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I nvention features conpounds and nethods for the treatnent of bacterial

i nfections, such as anthrax infection. The etiologic agent of anthrax
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10 Background of the Invention

In general, the invention features compounds and methods for the
treatment of bacterial infections, such as anthrax infection.
The etiologic agent of anthrax (Bacillus anthracis) is a potential
threat as an agent of biowarfare or bioterrorism because exposure to
15 aerosolized B. anthracis spores can be lethal to mammals, such as humans.
The major virulence factors produced by this organism are the poly-D-glutamic
acid capsule and anthrax toxin (ATx). Both the capsule and the toxin assist in
colonization and immune evasion by the bacterium. ATXx alone can cause
death of the host. Vaccination against the toxin protects the host against
20 infection.
Anthrax toxin is a member of the class of bacterial toxins termed
A-B toxins. A-B toxins are composed of two moieties; the A moiety is the
enzymic portion of the toxin that catalyzes the toxic effect upon a cytoplasmic
target within a target cell. The B moiety binds to a cellular receptor and
25 facilitates the translocation of the A moiety across the cell membrane into the

cytoplasm of the cell.



and anthrax all formchannels in nmenbranes. It has been hypothesized t hat

t hese channels m ght act as the conduit for the nenbrane transl ocation of
the A nowetoy/o8i7Be A and B noieities of anthrax toxin arepsgarset/es7iromt he
5 bacterial cell as distinct polypeptides. The A and B subunits of other
A-B toxins are produced as single chain polypeptides or as separate chains
that are assenbled' into oligoneric toxins before release fromthe
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PA is secreted as an 83 kDa monomeric polypeptide. Monomeric
PA binds to a mammalian cell surface receptor and is proteolytically cleaved.
The C-terminal 63 kDa fragment (PA63) remains bound to the cell and the
15 N-terminal 20 kDa (PA20) dissociates from PA63. This proteolytic cleavage
and subsequent dissociation of PA20 confer two new properties on PA63: (1)
the ability to oligomerize into a ring-shaped heptameric SDS-dissociable
structure termed prepore and (2) the ability to bind EF and LF. Oligomers
containing PA63-EF, PA63-LF, or a combination of PA63-EF and PA63-LF
20 are endocytosed and trafficked to an acidic compartment, where the PA63
prepore inserts into the membrane and forms a pore. During or after pore
formation, EF and LF are translocated across the endosomal membrane into
the cytoplasm. EF is a calmodulin-dependent adenylate cyclase which may
protect the bacteria from destruction by phagocytes. LF is a metalloprotease
25  that can kill macrophages or, at lower concentrations, induce macrophages to

overproduce cytokines, possibly resulting in death of the host.



A crucial step in this intoxication pathway is pore formati on by PA. Low pH
serves as the trigger for conversion of the PA63 prepore to the pore. This
conver si owoiog/osaveonpani ed by a transformati on of the ol i gecgrUuShr/oBran
SDS- di ssoci able to an SDS-resistant state and formation of a transnmenbrane
5 14-strand a-barrel. These steps are believed to be necessary for
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inhibition of the pore-forming ability of the protein in vivo. In another

desirable embodiment, the mutant B moiety lacks pore-forming ability in vitro
and/or in vivo. In yet another desirable embodiment, the B moiety is anthrax
15 protective antigen (PA). In yet another desirable embodiment, the PA mutant
has an amino acid sequence that is at least 80%, 90%, 95% or 98% identical to
a naturally-occurring PA protein (such as SEQ ID No.: 21; Fig. 13) and that
has one of the following alterations: K397A, K397D, K397C, K397Q, D425A,
D425N, D425E, D425K, F427A, K397 + D425K double mutation, K395D +
20 K397D + D425K + D426K quadruple mutation, K397D +D425K + F427A
triple mutation, F427A + aD2L.2 double mutation, K397D + F427A +aD21.2
triple mutation, K397D + D425K + F427A +aD2L2 quadruple mutation,
F427D, or F427K. In another desirable embodiment, the PA mutant has a
sequence identical to any of SEQ ID Nos.: 1-11 and 13-18 (Table 1). Other
25  desirable PA mutants include PA mutants in which residue 397 is any amino
acid except lysine (SEQ ID No.: 19), PA mutants in which residue 425 is any
amino acid except aspartic acid (SEQ ID No.: 20), PA mutants in which
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phenyl al anine (SEQ ID No.: 23), and PA nutants that have a mutation in
dormai n 2 Woagioshres 259-487). Still ot her desirabl e nmutant PBTS081438%
include Costridiumdifficile, C. perfringens, C  spirofornme, C.

botul i num Bacillus cereus, or B. thuringiensis toxins that have 5 one or
nore of the alterations listed in Table 6 or that have a nutation in the
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fragment thereof, in a pharmaceutically accep e carrier.
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PA.
In a second aspect, the invention features a vaccine composition
15 having a mutant B moiety of the first aspect or AD2L.2 PA (a PA mutant in
which residues 302-325 are deleted), or a fragment thereof, in a
pharmaceutically acceptable carrier. In a desirable embodiment, the vaccine
can be inactivated by chemical or physical means.
In a third aspect, the invention features a method of preventing or
20 treating bacterial infection in a mammal, such as a human. This method
includes administering the vaccine of the second aspect to the mammal. In one
desirable embodiment, the vaccine is administered with a pharmaceutically
suitable carrier or an adjuvant. The vaccine can be administered orally,
intramuscularly, intravenously, subcutaneously, by inhalation, or by any other
25 route sufficient to provide a dose adequate to prevent or treat a bacterial
infection. In another desirable embodiment, a vaccine that includes a mutant

anthrax protective antigen is administered for the prevention or treatment of



anthrax protective antigen is adm nistered for the prevention or treatnent
of -4 WD 01/082788 PCT/ US01/ 14372 anthrax infection. In a fourth aspect,
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lethal factor or edema factor A moieties. The mutant B moiety may compete

with a naturally-occurring B moiety for binding to a receptor on the surface of
a mammalian cell. The mutant B moiety may also bind a naturally-occurring B

15 moiety of the corresponding toxin. Such a mutant may oligomerize with a
naturally-occurring B moiety to form a complex that has reduced ability to
form a pore. In one desirable embodiment, the complex lacks the ability to
form a pore and to translocate an A moiety (e.g., EF or LF) across the
membrane into the host cell cytoplasm.

20 In one desirable embodiment of the fourth aspect, the mutant PA has
an amino acid sequence that is at least 80%, 90%, 95%, or 98% identical to a
naturally-occurring PA protein (such as SEQ ID No. 21; Fig. 13) and that has
one of the following alterations: K397D + D425K double mutation, AD2L2 (in
which residues 302-325 of PA are deleted), K395D + K397D + D425K +

25 D426K quadruple mutation, D425K, F427A, K397D +D425K + F427A triple
mutation, F427A + AD2L.2 double mutation, K397D + F427A +aD2L2 triple
mutation, K397D + D425K + F427A +aD2L2 quadruple mutation, F427D, or



25 D426K quadrupl e nutation, D425K, F427A, K397D +D425K + F427A triple
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01/ 082788 PCT/ US01/ 14372 F427K In anot her desirable enbodi nent, the PA

mut ant has a sequence identical to any of SEQID Nos.: 8-18 (Table 1). In
anot her enbodi nent, am no acid 395, 397, 425, 426, or a conbination
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mutation in the region that corresponds to domain PA. Fragnents of the

above nut aodp Bf PRI 6t intthe domre&bomnghegibhmlatmb@w afamtheﬁponeore form ng
15 ability corrpared to a naturally-occurring B nmoiety and inhibits the
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nat ural | y196ak khdtHavB JiRi ditfore of the alterations listed in Table 6 or that have a
mutation in the region that corresponds to domain 2 of PA. Fragments of the
above mutant B moieties, in which the fragment has a reduced pore-forming
15  ability compared to a naturally-occurring B moiety and inhibits the pore-
forming ability of a naturally-occurring B moiety, are included in the
invention. Fusion proteins having a mutant B moiety or a fragment of a mutant
B moiety covalently bound to another polypeptide or protein are included.
In a fifth aspect, the invention features a method of preventing or
20 ftreating bacterial infection in a mammal, such as a human. This method
includes administering a mutant B moiety of the fourth aspect, or a fragment
thereof, that inhibits the pore-forming ability of a naturally-occurring B moiety
to the mammal. In one embodiment, a PA mutant of the fourth aspect or a
fragment thereof is administered to prevent or treat anthrax infection in
25 mammals that have been exposed to B. anthracis sx\)ores. In another
embodiment, the protein is administered prophylactically. In one desirable

embodiment, the mutant B moiety is administered with a pharmaceutically



to the mammal . In one enbodi nent, a PA nutant of the fourth aspect or a
fragment thereof is admnistered to prevent or treat anthrax infection in
25 manmal wotohas27B.ave been exposed to B. ant hraci s spores. PCR/tsno143er

enbodi ment, the protein is adm ni stered prophylactically. In one desirable
enbodi nent, the nutant B noiety is admnistered with a pharmaceutically -6
WO 01/082788 PCT/ US01/ 14372 suitable carrier. The nmutant may be
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protein listed In I'n one enbodi nent,; the antibody binds to the

D2L2 | oop nef@@ve PR4@Dtanp426, or F427 of a PA protein. The antibody may be a
nonocl onal or polyclonal antibody. In a related aspect, the invention
features a purifikbyda sinth akpaty, theanvension featues § noclets acidreacodialgl a/- occurri ng
B noiety of a pore- formng binary A-B toxin with greater affinity than it
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'n another relat eldn 2305 im aggle%t, the invention features a vector having the

nucleic acid of the sixth aspect.
In an eighth aspect, the invention features a purified antibody that
specifically binds a naturally-occurring PA or a PA mutant protein listed in
15 Table 1. In one embodiment, the antibody binds to the D2L.2 loop, K397,
D425, D426, or F427 of a PA protein. The antibody may be a monoclonal or
polyclonal antibody. In a related aspect, the invention features a purified
antibody that specifically binds a naturally-occurring B moiety of a pore-
forming binary A-B toxin with greater affinity than it binds a B moiety of the
20  present invention from the corresponding toxin. In another related aspect, the
invention features a purified antibody that specifically binds a B moiety of the
present invention with greater affinity than it binds a naturally-occurring B
moiety of the corresponding toxin.
In one embodiment of the first or fourth aspects, specifically
25 excluded are those PA molecules having as their sole alteration, a mutation to
cysteine of a residue located in the hydrophilic face of a transmembrane pore.

In another embodiment of these aspects, PA molecules having as their sole



I nvention features a purified antibody that specifically binds a B noiety
of the present invention with greater affinity than it binds a
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same A-B specifically excluded from one of these aspects are PA molecules having the

C-terminal 63 kDA tryptic fragment (PA63) and having as their sole alteration
a mutation in an amino acid that forms the transmembrane pore. In various

15 other embodiments, specifically excluded from one of these aspects are other
pore-forming binary A-B toxins that have a mutation that corresponds to a
specifically excluded PA mutation. In various embodiments of these aspects,
the mutant B moiety binds a naturally-occurring B moiety from the same A-B
toxin with a higher equilibrium constant (i.e., with greater affinity) than the

20  naturally-occurring B-moiety binds other naturally-occurring molecules from
the same A-B toxin. In desirable embodiments, the mutant PA protein binds
naturally-occurring PA with at least 2, 5, 10, or 20 fold greater affinity than
naturally-occurring PA binds other naturally-occurring PA molecules.

It should be understood that other pore-forming toxins, in addition to

25 anthrax toxin, may be used in the compounds and methods of the invention.

For example, pore-forming toxins, such as other A-B toxins, having mutations

(e.g., point mutations or deletion mutations) that inhibit the pore-forming



toxin with a higher equilibriumconstant (i.e., with greater affinity) than
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is specifically ex neans an alteratron 1n the nucleic
aci d sequeReslysiH§hexameric toxins, or heptameric toxins. Examples of hexameric

and heptameric toxins include toxins that are related to the Staphylococcal a-
toxin. In one embodiment, a deletion mutant of the VacA toxin from
15  Helicobacter pylori is specifically excluded. .

“Mutation” means an alteration in the nucleic acid sequence such
that the amino acid sequence encoded by the nucleic acid sequence has at least
one amino acid alteration from a naturally-occurring sequence. The mutation
may, without limitation, be an insertion, deletion, frameshift mutation, or

20  missense mutation.

“Pore-forming toxin” means a toxin which forms a transmembrane
aqueous pore.

