

during the.discussions of the T-=1 variant. Unlike the T-1 organism in -



which it is 'postulated_thgt the F-generating 'm‘echaﬁism is restricted
because of the effect of DHSM, the T-25'cell would have reinstated its
full F-synthesizing capacity and would no longer show aﬁy degree of
DHSM-dependence, The T-25 variant is still fully resistant and will
grow in the presence of the drug. Thus, it would be expected that
sonicates:of this organism would alse exert a DHSM-like action on the
T-1 sy-stém similar to that of susceptible sonicates. Further, any;
effects due to the fact that susceptible sonicates are derived from a
genetically different organism should be eliminated. Therefore, the .

effect of T-25 sonicates on the T-1 system was investigated,

"The-Testing of 'F~25 and’ T+1° Sonicates for Metabolite Activity

The effect of the T-25 sonicate on the_T-lAsystem and
the effects of the two fractions obtained from the T-25 sonicate by

centrifugation at 150,000 g 'are shown in Table III,. These results show
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the same erratic -b‘e,hav'ibr exhibited by susceptible sonicates, The non-

specific nature of the effects:of sonicates in general was then confirmed

by examining T-1 senicates themselves, in the same manner., The final

.desién of the experiment was such that a comparison of the effects of
both T-1 and T-27 bonicates on the T-1 system was possible. These

results.are shown in Table 1V. All sonicates have a similar effect on

the induction of 3-galacto sidase. No evidence of a specific factor present

in any sonicate has been obtained from the T-1 test system.
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TABLE III

The Effect-of the T'<25 Sonicate and’ Sonicate’ Fractions on’ The' T-1' System

Test Fraction {derived from
ultracentrifugation of T-25
sonicates)

Relative Enzyme. Production (enzyme
activity in the presence of DHSM with
no added test fraction. = 1.0)

in'the presence in the presence
of lactose of lactose + DHSM
1l.. buffer control 0.2 1.0
T-25 whole sonicate 6.3 5.3
2. Dbuffer control 0.1 1.0
supernatant fraction 1.1 2.4
residual fraction 0.1 1.1
3. Dbuffer.control 0.0 1,0
supernatant fraction 1.4 3.0
residual fraction 3.3 4,6
TABLE IV

Test Material (whole sonicates:
‘and fractions '-d'eri-ved_bfzjom
ultracentrifugation of the
sonicates) -

1. buffer control
T -1 whole sonicate
T-27 whole sonicate

‘2. buffer control
T-1 supernatant fraction
-T-.1 residual fraction

Relative Enzyme .Production (enzyme

‘activity in the presence of DHSM with

no added test material = I)

in the presence in the presence
of lactose of lactose + DHSM
0.08 1.0
0.34 2.3
0.29 2,2
0.09 1.0
0.85 2.1
0.65 1.8
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During the development of the metabolite-antimetabolite

:concept of the mode of action of sulfanilamide, it was shown that |
.

resistant bacteria had developed the capacity to produce large"exces.é.
quantities of p—aminob‘e‘nzqic ‘acid which overcame the blocking action
of the. drug, .'How‘e_ver, if the .drug theniceased to be preéent,’the_large
excess of p-aminobenzoic ‘acid '_proved to be inhibitory in itself, Thus,
the situation exists where a normal, es sential, metabolite is inhibitory
in excess.amounts,

By analogy, the.action .of'_DHSM in the T-1 system could
be explained on the basis that the slow rate of enzyme formation by T-1
organisms in the absence of the antibiotic, is due to--the.inhibito‘ry
‘effect of some ,.:es}sent'ia;l' metabolite present in excess amounts becéqse
of a 'compensatoi'y mech'a;nism active in resistant organisms. DHSM
would_zservve to."'neutralize" this:excess, thus permitting rapid enzyme
formation. Furthermore, according to this line of reasoening, T-25
"ceﬂs-iwouid be characterized by a return-of this essential metabolite
to normal 1e_v¢,_1é. If this hypothesis were true, the effect of T-1 and
T-25 sonicates on the T-1 system should be inhibitory. No inhibitory
_effects were observed, . A further test of this hypothesis would be

obtained from the effect of T-1 and T-25 sonicates on the induction of

/."—ga'lactosidase in T-25 organisms, If an inhibitory excess of a normal
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metabolite were involved, T-1 sonicates should inhibit induction and T-25
sonicates .should have a slight enhanc;in'g' effect’ due to non-specific factors.
The results in Table.V show that both .T‘-l and T-25 sonicates increase
enzyme production-slightly, DHSM produces a slight reduction in enzyme
formation in the presence of the T-1 sonicate whereas theory would predict
the opposite-effect. Thus, no eviderice has been obtained to support this

theory.

