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I, Mode of sction of diphtheris toxin: Using tritiua-lsbelled toxin,
it hes been shown that Hels cells treated with a satursting dose take up
less than 2% ( 0.003ug/ml) of the added toxin within a S-hour period.
Diphtheris toxin exerts 1ts action on cells b inhibition of protein
synthesis, Low concentrations of toxin block the incorporation of
Cl4-2wino acids into protein in extracts of Hela cells and of rabbit
reticulocytes. Action of the toxin requires the presence of o specific
cofactor which has deen ‘dentified as nicotinamide adenine dinucleotide
(MAD). It has been shown thst the toxin interferss with a step involving
thc‘trmfor of amincacide from aminoscyl-sRMA to the growing polypeptide
chain,

1. Studies on diphtherial pheces: A method for phage assey has been
developed using an mﬁ-b«d srotein serum gammaglobulin fraction,

trace labelled with 1131, pacteria to which 4 or more phage particles
have been absorbed are specifically sgglutinsted by the serum. dr
8gglutinate s collocted on Millipore filters and counted fer 1131,

The method has proved useful in studying the defective ~on-plague fore~
ing ghnou relessed by strains P(pd) and PW8. Following induction of
P(Bd) by WV 1ight, the turst size is the same as for the norssl lysogenic
strain, P(f). The d phige sbeorde narmelly to the seneitive CT7(-) ,
strein and ueing ~labelled Po. it has found that its DMA s
injected normally. As detersined by the 1'% sathed, the classic PWO
strain relesses less than 2X ss much sbsorbsdle phage following WV
induction as do P(P) and P(Pd) under similar conditions.




MODE OF ACTION OF DIPHTHERIA TOXIN

It was shown by Strauss and Hendee (1), that following addition
of a “saturating dose” { O0.5pg/ml) of purified diphtheris toxin to a
growing culture of Hela cells, growth and protein smthesis continue
at thelr normsl rate for 1.5-2 hours and then cease abxuptly. Very
such lower concentrations of toxin will ki)l sssmalian cells 1f left
on contact with thea for a prolengsd length of tise, In fect it cen
be celculated from the experiments of Lennox and Kaplan (2) snd of
Gedliks gad Solotorofsky (3), that toxin at a concentration of 1-t4
than 10 ““M equivalent to only 200-400 molicules per cell, is lethal
for certain strains of mamslian cells within 3-4 deys. How much
toxin is actually taken up by the cells when toxin is added to a sus-
pension in ssturating concentraticns? In ar attespt to ansmr this
question, we have prepered highly purified tritius-labelled toxin and
at;:-ptnd to measure its uptake by culturas of the 53 strein of Hela
cells. -

Tritiated toxin was prepare? by growing the Si=1 varisnt of
PW8 strain in Yoneda's modium (4) containing uniformly labelled HY-1-
methionine. The H -toxin wes purified dv smmonium sulfate fractions-
tion, followed by passage through G-79 and finelly by frectione-
tion on & DEAS column. The final product contained 2,99 protain and
60ald per L? and 160 counts per adn per pg. In a ice! experiment,
threc culture flasks sere inoculated, sech with 10° Hela (83) cells
per ml. To flasks A and B were sdded ca 7 x 10* cpa/xl Clé-phenylalanines
to flasks B and C were added 1.7;:9/-1 tritiated toxin. At hourly
intcrvals one ml sasples were withdrswn and the cells collected on
Millipore filters. Cslls from flasks A and B were ~ounted fio Cl4)
those frem flask C for tritium. The Cl4 counts showed that pherrrlalanine
uptake in the flasks contoining toxin began to slow down and deviste from
the control after 2 hours snd hal come to & standstill within S hours,.
Table 1 shows the resuits of the psrallel experiment (flssk C) to which
l1abelled toxin but no Cla-phenylalanine wes added. [he radioccctivity
recovered with the cells sversged only 2.%% of the total counts added,
did not chenge significantly with ¢tize over the 5 hour period and wes
uneffected by washing. In fact the counts were not spprecisbly greater
than in sero time conirols in which toxin was repidly peesed through
M1lipore filters on which 105 Hela cells hed previously been collected.
At the end of the 3 hour periocd, up to 90K of the labelled toxin could
be recovered from the filtrates by co-precipitation with sdded un~
1sbelled toxin snd an equivalent Jmount of anti-toxin.