“Pore-forming A-B toxin” means a pore-forming toxin with two
functional moieties; one moiety (B) which forms a pore in a host cell barrier

25 membrane, and the other (A) traverses the membrane barrier and enzymatically

modifies specific intracellular substrates of a host cell.



that the am no aci d sequence encoded by the nucleic acid sequence has at

| east one amno acid alteration froma naturally-occurring sequence. The
mut at i on Wor/082i8% hout |imtation, be an insertion, del etipcm/Usbr/aaseshi ft
mutati on, or 20 m ssense nutation. "Pore-form ng toxin" neans a toxin which
forms a transnmenbrane aqueous pore. "Pore-formng A-B toxin" nmeans a
pore-formng toxin with two functional noieties; one noiety (B) which
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traverses the nenbrane barrTer and enzymatically™ nodifieS specific
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"Pore-formng binary A-B toxin" neans a pore-formng A-B toxin in which the
A and B npreteinss andl inteeags dueingdhaiimtgxicagion dfieabiells eparcxamplepbaei ns, and
interact during the intoxicatjon of host cells. An exanple of a binary
toxin is mab’g%lﬁldﬁiaﬁlth@x't%i ety" means the conponent of a pore-formng

N R

moi ety i Nty tRRiGA! 4 rs]gél%gfg% h?gA@i-gﬁeﬂéfﬁc;e raeégﬁar 3fitelrhbs %tiﬁ?tﬂeoyﬂ‘l&{e agfe”br ane

pores. "Protective a ypept de having a 60%

10 70% 8Qf& 1¢in XA 2idk iRinteARHzaABR oPthd AemBiedy PttoGRE cant iMaﬁgLBs of the
ant hrax PA pol ypepti de described herein. The pol ypepti de nay be encoded by

the PA genéietibgtsush s Fepalie oy trynstkembedneapore§.Cel | 34: 693- 697, 1983).
The polypeptide can be identical to wild-type PA characterized by MIler

et al. (Bi ocheni $Profe@be3mitiged4APA)T ouerns alpslgpeptBlechavingiat leagt §0%r, any
-r;ﬁteuéi(l)l Y 7%)5‘)70,0806: o,r (r)llr 88%?Aof %?lle%gte (F))rtlei,g thferboigioagicseh ra%iti(]/it?efs 0 at ielallt Sa)? khr act s.
polypeptide described herein. The polypeptide may be encoded by the PA
gene that was reported by Vodkin et al. (Cell 34:693-697, 1983). The
polypeptide can be identical to wild-type PA characterized by Miller et al.
(Biochemistry 38(32):10432-10441, 1999) (SEQ ID No.: 21) or any naturally-
15  occurring PA polypeptide from a strain of Bacillus anthracis. The PA
polypeptide may be cloned and expressed in a heterologous host, such as
Escherichia coli or Bacillus subtilis. It is understood that homologs and
analogs have the characteristics of the anthrax PA déscribed herein and may be
used in the methods of the invention.
20 "PA63" means the carboxy-terminal portion that results from
proteolytic cleavage of a 20 kDa N-terminal segment from the PA polypeptide.
PA63 forms a heptameric prepore and binds the two alternative A moieties,
edema factor (EF) and lethal factor (LF). The entire complex is trafficked to

the endosome, where PA63 inserts into the membrane, forms a transmembrane

25 pore, and translocates EF and LF into the host cell cytoplasm.
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pol ypepti de may be cl oned and expressed in a heterol ogous host, such as
Escherichia coli or Bacillus subtilis. It is understood that honol ogs and
anal ogs hwoe1bsIsghar acteri stics of the anthrax PA descri lped/usetr/ei3m and may
be used in the nmethods of the invention. 20 "PA63" neans the
carboxy-term nal portion that results from proteolytic cleavage of a 20
kDa N-term nal segnent fromthe PA pol ypeptide. PA63 forns a heptaneric

prepore and bi “ds“ﬂ@ﬁﬁi%@fhﬁ@bﬁ?é”i Hh€arfy d@hﬁérh&ﬁbralﬁdfc{)ﬂéoﬁ%h%neﬁﬂz) and

| ethal factor (LF) e entire conplex is trafficked t t he endosone,

wher e PA6Forrxaiiple,ithe tranb@iciibibiepere Jaarissa B-tarasl shenildoemed bpor e, and
transl ocates EF and LF into the host cell cytoplasm -10 WO 01/082788

PCT/ US01/ bitaftatingTyadrepkilier andchyrtrophobie aesidaees 0faPAGB sbchtieatdheeous channel .
For exanple, the_ transnenbrane pore can be a a-barrel channel fornmed by
al t er nat i Aydmerhobimresiduesferman paider mepisprrreanisguquseniriagewiithat t he

oarr o 3. aariehan Be sydromate difiicloed ot suReG B oL Hue (na:
spans acra8§®ﬁgﬂihg&séelgﬁlé§13¥g§@r ane. "Hydrophilic face of a transmenbrane

pore" neans nmno a PA that face the aqueous |unmen of a pore
that spans across<tibardiitic 8l of IRINALGRbrahE pofd AEaRS HRCAMidd &iaf or ms the

transmenbrane pore"“nmedans an amno acid of PAthat is located in a
(3-barrel offPodel fade thel diedt®Ihemer a pofethat B dcposs' thedriescélhe

anphi pat hi ¢ | oop which connects strands 2(32 and 2(33 of PA pol ypeptide
and PA63 pa¢mbpeuei de as described herein. 15 "Inhibits the pore-formng
abil tl - means T e‘gxgea%ﬁtngeac?c{nt)h%rt] thI%TlS the transmembrane pore” means an
amino acid of PA that is located in a B-barrel channel of a transmembrane
pore.
“D2L2 loop” means the amphipathic loop which connects strands
22 and 233 of PA polypeptide and PA63 polypeptide as described herein.
15 “Inhibits the pore-forming ability” means reduces the amount of
pores formed in membranes or reduces the rate or amount of an A moiety (e.g.,
EF or LF) that is translocated into the host cell cytoplasm. This decrease in
pore formation or toxin translocation is positively correlated with, and could be
predicted by, a decrease in activity in the cell surface translocation, LFnDTA
20  toxicity, or rubidium release assays described herein. This decreased activity
can be correlated with a decrease in the amount of a radiolabeled ligand that is
translocated into cells in the cell surface translocation assay, a decrease in the
inhibition of protein synthesis due to the translocation of a ligand into cells in
the LFnDTA toxicity assay, or a decrease in the release of radiolabeled ions
25  from cells in the rubidium release assay. Additionally, this decreased activity

can be correlated with a decrease in toxicity due to the translocation of a toxic

ligand into cells. In one desirable embodiment, the decrease in pore formation
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pores fornmed in nenbranes or reduces the rate or anmount of an A npiety
(e.g., EF or LF) that is translocated into the host cell cytoplasm This
decrease wp 014082768 f or mati on or toxin translocation is posiPCIUShy14302 r el at ed
with, and could be predicted by, a decrease in activity in the cell
surface transl ocation, LFnDTA 20 toxicity, or rubidiumrel ease assays
descri bed herein. This decreased activity can be correlated with a

decrease i tfakaqoi’aﬁaaﬁfof% @n‘i@l@%y"ﬂs%‘?%a@%@@@%&et rab att1_é§§aap%,at ed into

cells in the ce surface translocati on assay, a decredse In the

i nhi bi ti onndfmostAegirAbByatlbasi39%ltidati ve @ nhtuasidy-ecatiiriiiy Bfmeéiety gAnd i nt o
cells in the LFnDTA toxicity assay, or a decrease in the rel ease of

r adi ol abelthelcomespailifig tomic.elh anothet Hesirale dmbodiméetatlee desragse in

Addi tional ly, this decreased activit can be correlated with a decrease in
toxicity @oee famatonenitandecationpidF ar L&Xpxa DA gurent iswab least 28%,1 n one

desi rapl e enbodi ment, the ease in pore fornati -11 WD 01/ 082788

PoT] Usb L) TAGPAIeSBRbY; atiens A00F grgmosh feRabhet ers Y% reaEYE 5006 ot o

desirably | gast. 409% nost desirably at |east 80%relative to a

nat ur al | y-@@“&ﬁﬁ?‘ioﬁﬁuﬁlﬁ%@&%@ of the corresponding toxin. In another

desi rabl e enbodi t gecre a0 [ I oibhi cation of
et ot fifte $66H ﬁsﬁoﬂl% 0}(?8 d&s thPm%l s;gfétt’ﬁ%ﬁhp

EF or LF by a PA nutant” I's at | e€ast nore desira east 40% and

nost desi Latiunt dF podsSin Befbialedtdr\@eb Aot GahsfenhIsigrmficadt dmMeutAFEF Lacks

pore-formng ability" means does not forma significant anount of pores in

menbr anes ooiLElines thwhostreetisfyeoplasmi gitii§ lacknif sigmifiichnopodeHorming 6ri nto t he

host cell cytoplasm This |ack of significant pore-form ng or 10 toxin

t r ansll@cattoxig teansiadatipgi actiyityiis positiyelyoeore¢lateddviths and eeid ddwuprddiséed

predi cted,k by, | ack of significant activify in the cell_surface

transl ocaYeh lag! . An1fiGaRt ack ty H?thetpﬁﬁhcﬁ CEdrag a&@l@a&én@&ari bed

ner el RoRy S rGIRRUTEN destBeRHRIEA. 7 oRE'WRSI{GE™d or the
embodiment, the amount of pores formed or the amount of toxin translocated

is less than 5 times the amount detected in a control assay without PA. More
15  desirably, the amount is less than 2 times the amount in a control assay without
PA.

“Fragment” means polypeptide having a region of consecutive
amino acids that is identical to the corresponding region in a PA mutant. The
fragment has either a reduced ability to form pores or translocate toxins

20 compared to naturally-occurring PA. The fragment may also inhibit the pore-
forming ability of naturally-occurring PA. This decrease in pore formation or
toxin translocation is positively correlated with, and could be predicted by, a
decrease in activity in the cell surface translocation, LFnDTA toxicity, or
rubidium release assays described herein. This decreased activity can be

25  correlated with a decrease in the amount of a radiolabeled ligand that is
translocated into cells in the cell surface translocation assay, a decrease in the

inhibition of protein synthesis due to the translocation of a ligand into cells in
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is less than 5 tinmes the anmount detected in a control assay w thout PA
More 15 desirably, the ampbunt is less than 2 tines the anbunt in a control
assay w twouwt/o8288 "Fragnment"” neans pol ypepti de having a Pegiusnl/of372
consecutive amno acids that is identical to the corresponding region in a
PA mutant. The fragnent has either a reduced ability to form pores or
transl ocate toxins 20 conpared to naturally-occurring PA. The fragnent nmay

al so i nhi jd LFﬂmfrag?%gtc{tgragg ofBidelteasOlin PR A& sk YraGidi st Fﬁs Thi s

decrease in pore no toxin translocation 1s positively correl ated
with, andfeenlcellden tHechibidiGth flleass asSBC IBoGee ddsir®ild ¥ibydifedththece! |
surface translocation, LFnDTA toxicity, or rubidiumrel ease assays

descri bed dhereasein poresfotmation o dirandl dcdtion afbF loe [ Foiscal east 208 relative a
decrease in the anmount of a radiolabeled |igand that is translocated into
cells in thaakedlly-ogenmiee PAGAs Mete desirablys dhe dacrgass isaatdeash 40 and

inhibition of pr.otein_synthesis d to e translacatiqon of a ligand into
cells $ n MOosh dQW@ﬁYO TERSP/1%) Pit@fg' 'ﬁh’r’e“’gﬁﬁb‘i’ﬂq%&? EP¥y assay, or a
decrease i he rnel. nadi ol a L ONS.:.: m cel i rubi di um
rel ease ai@q@%%ﬂgﬁigﬁgﬂ%ﬁ%&-é&g ﬁ%?ﬂ%hﬁ,ﬁgﬁlﬂg‘%&éﬁﬁéﬁ@g WIF}&% e formation
or transl 1 : I : : 0% i : :

nat ur al | y@g@fgu%?%h(gg%lg&, IE\I/L?F gl%gg% |n{r g‘%ﬁﬁlpzﬁhaeﬂ gées% ede(;’g%m?éa %l%oxiee%sg[lg 40% and
5 nost deahfegRindola heixt@erdrasguiatly dcchified PB0IAd IPA FralBid¥nt compafed he pore-
form ng abi Ieiqty of naturall y-occu?,kre);igg PA is positivel g ccr)lrrel ﬁed W th,
and coul to beingmedincilydodoprring dPéc alease In wnaclesirable émbedinmsns,athedescr i bed
above using an equinolar mxture of naturally-occurring PA and a PA

f Lglg g_b@n télewit@aﬁfetlsoatg@ass&%éOpé@,Lﬁz(h:orWEk ggmpigﬂgi ugéthsg‘gﬁ&tymgugfw@nlaesi r gb |t e
enbodi ment ecregse s at. leas , , _or o conpared to
the act | vPRrlyRGeBAE Par Healtrylvo B frFpigTbis IMBRuRotasNG and KPR gnent | s
| MMUNOGEeNife %%u'cﬁgﬁ%?%rotective antibodies against naturally-occurring PA. In

another desirable embodiment, the administration of the fragment to a
mammal, as described in Example 9, prevents or diminishes an anthrax
15 infection for a period of at least 1 month, more desirably 3 months, or most
desirably 6 months. Examples of possible fragments include the C-terminal 63
kDA tryptic fragment of a PA mutant or a PA mutant having a deletion of
amino acids that form the transmembrane pore.
By “purified antibody” is meant an antibody which is at least 60%,
20 by weight, free from proteins and naturally-occurring organic molecules with
which it is naturally associated. Desirably, the preparation is at least 75%,
more desirably 90%, and most desirably at least 99%, by weight, antibody. A
purified antibody may be obtained, for example, by affinity chromatography
using recombinantly-produced protein or conserved motif peptides and

25  standard techniques.
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the production of protective antibodi es agai nst naturally-occurring PA In
anot her desirabl e enbodi nent, the adm nistration of the fragnent to a
manmal , awodessa78bed i n Exanpl e 9, prevents or di m ni shesPpram/snt/3ax 15
infection for a period of at least 1 nonth, nore desirably 3 nonths, or
nost desirably 6 nonths. Exanples of possible fragnents include the
Ctermnal 63 kDA tryptic fragnent of a PA nutant or a PA nutant having a
del etion of am np.achKds m; i urified
anti body" is mantBya%bgﬁ%clch%%yi%i éﬁﬂl?eghgté Hl%gggtgagg%t%%(%nég%m%%ht , free

from prot @ifds t)foredanisle] wildcspe PAor P tanihigldes hovstibstadulgh it is
natural | y associ at ed. sirably, the preparation is at |east 75% nore

desi r abl y ré@fgniznandrbitd westhembbry-Pat modemile0idns samplesieght a badogibaldy. A
purified anti bodﬁ may be obtai ned, for exanple, by _affinity chronatography
usi ng r ec SABIPHafhayngncsdlyciagludes peotainor Adssablecntingdyrspgeisicallz dindyd 25

standard techni gues. -13 01,08 S0/ 14372 ~specifically

bi nds"2i s aﬁﬁ&gttﬂ%ﬁ’ﬁamqt%é? k-iétm f@@%ﬁ%ﬁ%ﬂﬁlr@ﬁmﬂ%dl?gﬁm&% Te,

wi | d-type PA gnh &:.PA rut agt <but d n | ze and bind
to ot her ﬁ}g}.e_gﬁ &btﬁeaégéjaésgaf ﬁ’ @’ 05%15@18%?%#&@@?@%%?{é%‘{f&glgﬂd&@e‘?r t hat
nat ural | y & nal ! : i {abl e anti body specifically binds 5 any
of the pATMGIEdIRe 1R ShBults i€ TR 120 B o oot vabi & ant | bodl s bind w | 4.
type PA with at |8agliernte iflentit§.is efpicslly Aeds@redalseig sdduenté ¥ndlais t hey bi nd

one or nore of the PA nmutants in Table 1. Sequence identity 1s typically
measur ed seftmagrs sdtletheadedamalk parametesfspacifedthetein ke gdeguencepAnalysiser s
specified therein (e.qg., Sequence Analysis 10 Software Package of the
Genet 1@s SeprarePackage of the GenefiasyCompytes Egie8pn Ui virsién @6 Woiggomsnt er, 1710
i i A i W 7 . Thi ] .
niversit Biotec HSIog?fa&Etgﬂ’mo I?I?ivg?s)lty Avlegue, Madison, WI 53705). This
software program matches similar sequences by assigning degrees of
homology to various substitutions, deletions, and other modifications.
Conservative substitutions typically include substitutions within the following
15 groups: glycine, alanine, valine, isoleucine, leucine; aspartic acid, glutamic
acid, asparagine, glutamine; serine, threonine; lysine, arginine; and
phenylalanine, tyrosine.
Other features and advantages of the invention will be apparent from

the following detailed description.

