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Characterization of anthrax toxin

MARY H. WILKIE AND MARTHA K. WARD
U8 Army Medwal Una, Fort Detrock, Fredernk, Maryland

’I‘m». Work oF Cromartie et al (g, 5, 18, 191 stimmalated
renewed interest in the role of the extracellnlar produets
ol Bucils antioas in the pathogenesis of the disease
carsed by this organisin Ino1g54 Snth and Keppie (1o)
reported the presence of a specitic toxin in the plasnia ol
guinea pigs dving from anthrax Intradermal injection of
plasiia frome these aninmals into other guinea pigs or
rabbits cansed edematons lestons i the sking intray enous
o intraperitoneal injection into mice and guinea pigs
resnlted i death Sabseqguenthy, it was demonstrated
that raaterial with sunilar hiological acuvity is produced
vttt by both vralent and aviralent strains of B
v For detailed information on the developaent of
crrrent knowledee of anthrax toxin and the characteriza
ton of its three recoenized components, the reader s
referred o the work of Snth and co-workers (1o g,
horne and associates 110 7o and Beall eval o

Some confusion bus arisen from the ase ol different
totnenclataee by Berash and Arnserican anthors for what
appear o he wentcal materials I this disenssion we
shiall tollow the recent sngeestion of e Harrey Smith and
ase o combination of the two. The component which is
esential tor demonstranon of  the edema producine
activity of toxin, called edena tactor (EFY by American
workers and Factor 1 by the British will be desienated
LT The second, apparentls identical with the im
mnmizing protective antisen, called cither PA or Factor
I respectivels, will becorme PA L Simdlards, the third
component, necessary for the lethal effect of the toxin,
will he reterred tooas LI 1T

Por detimtive stadhies on the mode of actnon ot the
tonan Large spuantines of cancentrated and highhy purified
caterial are required Tdeally, whole ealtare tiltrates
without prior tractionation shonld be ased as starting
meatertal Lattle as known of the plivsical and chenaeal
properties of the hologically active material as ona
nallv produced by the oreamsin or ot the relative pro
portions ot the  recognized
nnaltered tonie blrates

components  esiting i
It s conceivable tut the tosn
ey hie g single, toosely bound entity, which s readih
tagmented by the glass filtration nsiallyv emploved
polation pracedures In o addition, the kinetes and
mechanisins of toxigeness remain to be elucidated
I'herefore, the methods ased for concentration, isolation
and  purification shonld avoid  procedures known to
dlter characteristies of labile proteins and give high,
aquantitative vields of all active components Both of
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these qualifications are essential for quantitative evalua-
tion of the efficiency of w procedure in terms of the start-
mg material. Such methods would also make possible
baxic tndies on the kineties and mechanisis of toxi-
genesis A major objective of work on anthrax toxin in
this laboricory has been to develop a procedure meeting .
these requirements - B

Of several possible ethods available for concentra-
tion of Lawe volumies of enltore filtrate, a simple ulra-
filtration method was chosen. Small diameter dialysis
tubitey way used as the filtering membrane in a con-
tinnous flow system, under negative pressare. Caltures
of the relatively avirulent Sterne (Wevbridae)  strain
were grown in the casamine acids medium of Thorne
and Belton 16y After w0 24-hr incubation period, bac-
teria were removed by millipore filtration. In the ulera
filtration systems nsed 4o 6o liters of filtrate conld be con
centrated 500- o rooo-fold oy 5 davs with mimimuan,
attention and personnel effort. All detectable toxic and
antigenic activity renained in the sac The altraliltrate
residoe, herealter designated UFR, was harvested by
“hackwashing™ with tris buffer Yields of lethal activity,
calenlated ona volue dilntion basis, and mean time to
death in the Fisclhier no g4 strain of rats, averaged 50
55" For reasons as vet imknown, recoveries of edeina
producing and mouse lethal activity have been con-
sistenthy lower. There is some loss in activity of the erade
filtrates held a4 C for the tine period required for the
ultratiliration processing However, the differential loss
in edema producing activity and mounse lethalits conld
not he acconnted tor on this basis

