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SUM A1ARY

Iron-binding by washed iron-deficient cells of a toxino enic strain of C. d' Ath
studied quantitati\, ely and kinetically and the effects of pre-treatment of th b '11' b h
ing, of the hydrogen ion concentration in the reaction medium and of th b
temperature were observed. Kinetic observations showed that iron-bindin r d d
rapidly and the rate was highest during the first ten minutes. Quantitative relationshi
were obtained between the amount of iron taken up by an unit of bacilli and the c t
tion of either the bacilli or of the external iron. The bindin ca c't f d b
rather heat stable but it was markedIy affected by the h dro en ion con t t' f h
medium. The optimal pH range for iron binding was between about 6.6 and 7.6. H ,
when maleate buffer was replaced by citrate buffer, only a ver small amount of th t I
iron was taken by the bacilli even near the optimal pH. iron-bindin to the or an' t k
lilace even at 2'C and appeared to be quite firm. Thus once iron was bound to the cell ,
no ordinary buffers at near neutral pH were tinable to extract more than 5 er cent. Alth-
ough about 40 to 50 per cent of the cell-bound iron was extractable with 10 e t
solutions of some organic acids such as manc, citric and tartaric acid, almost coin lete xtr
tion of the iron could be obtained using 10 per cent ascorbic acid (pH 2.3 ) or even better
using 10 per cent sodium hydrosulfite in M/+O maleate buffer at a final H of 6.6.

INTRODUCTION

Since the report of Pappenheimer and Johnson (1936), the inhibitory effect
of Iron on diphtheria toxin production has been studied extensiveI b
workers and especially quantitativeIy by Pappenheimer and his associates (1947).
Although few w. ,ke"s (No"in, 1943 ; \'Dried a, 1957, 1958 ; Cla"k, 1958) observed
Iron-binding by diphthcria bacilli, much attention has been directed towai. d th
quantitative relatioiT bctweeiT the yield of toxin and the exouenous iron in the
medium. Such a relation is possible provided all the added iron is invariabl
and quantitative Iy associated \\, ith the extracellular liberation of the toxin. How-
ever, the relatioi) of it o1T to the extracellula^ release o1 toxin b di htheri"
bacilli appears not to be so simple. Dunno' growth, the orqanism seemed to
take up only about half the iroiT added to the medium (Yoneda, 1956 ; Clark,

* Aided by a grant from the Ministry of Education, Japan.
** The outline of this work was reported at the 31st Meetin of Biochemistr , Jul in1957. g 'oc emis ry, Iu y in
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1958). Furthermore, during investigations on the mode o action o i;on on
extracellular liberation of toxin by a toxinogenic strain of C. ill I 8710e, one
the authors (Yoneda, 1957) found that the rate of toxin production in an iron-
free synthetic medium by a ITeavy inoculum of washed co s was cn Ire y p
ent upon the iron content of the medium used for arvesting e
Moreover, it was demonstrated that the yield o1 toxin in an iron- Tee me
decreased with increasing concentrations of the fernc citrate so u ion \\
the oreranism had only been in contact for a very short time e ore wa g
iron-free medium and inoculation. These observations suggest t at t e Iro
the medium may be taken up very rapidly by iron-de cient ip eria
only this cell-bound iron acts as a rate-limiting factor in t e ex ra
ation of toxin. Therefore, It was necessary to re-examine t e quan '
toxin relation. Before doing this, however, a basic and quaiTtita Ive .g
of the iron-binding capacity of diphtheria bacilli was necessary. is w
quantitative Iy and kinetically.

This paper describes results of experiments on t e in ing o I y
deficient cells of a toxinogenic strain of Golynebac!elft!in diphthei'iae an on
lease of cell-bound iron by several organic acids an y so Ium y

YONEDA AND ISHIHARA

I. ~ Bncte?tai 61/11mt

A variant strain (SM-I) of Park William's No. 8 Toronto Harvar strain,
originally isolated in our laboratory, was used throug out t is s u \ . g
ism was subcultured on the synthetic AMC medium described previous y ( one'
da, 1950, 1951, 1957),