" TABLE V

Jn T=25 Organisms

v Relative Enzyme Production (enzyme
Test Sonicate ‘activity in the presence of DHSM
’ with no added test sonicate = 1)

in the presence  in the presence

of lactose of lactose .+ DHSM
buffer ‘control 1.1 1.0
T -1 whole sonicate 1.5 1.3
T-25 whole sonicate 1.6 1.3
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Nucleic Acid ‘Content of Resistant E‘S‘chér’iﬁhﬁaiﬁﬁ oli

‘during Enzyme Induction

ﬂ—»g’ala-ctos_ida.:se\(production,involvés,the ,format'ion of a
épecific protein which is not .deménvstrable in the .cell prior to induction,
Experiments were qndertaken to determine wh_e,ther-'any 'cha;n'geus in the
gross proteih and nucleic ‘acidffzontentl‘ of the T-1 organisms, being induced
with and without DHSM, could '_Be observed _by‘ standard 'techniqﬁes.‘

First, T-1 organisms were induced with lactose as :tiescrib‘ed A
in "Methods", The suspension -waé:divid'ed'into two portions, one of 'which
was. 'px;e_incubated. with DHSM, : Samples were taken for ‘analysis at the
start of the incubation, and after three hours, at which time the difference
in enzyme .content of the two suspensions was at a maximum, .Protein and
nucleic ‘a'c,id".determinaﬁion‘S‘. were carried out on these samples as:described.
‘under "Methods". The results are shown in Table VI. DHSM apparently
has no effect on the:cellular concentration of 'é,:ither ‘protein or nucleic acid

during enzyme induction under these conditions.
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"TABLE VI

Protein and-Nucleic Acid:Content of Resistant (Tl E:- c¢oli* During

JInduction-of/7=Galactosidase with Liactose

{average values -of duplicate.determinations expressed as mg per
ml of suspension medium)

Time Total Protein RNA DNA
(hours) - ‘
no  DHSM . no DHSM no  DHSM
DHSM present DHSM present: DHSM present
0. 1,69 1,69 0.409- 0.409  0.071 0,065
3.5 1.71 1,71 0.357 0,357 0.067 '0.073

The .T-1" organisms. used in this induction are derived
from a statioﬁary phase.' -cultu‘r‘e.' which has been washed .and stored at
r‘efrigerator-temp,,e‘raf;ure overnight. This treatment vastlydecreases
the viability of the .célls. Endogenous metabolic reserves. are at a
reduced level and the :célls ‘are termed “semi-starved"., With no
nitrogen source present in the induction medium, growth of_ the
organisms: i.sv,impossibl.e. " Thus. the process of enzyme induction is.
not complicated by other metabolic processes.concerned -with growth.
‘and multiplication. This property renders :thelT’-l system an"éxcellent
one for studying the induction process, jHowever-‘, it was-considered
useful to carry out the same experiment with the iné‘lu{é?ion' of a nitrogeh
source in the medium, thus permitting more extensive metabolism,

An analysis-of the soluble pro.te'in‘.conte_nt of the cells 'wa;src_arried}out.
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as well as the d'eterinination of the j:otal' protein-as before. For this
'/pu‘.rpose, the cells- were .subjected to sonic :0'sqillation3i and centrifuged
‘at 12,000 g for twenty minutes, - The ’px;oteinsx were precipitated from
the clear ‘supernatant with _trichloraC'etic ‘acid in the usual manner., The

results .of these analyses are included in Table VII.