Eleetrophoresis of the UFR on paper and cellulose
acetate aindicated that greatest resolution was achieved
with the higher ionic strength bhaffers and higher corrents
wsed for peptides rather than conditions optimal for
Larger proteins. When U FR was incubated at 35 € the
munber of protein staining hands increased initially,
then decreased, atter 4 6 hr, with a concomitant increase
in ninkindrin positive bands - On dise electrophoresis at
least b protein staining bands were observed in fresh
VIR preparauons Upon incubation at 45 C an initial
merease in munher, followed by loss of protein bands,
was alsaseen on the dise gels Biotogical aictivity rapidly
decreased in preparations held at this temperature for
more than 6 hr and was entirely lost after 24 hre. Al of
these changes occurred upon storage at 3 C but mnach
more slowls.
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Early in this work, a proteinase, measurable by the
Azocoll assay (8), was shown ta be concentrated in the
UFR and in partially purified protective antigen pre-
pared by the ammonium sulfate fractionation method of
Strange and Thorne (15). This enzyme is probably re-
sponsible for the rapid degradation of preparations held
at 4 C and above.

Immunodiffusion of longitudinal sections of the acryla-
mide disc columns against antiserum prepared by hyper-
immuvnization of a burro with spore vaccine showed that
many of the 16 bands shared common antigenic deter-
minants. At least thrce components formed continuous
lines of immune precipitate down the length of the disc
pattern. The presence of three or four antigen com-
ponents identifying throughout the disc pattern was con-
firmed by reacting transverse sections of the column
against burro antiserum in identity plates. These find-
ings suggested that at least three components in UFR
were in various states of polymerization, were complex-
ing with other substances, or were cxtensively frag-
mented.

Initial chromatography studies of UFR employed the
DEAE-cellulose-phosphate  buffer programs described
by Stanley and Smith (14). Recoveries of antigenic and
biological activities of UFR chroinatographed with this
procedure were very low (25-40%) and all fractions
contained significant cross-contamination. Under the
conditions of these experiments, loss by enzymatic degra-
dation was negligible. It was believed, and later demon-
strated, that the PO, ion is in soime manner detrimental
to the UFR proteins. The heterogeneity of UFR pro-
tcins observed in column fractions also suggested en-
zymatic degradation, or protcin-protein interaction, or
both.

For further work the development of a chromatog-
raphy system specifically designed for this mixture of
protcins appcared essential. It was found that in am-
monium acetate the UFR proteins retained their anti-
genic and biological activities for at lcast a week at 4 C.
Both activities were significantly lost in PO, buffers.
Since clectrophoresis had shown that the mixture con-
tained both strongly basic and strongly acidic proteins,
a wide-range clution sequence was required. It was also
found that Cellex celluloses gave more uniform results
than the Eastman products.

At a ratio of 16 g protein/g dry weight of cellulose,
DEAE-ccllulose was equilibrated with 0.02 M ammonium
acctate at pH 7.0 and packed in a column of appro-
priate size to yicld a columnn bed of 1:6 diameter-to-
height ratio. Flow rate was adjusted to 1-1.5 ml/min
without pressure. The sample of UFR, diluted 1:9 with
distilled water, was applied and the column was cluted
stepwise with increasing molar concentrations of am-
monium acetate through o.5 M. Volumes of buffer ap-
plied and eluate collected varied with the size of sample
and column. As a final step, o.1-0.5 N NaOH was ap-
plied to the column to remove a chromagen which will
be discussed in detail later. All procedures were per-
formed at 4 C. Protein was ineasured by the method of
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F16. 1. Chromatography of 1 ml UFR (719 X1 on DEAE.
cellulose eluted with ammonium acetate bufler gradient, pif 5.0

Lowry (6) and antigen activity was determined by
Ouchierlony's method (9) with the standard burro anti-
serum or the antisera of rabbits immunized with UFR
with complete Freund's adjuvant.