2. Pieparation of iron-d<ICient diphtheiio bacilli
A small volume (about 3 inI) of a 20 hour old shaking culture o -

strain in a test tube \\, as Inoculated into 100 inI allquots o me
taintng 25 11g of FeS04, .7H20 in one liter ETlenmeyer as s. e
then incubated at 34-35'C for. 18 hours, shaking at 120 stro us per min
amplitude of 10 cm. After incubation, the organisms were recover y
fu ation, washed twice with iron-free AMC medium by centri us ation a
temperature and then resuspended into 50 nil of a fres iron- Tee
dis ensed in a 500 in I Elrenmayer flaks. The optical density o t e susp
at 590 in/t in a Goleman type spectrophotometer was usaa y - . . p
sion was then shaken at 34-35'C at the same stoke rate an amp I u e
for a further 15 hours. At the end of incubation, the optica ens' y
culture was usually 10.0 to 12.0 and the toxin content o t e cu ture s p
was 60 to 90 Lflml. The organism were recovered by centri ugatio^, was
three times with distilled water by centrifugation and t en suspense
maleate buffer (pH 6.8). The nitrogen content of this iron-deficient ce suspen:
sion was determined by the nTicro-Kjeldahl-Nessler method as roc I e y o
and Akashi (1955) .

MATERIALS AND METHODS



3. ArJay ing/froth

Unless otherwise specified, the iron-binding capacity of the iron-deficient
diphtheria bacilli was measured by the following procedure ; a cell suspension

containing 200-240 1.1g. becterial nitroo'en per in I \\, as dispensed in 5 inI allquots
in test tubes and a equal volume of a freshly prepared fernc citrate solution-
(about 4-5 Itg. Fe/in I of distilled water) was quickly added to each. The iron-
cell suspension was then incubated at 37'C for 120 minutes to complete the iron
binding by the cells. As a control, the ferric citratc solution was diluted twice
with M/40 of maleate buffer (pH 6.8) and incubated at 37'C for 120 minutes.
After incubation, both the lion-cell suspension and the controliron solution were
centrifuged at 4,000 rpm for 30 minutes in the cold, and then the iron content
of the clean. supernatants and of the precipitated cells was determined.

Quantitative determination of iron in the super natant was performed as
follows ; a 6.5 inI allquot was mixed with 0.7 inI of 10 per cent ascorbic acid
solution and 0.8 inI of 0.1 per cent o-phenanthroline solution. After complete
coloui. development by incubating the mixture at 40'C for 60 minutes, the colour
intensity was measured at 510 in/t in a Goleman type spectrophotometer. The
molar extinction coefficient was found to be 8.4 x IOU X Mol~I- and thus the optical
density of the colour was converted to 110. of iron by using the Factor, 6.55 Itg
Fe/0.0.

The iron content OF the precipitated cells was determined either by direct
analysis or by using the figures calculated by subtracting the amount of iron in
each test super natant from that in the control. However, since the calculated
figures were always in good agreement with those obtained by the direct iron
analysis, they were usually regarded as the quantities of the iron taken up by the
cells. Cell-bound iron was analyzed dii. ectly as follows ; the cells \\, ere first di-
gested completely by heating in a small amount of aqueous sulfuric acid <50 per
cent) with three drops of concentrated hydrogen peroxide <30 per cent). The

digested material was then neutralized with saturated NaOH in the cold and the
excess ammonia removed by heating over a small flame. After cooling, 1.4 inI
of 5 per cent L-ascorbic acid solution and 0.8 inI of 0.1 per cent o-phenanthroline
solution were added to the almost dried residue thus obtained. The final volume
was then made up to 80 in I with distilled water. The mixture was incubated
at 40'C for. 60 minutes and the colour was measured as described above. The
iron content of the same amount or the reagents used for. digestion was also de-
termined.

4. EXITactioii of iio, I

Quantitative extraction of iron from iron-bound cells was performed by the
following method ; the cells having bound iron after removal from the iron solu-
tion were washed twice with M/40 of maleate buffer (pH 6.8), centrifuged at
4,000 rpm for 30 minutes and then resuspended in 10 inI of the same buffer con-
taining 10 per cent sodium hydrosulfite. Cell-bound iron was extracted by in-
cubating the suspension at 37'G for 30 minutes. The iron content of the clear
super natant, obtained by centrifugation at 4,000 rpm for 60 minutes, was deter-
mined by the o-phenanthroline method described above.

BINDING OF IRON BY DIPHTHERIA BACILLI 13
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RESULTS

Relotio?I of Ihe iron-binding by iron-dadicieni diph!helid bacilli to Ihe conceittro!ion of iron
in the medium.

