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TOXIN PRODUCTION BY GORYNEB, 4CTER/UM DIPHTHERIAi,

UNDER GROWTH-LIMITING CONDITIONS

To SHIHiRO HIRAl, TsuYOSHi ucHiDA, YAsuHisA SHINMEN
and MASAHIKO YONEDA

Department of Tuberculosis Research I, Research Institute for Microbial Diseases,
Osaka Uni\, ersity, Osaka
(Received December 6,1965)

uMMARY Gory"ebacteri'"in of4)fitherzhe, Park Williams No. 8 strain, has been
shown to produce toxin without apparent concomitant rowth when iron-

deficient cells, suspended in phosphate buffer, were incubated in the presence of
casamino acid (or 19 amino acids), sodium succinate, magnesium sulfate and sodium
chloride. Under these conditions, toxin production occurs almost immediateI at
the maximal rate and continues for about 2 to 3 hours, whereas the growth of the
cells, as measured by the optical density, dry weight and total and viable counts
scarcely changes during the incubation. ISOtopic studies witlT L-'C Ieucine revealed
that the rate of cellular protein synthesis by diphtheria bacilli with extremel limited
growth was less than 15 per cent of that by growing bacilli, and that the toxin protein
released extracellularly under the growth~limiting conditions appeared to be s nthe-
sized ofe mooo from amino acids.
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INTRODUC'1'10N

A precise 1<1netic study on the relationship
between growtll and toxin production by
Cory"ebactei'!'w, 11 diphtheri'ae, Parl< williams No.
8 strain, has recently led us to propose the
hypothesis that the rate of toxin production
by diphtheria bacilli is expressed primarily as
a direct function of the bacterial cells concentra-

tion Involved and is not dependent on the
growtl\ rate (HiRAi, UCHiDA, SHINMEN, FUKUI
andYONEDA, 1965 a; HiRAiandYONEDA, 1965).
Thus, toxin production may occur irrespective
of cellular and population growth and, under
suitable conditions, diphtheria bacilli with ex-
tremely limited growth or even in the non-
growing state can produce toxin Just like or-

ganisms under normal growing conditions. \\!e
thought that, if this were indeed true, it would
give strong support for our Itypothesis. A{ore-
over, toxin productioit under such growth-
limiting conditions \\, ould provide a very good
system for. studies on the mechanism of forma-
tion and extracellular release of diphtheria

Attempts were therefore made to find
suitable conditions for this sytem. Preliminary
studies (HIRAi, UCHiDA, SHINMEN, FUKUI and
YONEDA, 1965 a) showed that replacement of
maltose, a main energy source, by sodium
succinate in a semi-synthetic medium for
Cory"ebncterj'Min d4ih/heri'ae, park \\jinjams
No. 8 strain, results in no decrease in the rate

toxin.
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of toxin production but in a great reduction
in the growth rate. Thus, essentially based
on this finding, it has been possible to prepare
a medium in which toxin production occurs
without apparent concomitant growtlT and a
method has been devised for kinetic studies on

diphtheria toxin production.
The present paper gives details of this me-

thod and also results of studies employing this
method on the growth and toxin production of
diphtheria bacilli.

IVIATERIALS AND A, IETHODS

I. 01gnii, '$111

A substraiiT (Biken) of Coiy, Ieb"cte, 11,111 dr>h-
ther, 'ae, Parl< \\'illiams No. 8 strain, \\, as employed
throughout the study. Tite organism \\. as sub-
cultured by shaking on a rotary shaker at 34 C in
the casamino acid mediunT described below. CUI-
Lures \\. ith an optical density (OD) at 590 run of
20 to 2.5 in a Bauscll & Loinb spectrophotometer
were usually 1<ept in a frozen state ( -20'C) before
use as pre-inocula

2. Gillti, I e 111edrt, ,, I. 101 1110ci, 11,111 (CAI/S lifedr!,,,,)

The composition (per liter) of the semi-synthetic
medium used for culture \\, as as follows

acid (Difco, .ertified) 30 g, KH*P0,5.0 g, Calcl, .
2H, 0(50 per ceitt solution) 20 nTl, FeS0, .7H*O
(0.01 per cent solution in 0.1 per cent HC1) 3.0 inI,
sodium succinate. 6H, 03.0 g, sodium DL-Iactate (+5
per cent solution, Ishizu reagent), 4.0 inI, L-cystine
(10 per cent solution in 10 per cent HC1) 4.0 inI,
defer rated maltose (50 per cent solution, YONEDA,
1957) 70 inI, vitamins and metals, solution H
(MUELLER and A{ILLER, 1941) 2.0 ntl

Before addition of iron, cystine, maltose and solu-
tion 11, the medium \\, as deferrated by the calcium
phosphate gel method (YOKED\, 1957). After the
addition of solution 11 and cystine to this deferrated
medium, the medium was dispensed in 100 inI
volumes in specially designed 500 inI flasks and
autocla\, ed at 115'C for 15 minutes. Before inocula-

tion, the required amounts of iron and defer rated
maltose solutions \\, ere added aseptically

as CST-10 and ASP, found by trial to be optimal
for toxin production, were prepared according to
the procedures described below.