It seems clear from the rvwlis of “snnox and Ksplan and of
Gebliks end Solocorofsky referred to abowe, that only a smll frection
of & satursting dose would need to pess the cell mesbdrene in order to
kill 8 ¢1ll. At the extremely low concentrationy that they used
(ce 10°°“N o 200-400 molocules per cell) diffusion may be a limiting
foctor in deternining the lenuth of the latent period. 1If the toxic
protein is taken up by pinocytosis, then the cells must isbibe large
amounts of culture fluid, since the total cell volume in their ex-
perimants was lese then 0.2%. The experlments with ladelled toxin
have failed to tell us jJust hew much toxina 1s fixed Dy senaitive cells.
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ilwntholno. they [do demonstrate that the smount of toxin which is
fixed or pssses thriough the cell mesbrane is very sasll indeed and

v toxin and antitoxin.

may be only a few molecules per cell, even in the presence of higa
toxin concentrations. This fact is of significance in considering
the mode of action of diphtheria toxin, since it seems to preclude the
1ikelihood that cell demage is the result of one to one interaction of
the toxin molecule with a stable cell component such as an enzyme.

It suggests, vather, that the toxin mey act catalytically to sctivate
[} dogndauv- enzyme or to inactivate a vital enzyme or other cell
catalyst. .

Table 1

Uptake of H3-methionine-lsbelled diphtheris toxin by Hels cells
 (83) in spinner culture

ob i
Phé’mws) Urwa &u%nu sz_L_ﬁ‘M ]th' u‘-u‘ fum
ond

Medium slone % TCA
(a) (b)
0 60? | - - ' -
1 10.8 9.3 8.7 8.0
2 9.1 8.7 8,3 4.5
2 6.3 10,3 7.2 9.2
. 2.3 6.8 11.9 el
8¢ S¢8 _ 9.8 8.4 3.9
(8.0) (9.0) (8.7) (6.0)

|
S One ml samples collected on Millipore filters and counted. “506
HeLa cells per sl and 1.7pg (275 cam) per ml highly purified H -
methionine~labelled toxin,

D At zero time 105 normel HeLs cells collected on filter. Than
1 =l containing 1.7pg toxin repidly filtered through. '

€ After 5 hours, %0-50% of the labellsd toxin was recovered from
the supernates by uprcmc coprecipitation with added unlabelled

d Figures in punnthrns indicate averages over the ontire puiod.'

Biect of di~dthaxia sonin on emine acid incarporstion in vitres
Last year we reported preliminary experiments by R, J. Collier which
showed that in the presence of only 0,%g/ul purified toxin, smino
ocid incorporation inte ;-liypeptides by cell-free extracts from Hels
cells was inhibitad 30%. he inhivition wes shown to be specific

for toxin iteelf, thagh artitoxin failed to neutralize the
effect completely. res, £33 wpecific toxir-antitoxin floccules
are still cepadble ol inhibiti:y; almost completely, the incorporation
of smino acids by the cell-‘res extract,
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These experiments have now been confirmed and extended. It
has been shown that toxin interferes in some way with the transfer
of amino acids from amincacyl-sRNA to the growing polypeptide chaln.
In order for toxin to act, a specific cofactar is required which has
recently been identified as nicotinamide adenine dinucleotide {NAD).
Johibition of polyphenylslant % 1 It seemed possible that
toxin might be acting to inhibit selectively the incarporation cf
only one of the 20 aminoacids into protein. It therefore seemed
worthwhile to tast the effect of toxin on the incarporation of Clé-
phunylalanine in the presence of the synthetic messenger RNA,
polyuridylic acid, which codes for the farmation of polyphenylalsnine.
Table 2 shows that poly-U-stimulated incorporation of phenylalanine
by Hela cell oxtracts is indeed blocked by law concentrations of
torin. It would thus appesr that {f toxin {nhibits the incorperstion
¢’ only one of the amino acids, then that amino acid must be
phenylalanine. This possibility seems unlikely.