20 Brief Description of the Drawings

Fig. 1 is a schematic illustration of the intoxication pathway for ATx
toxin. The PA component of ATx binds to a receptor on the surface of
mammalian cells and delivers the enzymic A moieties of the toxin, edema

factor (EF) and lethal factor (LF), to the cytosol, as described above.

-14 -



sof tware program matches simlar sequences by assigning degrees of

honol ogy to various substitutions, deletions, and ot her nodifications.
Conservatwoe1ssdysg i t uti ons typically include substituti on®Criusai/m3rhe
foll owi ng 15 groups: glycine, alanine, valine, isoleucine, |eucine;
aspartic acid, glutamc acid, asparagine, glutam ne; serine, threonine;
| ysi ne, arginine; and phenylal anine, tyrosine. Qther features and

advant ages of t heRjdhventg @plcmﬂelobeD@pA@gefsrs%@swlﬁQ%effdrh@ﬂoﬁg)fdet ai | ed
description. 20 Brief Description of the Drawings Fig. 1 is a schematic

i |1 ustr at indckeaf PAhautant pxotenisiand tha féemaatidroof HDS-resisxant olifoedPfbgonponent
of ATx binds to a receptor on the surface of mammalian cells and delivers
t he enzynivéldktymps, d3LH cand Ne2L.3 B, Flﬁlé’r?als 4 pistare qfEM)ativedgdlet hal fact or

(LF), tot e sol, as, de cr| bed 01/ 0827 CT/ US01/ 14372
Fig. 2A .§ gﬁ&ﬁm@rﬁ@t@w I@A@rﬁﬁ ﬁ%ﬂ%%ﬁ@A&%@ﬂggA&Am cked PA
mut ant c.protei ns apd t rmatl resi st 86 mer s, h w | d-type,
<3970, 5and epot2 B Hyt BaERHeRInGmined SRoTlet Bh EBREEEER g’ ¢ he
formations [ 3 is a bar
gr aph shovmqé\%mts %lgﬁ%ﬂ oflhglﬁl%ﬂ%?evﬁéfg%@ Fﬁém%ﬁ%‘éﬁdg 'Pgsfl s after
|ncubat|or¢0mlgd@edvtd the PPA deiflich, or D425A PA conpared to the no PA
control. Fig. 4A is a bar graph showing the simlar |evel of 35S-LFn
(N-termnal 1-255Fgriddoisabar giphishdiviigg densiinilapfetdfpfBiSstifng by cells that

10 have been incubated with w|d-type, K397A, or D425A PA FI% 4B is a
graph show\ntgrmiealrled2 aimgno |an1dtPArmn@mgtdqmalnfofé@MHdmgwbsoc Hihatthat is

medi af 16 d tflave lﬁgé% f\nc?urbatecg gvﬁh%lg -type arI$£9’}A(3 (\)/g 15912§XpPA P%&g 4B is a graph

showing the reduction in translocation of **S-LFn into cells that is mediated by
K397A or D425A PA compared to wild-type PA.

Fig. 5 is a graph showing the percent of *H-Leu in the TCA
insoluble fraction (protein fraction) after incubation of cells with wild-type,

15 K397A, or D425A PA in the LFnDTA toxicity assay. Translocation of
LFnDTA, which contains LFn fused to the A-chain of diptheria toxin, into the
cell leads to ribosylation of EF-2, resulting in the inhibition of protein
synthesis and a decrease in the amount of *H-Leu in the protein fraction.

Fig. 6A is a bar graph showing the similar binding of *S-LFn to

20  cells incubated with wild-type, AD2L.2, the double mutant K397D + D425K,
or a mixture of wild-type and aAD2L.2 or K397D + D425K PA. Fig. 6B is a bar
graph showing the reduction of wild-type PA-mediated translocation of *°S-
LFn by aD2L2 or K397D + D425K PA.

Fig. 7 is a graph showing the higher percent of *H-Leu in the TCA

25 insoluble fraction after incubation of AD2L2 or K397D + D425K PA and wild-
type PA compared to wild-type PA alone. This result corresponds to a

decrease in wild-type PA-mediated inhibition of protein synthesis in the
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Fig. 5is a graph showing the percent of 3H Leu in the TCA insoluble
fraction (protein fraction) after incubation of cells with wild-type, 15
K397A, orwDM2BR7BA in the LFNDTA toxicity assay. Transl oc&Crarsoui43zFnDTA,
whi ch contains LFn fused to the A-chain of diptheria toxin, into the cell
| eads to ribosylation of EF-2, resulting in the inhibition of protein
synthesis and a decrease in the anount of 3H Leu in the protein fraction.

Fig. 6A i Lﬁmtgg@ﬁ)ﬂy &P ng the simlar binding of 355-LFn to 20 cells
i ncubated with wild-type, 'eD2L2, the double nmutant K397D + D425K, or a

m xture of w | d-tFige 8anid =H2phA showk® e dedddeKnRAldEype PABmiediadedar graph
showi ng the reduction of wld-type PA-nediated translocation_ of 35S LFn by
eD2L2 or kaubition giprxeipaynthegis in the LA BAHOK e asgax.hkndieasieg per cent of
3H-Leu in the TCA 25 _insoluple fractiqn affer .jpcubation of eP2L2 or K397D
+ D425K PAOBFRNUANORS of yputa é&Fﬁé@lﬁﬂf@k‘?Vﬁ tflﬁ-"‘fllﬁgéb’ﬂﬁzlg Ar@ﬁ&at is result
corresponds .t Q. a rease i W | d-t PA- iated ink.bigdon of protein
synt he islsl?fbﬁhoél 9€?\¥6“dh%§%‘f§%%c¥ﬁ%sﬁ#ﬁ@%§“¢ﬁ&ﬂn%r 'rl%flty assay.
Fig. 8A AR ' [h&‘ﬁﬁﬁ' i_L ARt MR8 AL B

i nhi biti o%rqug%r ot ggﬁﬁgyﬁltg ﬁ%ih?%&??\d the iﬁB}gAstgléxl?éu %‘};ﬁgﬁgg%ﬁ %Ig{\easi ng

concent r azi® uﬁfed%tréﬁévéaﬂaepr/ﬁﬂft%rgé PrehiedyRed iehibitloir sHRLRBO-uREtat ed S5
i nhibition of 3H Leu uptake into e TCA insoluble fraction. Fig. 8Bis a

gr aph showbnipatrdthto thecmdigh esquEraiufor shomuPmtSERtedaindfigy8At 0 wi | d-t ype PA
are required to relieve the wild-type PA-nmediated inhibition of 3HLeu
upt ake conpar ed Fig. Oris agraphssowimngtheal¢cranse imavildrtypet BAtmedieted n Fi g. 8A

SR U RN M A
presence of increasing concentrations of a dominant negative PA mutant. The
effect of the dominant negative mutants K397D + D425K (O0), aD2L2 (H),
F427A (0), D425K (A), and K397D (¢) and the control mutant SSSR (¢) are
shown in this figure.

15 Fig. 10 is a graph showing the decrease in wild-type PA-mediated
inhibition of protein synthesis in the LFnDTA toxicity assay due to the
presence of increasing concentrations of one of the following dominant
negative PA mutants: K397D + D425K (H), F427A + AD21.2 (),

K397D + D425K + F427A (0), and K397D + F427A + aD2L2 (A).

20 Fig. 11 is a bar graph showing the inhibition of protein synthesis by a
hetero-heptamer formed by mixing wild-type PA with a mutant PA (K397D +
DA425K, aD2L.2, F427A, or D425K) and then cleaving the PA molecules with
trypsin. Inhibition of protein synthesis by an equivalent amount of a 1:1
mixture of the corresponding mutant and wild-type homo-heptamers was also

25 measured.
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presence of increasing concentrations of a dom nant negative PA nutant. The
effect of the dom nant negative nutants K397D + D425K (0), tD2L2 (), F427A
(0), D425Ko(ops278d K397D (0) and the control nutant SSSRPCF)USatr/es37shown in
this figure. 15 Fig. 10 is a graph showing the decrease in wld-type
PA-nmedi ated inhibition of protein synthesis in the LFnDTA toxicity assay
due to the presence of increasing concentrations of one of the follow ng

dom t 1 0), K397D
a2k + F37A o) o a7 TORTEs VARSI the oMUY, O o

graph shouwhngnts39TDi-bDU2SK, AL RIIT A5 0nd 425K oy the 1b%tgk0- hept amer
formed by mxing wild-type PAwith a mutant PA (K397D + D425K, oD2L2,
F427A, or tiggsiei teandladagionaifeé3y LY atresPihenplasmanesmbiane. Theypesilts

I nhibition of protein synthesis by an equivalent anount of a 1:1 m xture of

the corr edpeweatethasethe meanef thiseexpeseneiing- PEM-aners was also 25
d. -16 01/082788 PCT/ US01/ 14372 . Fi 12 | b how
The et fect of (HE boM MeANRSRAY Sesics f SIS RADISI usgh R g, 57a "
d D425K g . | i th
glnasrra me gghgﬁgﬁ s#ﬁlé’éc?ggrueﬁ gggglggﬁ'e a?fé&% gg}nrrea%lrﬁl%gfm%@rgecge%{é@%%#i rrgnt S

SEM 5 Fi Gherdid dr€ bhfiQl SIS vAfd- ge?a%l@%gﬁ@e.of w | d-type PA protein used for

the assays described herein (S 21). The PA nutant proteins
described her diip. M & thegrdy@uciédtide Wquenty pecaiiagencwildFiype PA i s the

pol ynucl eoti de sequence encoding the wld-type PA protein used for the
assays deguoicieusdibfarithe @8BS Iddstwbed Bakin (SEQ@ILD. No5 229. an al i gnnent of the
am no 18 cid seqli:eig.c 1e5 (1)sf anpéliglrtngnto g)fht?lré amino acid sequence of PA with other
binary A-B toxins that have ADP ribosyltransferase activity. The amino acid
sequences of toxins from Clostridium difficile (“cdADPRT?”), C. perfringens
(“cpiota”), C. spiroforme (“csiota’), and C. botulinum (“cbc2") are listed. The
C. perfringens and C. spiroforme toxins are frequently referred to as iota toxins
15  while the botulinum toxin is referred to as C2. Additionally, the alignment
includes the sequence of the toxin produced by Bacillus cereus (“VIP1"),
which is frequently referred to as VIP for vegetative insecticidal protein.
Fig. 16 is an alignment of the amino acid sequence of PA with the
amino acid sequences of toxins from Clostridium difficile (“cd ADPRT”), C.

20  perfringens (“cpiota”), C. spiroforme (‘“‘csiota’), and C. botulinum (“cbc2").

This alignment shows the complete sequences of the toxins.

Detailed Description

We have found a means by which infection by A-B toxin producing
25  Dbacteria can be halted. Thus, the invention provides a composition for use as
an antidote to particular bacterial infections, including anthrax and gangrene.

Because the composition is safe and immunogenic, it may also be used as a
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binary A-B toxins that have ADP ribosyltransferase activity. The am no acid
sequences of toxins fromdCostridiumdifficile ("cdADPRT"), C. perfringens
("cpiota"wpooosxps rof orme ("csiota'), and C. botulinum (" ebta’Sprase | i st ed.
The C. perfringens and C. spiroforne toxins are frequently referred to as
lota toxins 15 while the botulinumtoxin is referred to as C2.