I) CST-10 711edri, ,, I

The composition of this medium is recorded in
Table I. Materials are dissol\, ed in 1000 in I of

deionized \\, ater witlt the exception of cystine,
MgSO, and CaCle. After the addition of 2.5 inI
of 50 per cent CaCl, solution (^,'v), the pH is ad-
justed to 7.6 \\, itIT KOH. Then, the mixture is
boiled for a few minutes and filtered. 1.41, tl of

cystine (10 per cent solution in 10 per cent HCl)
is then added and the pH is readyusted to 6.9 \\ith
HCl. The medium is dispensed in appropriate
volumes in bottles, autoclaved at 115'C for 15 minutes
and stored. Before use, the requisite amount of
magnesium as a 10 per cent solution of A'IgSO, .
7H"O lit deionized \\. ater is added to this stocked

medium

TABLE I Coi"post tab" of CST-/0 171edrt, 111*

casamino

Casamino acid (Difco, certified)
L-cystine

L-tryptophane
Sodium succinate - 6H"O

Na, HP0, .12H, O
KH, PO,
NaCl

\IgS0, . 7H. O
CaC1" - 2H, O

3. G, oreth-/limiti, ,, meati, 111 101 fox!',! PIOdi, cti'o11

For studying toxin production under gro\\, th-
limiting conditions. two kinds of media, designated

' In 1000 in I of deionized \\, aler

2) ASP 111ed^\,,,,

This medium \\. as designed particularly for ISO-
topic studies and its composition Is sho\^n in Table
2
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10.0 g

O . 14 "

O . 03 "

3.0 "

8.4 "

0.3 "

+. 5 "

0.4 "

I. 25 "

Materials are dissolved in 1,000 inI of ritedium
with the exception of cystine, MgSO, and CaCl,
After the addition of 1.0 inI of 50 per cent CaCl,
solution (\\.!v), the pH is adjusted to 7.6 \\, ith 1<0H
and the solution is boiled for a fe\\, minutes, filtered

and then cystine (10 per cent solutioit in 10 per cent
HCl) is added to this defer rated It, edium at a final
concentration of 0.37 itTM. The pH is then read-

justed to 6.9 and the medium dispeltsed in rippro-
priate bottles is autoclaved at 115'C for 15 ntinutes
and stored at Toont temperature. Before LISe, the
required amount of magnesium is added as a 10 per
cent solution of A1gS0, .7HgO in deionized \\, ater.



TABLE 2

19 L-amino acids""

Sodium succinatc. 6H"O

\a, HP0, . 12H"O
KH. .P04

\IgS0, . 7H. O
\aCl

CaC1. - 2H"O

CON!POSzt!b" of ASP I, led^^,??I*

~ In 1,000 inI deionized \\ater
A' I'roducts of Aji-No-XIoto Co. Ltd

"*" The relative amounts of these amino acids \\. ere

roughly based on the composition of crvstalline
diphtlteria to xiit given by UCHiD\ at a/. (unpublished
data, sec 1< A'r0,1963. ). and the final concentrations
(in\I) of eaclt \\ere as folio\\. s ; L-glycine 6.65, L-
alanine 5.44, I, -valine 4.20, L~Ieucine 5.00, I, -iso-
Ieucinc +. 22, L-proline 3. +3, L-hydrox}. proline 3.43,
I, -phenylalanine 2.60, L-tyrosinc 1.8+, I, -tryptophane
0.63, I, -senne 6.5+, L-thrconine 4.14, L-methioninc
0.76, L-arginine 1.90, I, -histidinc 2.14, L-lysine 5.28.
L-aspartic acid 8.40, I, -glutamic acid 9.20, I, -cystine
0.37

"*,

3.0g
8.4"

0.3"

0.4"

6.8"

0.5"

cell suspension witlT shaking.
Step I. 0.5 to 1.0 inI of the stock pre-

inoculum culture described above is usually
inoculated into 100 inI volumes of GLIS me-

dium and incubated at 34-35'C \\, it}t shaking
at 200 rpm on a rotary shaker.

Step 2. \\'he It the OD of the culture at
590 in, ! in a Bausch & Loinb spectrophotometer
reaches around 2.5 and the toXII\ content is

6-8 Lf 'ml, the culture is harvested and washed
once or t\\. ice witlT PBS-:\Ig \\, itit centrifuga-
tion at 9,000 xg for 8-10 minutes in the cold.
The \\, ashed packed cells are employed for
SIej> 3.

81ep 3. The \\, ashed packed cells in centri-
fuge tubes are suspended \\, ith tite bottom of
an acid-clean test tube as evenly as possible in
a small amount of growth-limiting medium,
CST-10 or ASP, and made Lip to the required
optical density. Ordinarily, a suspension of
OD 8 to 10 is prepared for kinetic studies of
toxin production.

8/4 4. The cell suspensioiT is quickly
distributed in 8 to 10 inI \, o1umes in 100 inI

ETlenmeyer flasks. The top of the tube is
covered tightly with aluminium foil and tubes
aie inclibated at 34'C witl\ shaking at 160
rpm o11 a rotary shaker in a \\, ater bath. \\;hen
an ordinary rotary shaker in a \\, arm-air in-
cubator Is used, the suspension is usually warm-
ed to 34'C just before incubation \\, itIT shaking.

Except for $1ep I, no strict aseptic mani-
pulation is necessary and this greatly simplifies
the \\, hole method. A10reover, \\. he IT care is
taken not to contaminate the medium with

iron, tlIe method is \, ery reproducible for
toxin productioi\ and, as \\, ill be seen in later
sections, toxin productioiT occurs almost jin-
mediateIy and proceeds linearly during a 2
to 3 hour incubation period. \\'heIl a bactcrial
suspensioit of OD 10 is employed, for instance,
the final yield of toxin after 21Tours incubation
is Lisually found to be 22-24 Lf. !'inI, \\, hile the
increase in OD of the suspensioi\ is almost

4. 11'01i/!'ee b!!ff, I'ed sal^lie 101 ,cdShr, Ig cells (PBS-
Mg)

For \\tishiitg I, ar\CStcd bnctcrial cells, " iron-frcc
buffercd stillnc containing rimgnesiunt sulfate \\. as
employed. '1'111s itTedium is prepared as foilo\\s
Nn*HP0". 12H*0 8.4 g. 1<H*POj 0.3 g and NaCl
6.8 g tire dissol\cd in 1,000 ntl of deionized water
After titc ridditioiT of 1.0 inI of 50 per cent CaCl, .
2H*O SOILitioit, the pH is adjusted to 7.6, and tite
mixture Is boilcd for a I'c\\. minutes and filtered

Before Lise, A1gS0, .7H*0 (10 per cent solution) is
added to tltis deformted buffcr at a final concentrn-

tioit of 0.04 13er cent

5. .\/eth0, / 10i' objnJ1111iA, to. \!,, PI nthic!, o11 1111dei
gi'orc/h-/11/11/'11g tolldri!biis

\\ it11 the exccption of tl\e culture and
gro\\ th-limiting media emploved, this method
essentialI\' follows that described b\, YOKEDA

(1957). Thus, it consists of the follo\\. iiTg four
steps: I. Cultivatioi\ of inoculum in a semi-
synthetic 111edium. 2. Harvesting of the CUI-
ture and \\'ashing it \\, It IT iron-free buffered
saline containing magnesium. 3. Prepara-
tioi} of a suspension of \\, ashed cells in gro\^th-
limiting medium. 4. Incubation of the

negiigible.