Although rat lethality of LF-1II is usually tested by
recombination with an optimal number of units of par-
tially purified PA-II (determined by titration), this
mcthod does not necessarily reflect combining propor-
tions present in UFR or crude filtrates. Therefore, bio-
logical activity was measured by reconstitution, instead
of recombination.

Figure 1 is a typical chromatogram of 1 ml of a 514 X
concentrated UFR. The total volume of column cluate
diluted the sample to 4.65 X concentration. Aliquots of
o.1 ml from cach tube were combined and 2 ! of the
mixture injected into each of three rats. Average time to
dcath was compared with that of animals challenged with
the original UFR diluted to 4.65 X concentration and
the total recovery from the column was caleulatd in
terms of the starting material. From these colimmns pro-
tein recoveries averaged 1007 and rat lethal activi
recovery averaged 8o-85')

If it is assuined that cach peak is a discrete component,
the volume of cach peak could be diluted 0 4.65 X con
centration for testing alone, or any combination of peaks
could be tested at the same dilution. Thus, specific rat
lethal activity could be located and related quantita-
tively to the starting material. Frequently, combination
of active fractions has had slightly higher activity than
the whole column, suggesting an inhibitor which has not
heen further explored. . o

In the chromatogram shown in Fig. 1, peak 1 is a
hasic polypeptide which was weakly antigenic with anti
sera of rabbits immunized with UFR but did not react
with the burro spore antiscrum. It contained weak EF-|
activity when combined with the PA-II peak. Peaks 2, 4,
5, 6, and 8 contained no biological activity related to
toxicity and were too weakly antigenic to be identified
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vic. 2. Chromatography of 2 liters crude culture filtrae on
DEAEcellulose eluted with anunonimn acctate boffer gradient,
pHl ;.o

Peak 3 comtamed g0 of the PA-L component and
was biologically inactive alone. i reactions with burro
anfiseraun 1t pn-wnu‘d one strong and one weak antigen
band. On dise clecirophoress, this fraction showed a
stronig sphit band, ressniscent of €-1 and C-2 fractions of
Strange and Thorne {1510 Anodic to the main band was
a weaker band and a chromogen bead Chromatography
of prak 3 through LCTEOLAcellidose with aceratwe
huffers removed the weak band and some chromagen.
Tre PA 1] product gave a single antigen band wit all
antisera and only the strone sphit band on disc electro-
phoresis Furthier puris studies are not complete The
fraction may stdl contain other materials not seen in this
diluted state

Peak 5 contuined all of the LE-HT activity and some
PA L by antigen analvss Towas lethal wo ras only when
combined with peak g Disc clectrophoresis showed ane
miajor band with three or four munor ones Bound PA H
could be remoned by dilnton and passage throagh the
e column swsiene When dos peak was chiromat-
gruphed on an ECTEGLA cellulose colnnm, the LF-111
product cluted by o 5 butfer gave a single antigen band
with burro or rabbic antisera and dise clectrophorests of
U fraction showed ane strong band and a weak chiro-
voagen contanunant Further analvsis for puriny bas not
been completed
method  deseribed  was  also
applicable 1o toxie whole crude cultare filrates The
flrate was diduted 26 with disulled water and applied
to the coltunn. Fractuons were ehited from the colummm
Iy the same baffer progrions and were evaluated by the
reconstitntion method deseribed

Fieure 2 s o chromatogram of 1+ hter of crade tiltrate
There were striking similanties 1o the UFR graph The
basic polyvpeptide was sween i peak 1 the farge peak 5
coptained PA T, and the laree peak g contained LEF-11