Additionally, the alignnent includes the sequence of the toxin produced by
Baci |l us Gggegwe. ("VIP 1 "), which is frequently referred to as VIP for
vegetative insecticidal protein. Fig. 16 is an alignnment of the am no acid

sequence of PATHd fhultiifle nurant ¢finthie L WEs cohstiwotedSexipred¥ed] ostri di um
difficile ("cdADPRT"), C. 20 perfringens ("cpiota"), C. spiroforne

("csi ot a' puridied, @nd hetayed o e(crobo® WhetheTithey havegredaced ablvisy t he conpl et e
sequences of the toxins. Detailed Description W have found a neans by
whi ch i nf éempsiedio wild-typriBA plo partiowdar, E@sgmt@nﬁsavwraswwaﬁ%éhﬁ Thus,

bact or pal PP L ReRii A5l tePhioss: o 1an BRgrane, SDBGeRGRT he
Pal PHYCHIBAE Y g SERE the

01/ 082785 PR mb e LA ookl BRI A8 RHRE vt pa vor e

construct ggle xfi*)é? 'sBeehffe of P the %%tat%ﬂffgﬁ%lﬁéé’ E% A?I‘éfif&%écgi;ﬂfclﬁ?dgriﬁ&{‘tﬁ%stehey

have reduced activity conpared to wld-type nop

nmut ant s wenmeasfalie® A prepohe BAadutanty] or drdpnishtEthdrégfaRelth fiddcedoept ors; to
form prepores, SDS-resistant oligoners, and pores; and to translocate
| i gands aaoodetecteblerabnkty. toHasmoparas it embrangs ctir b usadeasovadeiyestfoe nut at ed
residues are_ predicted to Eroj ect into the |unen of the PA pr&gqre. PA

mut ant9, e indughentof praiecise aniipodies s pravgnbanthrax tdeeliemblneadditiont v t o
Form por e%hci‘,s% mu anEsarQEg t aenm%?e efiec i\?ésth\é?l%iﬁ(?—%?pé BA in treating anthrax
infection because of their reduced ability to translocate EF and LF secreted by
Bacillus anthracis in the infected mammal.
These point mutants and the previously reported deletion mutant lacking
15  residues 302-325 of putative membrane spanning loop 2 of domain 2 (aAD2L.2)
(Miller et al., Biochemistry 38:10432-10441, 1999) were further characterized
to determine whether they could act as dominant negative inhibitors by
reducing the pore formation of wild-type PA. This inhibition could result from
the binding of ligands or receptors by the mutants so that fewer molecules were
20  available for wild-type PA to bind. The mutants could also form oligomers
with wild-type PA that have reduced or no detectable ability to form pores and
translocate ligands. Dominant negative PA mutants, and fragments thereof,
could be used as vaccines to elicit protective antibodies for the prevention or
treatment of anthrax infection, as described above. Additionally, mutants or
25 fragments with dominant negative activity could be used as therapeutics to

treat anthrax infection by inhibiting the activity of PA secreted by Bacillus

anthracis in the infected mammal. Because dominant negative mutants can
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10 the induction of protective antibodies to prevent anthrax infection. In
addition, these nutants m ght be nore effective than wild-type PAin
treati ng wotomoserss i nf ecti on because of their reduced abil iPCy/usel/143ans! ocat e
EF and LF secreted by Bacillus anthracis in the infected manmal. These
poi nt nutants and the previously reported deletion nutant | acking 15

resi dues 302-325 of putative nenbrane spanning | oop 2 of domain 2 (AD2L2)
(M Iler etindice thBippodestict of/pRfectDAIhtibdd#k, anti9aBjbiveheeactivity P A
characterized to determ ne whether they could act as dom nant negative

i nhi bi t or progucesdhyctheginféntingdrastdrin, Waey oan bé usid ab o gpmbidfatiorhi s i nhi bition
could result fr t he _bi ndi,ng of i an(%s or receptors by the nutants so
that fewervageingdheapenide that sppaspiguiarhy effeesivesdn teatingdngwidvalpi nd. The

t ant al f l. i ith wld-t) PA that. .h d
et oct ab SO bHRRF Bk, I ERidh ARGe B A= " "
i P £ anf .. . l. : i
o1 it pr GULAE Ban o2 A0n RN B POSHEES 1 in RN Pt R0 et T o

i nf ecti on,in@sidiRgs WhdathdBRea - expPasid tParbolizedUs. aithrddis Q@réﬁ.awm%”t s wth
dom nant negative activity could be used as therapeutics to treat anthrax

i nfecti on vagcinatiohii$ essgntihketoagiard iapyinef dldysd comtr adionyofBatthtdxisy ant hraci s
in the infected manmal . Because dom nant negative nutants can -18 WO

01/ 082788 geominas®ly di4ppees thatigae remhaingn dbie body fompropenrgescparicelsdat i bodi es
and inhibit the algriii vity of PA produced by the infecting bacteria, they
can be usdePshad BOREIhi nati on vacci ne/therapeutic that is particularly

Gevel 801 ng, "antAb TecEe MulamS ot P ek lePied stk M acti on
nave boen Sy gRE BR e ane kbrp s Ty Rl et R PLICRf pd B i on s
essenti al vigcigeaFsk ReProvdntifl dy@ehtaRAt bAGhIhAIK Rife@i(PabISY).

Mutants # 1-12 were able to be proteolytically activated, to form the

SDS-dissociable PA63 prepore state, and to bind a cellular receptor, EF, and

15 LF. Some of the mutations prevented the conversion of the prepore to an

SDS-resistant state (Table 1). These mutants (K397A, K397C, K397D,

D425A, D425N, D425K D425E, D425K, K397D + D425K, and K395D +

K397D + D425K + D426K) are also defective in pore formation and

membrane translocation. The other class of mutants (AD2L.2 PA, K397Q, and

20 F427A) forms SDS-resistant oligomers but does not undergo membrane

insertion and pore formation. These results were unexpected.
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germ nation of spores that can remain in the body for prolonged periods (at
| east a nonth). 10 In this study, several nutants of PA were identified
that | ackwOhe/ostigg ity to form pores in nenbranes and tramsirasat/es3hi gands
and, thus, are potential vacci nes for the prevention or treatnent of

ant hrax infection (Table_1) Miut ant s 1-12 were able to be

prot eol yt i chihls!- a‘%?ti‘%(toégmt‘i"&“féﬁ*ﬂepﬁ@lt%s- di ssoci abl e PA63 prepore state,
and to bind a cellular receptor, EF, and 15 LF. Sonme of the nutations

prevented the conversion of the prepore to ap SDS-resi Q‘Lﬁ_m__g_t_.a_t_e_(_:labl e
1). These [Mumtd SEQJIN| Myttion [k¥omos SDSa25A BN, D4R5IO®mAPSR D425K,
K397D + D4R5SK# and RI®5D |+ K3970 + DdigBit + PA2@kynmels al so mbghéwa? ve in
pore formation and nenbrlane transl olighmeni. The ot her cl ags of nutant|s
(oD2L2 PA, | K397Q| and 20 [F&Zoan flor ms NebS-r esi st amtjpol 1 gofrer s Nyt does not
under go nefbrane | T N3er i[Ok 3Ah Por e TI@(SFYB.II DN. lnﬁge respults Mgl e
unexpecft edﬁ_@—%ﬁ—@%—e&i di'/ USot-34372 Tg'ui U]gé Activi L)éNB .
Prot ect i ver-Art+ger—Mitants i ant—SEQbMutpt+enr—orms S FaFAs Mm nant
# No. resi Lt aftt dhanfel s7 K&Z vie? Fgomer?2 1 1VK397A InN 2
K397D No No_ N§ 3 3 R397C No 4MoK3970Q Yes Ne No 5 5 dhls_»sA No No
6 6 D425N No Ko Not det er|mD¥2AN No No Not
determined
7 7 D425E No No No
8 8 D425K No No Yes
9 9 F427A Yes No Yes
10 10 K397D + No No Yes
D425K
11 11 K395D + No No Yes
K397D +
D425K +
D426K
12 12 AD2L2 Yes No Yes
13 13 K397D + Not Not determined Yes
D425K + | determined
F427A
14 14 F427A + Not Not determined Yes
AD21.2 determined
15 15 K397D + Not Not determined Yes
F427A + | determined
AD2L.2
16 16 K397D + Not Not determined Yes
D425K + | determined
F427A +
AD21.2
17 17 F427D Not Not determined Yes
determined
18 18 F427K Not Not determined Yes
determined

These PA mutants were constructed as described in Example 1.
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7 7 DA25E No No No 8 8 D425K No No Yes 9 9 F427A Yes No Yes 10 10 K397D
+ No No Yes D425K 11 11 K395D + No No Yes K397D + D425K + D426K 12 12
AD2L2 YeswDwoi1¥g258dl3 13 K397D + Not Not determ ned Yes DAPER/USode£322 m ned
F427A 14 14 F427A + Not Not determ ned Yes AD2L2 determ ned 15 15 K397D +
Not Not determ ned Yes F427A + determ ned AD2L2 16 16 K397D + Not Not
determ ned Yes D425K + determ ned F427A + AD2L2 17 17 F427D Not Not

det erm ned Yes Sigbeil wfnke muténts §AP2R2KKNOTDNe DA doubRdmyemt, det er m ned
These PA nutants were constructed as described in Exanple 1.

K395D+ K397D + D425K + D426K quadruple mutant, D425K, F427A,

K397D +D425K + F427A triple mutant, F427A + aD2L.2 double mutant,

K397D + F427A +aD2L2 triple mutant, K397D + D425K + F427A +aD2L.2

5 quadruple mutant, F427D, and F427K) inhibit the wild-type PA-mediated

translocation of ligands across membranes. The AD2L2 and K397D + D425K

PA mutants were shown to form oligomers with wild-type PA that are unable

to translocate ligands. These results were unexpected. The presence of a

single molecule of these mutants within a heptameric prepore may be sufficient

10  to block conversion to the pore. This ability to block the pore formation by
wild-type PA, coupled with the ability to compete with wild-type PA for the
binding of cellular receptors and to remove EF and LF from circulation, makes
these mutants particularly attractive for use in the treatment and prevention of
anthrax infection.

15 Mutation of other residues in PA could also inhibit pore formation or
produce dominant negative activity. For example, residues that
electrostatically interact with the charged side-chains of Lys397 or Asp425
may also be required for pore formation by PA, and the mutation of one or a
combination of these residues may inhibit pore formation and result in

20 dominant negative activity. Additionally, the deletion of smaller portions of
the 302-325 D2L.2 loop or the deletion of amino acids flanking the loop and
part or all of the 302-325 region could produce these results.

The ability to obtain mutants of PA with no detectable ability to form
pores or translocate ligands and mutants that serve as dominant negative

25 inhibitors of wild-type PA suggests that similar mutants could be obtained in
other toxins, such as a-hemolysin from Staphylococcus aureus, aerolysin from

Aeromonas hydrophila, a-toxin from Clostridium septicum, cytotoxin from
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-20 WO 01/082788 PCT/ US01/ 14372 Several of the nutants (oD2L2, K397D +
D425K doubl e nutant, K395D+ K397D + D425K + D426K quadrupl e nmutant, D425K,
F427A, K8OID0sDERE5K + F427A triple nmutant, F427A + oD2L2Ppdanisoe143nt ant ,
K397D + F427A +oD2L2 triple nutant, K397D + D425K + F427A +oD2L2 5

gquadrupl e nutant, F427D, and F427K) inhibit the wild-type PA-nedi ated
transl ocati on of |igands across nenbranes. The oD2L2 and K397D + D425K PA
mut ant s Wers@,dhavhat aehiyiﬁibﬂi, I8 RIBI0% g Bt ok frst YAIS5 BAkih&Rlor A theuBable to
transl ocate |igands. These results re unexpected. The presence of a

si ngl e nolmeisties of ttfagas, ottilnt®, vt HiphthaideximreAddinoeddy,ehegry be
sufficient 10 to bl ock conversion to the pore. This ability to bl ock the
por e for naesuwdts undersdorel the/pessihility olisleatifying ontivantdgdatiyetforponpet e wit h
wild-type PA for the hinding of cellular receptors and . to renove EF and LF
from ci r ciuarhesof othgrcaligameie virnleage dagiars; ranging fkpm toxins (9 géhasghs. use in

the trgatnment and prevent.i on of ., anthrax.infection. .15 tation,of other
Fosi duse. | pATR nREK K e eshet BhaRF s Restebs 18 vAiEh 6 AseBA nan
negati ve L\ Sl -:el e LGa i nt eract
with the %ﬁ%ére\égé\égwl:g?c%é% l“§¥h ﬁlés%‘gl%%glrl ﬁl%g %)TRBEL’ %a({gggbg%l&gagd%qui red for
pore for mahitant SbuRits c%ﬁ%tﬁ?ﬁlc[ﬂlé%'iﬁébl‘@%ré%@& iRb tRe FRATSIRGFD E‘ai@fngt hese
residues may inhibit pore formation and result in 20 dom nant negati ve
activity. tiepossilsihiay that suble sdelgits @uldébesned kissrapartidablys Sfsterhdee 302- 325
D2L2 1 oop or the deletion of am no acids flanking the loop and part or all
of the 302n8e8xralthanghoawe ds pmetiualedis¢asseisrfeated: as. anragendlof bialpgical obt ai n
nutanilé of PAwith no detectable ability to form pores or trans|ocate

|i gandQ arftrrtare apdderrpasis apd dogunapiagative ey would seem ito he B WertBy of

wild-type Do osrtasthtepa%teualc.mpl A

ssuming A %d?rﬁrlljils ergg dgpr}igérﬁen%ghﬁve PA

intermixes freely with wild-type PA produced in the body by B. anthracis, the
proteins should co-assemble on cells to form inactive, dead-end complexes,
thereby blocking the actions of both LF and EF. Besides preventing overt

15 symptoms, dominant negative mutants may also protect professional
phagocytes from destruction, thereby aiding the host in eradicating the
infection. No significant side effects have been observed following injection
of wild-type PA into humans, and thus a mutant inactive form of the protein
should pose no hazard.