A suspension of iron deficient diphtheria bacilli in M/40 of maleate buffer
was prepared according to the method described in the preceding section. The
concentration of the bacterial suspension was 226.8 Itg bacterial N/in I. 5 in I of
the suspension was quickly added to equal volume of solutions containing the
following varying amounts of rerric citrate ; 0.0,0493,0718,0,858, 1350, 1,764,
2,790,3,670 and 4.22014g Fe/inI. After incubation at 37'C for 120 minutes, the
iron-cell mixtures were cooled and centrifuged at 4,000 rpm for 30 minutes, and
iron contents of the clear supernatants were determined. Ferric citrate solution
in M180 maleate buffer <pH 6.8) containing corresponding amounts of iron to
the test iron-cell suspensions was treated similarly.

YONEDA AND ISHIHARA

iron conc. in I

medium. 11.91m" I

Table I. Relation of the iron-binding capacity of iron-deficient

diphtheria cells to the concentration of iron

0493

O. 718

0853

1350

I. 764

2790

3670

4220

iron bound 10 cells

11.9 Fe/ing Bad. Nl

2.04

2.87

4.43

6.82

8.41

12.50

14.30

1380

* I was calculated according 10 the equation 131

f=in/x. y, where in is Ag Fe/in I 11ron concentration used for contactl,
x, 49 Fe/ing bacterial N,
y, Ag bacterial N/in I

Bacterial concentration, I 13.4 1.9 N/in I; Incubation o1 37 C for 120 minutes

Ratio of cell-bound

iron/external iron

The result is shown in Table I. The more iron present in the surrounding
medium, the more iron was taken up by the organism. Iron-binding reached
a plateau when the concentration of the external iron became more than 3 Itg/
in I. The maximal amount of iron taken up by ing bacterial nitrogen was app-
To ximately 14 micrograms. The ratio of cell-bound iron per external iron was
0.47,0.45,0.58,0.57,0.54,0.45,0.39 and 0.33 with increasing iron concentrations
in the contact medium. Therefore, between 0,718 and 1,764 Ag external Fe/inI,
the mean value of the ratio was 0.56 indicating that diphtheria bacilli bind about
50 to 60 per cent of the iron in contact with them. Figure I illustrates the
quantitative relation of the iron-binding to the concentration of the external iron
used for contact.

0.47

0.45

0.58

0.57

0.54

0.45

0.39

0.33

I*

12.131

12.201

170

I. 74

1.84

197

2.26

2.69



BINDING OF IRON BY DIPHTHERIA BACILLI

Fig. I. Relation of the iron-binding capacity of iron-deficient diphtheria cells 10 Ih
concentration of iron

15 O

Z

U
o
,

a

E
~ 100
a

"
^

a

3.
.,

.
,

C

.
C
.
o
,

S 50

.

.

.

Iron appears to be taken up linearly by unit weight of organisms until the
external iron concentration reaches nearly 3 110 Eelml and a plateau appaers to
be formed with higher concentrations of iron. It must be noted here however,
that the first two values, 2.04 and 2.87 14g Fe/intr bacterial N, might be maccu-
rate since concentrations below these points are somewhat too low for the iron-
determination method used in this study. Thus precise information on iron-
binding at very 10\\, iron concentrations must await analysis with radio-active

iron conceninicn in Ihe ,eocion medium jug re in 11

Bacterial concentration used, 113.4 itg N/in11 Incubation of 37'C for 120 minutes

.

15

10

Iron.

q. Mailti!ati"e relation belzueei! Ihe bacterial con"n!?. ajion and iron-binding

Varying amounts of diphtheria bacilli were brou, ,ht into contact \\, ith a
constant amount of Iron. Thus a bacterial suspension containina 816.4 11g of
bante, Ial N/inI was hist diluted app"op"iately with M/40 maleate buffe" (pH
6.8) to the following concentrations ; 408.2,306.2,204.1, 102.1,51.0,408.30.6,
20.4 and 10.2 Ag N/inI. 5 lnl allquots of these suspensions were quickly added to
an equal volume of fernc citrate solution <5 IJg Feiml). The cell-iron mixtures
were then incubated at 37'0 for 120 minutes and the iron determined in the

clear supernatants obtained by centrifugation at 4,000 rpm for 30 minutes.