6. Detei', 1,111niJo, I of giotc!A

HiRAi, T. et al. PIOd"ct, 'o11 of Dr>fither, 'a Town 21



Growth \\, as followed by measuring the optical
density of samples diluted with physiological saline
at 590 inn, using a Bausch & Loinb spectrophoto-
meter, by dry \\, eight determination and, by total
and viable counts

I) Diy reel^fit was determined by filtration of the
bacterial culture on \\, eighed Millipore filters (HA,
0.45 A). The bacteria \\. ere \\, ashed thoroughly on
the filter with distilled \\. ater and then dried at

100'C to a constant \\, eight. In this study, an OD
of 1.0 \\. as found to correspond to 0.75t0.05 ing
dry weight of bacteria per inI

2) Piconr@tJ'o11 of a 1101nogeiii'sed bnctei?'a! $113peii-
sio, ! for total and viable counts \\, as done as follows

an 0.5 inI allquot of bacterial culture \\, as first added
to 9.5 inI of suspending medium containing 0.5 per
cent T\\. een 80, 2 inA1 I\Ig" and 0.14 A-I NaCl
After thorough mixing, an allquot of about 2 in I of
the diluted culture \\, as introduced into the top of
a sterilized 2 inI syringe fitted \\. itIT a tuberculin
test needle, and then quickly forced out by the piston
into a sterilized test tube. This procedure was re-
peated three times with each sample under aseptic
conditions and the resulting well homogenized
suspension was employed for both total and \, jable
counts

3) Total co, ,,!is were performed in a Petrof-Hauser
counting chamber under a phase contrast micro-
scope Lising the homogenized suspension descrtbed
abo\, e containing a drop of I per cent INlerthiolate

F1'able colli!ts \\, ere made as follows : a series of

appropriate dilutions of material \\. as prepared in
phosphate buffer (pH 7.0, MISO) containing 0.14 M
NaCl and 4 inxi Allg". Then, 0. I inI of each
diluted sample \\, as evenly spread on a chocolate-
blood agar plate and the plates \\. ere incubated at
37'C for three to four days. After incubation, the
number of colonies formed on the plate \\. as counted
and the \, jable cell number!in I of tlTe original sample
was calculated

Tripricate samples \\, ere always employed for
botll total and \, jable counts

,/) Dete, 111h, nil'o11 of hoctei, a/ PI ritei, , alld 7111c/eJ'c
derd

A1T 8 n\I allquot of bacterial suspension \\, as CGn-
trifuged at 9,000 Kg for 15 minutes and the resulting
packed cells \\. ere suspended in phosphate buffer
(pH 7.0, MISO) containing 0.14 A1 NaCl and 2 inxi
Mg*+. After \\, ashing the cells t\\. ice by centrifuga-
tion at 9,000 Ig for 15 minutes, they \\, ere resuspend-
ed in 3 in I of the same buffer. To this suspension

was then added an equal volume of 10 per cent cold
TCA solution and, after standing the mixture in
the cold for about one hour, the resulting precipi-
tate was collected and \\, ashed three times witlT cold

5 per cent TCA solution \\. ith centrifugation at 5,000
xg for each time 20 minutes. The \\, ased pre-
cipitate was finally used for measurement of the
protein and nucleic acid contents.

Nucleic acid \\, as extracted by a slight in odinca-
tion of TANNHAusER-SCHNEiDER (1946). RNA was
determined by the method of AllEJBAuitI (1939) and
DNA by that of BURTox (1956). Protein was
determined by the method of LowRY at a/. (1951)
on the residual material obtained after extraction

of nucleic acids. The intensity of the color de-
veloped in each reaction \\, as measured in a Hitachi-
Perkin Elmer spectrophotometer ATode1 139. As
standard, commercial preparations of yeast RNA,
sperm DNA and bo\, ine serum albumin respectively
\\. ere used

7. L- "C lei, cr', Ie

This \\. as obtained from Daiichi Pure Chemicals

Co. Ltd. and its specific activity was 160 inclin:\I
Radioacti\, ity \\, as measured in a \\. in do\. less gas
flow counter (Nuclear Chicago).

8. Alltitoxr, I

I) Pepsin-treated ITUrse antitoxin n0. 68, con-
taining 1300 fiocculating units!in I \\. as obtained
from the Vaccine Production Plant (Kanoi, ji Insti-
tute) of our Institute

2) Rabbit antitoxin was prepared by jinmunizing
rabbit with a total of 50 Lf of toxoid from a crystal-
line diphtheria to xiit preparation (3400 Lf!rug pro-
tein N) and it contained 100 antitoxin units per inI.
The toxoid \\. as prepared by a slight modification of
Neumueller (1958)

3) Standard antitoxin containing 10 antitoxin
units!inI \\. as 1<1ndly provided by the National in-
stitute of HealtlT of Japan

22 BIKEX JOURNAL V01.9 No. I March 1966

9. Ciyst"//!, re diphtlie, I'" to Nil

Crystalline diphtheria toxin was prepared by a
combination of ammonium sulfate fraction ation,

zone-electrophoresis and DEAE cellulose column
chromatography (HiRAi and YONEDA, tinpublished ;
ref. , KATSURA at a1. , 1957 ; RELY\, ELD and RAYN. \uD,
1964). Its specific activity was 3,400 Lf;'ing protein
I. ; and it ga\, e a single precipitatioiT line against crude
horse antitoxin both in an Oal{Iey's tube and on an
Ouchterlony's plate