20 Dominant negative PA may also be useful as a basis for a new vaccine
against anthrax. As its name connotes, PA induces protective antibodies
against anthrax, and indeed is the major immunogen of the vaccine currently
licensed in the United States. The aAD2L2, K397D + D425K, and F427A
mutants described herein exhibit little or no diminution in immunogenicity

25  relative to wild-type PA in Fisher rats. We have also found mutants that are
unexpectedly dominant negative, such that administration of a 0.25:1 ratio of

mutant to wild-type PA did not result in any detectable symptoms of anthrax
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ot her toxins, such as a-henolysin from Staphyl ococcus aureus, aerolysin
from Aerononas hydrophila, a-toxin fromC ostridiumsepticum cytotoxin
from-21 wW008082788 PCT/ US01/ 14372 Pseudof nonas aer ugi mCTA]S01/14372

het ero-oligoneric toxins (AB5 toxins), or in the B noieties of tetanus,
botulinum or diphtheria toxins. Additionally, these results underscore
the possibility of identifying domnant negative forns of a nunber of

ot her ol i gefetibs i arrtt sivdel. f Pekidied, wilangpOBAf isandepsbasidemtiaghgsi ns. 5 In
anthrax toxin and other oligomeric systens in which the assenbly process
occur s i nrepacanentforthe berrently ficehded! vacciniel ardiif ®dogemmislegatde fatm nut ant
subunits can in principle be incorporated into the final structure, raising
t he possi B B4 pravesetfoaciossBgranesitically.dt paightdiitlibisapdeias wallly. Systenic

S T
b th i . A i 1 . hat 1.0 d
R T T T
body by Bné@dﬁttlﬂéﬁ i# the iFenbR1f wa%gﬁ)g}hglgﬁ%% {5l fored tﬁ@'d%&bfoi’ form

i nactive, dead-end conpl exes, thereb Ing the actions o oth LF and
EF. Besi deke KB3O7ANAMDDACFA PALhusnidisG8Preseftaiing@ of thiedathiobraifivd &t S may

al so protect professional phagocytes from destruction, thereby aiding the
host in ePddimaantsquinttzer 1i-b? distedan. Tabde §i gni fi cant side effects have been
observed following injection of wld-type PA into humans, and thus a

mut ant inactive formof the protein should pose no hazard. 20 Dom nant

negative ﬁ maélg sSQ be usefyl as a basis for a new vaccine against
ant hr ax. EQQMEMA" i nduces protective antibodi es against

0
ant hr g ﬁe‘?é#{@ﬂ%%{j ggi%{)’zcggg%ﬁ%ﬂnmnogen of the vaccine currently

l'i cens € oD2L2, K397D + D425K, and F427A
Chinese hamster ovary-K1 (CHO-K1) cells were obtained from

American type culture collection. The cells were grown in HAM's F-12
supplemented with 10% calf serum, 500 units/mL penicillin G, 2 mM L-
glutamine and 500 units/mL streptomycin sulfate and maintained at 5% CO, in
15 ahumidified atmosphere. Cells were seeded into 24- or 96-well microtiter
plates ( Costar, Cambridge, MA) 16 - 18 hours prior to the experiment. All
media for cell culture was obtained from Gibco BRL unless noted otherwise.

All chemicals were obtained from Sigma Chemical Co. unless specified.

Construction and purification of PA proteins

20 The AD2L2 PA mutant, which does not contain amino acids 302-325 of
PA, was expressed and purified as described previously (Miller et al.,
Biochemistry 38:10432-10441, 1999). The point mutations # 1-11 from Table
1 were constructed using the QuickChange method of site directed
mutagenesis, following the manufacturer’s protocol (Stratagene, La Jolla, CA).

25  The plasmid of Miller et al. (supra) encoding wild-type PA was used as the
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mut ants descri bed herein exhibit little or no dimnution in inmunogenicity
25 relative to wld-type PAin Fisher rats. W have al so found nutants that
are unexwoatesid7gs dom nant negative, such that adm ni stratcenusof/1470. 25: 1
ratio of nutant to wild-type PA did not result in any detectable synptons
of anthrax -22 WO 01/082788 PCT/US01/14372 infection in a rat nodel.
Purified wild-type PA is under consideration as a replacenent for the

current |y térnpRite eThe pothtButadiiwefe dodedintant p }Emg%(s#fr(mwge f PA proves

ef ficacious therapeutically, it mght fulfill this role as we
el i m nati regptdselome&enttmmardbtrmhsfprmwblrﬂ;brBile(DiE‘)t(il\&azlagphhrfoncmresmahs. 5 The
fol |l ow ng exarrpl es are to illustrate the invention. They are not neant to

limit the Thevint sitanis ayeye arprestad anbpeitied ab pecvioudy deseiaberhMillesy  t he

K397A and PA_mut ant {~the data gb d f PA

v anc o mdRET WA bRk et SRS i 2 S hec S0 con
| d . K I

bt ai o ﬁ%r&s%%’e?fﬁ%n%ﬁ%@n%ﬂ# PG BHF ér%chc%"b%e%gé% 8 orown in

| I : 1!
HAM's F-1 am 40 gﬁﬁ?ﬂhﬁ%&ﬂﬂ&t&@yﬂaﬁ&@ﬁ@ th 1580 Woﬁ@@lﬁiﬁéfc%npﬁﬁ'&eﬂ in G 2

mv L- glu nits/m, streptonycin sultate a mal ntai ned at 5%

C2 in 15 wveerbgidwhffoedn aldbipiaeBhoutehl 30 Aerandsieatesed byceddifughti8h- wel |
mcrotiter plates ( Costar, Canbridge, MA) 16 - 18 hours prior to the

exper i mentfor A minneedias 3060 Xcg:l | culture was obtained from G bco BRL unl ess
noted otherwi se. All chemcals were obtained from Signma Chem cal Co.

unl ess s peC| f i ddhe proksins migse radpasgddrorthe pesiplasm by omoyp@h@chs The The
oD2L2

o212 BA T N e S0 B BN R e B it 2
EDTA and incubated at room temperature for 10 minutes with continuous
stirring. The cells were harvested again by centrifugation, resuspended in 5
mM MgSO, containing 20 mM Benzamidine, and incubated at 4 °C for 10
minutes with constant stirring. After the cells were again pelleted by

15 centrifugation at 8000 x g, the perplasmic extract was decanted. Tris-HCL pH
8.0 was added to a final concentration of 20 mM, and the entire sample was
loaded onto a Q-sepharose HP column. The unbound protein was washed off
the column with buffer A (20 mM Tris, pH 8.0). The bound protein was eluted
With a 0% - 25% buffer B linear gradient (20 mM Tris, pH 8.0, 1 M NaCl).

20 The PA containing fractions were concentrated, and the buffer was exchanged
using a pd-10 column (Amersham-Pharmacia) containing buffer A. The PA-
containing eluate was loaded onto a Mono-Q column and eluted with a O -

25% buffer B gradient. PA containing fractions were analyzed by SDS-PAGE
and stored at -80 °C. Proteins concentrations were determined using the

25  Bio-Rad protein assay kit based on the manufacturer’s protocol. All liquid
chromatography was performed using an AKTA-purifier liquid

chromatography system (Amersham-Pharmacia).
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Bi ochem stry 38:10432-10441, 1999). The point nutations # 1-11 from Tabl e

1 were constructed using the Qui ckChange nethod of site directed

mut ageneswo,010&d7BOwW ng t he manufacturer's protocol (Stratagensor/iardol |l a,
CA). 25 The plasmid of MIller et al. (supra) encoding wld-type PA was used
as the -23 WD 01/082788 PCT/ US01/ 14372 tenplate. The point nutants were
cloned into a pET22-b(+) (Novagen) expression vector and transformed into

BL21( DE3) ( NovauRrithbPPAekRtES (#13-18ThemPDABIE 1 wicalconyeice@xpr essed and
purified as previously described (MIller, 1999). Briefly, cultures were

grown in leRpeass&d, addtipurdfied\&§@flaty.1-0 5 Expression of the reconbi nant
protein was induced by the addition of (3-Disopropylthiogal actopyranoside
to 1 mMM Follow ng induction, the cells were grown for an additional 3

hour s at 3)0 C%ﬂz;d har,vested$ centrifugation for 10 m nutes at 8000 x g.
The pr ot el AET4RYIE Qi Wik %mthe periplasm by osnmotic shock. The 10
cells were res i h Siz % 1 nM
EDTA and i ncubélfrgﬁgigﬁg ?’%@Srﬁ%ftg;%{lggégp it}%%&o?lg%%ng ﬁéﬁ gs 1%#@9%3%? %ﬂUous
stirriag. plh : i i j_ : nded in
R i O T ol S s

m nut es Wik 0.2 afpgind for el dthengssafd.t rypsia wal addedeioar Aaal thypeh kePed by 15
centrifugation at 8000 x g, the perplasm c extract was decanted. Tris-HCL

pH 8.0 wastiadfidd 000 &wfwhaindahe ceirxturatw asinoib@ed mbroandetniperadwtei oe sanpl e
was | oaded onto a Q sepharose HP col um. The unbound protein was washed
of f the c8Imimutes,falloweddy inhibidonwf the Wypsin ity 10melassxeesseiot ei n was
eluted with a 0% - .25‘V%uffer B linear gradient (20 MM Tris, pH 8.0, 1 M
NaCl). 20 SYRReaBAT¥RHRANMONETF r acti ons were concentrated, and the buffer was
exchanged wusing a pd-10 colum ( Anersham Pharmaci a) contai ning buffer A
The PA-

10 Cell surface translocation assay
A cell surface translocation assay to measure the PA-mediated

translocation of radiolabeled LFn (N-terminal 1-255 amino acid PA binding
domain of LF) was performed as previously described (Wesche et al.,
Biochemistry 37:15737, 1998). Briefly, nPA (2x10® M) was first bound to

15 CHO cells, followed by **S LFn which binds to the PA63 on the cell surface.
Excess LFn was removed, and the cells were washed and subjected to a pH 5.0
pulse at 37°C. The low pH pulse mimics the acidification of the endosome
and results in the PA-mediated translocation of LFn across the plasma
membrane and into the cell. The samples were treated with pronase which

20  proteolytically degrades extracellular **S-LFn, but not **S-LFn that has been
translocated into the cell. The cells were then washed and lysed. To determine
the total amount of *S-LFn that bound to the cells, some of the cells were not
treated with pronase. Following lysis, the amount of **S-LFn in the
supernatant was determined using a scintillation counter. The percent

25 translocation was calculated as follows:
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contai ning eluate was | oaded onto a Mono-Q colum and eluted with a 0 - 25%
buffer B gradient. PA containing fractions were anal yzed by SDS- PAGE and
stored atwodd/0878¢r ot ei ns concentrati ons were determ ned ®ETAF/BS725

Bi 0- Rad protein assay kit based on the manufacturer's protocol. Al liquid
chromat ogr aphy was perforned using an AKTA-purifier liquid chromatography
system (Anmer sham Pharnmaci a). -24 WO 01/082788 PCT/ US01/ 14372 The ot her PA

nmut ants (#DPM Plofecsdd ffabl grohpse){DPMdbsinduoteetls) x a0pre%sednslecateduri fi ed
simlarly. Proteolytic activation of PA Trypsin was used to proteolytically
cl eave PA83 t o T ddternie if mRipnt PA Roteiasinibit thedtranslacatocenl. Fabyon of 0.5
ng/ M for the prepore-formng assay or 0.2 ng/m for the other assays.
Trypsin m&lmﬁ%ﬂmﬂﬁmww glseipsriosmpd uspg eqrigrolar amowefs Oz w), and t he

T o oo RRE B R B SR R s BN onl e e

i nhi bi g i t | . | | y
nssay Do et 7 pcHE BERA AR1G" NIRE B BEGRiN befieneit WS PRD o2t on
(N-term ngkld- MRe@PANG PedrteRfalbAdfng10d %M}d@ wbdlef)a dirdiethbor med as

previ ously described (Wesche et al., Biochemstry 37:15737," 1998).
Briefly, nfaslotufion@ffigienes whasrosly bloghidly hffedtod GyQheelrbp in PAl ¢camparedy 35S
LFn which binds to the PA63 on the cell surface. Excess LFn was renoved,
and the cébltle agsay ahoseadia?yl UM sitdetyped A, piggssting that say slec®asE iThe | ow
pH pul se mmcs the acidification of the_endosone  ,and results . in the

PA- nedi at dinslogatipn eadibindige wasneidhe sesulthel the £5aR in thannesatiaien vt o t he
cell. a‘he ST‘&”?' es )&ere treated with pronase which
1 wild-type PA.

Inhibition of protein synthesis
LFnDTA inhibition of protein synthesis was used as another method to
measure PA-mediated translocation of ligands into cells (Milne et al., Mol.

15  Microbiol. 15:66, 1995). For assaying PA mutants # 1-12 in Table 1, CHO-K1
cells were plated at 2.5 x 10* cells/well in a 96 well plate 16 hours prior to the
addition of PA protein. PA83 (1x10"* M to 1x107 M) was incubated with
cells in the presence of 1 x 10° M LFnDTA for 4 hours. The media was then
removed and replaced with leucine free HAM's F-12 media supplemented with

20 3H-Leu at 1 mCi/ml. After a one hour incubation, the cells were washed with
ice cold PBS followed by ice-cold trichloro acetic acid (10%) to precipitate
proteins. The quantity of *H-leu incorporated into the TCA insoluble material
was determined using a scintillation counter and was used as a measure of the
amount of newly synthesized protein.