2.0 3.0 do
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Fig. 2. Relation of the iron-binding capacity of iron-dencienl diphtheria
cells to the bacteral concentration
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The restJlts are summarized in Figure 2. The amount of iron taken up per
rug of bacterial nitrooen is plotted against the bacterial concentration used for
the contact. The iron-binding capacity of the organism decreases with increasing
bacterial concentrations and the rate of decrease was found to be particularly
rapid when the bacterial concentration was below about 100 Ag N/in I. Maximal
iron-binding was observed when less than 20.4 Itg N/in I of the organism was In
contact with 2.5 I!g Fejml of the fernc citrate solution and the binding value
was approximately 46 micrograms Fe/ing bacterial N. The ratios of cell-bound
iron/external iron in this experiment were 0.18,0.38,0.47,0.48,0.51,0.56,0.59,
0.57 and 0.54 at bacterial concentrations of 10.2,20.4.30.6,40.8,51.0,102.1,204.2,
306.2 and 408.2 Ag N/inI respectively.

The curve in This figure expresses the change in iron-binding capacity with
change in the bacterial concentration and should be hyperbolic. Thus, actual
total amounts (T) of cell-bound iron can be calculated by the following equation ;

(1)T=x .j, ,
where x represents the 14g iron taken up per ing bacterial N and y, the ing
bacterial nitrogen in the total cells used for. the contact. Since only a part of

20
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the external iron used for contact is taken up by the organism,
T=^ (2)

where in represents the total iron <1!g) used for contact with the cells and I; a
factor' concerning the Iron-binding capacity of the organisms. Therefore, from
(1) and (2), one can depict the following equation ;

(3)X ----
-/. y

which should express the curve in this figure and represent the overall iron-
binding capacity of the organism in relation to the bacterial concentration used.

The value, I, calculated from the actual amounts of x, y and in in this ex-
pertinent according to equation (3) was 5.41,257,211,206,196,178,1.68,1.77
and 1.85 at bacterial concentrations of 10.2,20.4,30.6,40.8,51.0,102.1,204.2,
306.2 and 408.2 Itg N/in I respectively. It will be seen that, when 2.5 Ag Eelml
of Iron was in contact with the organism at a concentration of more than 100 ICg
N/in I, thcse values are nearly constant regardless of the bacterial concentration
and the mean value is 177. Using this value, the amount of cell-bound iron C/Lo
Eelmg bacterial N) \\, as recalculated and compared with that of the iron actu-
ally measured. As is seen in Table 2 and Figure 2, calculated and measured

BINDING OF IRON BY DIPHTHERIA BACILLI

in

Table 2. Relcfion of the iron-binding capacity of iron-deficient
diphtheria cells to the bacterial concentration. Comparison
of the me OSured amount of the iron bound to the cells

with that calculated from the mean value for f.

17

Bacterial conc

ling N/in 11

04082

03062

02041

01021

00510

00408

00306

0.0204

00/02

Iron bound 10 cells 149 Fe/ing baci. Nl

me OSu red

values agreed well at bacterial concentrations of more than 100 Ing N/inI. How-
ever the exact value of I must be determined from further similar experiments.

Kinetic o63eit, altonJ on troll-binding by i?'o11-dq/i:cient diphtheria bacilli

140 inI of a bacterial suspension containing 230 149 N/inI in M/40 maleate

* Assuming that f is 1.77

Calculated Irom equation 131

Iron conceniroiion, 2.5 149 Fe/in I: Incubation o1 37'C for 120 minutes

3.30

4.63

7.26

13.82

24.90

29.66

38.56

47.55

45.09

**

calculated

3.45

4.63

6.92

13.81

27.77

34.72

46.29

69.44

138.88

* **
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buffer <H 6.8) was divided pinto two parts. One part was heated at 80'C for
30 minutes. Both the heated and non-heated suspensions were then mixed with
70 in I of fernc citrate solution <4.86 14g Fe/in I) and incubated at 37'C. A 10
inI aliquot was taken from each at various intervals and it was immediately
centrifuged at 4,000 rpm for 30 minutes. Iron was determined in the clear super-
natants thus obtained.