., TABLE VII

Proteinand-Nucleic’ Acid-Content of Resistant {T=1)-E; “coli-During-Thduction

of /3 Galactosidase with Liactose in the-Presence ‘of Glutamic “Acid

_(av'era’.-ge_values -of duplicate determinations expressed as mg ‘per ml of
suspension medium}

Time Total Protein ‘Soluble Protein RNA DNA

(hour s) » ' :
N no DHSM . no DHSM no DHSM no DHSM

DHSM present DHSM present DHSM present DHSM present
0 4,69 4.69- 1.07 1.09 0,468 '0.474 0.054 0.054

4 5.08 5.07 1.10 1.10 0.409 '0.424 0.051 0,056

'_S-imilarly_ , in the presence of glutamate DHSM did not affect the protein
or nucleic acid content of the .cells. In interpreting these results it is
necessary to consider the fact that the sy stem is no longer restricted

‘but is being supplied with a much.larger supply of nitrogenous precursors
which permit more extensive metabolism, It would appear that the
inductive process is not accompanied by any changes;iﬁ' the protein or

nucleic acid concentration under these :conditions.,
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,AS‘;.Cohen‘ had reported _<(21, 22), DHSM ‘will cause nucl*eié
‘acids and nucleoproteins to priec,,'ipitate. It has also béen found that,
when sonicates. of ‘cells :containing /#-galactosidase are ftkre‘ate'd with DHSM,
‘the resulting precipitate exhibits considerable enzyme activity (43).
.Experiments :weré undertaken to examiﬁe this precipitate, by the same
v:arialytical techniques employed with the whole .é-ells, ‘to determine whether
the pre s‘ence;qf' DHSM during enzyme Aind_'u;ct‘i'on caused any change in its.
properties., It was thought that this would provide a more sensitive
means-of comparing cells induced with :an‘d ‘without DHSM. Sonicates
‘were prepared from T-1 cells induced ‘with lactose.as:described elsewhere
and the.cell debris removed. DHSM was added to e;ach”son'icate to bring
the final concentration to 5000 units per ml. The resulting precipitates.
were-centrifuged down and washed with a dilute. DHSM solution. The
analyses were carried out by the usual techniques, The compositions.of
the two precipitates were found to be identical by the techniques employed
(Table VIII). There was no indicatianr of any difference in the properties
-of the nucleic acids or proteins from the two sources with regard to

their behaviour towards DHSM as a precipitating agent,



TABLE VIII

.Comparison of the Compositions-of the DHSM- précipitates from

.Resistant E. coli Induced with Lactose

(avera,ge valuesof duplicate determinations expressed as mg)

Component ' DHSM - Brecipitate
.No DHSM present DHSM present
during induction - = ‘'during induction
Protein 0,952 0.938

‘RNA 0.624 0.624

40,
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. CONCLUSIONS

The first phase of this study was to irivestigate the »
possibility that streptomycin antagonizes, displaces, or otherwise
- -synthesis ‘andb_g‘rowth. Conditions have been seu'ght, under which the
. presence of such a metabolite would be most likely to be detected --
namely, in a situétion where metabolic activity iS'proceeding in a
‘retarded fashion under the influence of the drug. In experiments
designed to test for the 'pr‘es:e'nce of a metabolite.both in groﬁhg and
in re sting;cells‘;qf susceptible E: “coli, | streptomycin has been found not
to affect the composition, as:ldetermi_n'e\_'d by chromatography or sée-ct—-
rophotometry, of sonicates or extracellular ‘material prepared from
su’s»ceptiﬁle organisms, Thus, it is: e‘oncluded that no substance,
detectable by.'the :chromatograph:flc techniques employed, accumulated
in-susceptible E; “coli in the presence of strepfomycin. : |
During this investigation, the phenomenon of partial
dependence on streptomycin.for adaptive enzyme formation has been
bhave been grown.for at least twenty hours without the antibiotic (T-1
cells). The d‘epe’nd'enc:e on streptomycin for enzyme formation,
manifested by these T-1 cells during the first three hours of exposure