25 Mutant PA proteins were also tested in this assay to see if they relieved
the wild-type PA-mediated inhibition of *H-Leu uptake. Wild-type PA was
added to CHO cells at a concentration of 1x10° M with 1x10® M LFnDTA.
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20 proteolytically degrades extracellular 35S-LFn, but not 35S-LFn that has
been translocated into the cell. The cells were then washed and |ysed. To
det er m newoOtoh®s178t al anount of 35S-LFn that bound to the eemitsprssnme of the
cells were not treated with pronase. Follow ng |ysis, the anount of
35S-LFn in the supernatant was determ ned using a scintillation counter.
The percent 25 translocation was cal culated as follows: -25 WO 01/082788

PCT/ US01/ JférédsingAMiite oe ohe of klicomubims a%ed AlsoRMdeaUMheteligeldre) X 100 = %
transl ocated. To determine if nutant PA proteins inhibit the translocation

of LFn by ingdbaled yith 8, toxini for ddsays aad thd somples fwarenpdocessedaequi ol ar
amounts of nmutant and w |l d-type PA that were conbined prior to

trypsi ni zalesembethab®vedi | uted to 2 x 108 M PA (1x10-8 M of each protein)
bef ore being ad en_PA at a congentratio 10-8 M was

g sed ) as . a contr % égénﬁttea:“g]é?t\é& 0 g 9e‘fV‘F?ec‘ie§tr‘?§>§iW&§ﬂB n @9@-@ Wfﬂ@ af f ect ed
; ; ) ; S PA

B i El ey

ot e n sy ik IR EeRA 200 DAEPR: 8 bl of HENYER 180 iR abd 0 e " °

anot her mafiefls henoumasE Rl fuAERAGhetnty GU3ITI at DARSK! AD2UANEL2TAL 0 cel | s
(Mlne et al., MI. 15 Mcrobiol. 15:66, 1995). For assaying PA nutants #

1-12 in TdM25K, K39GIXbr SSSRp Tee mepdiahedhsathef rfémovadand ebplacedistith n a 96
well plate 16 hours prior to the addifion of PA protein. PA83 (1x10"12 M

to 1x10-' lsgycinedrded A ited2 wipplemesteds Hd-curat oy Co/arle Aier mcubaigors M LFnDTA
vt o 182 15550 Boltiod brrarihacll ieray ashed Bl EPRN follgefo8 one hour
| ncubat | Oqu_thfd f(?‘%l SRS aR" g% WFHA) The quantity of *H-Leu incorporated
into the TCA-precipitable material was measured and is expressed as percent
of that incorporated in the absence of PA. At the concentrations of wild-type
PA and LFnDTA chosen, protein synthesis was inhibited by about 90% in the
15 absence of mutant PA (dotted line). The mean of three experiments + SEM is
reported. Similar results were seen when the initial incubation was four hours,
instead of 18 hours. The
K397D + D425K + F427A, FA27A + aD2L.2, and K397D + F427A + aD2L.2
PA mutants listed in Fig. 10 were tested similarly.
20 The PA-mediated inhibition of protein synthesis by hetero-heptamers of
wild-type and mutant PA was compared to that of mixtures of the
corresponding homo-heptamers. Homo-heptamers of wild-type PA63 and
K397D + D425K, aD2L.2, F427A, K397D, and D425K mutants, were
prepared as described above. Putative hetero-heptamers were prepared by
25 mixing each mutant PA with wild-type PA in a 1:1 ratio before trypsinization
and column chromatography (Fig. 11). Wild-type PA (1 nM),

hetero-heptamer (H) (final concentration 2 nM), or an equimolar mixture (M)
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ice cold PBS followed by ice-cold trichloro acetic acid (10% to
precipitate proteins. The quantity of 3HIleu incorporated into the TCA

i nsol ubl ewoati#81788 was deternmi ned using a scintillation ®cwniser/1amd was
used as a neasure of the anount of newly synthesized protein. 25 Miutant PA
proteins were also tested in this assay to see if they relieved the

w |l d-type PA-nediated inhibition of 3H Leu uptake. WIld-type PA was added

to CHO celq %Mkaéh)%l’f‘tﬁérébh%b@ﬂﬂiﬁé AR Bob v SLBwMd-FnDTA. -26 WO
01/ 082788 PCT/ US01/ 14372 |ncreasing anounts of one of the nutants were

al so addedypeFheptagiel swagircubatedubith €CHO-K delie it thxd preseiicedohbEnDTand t he
sanpl es were processed as described above. The PA nutants listed in Fig. 9
wer e t est €40Q pM)l far I1¥. hoosg)-aad inbitition Bf ppotsiksyrslesie was /maedsuyed as a 96- wel |
plate were incubated for 18 hours at 37 C with wild-type PA (100 pM in
the presedgectded ghevertar Figd. pNpPIRmEr GPREeRITAIIFIR CEPETSSeh i) Wrmsl PA
mutants (K397D +. , AD2L2, F427A 25K, K397D,, ar, SSSR).  The nedi um
Wms tron TRRRRHGEAC BPRREE RFORIC SeBe oLy PSR (3 PEtHF Ehent ed

3H Leu at ] ft ' ' . . ., the cells
wer e was hg éné/{nb{ }?itilhgﬂe[t- Ié§ d%g{%% g ﬁ?gh\/\%g etj})(g eﬁlﬁgeél ?%%IWOI%?%? %(Z:%Oic'or oacetic

aci d ( TCARIm{IAL rébuRBtwdry s8én dftet& Your UrRAE@MAdn. | Nto the TCA-preci pitable
mat erial was neasured and is expressed as percent of that incorporated in
t he absence of PA. At the concentrations of wild-type PA and LFnDTA
chosen, protein synthesis was inhibited by about 90%in the 15 absence of
mut ant PARrdperestnd SR8 resivtentrodigonudr formaetiorxperi nents SEMis reported.

Simlar results Wefre seen when the initial incubation was four hours,
i nstead of 18 H&Griermatian s gyeporemand RDS-rosistant Glgomers Wwapmsasad k397D +

F427A16 ° %/Lirzlcubating nPA with an equimolar amount of LFn for 30 minutes at room
temperature. To determine whether prepores had formed, the samples were
subjected to electrophoresis in a 4-12% native gradient gel (FMC) using 50
mM CHES, pH 9.0, 2 mg/ml CHAPS as the running buffer. To determine
whether low pH induced the formation of SDS-resistant heptamers, 100 mM

15 sodium acetate, pH 4.5 was added until the pH of the solution reached 5.0, and

then the sample was incubated at room temperature for 30 minutes. The
sample was then dissolved in SDS-PAGE sample buffer and run on a 4-12%
SDS-PAGE gradient gel. Proteins in the gels were visualized with coomassie

brilliant blue.

20  Rubidium release
CHO-KI1 cells were plated at a density of 2 x 10° cells/well and
incubated at 37 °C for 24 hours. The media was then aspirated and replaced
with media containing 1 ¢ Ci/ml *RbCl and incubated for 16 hours. The cells
were chilled on ice for 20 minutes, and the media was removed. The cells

25  were washed, and nPA (2 x 10°M) in HEPES buffered media was added. The
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PA mutants listed in Fig. 10 were tested simlarly. 20 The PA-nedi ated

i nhibition of protein synthesis by hetero-heptaners of wld-type and

mut ant PAvV@ag/sxyepared to that of mixtures of the correspordisagi14372
hono- hept aners. Hono- hept aners of w |l d-type PA63 and K397D + D425K, oD2L2,
F427A, K397D, and D425K nutants, were prepared as descri bed above.

Put ati ve hetero-heptaners were prepared by 25 m xing each nmutant PA with
wi | d-type cBBs iwera idcubate wixhoe? A fer 2 hypss on #@t followed By ¢hé addition of

chromat ography (Fig. 11). WIld-type PA (1 nM, hetero-heptamer (H) (final
concent r ati¢@eold pHiAS,0 buifen Adier 30Iminutést sampleshromatie WIp&hatae vege

PCT/ US01/ 14%2 (1 nMeach) of the Qorrespondigg mut ant hono- hept aner and
wild- typ&oHegedmad copated hcy peintiblatipr goenier ko determing thermpoyit@dence of
LFnDTA (10 g%{géfggr 18 hours, and inhibition of protein synthesis was
nmeasur ed A&8°%f&scPbed above for Fig. 9. Heptamer concentrations are

expresged int ' ' i .S IS
eXpresged L1 ¢ TS sBhaS TRAMTERAAROR SHRM LRy TRONS e theRle |
exper i Menipyre-Foivhing toRRR' diethe anFhuit! Frele@sed PROVETRUS AR AeAu®inta four hour
I ncubation. Preporée and SDS-resistant oligoner formation The formation of

prepor es aoxinSbBihieprestaninvehtige merysbevestoteiashisetbsayl € Gytermindorhethgr nPA

wi th an equi nol ar anmobunt of LFn for 30 mnutes at room tenperature. To
det er mi ne thé¢yehiey a ppdppedebilitydofformdtinsiembranpipesesaer e subj ected to

el ectrophoresis in a 4-12% native gradient gel (FMC) using 50 mM CHES, pH
9.0, 2 ng/mM CHAPS as the running buffer. To determ ne whether | ow pH

noed Uil oS PR S P FRE IS Al iR v 2ot ot e
sanpl ggwas | ncuy@pedfliafQ %M -19TREFAIE'T GnliNild Y P8 PASiSteidd fere

proteolytically nicked with trypsin as described above, forming nicked PA

(nPA) proteins that migrated as lower molecular species when analyzed by
SDS-PAGE (Figure 2A). Formation of SDS-dissociable prepores by PA
mutants # 1-12 in Table 1 was detected by the decreased mobility in native gels

15  of heptameric PA63 complexed with LFn compared to monomeric nPA
(Figure 2B). The formation of prepores by the K397A and D425A PA mutants
was further supported by the elution of the prepores from a MonoQ column at
a higher salt concentration than that which elutes monomeric PA. The nPA
mutants were also analyzed for the formation of SDS-resistant oligomers. As a

20  positive control, wild-type PA was treated with LFn. The low pH pulse
converted wild-type PA into SDS-resistant oligomers, which migrated as high
molecular weight complexes when analyzed by SDS-PAGE. aD2L2 (PA
lacking residues 302-325) and K397Q (Figure 2B). Wild-type, K397Q,
F427A, and AD2L.2 PA formed SDS-resistant oligomers when treated with

25 low pH (Figure 2A and Table 1).
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sanpl e was then dissol ved in SDS-PACE sanpl e buffer and run on a 4-12%
SDS- PAGE gradient gel. Proteins in the gels were visualized wth coomassie
brilliantwblones2780 Rubi di um rel ease CHO K1 cel |l s were pl aPed/tsnl/as3density
of 2 x 105 cells/well and incubated at 37 'C for 24 hours. The nedia was
then aspirated and replaced wth nedia containing 1 AG/m 86RbCl and
I ncubated for 16 hours. The cells were chilled on ice for 20 m nutes, and

the medi aE&@inpl%rBszﬂluM PAl m&tiﬁtsw@rtﬁrﬁdm@,inqndnmi‘énéa x 10-8M in
HEPES buf - S01/ 14372 cells

wer e i ncubat ed Thietfailnfiof mosPofiberBA omitanis, to ffotrh SIBSHrésistaheolagiatinerson  of
ice cold pH 5.0 buffer. After 30 m nutes, sanples fromthe supernatant were
col | ect ed saggestesliiaggorafamagiontinicelmmembeanes veguld @lsedpe mbiibiced: HBorgmount  of

L1527, ki B PR B SRS LG S e,
e b By DS RLHLRIGEB Pl ol A 252 Lo

Exampl e 2; ' f; r S 5t i s 10 Al
A ot ant S 4 RE P SRR Bl 1 Bl R g 10 R

prot eol yt irgsd hFARhakest thetrbldasy B FRPGuedRstheiihagtishof aP A ditdihg ni cked PA
(nPA) proteins that mgrated as | ower nol ecul ar speci es when anal yzed by

SDS- PAGE pirgbiraae Z8)mirfgpiomgicroeable 12D6s.dIs santiash) moner efithe esuthgtsPA 1-nut ant s
# 1-12 in Table 1 was dete%ted by the decreased nobility in native gels 15

of hept amdRiin Takbs 1dndweask SBbwplense frigumpanéd able hbnbes, itee HRRIliyFi gur e
2B). H)] © fo rmncw)astt lP?Xn n?ufta trs %g ?(r)rerrsl StB/S -tret]s?stathggl'iA\goanqgrs %%gr%pl]aeAZ cér?e tatses

with an inability of these mutants to form pores in cell membranes.

Example 4: Failure of PA mutants to translocate LFn across membranes

Pore formation is a requisite step in the PA dependent translocation of

ligands (i.e., LF, EF or LFn) across membranes. A cell surface translocation

15 assay was used to directly measure the translocation of PA ligands into the
cytoplasm of the cell (Example 1). None of the PA mutants # 1-12 in Table 1
had a significantly decreased ability to bind LFn (Fig. 4A); however, all of the
assayed mutants had a significantly reduced ability to translocate LFn in this
assay (Figs. 4B and 12). The SSSR control mutant caused little inhibition

20 under these conditions. These data suggest that the mutants retain structural
integrity and the ability to bind to the cellular receptor and LFn but are not able

to form pores or translocate ligands across membranes.

Example 5: Failure of PA mutants to translocate LEFnDTA across

membranes

25 Another method used to measure translocation of PA ligands across
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was further supported by the elution of the prepores froma MnoQ col um at
a higher salt concentration than that which elutes nononeric PA. The nPA
mut ant s \Woe@1a8288 anal yzed for the formati on of SDS-resi stramtusol/igaorrers. As
a 20 positive control, wild-type PA was treated with LFn. The | ow pH pul se
converted wld-type PA into SDS-resistant oligoners, which mgrated as high
nol ecul ar wei ght conpl exes when anal yzed by SDS- PAGE. &D2L2 (PA | acking
resi dues 3fnBRangs e HIIVT AHiogiLiey &shy (MkhipleyDe, InBB/43say FGHIOA, and
AD2L2 PA formed SDS-resistant oligonmers when treated with 25 | ow pH

(Fi gure 2acHnadreTadited With PAcand: tigaod 2os@iag Ls0fivsed 37 the Axchraph of 3:

Failure of PA mutants to formﬁores I n menbranes. The fajlure of nost of the

PA rru]t iant §1:£)}5h¢16? Hepd FALd kRt Al The Manslocaigdgdahain phdiPhHisria f or mat i on
[ | | be inhi bi .. P f or mat i . db
bi ndi ng. nERBrAPE Y Ta e fescitandicpRRcitd 2 redt Rt o e BBRERER Y ™
| , . ' ' ' f . +86Rb
Mhto. the Sf BRASIERYEhAH tha e RifuBlon BESCERHN fts oy (17 fiR3tElof 0

i nduced t hansRIc8ASE oPh 185IRA M8 dnCerdddBomAs %ﬁlgﬁlgtnféfnt 21% Gpt)ﬂééél fohecelembr ane

form ng ion perneable pores. In contrast, non f the nutants # 1- 12 in

Tabl e 1 i gdtfaes a8afbasue¢EBsBx4mpld.e Adterigcubaition viixh LHNIFTAtdnd wildbi | ity 10
of nobst PA nmutants to form SDS-resistant oligonmers (Exanple 2) correl ates

with an i e of oytaft RAoesdlsmemnwashed andrincgmted in leucald-irmemdames. Exanpl e
o ool S2s k255 Sopbac oo S BSHBSGRe | ganc
bssay s 0D PStkalaip thadtl AR LB e Tofofih SROmesRdds i ni o t he
cyt opl asmofinkBg b5 Fn O PATRNE B wilNo facBipdrife dPAMTYFRAE Shudfars Méstbd Table 1

did not significantly inhibit protein synthesis in this assay (Figure 5). This

result further supports the hypothesis that the lack of significant pore formation

by PA mutants results in decreased membrane translocation of PA ligands by

15 these mutants.