10. AJIensiJi'eiiie, !t of toxic!11,

Toxicity. of tlle CTtide diphtheria toXIIt prodticed
under gro\^Ih-lImiting conditions \\'as nTcasurcd b\
a quantitati\'c rabbit skin reaction test using diph-
titerIa toXII, n0. 108 front the \:accinc Production
Plant of our institute as a standard

Dollb/e diffi, $101i piecilpJ!nil o11 111 a"ai "e/

Precipitation reactions in agar gel \\'ere carried
out by tlte double diffusion techniquc of OLichter-
10ny (1948) using 0.7 per cent Special .\gar Noble
(DIFco) dissol\. cd in PITysiological saline containing
0.01 per cent A, Ierthiolate. Titc runction was read
after + day's incubation at 34'C

11

RESULTS

I. Lyec! of "di'lolls ciiei:g'y 30/11'ce$ o11 "lotuth
rind 10\!, I nod!IC/10n 111 n seijii'-$1,111heti'c If!ed!'11ni

Sincc a preliminary experimcnt sho\\. ed that,
when a iteavy in octilum of Pant \\'illiams No.
8 straii\ \\, as employed, removal of maltose
from the C\, is medium resulted in a great
reduction 11T the gro\\, tit rate but ii\ almost I\o
decrease in tlTe rate of to XII\ production, the
effects of various energy Sources 01\ growtli
and toxin productioi\ \\, ere studied.

As a basal medium, the growth-limiting
medium CST-10, from \\, hiclt sodium succinatc
had beeiT omitted wars employed. The cultural
and incubation proCCdurcs \\, CTC as described
in the sectioit o1\ I\lateriais and AletlTods. In
the growtlt experiment, 9 nT1 \, o1umes of a
bacterial suspensioiT of OD 0.5 \\, ere clispensed
in 100 in! ETlenmeyer flasks and, bcfore in-
cubatioi, at 34'C \\, itIT shaking at 200 rpm, I inI
of one of the 10 test matereials listed in Table
3 was added to eaclt flask at a final concentra-

tion of 20 nTv. Their effects OIL gro\\, tl\ are
shown in Table 3

It will be seen from the table that, of the
10 materials tested, only three, namely maltose,
glucose and sodium Iactate appear to support
growtlT under these conditions. :*;o appreci-
able increase of OD of the culture \\. as seen on

additioit of the other test materials, and sodium
succinate, fumarate and citrate especially had
no effect on 4 hours incubation.

TABLE 3 Eyec!s o71 "ai'2'011s cal'boil sol, I. ces on
gi'o2c//I of d $11'01'" (PHI8) of Coli, itebnc/ei'111?, I
dtph!heI ine 171 ,I cdSm, 11ito-ac?'d Miedrj, 111*

Source

IVialtose

Glucose

Na Iactate

Glycerine
Na pyruvate
\a citrate

Na ,I-keto

glutaratc
Na succinate

Na rumarate

Na malate

in \I

Bacterial gro\^tlT (OD)

O itoui

20

0.50

O . 50

O . 50

2 hour

No addition

070

083

0.63

0.50

0.50

0.50

20

* Basal ritediuin : CST-10 minus succinatc, plus
\. 11amins tind nTetals

4 It our

0.50

0.52

0.55

0.50

I. 18

I. 50

1.20

Next, the effect of additioi\ of tl\c four test
materials \\, I\ICIT dicl ITot support growtl\ on
toxin productioi\ of the organism \\, as studied.
The same procedure \\, as used except that the
OD of the bacterial 10. itsuspension \\, as

was found that, except for sodium citrate, all
11}ese materials supportcd maximal toxin PIO-
duction during a 2 ITours incubation period
Thtis, thc yield of to xiiT after incubatioi\ \\. as
about 20 Lf!inI in eatcl\ case and the rate of
toKilt production (LfjOD. ITour) \\, as found to
be 1.0 to 1.1. This is similar to the toxin

productioit of the organism under normal
growtlT conditions.

These results clearl\, indicate that sodium

succinate does ITot support the gro\\. th of the
organism but it as a favorable actioi\ o1\ toxin
production, justifying the Lise of CST-10 as a
medium for studying toxin productioiT under
gro\\'th-limiting conditions. The results also
suggest that succinate Inay be replaced by so-
dium fumarate or sodium malate

0.50

O. 50

O. 50

0.54

0.65

0.58

0.56

0.50

0.53

050

O. 50

0.71

0.56

0.56

0.55

0.50 0.55

2. Gloat!ill d, Id to XIIZ PIOd!!cti'o11 of Pni A
1-17^71^^1113 AT0.8 stini'?I 271 CST-/O

HiRAi, T. er al. F1.0ductio, , of Diphthei?'a To XI'" 23



Employing the method described previ-
ously, the toxin production of Park \\'illiams
No. 8 strain and the changes in optical density
and dry weight of the cells during incubation
in CST-10 medium \\, ere studied kinetically.
About 70 inI of a bacterial suspensioi\ of OD
10 \\, as first distributed in 10 inI \, o1umes in

six 100 inI ETlenmeyer flasks, \\, hiclT were then
immediately incubated at 34'C \\, ith shaking
at 160 rpm. During incubation, duplicate
flasks \\, ere used at one hour intervals for me-

asuring the OD and dry \\, eight of the cells
and the toxin content (Lf^'in I) of the culture
supernatant. The remaining suspensioi\ \\, as
placed in the cold and used as the zero-time
sample. In each case, 2 in I allquots from each
were taken in tripricate for determining the
dry weight. The result is illustrated in Fig. I.