Fig. 3. Relation of incubation time to the iron binding cupocify of
iron-deficient diphtheria cells
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The results are shown in Figure 3. Although the cell-iron mixture was
centrifuged as quick as possible after the incubation, it took several minutes be-
fore most cells were precipitated, so that the organism was still in contact with
iron during a part of the centrifugation period. Therefore, in this figure, the
amount of iron taken up per rug bacterial nitrogen is plotted arbitrarily against
the incubation time at 37'C. As is seen from the figure, the organism bound
iron very rapidly and approximately 47 per cent and 87 per cent o t e tota
bound iron was taken up at the arbitrary zero-time and after 30 minutes incu-
bation respectively. On further incubation, Iron-binding proceeded at a very
slow rate and, even after 120 Inmutes incubation, the organism gained less than
15 per cent of the iron already taken up. A similar pattern for iron-binding
was obtained with organism heated at 80'0 for 30 minutes. In this case, how-

.

incuboiion lime in minu!esl

Bacterial conconfrofion, 115 1.9 N/inI; iron concentration, 2.43 119 Fe/inI;
Incubation of 37'C

.

o 30 60 90 120



ever, the amount of iron bound to the cells after 120 minutes incubation was
9.62 I'd Fe/ing bacterial N : a value about 23 pm' cent 10\\, er than that of iron
(12.17 IJg Fe/ing bacterial N) bound to the non-heat treated organism. It is of
interest that the amount of iron teken up at the arbitrary zero-time both by
heated and non-heated cells was identical. It is thus apparent that heat-treat-
merit affects iron-binding by the ororanism only during incubation at 37'C. it
may also be possible that there are two different kinds of iron binding sites, that
is, heat stable and heat labile sites.

ayec! of heat-tiedtment on iron-binding capacity of Ihe cell$

In the preceding experiment it was showi} that the intial rate of iron-binding
by iron-deficient diphtheria bacilli was urialtered, but the iron-binding capacity
was reduced consider aby by the heat treatment at 80'C for 30 mintes. The
change in iron-binding capacity \\, ere therefore furthere studied using different
temperatures for. the heat-treatment.

50 in I of the bacterial suspension containing 226 11. N/in I was divided into
five parts and 10 inI allquots of suspension were heated at 37,55.70,80 and 100
'C for 30 minutes. After cooling, each suspension was quickly mixed with an
equal volume of 4.86 11. g Fe/in I rerric citrate solution and the cell-iron mixtures
incubated at 37'C for 120 minutes.

BINDING OF IRON BY DIPHTHERIA BACILLI

Temperature of
heal-Ireoiment ICi

Table 3. Effect of the heat-treatment of cells on the iron binding capacity.

19

37

55

70

80

100

iron bound to cells

11.9 Fe/ing bami. Nl

* Calculated from equal ion 131

80cieriol concentration. 113.0 119 N/in I; Heal-treatment for 30 minuies; 2.43 1.9
Fe/in I; incubation o1 37'C 10r 120 minutes.

Table 3 illustrates the effect of heat-treatment of the organisms at various

temperature on the iron-binding capacity. The binding capacity was apparently
somewhat affected by the type of heat-treatment and decreased almost linearly with
increased temperature to 80'C. The reduction, however, was not areat and the
amount of iron taken up by 100'C-heat treated cells was only about 22 per cent
lower than that taken up by 37'C-treated cells.

erect of the hydrogen ion concen!?'ation on the iyoi!-bindi?Ig capacity

Using six different buffers, the effect of the hydrogen ion concentration of
the medium used for iron-cell contact was observed between pH 2.3 and 9.2,
The buffers used in this experiment were glycine-HCl (pH 2.2-3.6), acetic acid-

12.26

1097

10.38

9.73

9.57

Reduciion in the iron-

binding capacity. 1961

o

11

15

21

22

I. 75

1.95

2.07

2.21

2.23

*
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Na acetate <pH 3.6-5.6), succinic acid-NaOH (pH 3.8-6.0), citric acid-Na citrate
(pH 5.4-6.4), n, aleic acid-NaOH (pH 5.2-6.8), Na2HP04-KHgPO+ (pH 5.6-8.0)
and borax-HCl (pH 7.6-9.2). All buffe"s used we"e Mj20. 2.5 inI of bacte"Ial
suspension containing 550 Itg N/inI of distilled water was made up to 5 in I with
the buffers mentioned above and then mixed with 5 in I of fernc citrate solution
containing 6.0 ILg Fe/in I.