Example 6: Inhibition of wild-type PA pore formation by PA mutants

Since all of the PA mutants # 1-12 in Table 1 were defective in pore
formation, they were tested to determine whether they could form inactive
hetero-oligomers with wild-type PA thus inhibiting PA-mediated translocation

20 of ligands across membranes. aD2L2, K397D + D425K, and K395D +
K397D + D425K + D426K PA inhibited wild-type PA in this manner. When
mixed with an equimolar amount of wild-type PA, each of these three mutants
markedly inhibited translocation of *>S-LFn into the cells in the cell surface
translocation assay (Figure 6). **S-LFn binding to cells was not inhibited

25 (Figure. 6).

-31-



had a significantly decreased ability to bind LFn (Fig. 4A); however, all

of the assayed nutants had a significantly reduced ability to translocate
LFn in thwe o188y (Figs. 4B and 12). The SSSR control nutremtusoausez little
i nhibition 20 under these conditions. These data suggest that the nutants
retain structural integrity and the ability to bind to the cellular
receptor and LFn but are not able to form pores or translocate |igands

acr oss. merbyARGR 7EMMERiGoR of Ald e PA PirdTirifhfion By PATBLASRSC LFnDTA
li gands acr oss The3oFf¥ dTkhO@2hBnP eIt 1o PAMRedintstbL BAE A $otibity LFNDTA
toxicity assay (Exanple 1). In this assay, CHO cells are treated with PA

and a | i ganas aleanziasiuregl. [\Whehitbed D242, k3 P2 RdDA25K dadibbhiwantaot oxi n DTA
(LFnDTA). The transl ocated A-chain of diphtheria toxin ADP ribosylates the
cyt opl asnike3PHBreKAEP. b DA% i PAYPK quadainle musant B wapmixedbwm

t hesi dt i nducti f || .deat i i f
07 ans Soa S BImBIT 2RO TSR ER S iad B R b A s St e ata S Phosed Lo a
Wi typdBfoniR R deoPaliiTBe Rl I PA-PREHRR! bbb HC 1 ce
nedi a SUFIEE@{P\'/%\‘Q{?}? Thid) (B rduR e mﬁ;ibitédwgvlh?edﬂatéagféﬁ%ﬁiggﬁbﬁ jggpnhi bi t ed,

3H | euci ne 10 be 1 ncorporated into newly synthesiz proteins. |f
protei n syrid@slty taihed ﬁ@tﬁeﬁp&ebﬁhd&ﬁfﬂlﬁémﬁtﬁﬂ pteibs W probaBly theor por at ed.
Al'l of the nmutants tested did not significantly inhibit protein synthesis
in this agssylt ofheptamesy coMairmng 7ewilditype Peoleombesoand0 nmetahtyPAt hesi s t hat
the lack of significant pore fornation by mutants results in decreased

. by PA
menbr dfe thaleshliss AW bMubt)-pAJsing dasealisytriangle, 16 of the heptamersdorped 6:
| nhi bi ti Or}rc?ril the legulirxgl%r rPr'fi\x e of ];Nolicﬂ?%eoz{]ncf) 1¥1utpapr\1t IPJA gpet gxpected to be

100% wild-type (WT,Mut,) (Table 2). This calculated result agrees with the

1% experimentally measured residual activity present in the mixture.
Inhibition studies in which various ratios of wild-type to AD2L2 or K397D +
15 D425K mutant PA were tested in the LFnDTA assay indicate that the only
active species in the mix is probably WT,Mut,,. Thus, the majority of
heptamers containing one molecule.of aD2L.2 or K397D + D425K PA are
inactive (Table 2), further supporting the dominant negative nature of these

inhibitors.
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PA. The WT;Muft, column represents the percent of the total heptamers that are expected to contain seven
wild-type PA molecules. The WTgMut, column represents the percent of the total heptamers that are

expected to contain at least six wild-type PA molecules (i.e., the heptamers that either contain six wild-

type PA molecules and one mutant PA molecule or contain seven wild-type PA molecules and zero mutant
PA molecules. Similarly, the WT;sMut, column represents the percent of the total heptamers that are
expected to contain at least five wild-type PA molecules These values were calculated using Pascal’s

triangle.
mixtures.
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The values listed under” Activity Retained” are the actual experimental values seen in these



hept aners cont ai ni ng one nol ecul e of oD2L2 or K397D + D425K PA are

I nactive (Table 2), further supporting the dom nant negative nature of

t hese i rWDioga788 -32 WO 01/ 082788 PCT/ US01/ 14372 Tabl epP2T/URpEWI3CL ed and
Measur ed Conpositions of PA Aigoners Formed from Various Ratios of Mitant
to WIld-type PA Predicted % of the total heptaner population Activity
Retained Mitant: W (nole:nole) WI7Muto WI6Mut 1 WIS5Mut 2 AD2L2 K397D + M x

D425A M x 1:1 OA 7@ A2Hun? Wit2wildS¥pe 80 idie: EnBTAOadkad i 3. 8%-2
1.2%-.2 0.5:1 5.8 25.8 56.8 13.5%.5 5.8%3.6 0.25:1 21 57 85 14.3% 2

10%+2 Thepepfordieditedurthbrielsarneteries ¢ind irthilsitioarafemild-efpd RA. indrahsingpt aner s
that are expected to have at |east the indicated nunmber of wld-type
nol ecul es dmounie ofione Of dke awmitanis Wasqddad yo rcubatipns obeelhuwihtwiddype | d- t ype

are expectiiang IO Mo FAE SRS, Wi coitppich S SR ctincashastie FWBML 1 col um
L7l east IrhOERRGD SR emBad ot RKRREE 0P SOSREY, T nbiRET A8, he, < "
contain six wdjd Ek{{ér?‘gﬁé i ufﬂﬂt%ﬁﬂﬁ@@o@ﬁi@k@@ B%r @dﬁg%mqag%gﬁg@? or contain

seven wi |l d-type es and zero nutan Imlarly, the

WISMIt 2 cqirgfBaséseaiEarRRicantide foeh HBRds, te mbeank ehdlonDERIAPRIPA bhat are
expected to contain at |least five wild-type PA nol ecul es These” val ues were

cal cul at ecconspatmgHas thd receptori BugheD2IRandK3OFD + D425 Kindeatly Activity
Ret ai ned" are the actual experinental values seen in these mxtures. -33
WO 01/ 082 7Askibiet/Riesmmegdiatzdaranslocation. Most importantly these mutants do not

10  inhibit solely by competing for the receptor since far less protein is required by
these mutants to see 50% inhibition than is required by PA-SSSR (Fig. 7B).
The single mutant constituents of K397D + D425K do not inhibit as well as
the double mutant but inhibit better than PA-SSSR. Taken together these data
suggest that AD2L.2, K397D + D425K, and K395D + K397D + D425K +

15 DA426K PA are dominant negative inhibitors of wild-type PA.

The dominant negative inhibitory activity of the F427A, D425K,

K397D + D425K + F427A, FA27A + aD21.2, K397D + F427A + aD2L2 PA
mutants was also measured. For this assay, increasing amounts of the mutant
forms of PA were mixed with a constant amount of wild-type PA as described

20 above. The most potent member of this group, the K397D + D425K + F427A
triple mutant, almost completely blocked toxin action at a 1:1 ratio of
mutant:wild-type PA. The D212, K397D + D425K, F427A, F427A + aD2L2,
and K397D + F427A + aD2L2 PA mutants also had inhibitory activity. The
K397D + D425K + F427A + aD2L.2, F427D, and F427K PA mutants also

25  exhibited dominant negative activity in the LFnDTA toxicity assay. In
contrast, another translocation-deficient mutant, K397D, caused virtually no

inhibition at a 1:1 ratio, showing that not all mutants of this type are strongly
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Atitration of nutant with wild-type PA in the LFnDTA assay was perforned
to further characterize the inhibition of wild-type PA Increasing anounts
of one ofwOhe/osarBant s was added to i ncubations of cells wpPCh/usol/d3type PA
and LFnDTA (Fig. 8A). The nutant PA-SSSR, which has the furin 5 recognition
site nutated from 164RKKR167 to 164SSSR167, was included as a control.
Since this nmutant cannot be nicked by furin or other furin-like proteases

and thus GaRiBRry(PIgNNOIER SSSR caltrdNnuéait cansed héAekictatitdithibitkampet i ng
for the receptor. Both oD2L2 and K397D + D425K greatly inhibited PA

medi at ed tofaosimaaiomrevelis 1 OHopdetaast byet Wildletypa tPALt isnslgingothad O i nhi bi t
solely by conpeting for the receptor since far less protein is required by
t hese nut stnmepetitioetorzecsntars didirad continmte signélgeantlyotopire Prhib8SKY (Fi g. 7B).
The singl e nutant nstjtuents of K397D + D425K do not inhibit as well as
t he doubl eAGHYIUS OLIBE QRS Bfand®t t er t han PA- SSSR. Taken toget her these

Da2oK PA‘ar . dobinBRPOnERa TRt P roE Bpria RealVE AR AR Gom mant
Fag7a + orbn IR R THe Y. of g PaBl Gietl &7 o VB cbmfient e o,

this aSSaYWiIHft?pgmwwﬁgT@ééfé(ﬁuﬁﬁg&)ﬂﬁfﬁdﬁﬂﬁﬁo- 4T WdtefS-hEpranRire PiaXad with a
constant anounft of wild-type PA as described 20 above. e nost potent

menber of ddlusogcanpe cldawredA9 T2 furldddbekby- nkihPitppsihizaploa, and gt , al nost
conpletely bl ocked toxin action at a 1:1 ratio of mutant:w ld-type PA The
D2L2, K397esultingXsagments vap beseparatedbp chromategrapdy s the tryppm-nickedL 2 PA
P27, Dand RHS R PRSI Exa18e S5 nn MillEke e HIRR DS S0l 42 vi Ty i n
e SFICTAES! ChlGatIAle SRRy LR TR, A B o
not. al I mybanify oMertAidnlefRBiRtiemIt GRAMin favor of this form, and may be
structurally similar or identical to the prepore. Purified homo-heptamers were
prepared from wild-type PA and each of the K397D + D425K, aD21.2, F427A,
15 D425K, and K397D translocation-deficient PA mutants. Putative
hetero-heptamers were prepared by mixing each mutant PA 1:1 with wild-type
PA, followed by trypsinization of the mixture and chromatography of the
products on an anion-exchange column.
The LFnDTA-dependent inhibition of protein synthesis by each
20  hetero-heptamer and by an equivalent amount of a 1:1 mixture of the
corresponding mutant and wild-type homo-heptamers was measured.
Hetero-heptamers containing the K397D + D425K, aD2L.2, F427A and
D425K mutants did not mediate the action of LFnDTA, whereas the
corresponding mixtures of homo-heptamers were highly active (Fig. 11). In
25  contrast, the putative hetero-heptamer formed by mixing K397D with wild-
type PA was as active as the mixture of homo-K397D PA and homo-wild-type

PA. These results are consistent with the properties of these mutants in the
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-34 WO 01/082788 PCT/ US01/ 14372 inhibitory (Fig. 9). The SSSR contr ol

mut ant caused no detectable inhibition of toxin action, even in 10-fold
excess owwp 0mogaI8g ype PA, inplying that conpetition for Perasvors7di d not
contribute significantly to the inhibitory activities of the other
mutants. 5 The hypothesis that inhibition by the dom nant negative nutants
depends upon the ability of their PA63 noieties to form hybrid conpl exes
with w i ekperiaedtATTigad andsupgortshegotio kit A 6B flom giddheieme- hept amer s.
PAin solution can be cleaved at the furin site by mld trypsinization,
and the negativeimytahtsaigastivates e wddstypapaoteih by coruligranenziagiwitloit. t he
trypsi n-nicked 10 nmo e on an, ani.on-exchange colum (Mller et al.,

Bi ochen sTh _ahsgn%@_zfla'gﬁil#;tp@%ytivim% K@&W@?i@&@t@lﬁ?@?f hi's method is
favor or pipetisid et oS Rt RERRIRD e Bk Bomerticiih Bel 0o che
of “the kel TE P Eps IR apSHFTR) By I s i SHRIS iR gt P onc each

t r ans| ocatih@iedBhi Sueitt 1 b | MBibiP &S @y ,h@,p(g KSilqLer e
pr epar ed l%y mggﬁnﬂg&eg{:iﬁ r?tijrtl%arf\itﬁ%k%{s ?ﬁwﬁ%ﬂhm@mlbllg-type ' A,ﬂﬁglvﬁ?\/\ﬁd by

t rypsi ni zgfpedndiehtes hatitlewotnmnidicahfos fedepass ping 1itletdio ubegitct s on an

ani on- exchange colum. The LFnDTA-dependent inhibition of protein synthesis
by each @Chasgeamongphepiamersnatcyredmngguihea¢@mtitianpafitheodxperimentni xt ure of
the correspondi ng mut ant _.and wi | d-tge hqopo- hept aners was _neasur ed.

Het er 0- hept amerss ihediabgveribe kag thatithedesk/ D i 25 Krdouple aptantpa 25K
did not ' t h ti f.LF as, th di
TR N S T e RO
the putatiyg gt £4RIeRIA0E e bR BB Tt RAtdSIPRE AP aWh 1t
oligomerization is stochastic. The aAD2L.2, D425K, and F427A mutants appear

to be slightly less inhibitory, implying that more than one molecule of these
mutants per heptamer may be required for inactivation and/or that their

15 co-oligomerization with wild-type PA may not be purely stochastic. Other
factors, such as the order of addition of B moieties to a growing heptamer
complex (e.g., the B moiety that is added first or last) may also effect
inactivation. It is not intended that the invention be limited by any proposed

mechanism for inhibition set forth in the specification.