From the figure, no detectable Increas. of
the cell mass, as measured by either optical
density or dry weight, cal\ be seen during the
entire period of incubation. This is a sharp
contrast to obvious toxin production which

The organism produces toxin from
almost the beginning of the Incubation period
and the toxin contents of the culture filtrate
continue to increase linearly Lintil the end of
the 3 hours incubation period. The final
Yield of toxin \\, as 32 Lf!inI on the average,
gi\, ing a rate of toxin production (Lf;'OD -
hour) of about 1.0.

3. Chii"ges I', I total mrd cluble cor, 1115 of toxin
PIOdt, Ci?Ig C!,/Iwi'es dwi'ing incMbntio11 nildei'
gi'oreth-hintfing colldrtibns

The result of the preceding experiment
stimulated us to see if there was any, change in
the cellular populatioi\ of a bacterial suspen-
SIoii incubated under growth-limiting condi-

Titus, the total and \, lable cell numbers
of a suspension in CST-10 medium during a
3 I\our incubatioiT period were measured.

About 40 inI of a bacterial suspension of
OD 5.0 was distributed in 10 inI volumes in
three 100 inI Erlenmever flasks \\, hich were

immediately incubated at 34'C \\, ith shaking
at 160 rpm. During incubation, flasks \\, ere
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FIGURE I Toxin production by CoiyJ!ebnc!'11/1"I
of^}lullei'!'"e strain Parl< \\'illiams No. 8 tinder gro\\'th-
limiting conditions
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taken at hourly intervals to measure tl\e total
and viable cell ITUmberjml of suspension and
the toxin contents (Lf 'inI) of the super natants
obtained by centrifugation. The result is
presented in Fig. 2

As may be seei\ in this figure, no Increase or
decrease in either the total or viable cell ITUm-
her, inI was obser\, able and the ratio of \, lable

to total cell number \\, as almost constant, with
an average value of about 0.96 during the \\, hole
period of incubation. In this experiment,

total cell number, 'OD of thethe average

bacterial suspension \\, as found to 1.69 XIO".
This clearly indicates that, under the growth-
limiting conditions described above, all cells in
the bacterial suspension seem to be \, lable and
yet no me asurable multiplication occurs. On
the other hand, the toxin content of the super-
natant Increased in a similar manner to that

observed in the preceding experiment. The
rate of toxin production (Lf, 'OD - hour) \\, as also
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flasks. Then 2 inI allquots of bacterial suspen-
SIon of OD 2.5 \\, ere introduced into each
flask and six of the flasks \\, ere incubated at

34'C \\. ith shaking at 200 rpm, \\, hile the other
in, o flasks \\tre immediately cooled in an ice-
water bath for use as zero-time samples.
During incubation, t\^o flasks \\, ere taken at
one ITour intervals and Immediately cooled.
The contents \\, ere mixed and used for measure-

merit of the protein, RNA and DNA contents
of the cells

The results are shown in Fig. 3. As inav
be seen, there was no appreciable increase in
the protein, RNA or DNA contents of cells
incubated in CST-10 nTedium, while those of
cells in C!\'Is medium increased nearIv ex-

ponentiall\, during incubation. The figure
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4. Cliffiiucs in 11 o1e!'?I, RA;, 4 diid DAI, J coll-
ten/$ of b, ICJciihl cells din'jig IWCubdii'o11 11ndei'
gi'o2cth-limiting co"of^^Ib"s

Since the preceding experiments demonstrat-
cd that to XIIT could be produced by apparently
non-growing cells, it seemed that unbalanced
svnthesis of intracellular materials occurred

in cells inclibated under the gro\^th-limiting
conditions described above. Alt attempt \\, as
therefore ITTade to follow the changes in the
cellular protein, R\A and D\A contents
under these conditions and to compare them
witlt those of growing cells.

Two 1<inds of media, CST-10 and CAIS,
were employed in this experiment. The for-
mer \\'as used for obtaining cells with limited
gro\^Ih and the latter, for obtaining gro\^ing
cells. These media \\, ere first distributed in

8 inI \, o1umes in eight 100 ITTI ETlenmever
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also shows that, in each case, the contents of
protein, RNA and DNA appear proportional
during the entire period of incubation. In-
cidentally, the change in optical density of the
culture was also found to be proportional to
those of these cellular materials. It thus ap-
pears that no unbalanced synthesis of cellular
materials occurs in cells during incubation
under the growth-limiting conditions
ployed. However, it could be that a change
occurs which is so small that it is not detect-

able by the method employed. Further precise
isotopic studies are necessary to dedde this.

5. '4C let!ct'?Ie a'"coilpoi. at1'0" 1'1110 bactei'1'41/ cell
protei7i undei' gi'o201"g antl gloat!th-lzhizhhg
coildi'1101zs

The bacterial suspension \\, as incubated in
ASP medium to give limiting-growth condi-
tions and in the same medium supplemented
with iron (3 Ag FeS04.7HgOjml), maltose
(2 per cent) and vitamins and metals (Allueller's
H solutioiT minus ATg") to give growing con-
ditions. The latter was designated as ASP-G
medium for convenience.

ASP and ASP-G media were first distributed

in 8 inI volumes in eight and six 100 inI ETlen~
meyer flasks respectively, and 2 inI allquots of
a bacterial suspension of OD 2.5 were put into
each flask. After thorough mixing, flasks \\, ere
placed in an ice \\, ater bath (0-2'C) and then
0.2 in I of a solution of I PC of "C Ieucinejml
was added. Then, all flasks except for two
of the flasks containing cells suspended in ASP
medium were immediately incubated at 34'C
in a water bath witlT shaking at 200 rpm on a
rotary shaker. During incubation, two flasks
were taken from each series at one hour inter-

vals and quickly cooled. Two flasks were not
incubated and were used as zero-time samples.
After determining the OD, 8 inI allquots of
each suspension \\, ere washed three times \\, ith
PBS-I\Ig containing 5 inxi unlabeled L-
Ieucine by centrifugation at 9,000 xg for 20
minutes. The protein fraction of the resulting
packed cells was prepared by a slight in odinca-
tion of the method of SIEKEviTz (1952). After

dissolving the proteiiT fractioiT from each 8 inI
allquot in I inI of 0.2 N NaOH solution, a
0.5 inI sample was placed on a planchet and
dried. The radioactivity of the dried samples
were counted in a windowless gasflow counter
(Nuclear Chicago). The counts per minute per
inI (cpmjml) were calculated making correc-
tion for self absorption and the value of the
zero-time sample.