Taole 2

Effect of diphtheria toxin en poly-U-stimulated inc rporation
of Cl4~phenylalanine in Hela cell extracts®

Additions C-lhphowlllu;im
ima?cnt on
cpm/sanple
None r 1)
Poly-y, m ) ) . 1402
Poly-U, SOyg toxin, 1%4g 206

# The complete system contained 1 10 ATP, 0.2% umole GIP
10 pnole creatine phosphate, 120 umole creatine kinese, 30 ul
anino acid mixture, 0,05 umole (0.6 pc) Cl4-phenylalanine,

20 pmole GSH, 30 pmole KC1, 5 umole lvm? H 0, 30 yuole Tris
pH 7.3, and o.4ml Hela extract to & fina volése of l.4mi.

mm_qx.’nm_m_n;mxm:umm Becsuse of the tech-
nical difficulties of growing large numbers of Hela cells, even

in spinne= cultures, we decided to test the effect of toxin on
amino acid incorporation into hemoglobin by a partially purified
cell-free system prepared from rabbit reticulocytes. This systes
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T 77T hag been extensively studied by Allen and Schweet (9), Dintzes (6)
Narner ot sl (7) and others. Reticulocytes were collected froam phenyl-
hydrazine-noisoned rabbits and were extracted and frectionated accords
int to Allen and Sciweet (). Ribosomes were separated by Righ speed
centrigugation and then activating and transfer entymes together with
ribonucleic scids were precipitated from the supernate with ssmonium
sulfate. 7he complete system when supplemented with WyT*, K+, GIP,
amino acids, ATP and ATP-generating system wes highly active in in- .

T T T U eorporating Cl4-amino acids into TCA precipitable material. Much

to our surprise, howsver, the system proved to be completsly in-
sensitive to the action of diphtheria toxin. (Table 3)

Table 3

Incorporetion of Cla-phenylalenine by cell-free system
from rabbit retisulocytes® g ,

Clé-phenylalanine

o mle

o

¥3.88. .8

Complete systes
No ATP, ATP-generating
system or GTP
Mo ribosomes .
No AS70 fraction®
No sRMA
- RilAsse,
purosycin, 100pg _
Diphtheria toxin, 1%g

[ o d

* Cosplets system seis &8 in Table 2 except thst instesd of

Rela extract there was added: 10049 reticulocyte shMA, 300pg
ribosomes and %mg AS70 fraction (proteins precipitated between
40 end T0% ssturation with ssmonium sulfate from reticulocyte

supernate). :

- Qur first reection to *his finding was thst the insensitivity
o toxin might be related to the fect that the ridosomes in retic-
ulocytes are not bound to the andoplasmic reticulum as is the case
in Hela celle. This hypothesis wes tested by examining the sensi~
tivity to toxin of reticulocyts ribosomes plus the soluble factors
frea Mola extracts and of Hels microsomes plue reticulecyte enzymes
ond RO, Table 4 show. clesrly that the state of dinding of ribosomes
does not detazmine sensitivity to toxin, It 1s spparent from the

| I | sl
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table that only those reaction mixtures containing the Hela super-
nate, either alone or in combination with reticulocyte soluble factors,
are inhibited by the toxin., This suggasts that there is some facter
contained in the Hels supernate, but not present in the reticulocyte
soluble fraction, which is necessary for action of the toxin,