YONEDA AND ISHIHARA

Fig. 4. Effect of Ihe hydrogen ion concentration in the reaction medium on
the iron binding capacity of iron-deficient diphtheria cells
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The result is shown in Figure 4. Iron-binding by the organism is dependent
upon the hydrogen ion concentration in the reaction medium. The optimal pH
range was rather narrow (pH 6.6 to 7.6). Little or no iron binding was seen
when the pH was below 3.0 or above 9.0. A small but rather sharp peak was
seen at pH 5.4 and 3.8. It is as yet uncertain whether or not these latter are
of significance. The optimal pH for the iron binding appeared to shift to around
6.0 in phosphate buffer and the iron-binding capacity decreased markedIy on
decreasing the hydrogen ion concentration of the buffer. Of particular interest
is the finding that very little external iron was taken up by organisms even near
the optimal pH when maleate was replaced by citrate buffer.

oH o1 Ihe reodon medum

Bacterial concenfra, ion. 110 Ag N/in11 Iron concentration 3.0 Ag Fe/in11
incubation o1 37'C for 120 minutes

X
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Table 4. Comparison of the iron binding capacities of iron-deficient
diphtheria cells in maleate and citrate buffers.

pH of the

reaclion medium

3.0 49 Fe/inI; Bacterial concenfriiion, 100 119 N/inI;
Incubation o1 37'C for 120 minuies

As is seen from Table 4, in citrate buffer at pH 6.6, the organisms were
found to bind only about 13 per cent of the iron taken up in maleate buffer at
the same pH.

T/Ie ofec! of' Ihe I'm/;eia!u?'e off!7ing Ihe incl!bano?I of Ihe jin!I-fell mixiztit

20 in I or bacterial suspension containinu 220 ILg N/in I of M/40 maleate buffer

Fig. 5. Effect of incubation temperature on the iron-binding capacity
of iron-dencien* diphtheria cells
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<pH 6.8) was divided into five parts and 10 in I aliquots of the suspension were
incubated at 2, 10,20 and 37'C. After equilibration, each suspension was mixed
with an equal volume of 4.86 Itg Fe/in I rerric citrate solution at the correspond-
ing temperatures. These cell-iron mixtures were then incubated at the same
temperatures for 120 minutes.

Figure 5 shows the effect of the incubation temperature on the iron-binding
capacity of the organism. Iron-binding decreases slightly at lower incubation
temperatures but the decrease is ITot great since, at 2, 10 and 20 C, the organism
can bind about 72, 88 and 96 per cent of the iron which was bound to the cells
at 37'C.

Ex!ianio?! of cell-boltnd iron by annot, J organic acidJ and $0diztm 101diuJ!!!lie
60 in I of bacterial suspension containing 230 ILg N/in I of M/40 maleate buffer

(pH 6.8) \\, as added to an equal volume of 6.0 Itg Fe/in I Ierric citrate solution
and the mixture was divided into six parts. 20 in I allquots of the iron-cell sus-
pension were then incubated at 37'C for 120 minutes. After incubation, each
suspension was centrifuged at 4,000 rpm for 30 minutes and iron was determined
in the supernatant. The precipitated cells were washed three times with M/80
maleate buffer (pH 6.8) and centrifuged at the same speed. The organism at
this stage was found to bind 15.21 Ag Fe/ing bacterial nitrogen. The washed
organisms were resuspended in 10 inI of 10 per cent L-ascorbic acid solution or
in 10 per cent sodium hydrosulfite in M/40 maleate buffer (pH 6.8). In each
case triplicate samples were employed. These suspensions were then incubated
at 37'C for 30 minutes and the iron released was deterInIned colorimetrically in
the supernatants obtained by centrifugation at 4,000 rpm for. 30 minutes. The
mean iron content of each group was 11.38 14g Fe/in I in the ascorbic acid solutions
and 17.50 Ag Fe/in I in the hydrosulfite solutions. Therefore, extraction of cell-
bound iron was complete with sodium hydrosulfite, while only 65 per cent o1 the
iron was extracted with ascorbic acid solution. However, when the extraction
was repeated twice with the latter solution, 96 per cent of the iron was removed
from the cells. For complete extraction, the temperature during extraction seems

when cells were extracted at 2'C instead of at 37'C, theto be important. Thus,
efficiency was very low and 24 and 57 per cent of the cell-bound iron were ex-
tractable with the ascorbic acid and hydrosulfite solutions respectively.

Using the same batch of iron-bound cells <15.21 I!g Fellng bacterial N) and
a similar procedure, the eHiciency of several other organic acids and various
buffers for extraction of iron from the cells \\, as studied. Extractions were per-
formed at 37'C for 30 minutes. The results are summarized in Table 5.