!
RBur, there were abo signtheant ditferences: EF s good

The chronvtographs
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vield was found in the same fraction as PAQL in peak 5
and peak g contained only LF-1H acuvity. The PA-L
in peak 5 could be further resobhed on ECTEOLA-
cellulose cohumns. The nonantigenic, biologically inac-
tve ¢ olasunants i peak g, dewated by disc electro-
phoresis, condd also be removed by rechromatography.
Pratein recoveries from crude filtrates averaged 27 -+
0.6 g liter, excluding the chromagen cluted by NaOH.
Total biological activity recoveries, calenlated as rat
fethality, were approximately 837

In 5 ehiter antigen wells in aicroimmunoelectro-
phoresis, at least 102 pg PA-H and v.gs pg LF-1H
could be detected with the use of the standard bhurro
anticernm. Twoe millitrers of ernde filtrate, which kilied
rats in 73 min, contained 7.4 pz PACIL and 648 ne
LF-111, 4 ratio of about 4y to 1.

The UFR preparative procedure recovered approxi-
matelv 11 g protein liter or 33.4% of the protein in
the ¢rude filtrate {excluding chromagen). Chrumatog-
raphv of the biologically inactive dialvsis filtrate remiain:
ing after UFR harvest vielded 177 mg prowin liter
{exeluding chromagen protein) or 55 which accounted
for the protein apparently lost in the ultratiltration
procedure

A dialvsis filtrate chromatogram presented the saime
outhine of peaks as that of the UFR or crude hlirate,
except for the complete absence of protemn in the PA-11
prak arca. None of she dialysis filtrate proteins had
detectable antigenic ur biological activity. This filirawe
apparcithy contains g large proportion of the low
inolecular weight proteins or peptides synthesized. The
relationship of these dialvzable components to those
which are andhalvzable but have stimilar chromate-
graphic characevistcs has not veg been explored

Not shown in Figs. + and 2 and extending bevond
praks cluted Iy o 5 M acetate bafferg s the peak of the
chromagen mentioned ecarhier. This material could not
be elnted by increasing buffer concentrations to 1o M
or fowering pH to 3 or both, but could bhe removed with
o ooy NaOH This proten peak had more than wice
the arca of the others and represented at feast g0 of
the protein of sumples of UFRL erude filtrate, or dialvsis
tiltrate The substance existed both i a dialvzable form
and in a sequence of aggregates up 1o visible precipitates
in UFR or filtretes The prowin comples was nonanti-
poenic and hologically pactive, showed a strong ultra-
violer absarption at 2bo i, had an isoelectrie point at
pH 8, and dssociated nto a free chramophore group
and free apoprotein below that pH

This material seemed o be made up of protein-bound
mtermedates of melanin formed i culture  tihtrates,
chalvsis bltrates, and UFR on standing. Alkaline hy-
drohsis of o UFR vielded an ether-soluble compound
with strong ultravioler absorption at zbo g which
tirned pink on oxidatnon and was adennical with the
protocatechuic wcid first reported by Chao et al (4.
This dibvdroguinone is probably the precursor for the
melanin intermeduates

The chironiagen comploxs whsohi iv a abignitans con-
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taminant i coltuun fractions, i in a lughlv kisetic oxi-
dation-reduction state, is highiv acidie, readilv polv-
merizes, and combines strongly with amine groups and
cellulose. Ity relationship 10 or effects upon other pro-
teins in the toxic filtrates are as vet unknown. Since the
chromagen or its chromophore group was shown to be
capable of Ca** chelation, this substance may be re-
spousible for the ultraviolet absorbing, chelating ac-
tvity in EF-1 oreparstions described by Stanley and
Smith {14).