Table 4

Effect of toxin on Cl4-leucine incorporstion
in cell-free extracts

Source of Jource of Cl4-leucine incorpor- Inhibitior;
Ribosomes soluble factors s’ed (cpa/sample ) 4
Control Toxin (15,.9/-1)
reticulocyts reticulocyts 1414 1418 0
reticulocyte Hela 1776 k -] 80
Hela reticulocyte 292 al 0
reticulocyte reticulocyte
+ 2166 672 65
Hela

A O.@c Cl4-leucine added to esch resction mirture

Jdentification of cofscior recuired for toxic gction: It scon became
evident that the cofactor present in the Hela supernats was a small
molecuie. After dialysis or passage through Sephadex G235, the Hels
supecnate retained its full amino acid incorporating activity when
supplemmted with the microsoms] fraction. However, dialysed or
gel-filtered supsrnates were completely insensitive to inhibition

by toxin. Sensitivity could be restored by addition of a boiled
extract of Hela celle from which cosgulated protein had been removed,
Addition of boiled Hela extract also rendered the reticulocyte system
sensitive to inhibition by toxin,

Before attemnting to fractionats bolled extracts, various

known cofectors were tested for their ability to restore sensitivity
of the dialysed system to toxin., The factors tested included flavin
mucleotides, pyridine nucleotides (MAD and MADH), pyridoxal phosphate
snd a yesst concentrats. Only MAD, NADH snd yeast extrect (contalning
MAD) restored the sensitivity ol the dialysed Hels system and of the
reticulocyte system to toxin. Table 3 shows that in the presence cof
only 0,59 MAD per al, there was about 20X inhibition of incorporstion
of Cla-leucine in the reticulocyts system by 6Lf/ml toxin, The table
shows that 50-100 timet 83 such WADP were required for 30X irhibition
by toxin in e sems system (there were probebly traces of NMAD in the
WADP prepsretion). It thus seems virtually certain that the dislytabdle
cofactor in Hels supsrnates is NAD,
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Table %
Effect of NAD and NADP on inhibition

by toxin of incoxporation of Cl4-leucine by
reticulocyte system.

-

Toxin Cofactor Cl4-leucine incorporated
added sdded (cpsy/sample)
pg ug W'D NADP

0 0 349
15 0 343

0 50 339 223
19 0.1 489 339
1% 0.5 371 934
15 2.9 213 489
15 50 142 333

0.6}1c Cl4-leucine to each reaction mixture

Effect of toxin on amircacyl-sRNA formations Protein synthesis may
be considered to take place in two steps: 1. & resction of amino
acids and ATP with activating enzymas and sRNA's specific for each
individual smino acid to form aminoacyl-sRNA's and 2, irsnsfer of
amino acids from aminoacyl-sRNA to the growing polypeptide chain on
ribosomes hald together by messenger nRNA., Reection 2 is catalysed
by one or more transfer enzymes. The effect of toxin on step 1 was
tested by following, at 13C, the uptaxe of Cld-algal protein hvdro-
lysate by reticulocyte tRNA with time in the pressnce of NAD (30pg/ml)
and activating enzymes from reticulocytes. Toxin proved to be
completely without effect on sminoacyl-sRNA formation.
MW* Purified aminoacyl-sRNA
was prepared from rat liver sRNA and Cld4-phenylalanine or Cl4-algal
protein hydrolysats in the presence of activating enzymes from
rabbit reticulocytes. The transfer of the labelled amino acids from
the purified Cl4-aminoacyl-sRNA to hot TCA insoluble polypeptides
was carried ocut by incubation with the ccaplete incorporsting system
conteining AS-70 proteins and ribosomes (rom reticulocytes and

/ml NAD, Table 6 shows that polypeptide formation was indeed
inhibited 40-65% by low concentrstions of toxin,
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Table 6
Inhibition of transfer of C-14 smino scids
from purified Cl4-smincacyl-sRMA te protein by toxin
Aminoecyl-eRNA Supplements or C~14 amino acid Inhidition
deleticns from incorporated )
complote system  (cpm per sample)

Control Toxin (1%ug/ml)