Almost no iron was extractable with buffers such as maleate, phosphate and
borate at above pH 6.0. On the other hand, appreciable iron was extractable
with succinate, acetate and glycine-HCl buffers and the emciency appeared to
increase with increasing hydrogen ion concentration. Iron was also extractable
with 10 per cent aqueous solutions of several organic acids and the efficiency was
found to increase in order in acetic, succinic, mallc, citric and tartaric acids.
No significant difference was found at different PHS of these solutions.
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Table 5. Extraction of cell-bound iron in solutions of organic acids,

sodium hydrosulfite and buffers of varying pH.

Solvents used

for extraction

0,996 saline

*I

; I '11/11' - I--- ill - - I-- ---;-I- -----,,,,,,, ',,,,, ,,,,,, ,, ,---^ --^ ^-- --- ^ ~ --- ^

a , succinole 5.0 I 2.5 15.0 14.2
45 I 3.8 13.7 11.3I 4.0 4.5 13.0 I 25.7

*I

boroie

pH

6.8

90
8.5
8.0

^- --------

Cell-bound iron 1/19 Fe/in 11

n on- extracledexlrocled

< I

<1
<1
<1

I oral. I 2.43 I 5.06 I 12.44 28.9^-.-^-- -- --.^ ^^----- - - --- -- - - - --- - -^

c succinic I 2.85 I 4.80 I 12.70 27.2
^^-,----.^ -----^- ----------- --- -^-

E I mallc I 2.36 739 10.11 42.2-- --.-^- ^- - - - - . - - ^- ---------------I - ---- - - -

a citric I 2.52 780 I 9.70 I 44.5
'Q -^!-^--^- ------- ^---- --
:2 tartaric I 2.45 I 9.76 I 7.74 I 55.7
^---^-^------- --------^ - - ^------ ---

, OScorbic I 2.30 I 12.52 4.98 71.5

glycine-HCl

> 16.5

> 16.5
> 16.5
> 16.5

Efficiency

10/1

23

3.0

1096 sodium hydro-

maleate buRer.

5.5
5.7

6.7

Exiraciion at 37'C for 30 minuies

* Exirociion o1 37'C for 30minutes was repealed twice

DISCUSSION

If one were to assume the existence of specific sites for. binding iron atoms
in the cell of this diphtheria organism, these would be million. It was demon-
strated in the present study that organisms could bind as much as 46 micrograms
of iron per milligram of bacterial Ilitrogen. Thus, assuming that one ing bacterial
N is equivalent to 3.2xlO}O cells (Bathsdale and Pappenheime", 1954), it will be
clear that one diphtheria cell could bind about 1.6x107 atoms of iron, that is
about a hundred times the amount of iron necessary to inhibit toxin production.

NG extraction

12.0
11.8
10.8

6.6

I~~~~
31.4
32.5

I 38.2

I7.50 00

17.50

100.0
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Therefore this organisms has a tremendous capacity to concentrate iron in or
onto the cell from the surrounding medium. Assimilation or uptake of iron by
various other species has been reported previously by \, Varing and werkman
(1943) and Pappenheimer and Shaskan (1944) in g"owing cultu"es. The char-
acteristic feature of the binding of iron by diphtheria bacilli appears to be that
the cells bind only a part of the external iron with which they were in contact.
As mentioned previously, the iron-binding capacity (.\ 11g Fe/ing bactcrial N),
or a given organism (y ITig bacterial N) in the medium containing a given
amount of iron <1n Itg) may be expressed by the equation ; \=inn - y, where I
is a factor expressing the change in the iron binding capacity. Therefore, from
this equation, the value of I is one provided that all the iron in the medium is
taken up by the organism. This may be so with 010r!?Millm reelchii reported by
Pappenheime" aud Shankan (1944). Thus, the value fo"I calculated f"om theI"
data on the iron content of the organism is close to I. However, in the present
experiments on the Iron binding of non-growing iron-deficient diphtheria bacilli,
Iwas around 1.7-1.8 and never lower than 1.68. In other words, under Do con-
ditions, did the diphtheria bacilli bind more than 60 per cent of the iron with
which they were in contact. Iron uptake by diphtheria bacilli dunno growth
appears to be much the same as that described above. Yoneda (1957) and
Clark (1958) observed that organisms took up only about the half of the iron
added to the growing medium. According to Clark (1958), only 50-60 pe" cent
of the iron present in the medium, at all concentrations tested, could be recov-
ered from the diphtheria cells. Consequently, I in his experiments was between
1.5 and 2.0. Therefore, iron-uptake by diphtheria organisms may be essentially
the same in both growing or non-growing cells, and there may be a different
mechanism involved in the process in this organism and in others such as CIOJi-
richt, in reelchii