The application of the chromatographic procedure to
studies of the kinetics of toxigenesis has been initiated
only recently; the results are still very preliminary.
Single chromatograms of 12-, 16+, and 48-hr culture
fitrates haye been compared in peak location, vield, and
activity to the standard 24-hr Slirate chromatograms. In
the chromatogram of the biologically inactive 12-hr
culture filtrate, early synthesis of basic protein, PA-1L,
and chromagen were seen, bat no LF-111 was detected.
The chromatogram of the fully acuve 16-hr fiirrate pre-
sented a confusing, but highly suggestive and interesting
picture. Basic protein, PA-1l, and chromagen had in-
creased in quantity and a large peak in the LF-111 area
was well developed. However, antigenic activity was
fuund mn other areas of the graph and the LF-111 protein
area was biclogically inactive in all combinations with
PA-I1 from the same preparation or others known to be
fully active. The chromatogram of the nontoxic 48-hr
fltrate showed extensive fragmentation of PA-11 with
antigemic activity in several peaks.

To continue meaningful studies of kinetics of produe-
tion, more rapid preparation of larger quantities of the
purified fractions is necessary. A preliminary - arvey of
application of the chromatographic procedure to baich
preparations has been made. The dry DEAE-cellulose
was stirred in the diluted crude culture filtrate overnieht.
A column packed with this material was cluted with the
stepwise sequence of buffers. It was found that the active
fractions could be obtained from crude filtrates within 36
hr by this method in vields comparable to those obtained
with the standard chromatography procedure. The fuil
capacities of the svstem are stiil under investigation.

In sumunary, - an cthicient preparative colunm chro-
imatography procedure was devejoped which was adapt-
able 1o UFR, crude filtrates, or batch collection. Yields
of 8o 85 of the initial biological activity were obtained
in the fractions studied The PA-IT and LF-1H1 fractions
prepared by tois method appeared w0 be pure by e
munochemical analvsis and dise electrophoresis, but
they must be subjected to further analvses in order to
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micet the standard enwnia of puaty. The EF-T has been
recorded only quahitatively i this presentation. A similar
quiantitative analysis for dns substance by chroimatog-
raphy requires a more precise bicassay procedure.

Free chromophore groups, seen in the dialysis filtrate,
may be synthesized in excess of the protein wsiety of the
chromogen component. Since the chromagen and its
chromophore are actively aggregating sebstances, they
mayv aet as absorption centers for other proteins and this
capability may acconnt for clromagen contamination in
chromatographic fructions. The inluence of chromnagen
upen the physicochenical behavior of those proteins is
aat knowa.

The presence of considerable amouats of a basic pory-
pepiide in these cultore fltrates sight contribute 1o
agregation with the more acidic chromagen or LF-T1Y
srotein While this aggregarion might contribnte 1o that
olmerved i ultracentrifugal fractons (21, it apparenth
uors ot exert a significant offect upon cchuan fractions
frean DEAE-celiulose. The basic protem is readily dis
seciated from acidic proteins by the lon-exchanee pro.
cegure.

In none o the preparations studied has there been et
dence o indicate that the components responsible for
lethality in the rag exist as g single chenneal entin. The
prelimnary studies on the kineties of toxigenesis sugaest
that they are synthezew at different rates in vigo, The
dissociation of L¥ 1 actsiry fram the protein ebuted by
a5 M acetate in chromatographsy of both the nontoxice
dhabvsis filerate and the fudlv e th-hre codture Rltrates
suggests a kineue extracellular assenbly o vicld the pro
tein peak with fnll L acuvity at 2y b This observa
tion makes it tempning to specubiate that the protein mn
serve as an inert carrier for a small, toxic hapten The
work of A, . Gaspar {unpublished dater and Nolnar
and Altenbern {5 demonsirated that separate mjections
of PA-IT and LEF-HI {within 1 4 hr depending npon
which was given firsty were Iully lethal for the rat There
i the saggestion, then, that these two components act
sequentially, rather than in combimaton, i tns speaes
The s total of all of the above obsenations provides
basis for further speculation amd the hyvpothesis that
PA-ID activates some anechanism (posaibly engnatics
in the rat which acts o release a toxic hapten trom s
protein carrier. The requircment for o contithaton n
the host of some factor essential tor full wonae activa s
compatibie with the olwerved differences i response o
toxin in ditferent species of st aotinals
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