Cl4~algal protein none 200 3100 0.1
hydrolysate
- %0ug NAD mo 1980 »
. . S0ug NAD lug B0 12800 &4
esach of 10 amino acids
. no ribosomss -~} - -
Cl4-phenylslanine none -] 81% 1
. %0ug NAD T84 3 46
- 30ug poly-U 1318 1119 1%
. 30ug MAD  50ug 1229 465 63
poly-U

t Low concentrations of highly purified diphtheria :
toxin innibit incorporation of amino scids into protein by extracis
of Hela cells and by rebbit reticulacytec. MAD is 8 required co~
factor for this inhibition. The site of action of the toxin sppears
to be on scae component involved in the transfer of amino acids
from siA to the groxing poiypeptide chain. It is not known, as
yot, whether toxin is iteelf an MAD requiring enzyme that degrades
an essential component in the reaction or whether toxin activates
# degradative enzyms that requires NAD as a cofactor.
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STUDIES ON DIPHTHERIAL PHAGES

Last yea~ we reported studies on the properties of various
lysogenic :iinhtheria bacilli and of the phages libcrated from thes
following incduction by ultraviolet light. The isolation of a fast-
growi. g defective lysogenic, toxigenic strain P{Bd) was dascribed
snd its properties were compared with other norsul lysogenic strains,
P(P) and C7(P) and with the respiratory-defective high toxin-producing
strala F©3, These studles huve been continued during the past year
end £ nJ prorress has been made towards finding out the nature of the
defec:s 1.1 phejes derived from P(Bd) and PNS,

" at The Cosamino acid wedium that we

use in the laboratory for growth of . theriae contains about

600-640my inorganic phospharus {.'}) per litar, derived mainly from
Casamino »cids. It ia necessary to remove most of this phoephorus

in or’sr ) prepare P32-phago ¢ high specific activity. Casamino
acide were treated with s slight excess of c.ctgﬁo at pH 8.9 in
the presenca of Tuc P12 at 100C, The precipl calciva phosphate
was 1emoved by filtration leaving only 20-40mg Pi per liter. The :
$13travm ~as brought to pH7 and the excess Ca was then removed by
treatms 1% ith Dowex Chelating Resin A-l, The medium wss then
supplemanted with Mueller's solution II containing Mg, vitamins,

and t-ace elements and with 1.5X% meltoss.

For preparation of P32-1a'.lled phage, cultures of P(f) were
grown overnight in the low P4 - J‘un and then inoculated to ODZH0 =
0.15 1~ lcv Pi medium to which .uc/ml cerrier-free P32 had been sdded.
Aftes uocut 2 hours at 37C when the CD reached 0.5 (4 x 10%becterisa/sl),
the culture wes irrsdiated with (V. Two hours later, 1% normal rabbit
serva and W50 sodium citrate was sdded, The burst wes complets 3
hours sfter irradistion., After cantrifugation, the clear cupsrnato wes
passed through s Millipore #65 filter snd then through s Sephadex G50
colum i1ibrsted with 1¥ Casamino acids at pH 7.8 contalning
9 x 1 chlorasphenicol. The final yleld of P-phage sversged sbout
8 x 109 plaque-forring pi=ticles per ml. The preparation contained
¢a 20,000 cpa/ml P32 of which about %% was incorporsted in phege.

About double this specific activity was ined by uring G200 instsad

_of G0 Sephadex. PX2-lsbelled lysates from P(p), P(pd) and P8 were

Wbyﬂnamma
- t A potent antiserum

orepered by immmizing rabbits with high titer Bv phage wes ex-
heustively sbecrbed with suspensions of the sensitive non-toxigenic
C7(=) strain. The absorbed serus, wpecific for phage heed proteins,
wes dialysed sgainst 0.01X phosphats pH7, passed through a DEAZ column
and than elutsd with 0,02H phosphate, The elunte was precipitated
with sn aqual volume of saturated sssonium sulfete. Ths precipitate
was redissolved and passed through Sephadax equilibrsted with Tris at

pH 8.