Fig. 4 shows the results obtained. It may
be seen that the incorporation of "C Ieucine
into the cellular protein takes place in both
series, but the rate of incorporation by cells
incubated in the growth-limiting medium,
ASP, is far less than that by those in medium
ASP-G which supports growth. Thus, even
after 3 hours incubation, only 102 cpmjml
were incorporated into the protein of the cells
with limited growth, \\, hile 682 cpmjml were
incorporated into growing cells. It was found
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700

600

500

' 400
a
,

26

300

BIKE\ JOURNAL V01.9 No. I March 1966

200

I

I
I
I

I

P

100

I
I

I
I

I
I

I

'11/1/11

I
I

I
I

120

Time amin)

FIGURE 4 ''C-Ieucine incorporation into cellular
protein under growing and growth-limiting condi-
tions

O^O Growth-limiting
'~~~~--. Growing
Arro\\, indicates the addition of '"C-Ieucine.

I
I

I
I

I

o

I
I

I
,

I
I

o 60

I

180



TABLE 4 ''C IeMci"e I'Mcoipoi'nil'oil I'Mt0 10xz'" pi'o1et'n relensed dwi. I'MU I'Mci, batz'on 11ndei. ui. o7c Ih-
h?"I'llhg conchttb??s

Tinte

(min)

30

60

120

* Corrected for' self-absorption

OD of the
culture

at 590 in/!

that the percentage Incorporations into growth-
limited cells to those into growing ones were
15, 10.4 and 14.7 after I, 2 and 3 itour in-
cubation, respectively. lit triplicate expcri-
merits, thc values varied from 3 to 15, de
pending o11 the actual counts of the zerotime
sample. These results clearly show that Iim-
ited syi\thesis of cellular protein occurs in
diphtheria bacilli incubated under growth-
limiting conditions.

6. "C Ieuci'?Ie I'"coil>o1'rill'0" 1,210 foxi'" 1,101,111
I'elmsed ex/Intelh, /ally by din^/fin, Id bornh
Mirdei' gloatith-/^7111/2"g CONdil, on*

previouslyDiphtheria toxin protein
shown to be synthesized ofe 110"0 from amino
acids by growing organisms (PAPPENHEIMER,
AlliJ, ER and YOKEDA, 1962). The prcsent
experimcnt was to see if this was also the case
witl\ toxin protein produced by organisms
under the extrcmely growth-limiting conditions
described above.

Volumes of 7.8 inI of ASP medium were

dispensed in telT 100 inI ETlcnmeyer flasks and
0.2 in I of ''C Ieucine solution a PCIml) was
added to eaclt flask. Then 2 inI of bacterial

suspensioiT (OD 50) in PBS-A1g was added
and the flasks were incubated at 34'C with

shaking at 160 rpm. Five flasks were cooled
after 30 minutes incubation, 3 after 60 minutes
and 2 after 120 minutes. The contents in

the flasks were mixed and centrifuged at
9,000 xg for 20 minutes. The resulting super-
natants \\, ere filtered through a A, Iillipore filter
(HA, 0.45 ,) and th. thint. ^ unre ,inPI, y. d
as test materials.

10

10

105

Total toxin specifically
precipitable 14C

(Lfjml) (counts!miniml)

,

12

22

22

58

107

Specific radioactivity
Observed value Corrected value*

(counts!miniLf)

These filtrates were designated as F1 (30
minutes), F2 (60 minutes) and F3 (120
minutes). In the HocctilatioiT test, values of
5 Lflml for F1, 12 Lfjml for re and 22 Lflml
for F3 were obtained. The toxin in each

filtrate was prccipitatcd quantitativeIy and
specifically with the rabbit antitoxiil (100
unitslml) dcscribed 11\ the scction on Materials
and Methods as follows : Duplicate allquots
of 20 inI of F1,9 inI of F2 and 4.5 inI of F3
were introduced Into conical centriguge tubes,

a final volume in 20 inI withmade up to

PITysiological saline and 1.2 inI of rabbit an-
titoxiiT was added to cach. As controls,
duplicate tubes were set up witlT 5 inI of unla-
beled crude toxin (prepared in ASP medium,
20 Lflm1), 0.4 inI of 14C Ieucine solution a
relm1), 1.2 inI of rubbit antit. ^in and 14.6 inI
of physiological saline. These mixtures were
incubated in a water batll at 40'C for 3 ITours

and the IT 1<ept at 4'C for 4 days. They were
centrifuged and washed three times with
chilled saline containing 5 inM tinlabelcd L-
ICUcine. The washed Hoccules were theIT coin-

PIetely dissolved by additioiT of I N NH40H
solution, and the resulting solutions
carefully transfered to planchets, dried and
counted. The results are sitowiT in Table 4

and Fig. 5.
From Table 4, it may be seen that the

specific radioactivity (cpmlLf) of the toxin
formed under the present conditions was
constant, irrespective of incubatioiT time, and
thus, the cpm!I, f (average value from duplicate
samples, corrected for self absorption and the
zero-time value) was 6.6 after 30 minutes, 7.3

+. 4

4.84

4.86

was

6.6

7.3

7.3
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Iy utilized by diphtheria bacilli for synthesizing
toxin protein even under growth-limiting con-
ditions.

12

Toxin released (Lf/in I)

FIGURE 5 ''C-Ieucine incorporation into toxin pro-
tein released extracellularly during incubation under
growth-limiting conditions

after 60 minutcs and 7.3 after 120 minutes.