to inducer, provides an .excellent tool for the detection of a natural
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_m‘eta.bo,lite.which might fulfil an essential role in ‘enZYme*synthe sis in.-cells
‘which are not streptomycin-dependent. . Orie would ‘_na,tur'alrly'expect to
find such a metabolite to be present in tho‘.se ,c‘el_ls which are not dependent
on the drug for enzynﬁe synthesis’ -~ for example', wild-type 'E; “coli cells
yvhich are.streptomycin- suS‘_ceptible. It would also b/e expected to be
found in resistant organisms.which, by virtue of r‘ep;eated, tr,a_n--s_f,e'rs to
medium not containing streptomycin, have lost their partial dependence
on the antibiotic for protein synthesis (s‘O‘-e‘allred T-25, 26 --- etc.,
.cells). Neither in susceptible E; “coli, nor in *normal' resistant E. toli
(T-25 etc. )y has any evidence been found for 'a metabolite .capable of
permitting ‘a normal rate of enzyme formation in T-1 cells. It can be
stated that no such metabolite is-present within the limitations of the
methods used in this investigation, 'The search for the metabolite was
:confined to extracts made from the cells since, concurrently, an investiga-
tion of extracellular-components was being carried out »(4»2}‘. which has.
yie_lded date ,ind'i-c‘ating the abseence of such a metabolite in culture
filtrates vfi"om several variants of ‘E.-coli,

‘Th,e possibility that partial dependence .on streptomycin
is due :tO‘ the production of an inhibitor of enzyme formation by T-1 cells,
which would exert its:effect on the induction process in the absence of
the antibiotic, has .also been im.re.s,,tigated. This inhibitor would

logically be assumed to be absent from resistant organisms (T -25 etc.)
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‘which no lenger exhibit retarded enzyme formation. No evidénce was
found for an inhibitor in T-1 cells, of ,adapti{fe enzyme formation by T-25
cells, It is:concluded that the previous growth in the presence of
streptomycin has not elicited the pr«oductibn of an inhibitor of enzyme
_ synthesis in T-1 organisms, the effect of‘whi-chis_reverse-d by the
continued presence of the drug, It has not been possible to démonstrate,
in E; “coli, the presence of any metabolite for enzyme synthesis which
is antagonized or displaced by streptomycin,

The observation that the effect of streptomycin on
has led to the inve stigation of the effect of thve"antibiotic -on other
‘measurable properties of the T-1 (partially dependent) organism:
during enzyme induction, in particular the protein.‘.‘a'nd_nu‘cleic; acid
_content of the cells, This study comprises the second phase of the
present investigation. It has been found that, during the period of
the production of enzyme by the cells, streptomycin has no effect
on these other properties'as measured by standard techniques. These
reésults have been :éorrObo-rate‘d by similar analyses on the nucleic
‘acid-profein fraction precipitable by streptomycin from T-1 cells
takenduring the phase of formation of enzyme, The analyses showed
no difference between the material preci_pitated by the:antibiotic

‘during enzyme. production whether the induction was-carried out in
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the presence of the drug or not. The féct that the gross protein content
of T-1 organisms remains -constant during induction, whether -or not
streptomycin is present, may be explained in one of two ways, .One
explanation, in view of the high senslitiv'ity of the enzyme assay method
(hydrolysis of &’-nitrophenyl-/3-D-galactoside), is that the standard
techniques employed for determination of a change in protein or nucleic
‘acid content are not sensitive enough to ,determipg the ‘small amount of
enzyme protein synthesized, It is, at pre sent, impossible to éaic,ulate
the amount of protein which should be formed. during /)’,-ga_la‘.ctos/idase
induction since this enzyme has not been purified,

:An alternative explanation is that the antibiotic 'exerts
its effect at a late stage in protein synthesis -- i.e. at a stage when
the extended polypeptide chain has been formed on a template but has
not received its final, configurational specificity or, has not been
released from the template. We would conclude that there is no doubt
that streptomycin affects protein synthesis but that this effect is not
demonstrable by an'aly's.is*of the gross:cellular protein or nucleic aﬁid

content.,



SUMMARY

| No evidence for a metabolite accumulating under

the influence of streptomycin in susceptible ‘E; “coli was found,

using various .chromatographic techniques,

2, No evidence for a factor or metabolite, which would

satisfy the streptomycin requirement of partially dependent (T-1)

‘E;-coli for-adaptive.enzyme formation, was.found in either susceptible

organisms or resistant organisms which did not exhibit such an
antibiotic requirement. It was also shown that the requirement for

streptomycin of resistant E;-coli was not due to the manifestation

of an inhibitor in the absence of the drug.

3. By analysis of the gross, cellular protein and nucleic
acid content by standard techniques, it was shown that streptomycin
‘has no effect on the cell content of protein and nucleic acid in T-1

organisms during the induction of a specific enzyme.
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