" Fourteen ml of the globuli fraction cﬁ?!nim v otal of
100 mg protein was trace-ladelled with 20c 1 {ca 3 atoms per
molecule globulin) sccording ¢o the method of Cohen et sl (8),
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When first prepared, the fraction contained 1.8 x 107cpdn or
1.8 x 10%cpm/my protein of f-radiation. The redioactivity was
about 5” -pocisicauy precipitable by purified Bc phage.

lobulin wi nsi £
Rﬂ&.ﬂl'l Suspensions of C7(~) bacteria are not agglutinated by the

sbsorbed antiphage globulin, ngftholou. even after exhaustive
lbcoa-ption with the C7 strain, I'9‘-labelled globulin continues to
be taken up by the bacteria and cannot be removed by washing the
treated bactorh on Mllipore filters. That the resction is not
0? tigen-antibody intersction is proved by the fact that the

take is independent of the number of bacteris or the density
of the suspension and ir ?iroctly proportionsal to the
but not the amount of I°Y‘-globulin used in the test. Morgover, the
amount of labe]l taken up is merkedly less when the C7(-~) suspensions
are trested vlﬁ'antiphngo in the pzesence of %X bovirs gemmaglodulin,
Resstion of J1'93-entiphsqe with phege-gensitized bacterias When 4
or mure phage particles per bocteriui are absorbed to suspensions
of the C7 strain, the organisms become agglutinable by antiphage’
serum. The agglutinates may be centrifuged, suspended in medium
contniging 0.%% BUG, collected on Millipore filters and counted
for I In antibody excess, the 1131 count is directly pro-
portia.u to the phage taken up by the boctorh, up to a multi-
plicity of nearly 300, provided that the 1331 count of similarly
treated unsensitized bacteria is subtracted. This blank is
relatively small when the reaction is carried out in a medium
containing Smg/ml BGG.

The §-phages have unusually iong tails (2403) and after
sbsarption to bacteria and trestment with antiphage become ex-
tremsly sensitive to breakage by shear. A single vigorous
washing in s pipet, is suﬁiciont to break off the phage perticles
and reduce the absorbed I counts to the level of the control
suspension. This fact has proved useful in double label experimmts
cesigned to demonstrate abtm-ption followed by penetration of
P32-1abelled phage DNA,

Mhen suspensions of purified pfrom W-lysates of P(f) are
sbeorbed to C7, the organisme higr 9glutinable by antiphage
serum and take up an avount of 1 equivelnt to the phage titer,
Soreover, the defective, non-plaque-forming fd mu 1ikewise
renders C7 suspensions agglutineble and from the ! uptake ¢
can be calculated that the burst size of P(fd)is spproximetely the
seme as trat of the norwal P(B) strain. Finally, using fd labelled
with P32, it has been shown thet the fd DA is injected into the
C7 cell and remains there sfter the phege coat has been broken off,
Thus despite the fact that pd produces no plaques on C7 and that
thus far we have been unable to corwert C7 to C7(8d), the defective
phege odsorbs to Z7 norselly and injects ite DMA normelly, In the
electron microscope, Bd sppears to be indistinguishsble from 8,

The behavior of the classic WS strain i quite different.

[
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UV-lysates of PW8, prepared in exactly the ssme way as those from
P(p) and P(pd), fall to rendar C7 suspensions agglutinable by
antiphage serus and the treated bactsria take up no measursble
1131, 1t hes been shown using PW8 W-lysates concentrated 19-20
fold, that a few norsal-appesring phage particles can be seen in
olsctron micrographs, However, the pressnt experiments with
113l.antiphage, show that less than 2% as msny particles are
libersted from PWB as from an equivalent numbez of irredisted P(B):
or P(Pd) organisms, PWS lysates labelled with P32, contain a smsll
ssount of labelled material that adsorbs to C7 and cannot be removed
by washing, It seems unlikely that this materisl is phage DNA. It
mey possibly te labelled polyphosphate which is known to be present
in diphtheria becilii.
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