Accordingly, when the specifically precipitable
radioactivity per in I of filtrate is plotted against
the toxin concentration (Lf in I) at each incuba-
tion time, a linear relationship should be
obtained and this was indeed obtained as

shown in Fig. 5.
From the value for the specific radioactivity

of 7.3 cpm Lf obtained from this experiment,
it was calculated that there were about 33

moles of L-Ieucine per mole of toxin protein
assuming the molecular weight of diphtheria
toxin to be 70,000, and that there is 1.89 fig
protdn per Lf (3300 Lf ing protein N) and
8200 cpm PM Ieucine in the medium. The
value of 33 indicates that there is about 6.2

per cent (w w) Ieucine in toxin protein and
this agrees fairly well with the analytical value
(6.82 per cent) obtained by UciiiDA at al.
(unpublished data, see KAT0, 1963). These
results suggest that exogenous Ieucine is direct-
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I

0'
o

I
I

7. Character23@tio" of the toxz'" produced under
growth-I'mtnng conditions

The toxicity and antigenic specificity of the
toxin produced under the growth-limiting
condition described above were examined by
the rabbit skin test reaction and by Ouchter-
10ny's jinmunodiffusion technique, and coin-
pared with those of crystalline diphtheria toxin.
The test toxin employed was an aseptic filtrate
of the super natant of a bacterial suspension
incubated at 34 C in ASP medium with shak-

ing for 2 hours and its toxin content was 20
Lf inI. A quantitative rabbit skin test re-
vealed that the toxicity of test toxin was about
105 mrd Lf and it was completely neutralized
by ordinary antitoxin. The result of Oucht-
erlony's jinmunodiffusion test is presented in
Fig. 6.

The single line formed between the test
toxin and crude horse antitoxin completely
fuses with the single precipitation line with
crystalline diphtheria toxin suggesting the
identity of these two toxins in terms of antigen-
to specificity.

Although further precise studies are needed
before reaching any conclusion, these results

I
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FIGURE 6 Agar gel precipitation pattern demon-
strating the antigenic indentity of test toxin with
crystalline diphtheria toxin.
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suggest that there is at least no great difference
between the toXIIT proteins produced under
gro\\'ing and gro\^th-limiting conditions.

DISCUSSION

The results presented in this paper show for
the first time that diphtheria bacilli in an almost
non-growing state call produce toXII\ at the
same rate as gro\^ing organisms. Thus, under
the conditions described I\ere, toxin production
b\, the Parl< \\!illiams No. 8 SITaiiT occurs with

almost no apparent concomitant net increase
in cell IT\ass. Since synthesis of to XIIt protein
normally, occurs Irrespective of synthesis of
built Intracellular protein, it ITo\\, appears that
the mechanisms regulating the former svnthesis
may, differ from those acting in the latter.
Althouglt thc qtiestioiT of \\, he ther or ITot there
is an\, co- ordination bet\^eel\ 111ese itlechanisms

is }, et urianswcred, tl\ese different systems
must bc present because of the coiwetse ob-
setvatioi\ that diphtheria toxin proteiiT s}, n-
thesis by the organism is completely stopped
by additioit of iron to thc medium without
atTccting the growtlt rate (HiRAi, UcniDA,
SHI XML>;, FUKUI and Yo\EDA, 1965 b ; HiRAi
and Yo\FDA, 1965)

The main factor in our proposed nTethod, to
\^hich success in obtaining toxin productioi\
under growth-limiting conditions is mainly
attributed, seems to be the employment of an
incubatioi\ mixtui. e in \\. hiclT maltose, an or-
dinar}, major ener^, source used for 11\e strain
emploved, is replaced by, sodiuin succinate.
As seeiT in Table 3, additioiT of I\Taitose to tl}c
basal Inedium emploved completel\, restores
the growtl\ rate of the organism, \\. hile addition
of sodium succinate does ITot. Conversely,
the removal of maltose fronT the gro\^th me-
dium greatly reduces the growtl} rate ITi. es-
pective of the presence of sodium succinate,
while the rate of to XII\ production is unchanged.
Thus, cur method some\^hat resembles the so-
called " shift-down " procedure by \\, hicl\ one
in a\, observe unbalanced svnthesis of cellular

macromolecules in ai, exaggerated form

,

(KJELDGAARD et at. , 1958). In the present
experiments, ITowever, n0 11nbalanced syn-
thesis of cellular macromolecules sucl\ as

protein, RNA or D\A appeared to take place,
their synthesis being suppresscd under the
present extremely gro\^th-limiting conditions.
In this conncction, it is significant to ITote that,
under these conditions, ITo change \\. as seen
in either the total or viable cell ITUmbers of the

bacterial suspensioi\ during the entire incuba-
tion period. This clearly indicates aiT almost
coinplcte suppression of cellular multiplica-
tion, strongly suggesting tlTat toxin production
takcs place ITrespecti\, e of cell divisioil of the
organism

The actual To IC of sodiunT succinate in the

synthesis of toxin protein is Ilot yet 1<nown.
Since available data (unpublished) sho\\, titat
succinate is metabolized by the organism and
that the removal of succinate from CST-10 or

ASP mediunT results in a considerable reduc-

tion in the yielLl of toxin, it may be that tl\is
organic acid is someho\\, related to the syn-
thesis of to xii\ protein. However, wl\ether. it
acts as an encrgy, sourcc for the syntl\esis of
to XIIT protein or Indircctly by stabilizing the
ccllular structure \\, itIT \\, hich the site of toxin

synthcsis is associated, must await furthei.
InVCstigation

ISOtopic studies showed that the net
corporatioi\ of "C Ieucine into proteins in
cells inclibatetl in the growth-limiting condi-
tions described above is only 10 to 15 PCr cent
of that in gro\\ing cells. }Ience, it is not
surprising that we could not detect an\, Increase

contents of cells incubated111 the protein
under these conditions, because the increment
was so small that it could probably ITot be
measured b\, ordinar\, method for protein
determination, sucll as that of IJowr\, at a/.
The slight but definite itct increase in cellular
protein, shown by ''C Ieucine incorporation,
it owever, raises the interesting questions of
whicl\ cellular protein is responsible for the
increase and of \\, he ther or not the cellular

protein \\, hicl\ increases Is someho\\, related to
the SI, nthesis of toxin protein. These pro-