Although neither the intrinsic mechanisms involved in the iron binding nor
the chemical nature of the sites of this particular organism are yet known, data
presented in this paper reveal several properties of the Tnnding of iron. In the
first place, iron binding may be irreversible under I}ormal physiological conditions.
Thus, once iron is bound to the cell, no ordinary buffers or saline at near neut-
rality are able to release it. Secondly, an enzymatic reaction may not be in-
volved, at least in the initial step of the iron binding and the sites on the cell
for. binding iron seem to be quite heat stable. As seen in Table 3, only 22-23
per cent reduction in the iron binding capacity was obtained by heating the
cells at 80-100'C for 30 minutes. Moreover, Identialamounts of iron were bound
at an arbitrary zero-incubation time by both heated and non-heated cells. In
addition, it was observed that iron binding by non-heat treated cells proceeded
even at 2'C and the increase in binding was not so great (about 28 per cent)
on raising the incubation temperature to 37'C. However, it is still uncertain
whether or not the 22-23 per cent reduction in binding on heating, or the 28
per cent increase on raising the incubation temperature from 2 to 37'C is due
to the presence of some heat labile binding sites or assimilation process. Thirdly,
ionization of the iron salts used for contact experiments may be necessary before
binding occurs and the iron is presumably in the fernc form. Thus, when M/
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80 citrate buffer was used, the organism bound only 13 per cent or the IToiT even
at near the optimal pH. Considering the molar ratio of iron/citrate in this reac-
tion medium and the iron-chc!at Ing activity of citrate, it may be assumed that
a very SIo\\, dissociation of rerric citrate takes I>lace. A similar phenomenon may
occur in phosphate buffer. Thus as was seen in F1, ure 4, the amount of iron
bound to the organism in the M/80 phosphate burrei' of pH 7.6 \\, as about 39
per cent of that in M/80 borate buffer at the same pH. In this case, howevei. ,
the SIo\\, dissociation and the insolubility of the iron-phosphate complex may
limit the bindin, r or iron. This may partially account for the increasing iron
binding capacity \\, lib increasing acidity in phosphate burrei . \'\'hen the reaction
medium contained sodium hydrosulfite, iron was not bound to the organism
even at neutrality. This strongly suggests that only tllc rerric 11'0n can be bound.
Conversely, bound iron is released completely in sodium ITydrosulfite and, almost
completely in ascorbic acid. Iron bound to the sitc must I}robably be in the
forTic form, like Ierrichrome (Nielands, 1957) or or rerritin (Granick, 1951).* The
true statc of the diphtheiia cell-bouild iron \\'ill be 1<nown further from studies
on the isolation and chemical nature or thc iron-binding sites.

Finally. from these properties and the quantitative nature or the iron bind-
ing by the organism, it may be that the binding sites serve as reservoirs for a
Iai'ge amount or iron and the pooled ICrric iron may become available for haem
synthesis or for' the other iron enzymes after being reduced 10 the for To us state
In the cytoplasm.
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I ?

The above tentative scheme Illustratcs suclt a possibility. Considering that
haem iron comprises only about 9 pel' cent or the total iron content or the di-
phtheria bacilli <Clark, 1958) and that the organism \\, ith a little bound iron
can gro\\, in an iron-free synthetic medium (Yoneda, 1957 and unpublished
data), the above speculation seems not improbable

Iron salts-, Fe' '

\

Extracellular

Fe ' ' 4^

->F e' ' ' .X - - --, Fe ' ' - - - ~Fe. POTphyrin
Fe. enzyme

.X

Intracellular

Barksdalc, \V. L. and Pappenheimer, A. 1.1. IT. (1954). Phage-host relationships in
non-toxigenic and toxigcnic diphtheria bacilli. I. B"cteri0!. 67, 220-232

Clark, G. D. 11958). The effect of Ierrous ions on the formation of toxin and COPTo-
POTphyrin by a strain of Goryneb"cteri"in diphthe, 'me. I. Gen. Mi'CFObi0!. 18,
698-707

* According to a personal communication from Dr. A. A1. Pappcnheimer, IT. . an iron-
containing coloured substance has been isolated from a mutant strain of C. diphtheriae in
his laboratory.

X=iron-binding site
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