,
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blems are now being studied.
From the results of studies on L4C Ieucine

incorporation into to XII\ protein, the bulk of
the Ieucine molecules in newly synthesized
toxin protein appear to be derived from ex-
ogenous Ieucine added to the incubation mix-
ture. This strongly suggests that the toxin
protein, produced under growth-limiting con-
ditions, must be svnthesized de not^o from
amino acids, like the toxin proteiiT produced
by growing diphtheria bacilli (PAPPENHEiMER,
INliLLER and YOKEDA, 1962). Incidentally,
it should be mentioned here that the value

(6.2 per cent) for the Ieucine content of toxin
protein calculated from the present a'" whyo
experiments is based o1\ the several assump-
tions, particularly on the value of 8,200
cpmjpM Ieucine, as described in a previous
section. This value was calculated from the

amount (4 I'Mjml) of unlabeled Ieucine added
to the medium, without considering the
amount of Ieucine possibly already present in
the cells in the amino acid pool. Since we
used a ITeavy bacterial suspension witlt OD
10 (corresponds to about 7.5 ing dry weightjml)
for toxin production, the amount of Ieucine in

the pool may be considerable, and if this is
the case, the true value may be much more
than 6.2 per cent. In a recent publication,
RAYNAUD at al. reported (1965) the amino acid
composition of a crystalline toxin preparation
in \\, hich Ieucine comprises about 7.7 per cent
of the total. Even if this is so in the present
case, more than 80 per cent of the Ieucine in
toxin protein would have been derived from
Ieucine added to the medium. At any, event,
these results suggest that exogenous Ieucine
is directly utilized by diphtheria bacilli for
synthesizing toxin protein even under growth-
limiting conditions.

Finally, it may be significant to mention
that toxin production under the gl. owth-limit-
ing conditions described above may provide a
very good and simple system for studying the
mechanism involved in the synthesis and
extracellular release of diphtheria toxin. Thus,
using this system together with both cellular
fractionation and isotope techniques, studies
on the site of synthesis of toXIIT in the cell and
on the inhibitory action of iron on the syn-
thesis are now in progress and results will be
published elsewhere.

REFERENCES

BURTON, K. (1956). A study of condition and rite-
chanism of diphenylamine reaction for the colon-
metric estimation of deoxyribo-nucleic acid
Bi'oche",. I. 62,315-323

HiRAi, T. , UCHiDA, T. , SHINMEN, Y. FUKUI, Y. and

YONEDA, M. (1965 a). Some aspects on the rela-
tion bet\^een growth and toxin production in
diphtheria bacilli. Presented at the 18th meeting
of the Japanese Bacteriological Society of Kansai
District

Ibid. (1965 b). Toxin production by exponentialIy
multiplying cells of Coiyiieb@ctei11,111 diphthei, 'ae
Bi'/, e, , I. 8,167-169.

HiRAi, T. and YONEDA, M. (1966). to be published
KAT0, I. (1963). ATode of actioiT of diphtheria toxin

Kngnki, 33, 15-19. (in I, p"nese)
KATSURA, T. , KATO, I. , NAKAMURA, H. and KOYAMA,

I (1957). Purification of diphtheria toxin. I
Application of zone-electrophoresis in a starch

supporting medium as a means of fraction ation of
Jap. I. Mr'c, ohio!. I, 213-224toxin

KjrLDCAARD, N. 0. , A{AALor, 0. and SCHAECHTER,
M. (1958). The transition bet\\een different
physiological states during balanced growth of
Sal"lone//a typh, }"", I'M"I. I. Gen. Mr'c, objb/. 19,
607-616

LowRY, 0. H. , ROSEBRoucH, N. I. , FARR, A. L. and

RANDALL. R. I. (1951). Protein measurement
with a Folin phenol reagent. I. BIO/. Clie, ,,. 193 ,
265-275

IVIEjBAUA1, \\'. (1939). Uber die Bestimmung kleinen
Pentosemengen, irisbesondere in Den\, aten der
Adenylsdure. Hoppe-Sey/a 's Z. Phys, 'o1. CIM, ,
258,117-120

IVluELLER, I. H. and MILLER, P. A. (1941). Produc-
tion of diphtheria toxin of IlIgh potency on a re-
producible medium. I. I'llmi, ,, o1.40,21-32

NECvuELLER, C. (1954). Detoxification of diph-

30 BIKE:\ JOURNAL \101.9 No. I MarclT 1966



theria toxin \\. ith formaldehyde mixed \\ith an
amino acid. Aruti, Ie 174,405-406

OUCHTERLoxY, 0. (1948). Antigen and antibody
reactions in gels. Hikiti. Clie"I. Mr', lei a/. Geol
26 B, I-9

PAPPrxHEiVER, A. itI. JR. , AllLLER, P. A. and YOKE-
DA, A1. (1962). 1<metics of diphtheria toxin for-

I. Ge, ,. MIC, o61b/. 28,531-539mation

RAYXAUD, A'I. , BizziNi, B. and RELYVELD, E. (1965)
CoinpositioiT en amino acides de Ia toxine diph-
tenque purinee. Bill/. SOC. Glum. Biol. FinJic

XL, //, 261-266.

RELYVELD, E. H. and RAYx\uD, A, I. (1964). Pre-
paration de in toxine dipht6rique pure CTistallisee
a partir do cultres en ferment GUT. Caract6res de
in toxine pure. Hilli. Illst. Pastel, I 107,618-634.

SIEKEviTz, P. (1952). Uptake of radioactive alanine
111 a^itro into the proteins of rat 11\. er fractions. I
BJ'o1. Clie, ,,. 195,549-565

YONEDA, ;\I. (1957). A new culture ritethod de-
signed for 1< inetic studies of diphtheria toxin pro-
duction. B, !'t. I. Expt/. Path0/. 38,190-194

HiRAi, T. at al. Production of Diphtheria Toxin 31