20 Example 8: Formation of SDS-resistant oligomers containing mutant and
wild-type PA
To examine the interaction of AD2L.2 and K397D + D425K mutants

with wild-type PA, an equimolar ratio of mutant to wild-type PA was mixed,
nicked with trypsin, and analyzed by SDS-PAGE for SDS-resistant oligomer
25 formation. When either mutant was mixed with wild-type PA, a new species

of SDS-resistant PA was formed. In contrast to wild-type PA alone which
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type PA was as active as the m xture of honop-K397D PA and hono-w | d-type
PA. These results are consistent with the properties of these nmutants in
t he -35 Woo01/08838¥88 PCT/ US01/ 14372 experinent of Fig. 9ramdissupport the
notion that PA63 fromthe dom nant negative nutants inactivates the

w |l d-type protein by co-oligonmerizing with it. The absence of inhibitory
activity of K397D in the hetero-heptaner preparation may reflect a defect
ei ther in pRbithédsya 8L HRSH aRiTBE1ZCw 8l shid@r ilbth ddl- theraiaRisi n or in
ability to inhibit its activity within a heptaner.” The finding that mutant
hono- hept ametast dnd wilid-typehP Airesultsanahe foinhatiaf of & ehavpl ldgh tyglecularli cat es
that little .conget ition for receptors and little or no subunit exchange
anong heptwgightbaed ulhiscsharpiband Alsosliffarst fromswhat is isee keregithes of thens

oo R e gt bR Rt B MR A 10, 21 ot

et 25 Mo 658t RS I BESHOBhE SRR AR R

to be slighlly ih%?ﬁthé BAhE b QA ng"éﬁ'inM‘—_‘EyﬁéJP{A 9o ﬂ%@éht?l&?th@ﬁglé?h{% e of
may or in

these nutant’s per heptaner e require trvation a or that

their 15 GRael t@APEEitidaior Atk T thilsbant RS nBAbEEY dBREmBfed) Hiis byngt ochasti c.
QO her factors, such as the order of addition of B noieties to a grow ng
hept amer farthpt suggestsghat theemBtants wtaratthaithiveil ddyisePAI insSD8+re$istany may al so
effect inactivation. It is not intended that the invention be Iimted by
any proposdigonase hesuling foa changein thermeleility of the oligamer bpdeigel.cati on. 20
Exanpl e 8: Formation of SDS-resistant oligomers containing nutant and

wi |l d-type PA To exami ne the interaction of tD2L2 and K397D + D425K nut ants

W th d'ﬁﬁ’é}lelpf)@: FoxEHHIB R bf)yg ©f mutant to wild-type PA was m xed,

The properties displayed by the dominant negative mutants in vitro

imply that they should inhibit toxin action in vivo. To test this hypothesis,
activities of three of these mutants (K397D + D425K, aD2L.2, and F427A)
were measured in a classical in vivo model for anthrax toxin action, the Fisher
15 344 rat (Ivins et al., Appl. Environ. Microbiol. 55:2098, 1989). Male rats
(250-300 g) injected intravenously with a mixture of 8 ug LF and 40 ug PA
(approximately 10 times the minimal lethal dose) become moribund after about
90 minutes (Table 3). When wild-type PA was replaced with any of the
dominant negatives mutants, the animals showed no symptoms of intoxication
20  during the two week time period before the animals were sacrificed. When a
dominant negative PA was added to the wild-type PA/LF mixture before
injection, either at a 1:1 ratio relative to wild-type PA (40 ug dominant
negative PA) or at a 0.25:1 ratio (10 ng dominant negative PA), the injected
animals also survived without symptoms. The SSSR mutant had little effect on
25  the activity of the toxin. These results are consistent with our in vitro results

and demonstrate that the dominant negative mutants can ablate anthrax toxin

-37-



nicked with trypsin, and anal yzed by SDS- PACE for SDS-resistant oligonmer 25
formati on. When either nutant was mxed with wild-type PA, a new species

of SDS-r ewpDIM@sR78¢A was forned. In contrast to wild-type PATAISONne3®hi ch

-36 WD 01/082788 PCT/ US01/ 14372 produces a diffuse high nol ecul ar wei ght
snmear in the gel, the mxture of nutant and wild-type PAresults in the
formation of a sharp high nolecular weight band. This sharp band al so
differs fromivhat vive, se@Daf PsuteboltioMbiid®.237) afttoStoak N8y pdkPAID + D425K
al one does not forman SDS-resistant 5 oligoner, and oD2L2" PA al one forns
an oligonmer which mgrates farther in the gel than the band fornmed when

w | d-type PA s, ; resent.. At h e exact conposition or nature of
t hi s band I;@;bi%%ﬂ“%@é‘ OB& ﬂlm'mfp‘gﬁ%ysﬁgéﬂﬂtan SUPth¥t  suggests that the
mutants interact with wild-type PAin SDS-resistant oligoners resulting in
a change in the nobility of the oligoner in the gel. 10 Exanple 9: Toxin
inhibition in vivo The properti Lspl.ayed t he dom nant negative

mut ants i nitra. iml¥pf h_g'rJ h@a&qﬁégyﬁﬁﬁgﬁg% toxin action ign vivo. To
test this hypothesis, activities of three of these nutants (K397D + D425K,
oD2L2, and F427A) were neasured in a classical in vivo nodel for anthrax
toxin action, the Fisher 15 344 rat (lvins et al., Appl. Environ.

M crobiol. 55:2098, 1989). Male rats (250-300 g) injected intravenously
with a mxture of 8 p g LF and 40 g PA (approximately 10 tinmes the m ni nal
| et hal dose) fgecone nppbpynd akBierpabout F4 A M nugsr (Tabl e {ipv When
wld-type PA was replaced with any of the dom nant negatives nutants, the
ani mal s showed no synptons of iR cation 20 during the two week tine
period pefore the animals were sacrificed. Wien a dom na b n(i aiive PA was
added t® the @PId-type PA/LF nixture before injecfion, eftferd B a 1:1
ratio relative to wl d-4bype PA (40 I't g dom nant

Survived
- - 40 - - Survived
- - - 40 - Survived
40 40 - - - Survived
10 40 - 40 - - Survived
40 - - 40 - Survived
40 - - - 40 100 £ 3 min
40 10 - - - Survived
40 10 - - Survived
15 40 - - 10 - Survived

The ability of the K397D + D425K + F427A triple mutant (“Triple”) to
inhibit the activity of wild-type PA in vivo was compared to that of the K397D
+ D425K double mutant (“Double”) (Table 4). This experiment was
performed as described above using rats injected with a mixture of 40 pg wild-

20 type PA, 10 pg LF, and either PBS or a dominant negative PA mutant.
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negative PA) or at a 0.25:1 ratio (10 p.g dom nant negative PA), the

i njected animls also survived wthout synptons. The SSSR nmutant had
littl e efWwoot/osa1s®5 the activity of the toxin. These resulPC3I/BoEIEENSI St ent
wWith our in vitro results and denonstrate that the dom nant negative

mut ants can abl ate anthrax toxin -37 WO 01/082788 PCT/ US01/ 14372 action
In vivo, even at a sub-stoichionetric (0.25:1) ratio to wld-type PA

Table 3: Inhibition of wild-type PA by PA nutants in vivo Quantity of

prote| n (g) W &2L2 K397D + F427A SSR TTM D425K 5 40 - - - - 90 11 min
40 - - Tably #vbthibitioa®f-wild-Sype/Pdry PA-mutahils &2 18uo vi ved 40 40 - - -

SurV|ved 10 40 - 40 - - Survived 40 - - 40 - Survived 40 - - - 40 100 3

mn 40 10 - - - Survived 40 10 - - Survived 15 40 - - 10 - Survived The

ability of TNME R397TD T DAZSR T FAZTA tITpre moramt—(-fripte“y to inhibit

the activity of wild- #ypBalpA | namPV?@tQ/fas corrparethTé/Ithat of the K397D +

D425K doubl e mutant (" Doubl e") 1(11:1;?35 Thi s experinent was perforned as
AL

described above using rats iniec hn mxture of 40 g wild- 20 type
PA, 10 g LF, apgkeither PBS or a dam nant negati|ye nffAuteyt ant .

Double 2 40 ug Survived
Triple 2 40 ng Survived
5 Double 4 4ug Survived
Triple 4 4 g Survived

The anti-PA and the neutralizing antibody titer generated by vaccination
of rats with K397D + D425K, aD21.2, or F427A PA was also measured. For
this determination, groups of six animals were vaccinated three times each at 0,
10 3, and 6 weeks with 50 pg of protein in 200 pl of Ribi Tri-Mix adjuvant
. (Sigma) by intramuscular injection into the hind-quarters. Two days prior to
the first injection and 14 days following each injection, blood was drawn from
each animal and the serum was collected. Sixteen days following the final
injection the rats were challenged with a lethal dose of LF (30 ug PA +6 ug
15 LF) by IV injection as described in Table 5. The mean anti-PA antibody titers
in the serum were determined in a standard ELISA assay against PA. The titers
are reported as the reciprocal of the geometric mean of the dilution at which the
_reactivity of the serum ends. Neutralizing antibodies were titered in an
LFnDTA assay at 1 x 10" M PA and 1x10"° M LFnDTA. Antibody dilutions
20  were incubated with PA at 37 °C for one hour prior to starting the assay.
Protein synthesis inhibition was measured using the LFnDTA toxicity assay as
described above. The neutralizing titers are represented as the reciprocal of the

geometric mean dilution required to inhibit PA activify by 50%. As illustrated
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-38 WD 01/082788 PCT/ US01/ 14372 Table 4: Inhibition of wild-type PA by PA
mutants in vivo Aninmals amount of TTM nmutant PA PBS 2 - -100 m nutes
Doubl e 2 WO oggs38s vived Triple 2 40 jig Survived 5 Doubl ecg/usogg3sur vi ved
Triple 4 4 gg Survived The anti-PA and the neutralizing antibody titer
generated by vaccination of rats with K397D + D425K, oD2L2, or F427A PA
was al so neasured. For this determ nation, groups of six animls were
vacci nat edint Tatde 5t iheeK38ZDh+ 426K, hiD21,2, and I 2HdeRA mitantSexighited protein
in 200 | of R bi Tri-Mx adjuvant (Sigma). by intrapuscular. injection into
the hi nd- qlifher@rne dingigutigy 4o annbmogémqgfuéeka.ﬂf@tto v EbmedrA dndisher day s
foll ow ng each.njection., bl god.. dr. from ~eagh ani.mal and the serum
was. ool 1 acily 1o bRk Tne ndgRiTER BN piaRanF el Mg RVris S ot e
chal | enged;w; I F : Ehi 'V injection
as descri bselﬁ’h%a?\’ %ghﬁgg%.o Tﬁgﬁ%@&ﬁéna#l ﬁ-ﬂgﬁghﬁlﬁ %%g?/@ctn}%tg!r’}g }llr?%lst he serum
ver e det ergirkBad dhatleng@ndtr £l thd]l Iosa oS aill g pePA phiss LFadniihiseired 181 e
reported as the reciprocal of the geonetric nean of the dilution at which
the reactdayistaftasfthe fest sgectiorends. Neutral i zi ng anti bodies were titered in

an LFnDTA assay at 1 x 10-10 M PA and 1x10' 10 M LFnDTA. Anti body dil utions
20 were incubated with PA at 37 C for one hour prior to starting the assay.

POt YRS, Sy B S RS O 8 BB BT S bt 2>

reci procal .,@f whiipep A 96QHRLr i ¢ mean dilution required to inhibit PA activity
by 50% As i1llustrated

Animals Anti-PA Titer Neutralizing Titer TT™M
PBS 6 (10 (10 742+ 1.5
10 WT 5 43,300 2,490 Survived
AD21.2 6 47,500 4 3,350 Survived
K397D + 6 65,500 2,260 Survived
D425K
F427A 6 132,000 6,090 Survived

15  Example 10: Antibodies to PA
Antibodies to a PA protein may be used as therapeutics and/or
diagnostics. Antibodies may be produced using standard methods by
immunologically challenging a B-cell-containing biological system, e.g., an
animal such as a mouse or rabbit, with a PA protein or a fragment thereof to
20  stimulate production of an anti-PA antibody by the B-cells, followed by

isolation of the antibody from the biological system. For the generation of
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-39 WD 01/082788 PCT/ US01/ 14372 in Table 5, the K397D + D425K, &D2L2, and
F427A PA nmutants exhibited little or no dimnution in imunogenicity

rel ati ve wo omogaisg ype PA in Fisher rats. The neutralizi n@Canboantsiz PA
antibody titers after three injections were simlar, regardl ess of

I rmunogen enpl oyed, and all vaccinated animals 5 survived challenge with a
| et hal dose of wild-type PA plus LF adm nistered 16 days after the | ast

i nj ecti on.mdaddIEnA: amiéﬁétwgﬁ)lémnﬁ?w%w%m £ HROAYinid] HAfh gRNer at ed

by vaccination of rats wth mutanfts Animals Anti-PA Titer Neutralizing

Ti ter TTMhighSt ELISA -8R rméned] inlmbne 1€spdhsStattheIPA protedt) andrthe \Bxdel2L2 6
47,500 3,350 Survived K397D + 6 65,500 2,260 Survived D425K F427A 6

132, 000 6,fosa] BUNOH sayelamaretapd generatednybridoinas HybRdomasithadieerste o a PA
protein may be used as . therapeutics and/ or . diagnostics._ Antibodies may be
produced &t ngqsaﬁlal&ﬁm@ %E)H@Yl@? sel Bﬁl@giacﬁam@arérﬂﬂsé%gmg o by

B- cel | zcont ai_ni i ol ogi cal , syst . e.q...an animal such, as a use or

r abbi t 2 N\yq‘?t%rngioﬁpl& gligfr?ngploﬁf P%g)fé‘ﬁf BF%P a{h?é% %&Jl%qqynﬂﬁeﬁlag product i on
of an antig ' . - . wed by isolation of the

ant i body fspgﬁﬁt%ﬁfelyE?‘g?(%g?lgglrheggsrﬁgﬁlﬁI%ér pdtdﬁg generation of -40 WO 01/082788
PCT/ US01/ 14372 THE@T1ia8@magHIidBssE@Rendd'® RIRhABNIiABY tHA€ phduegst ed from the

animal with the
antibodies which bind naturally-occurring PA with greater affinity than a
mutant PA protein. These antibodies may be generated by administering to
10  animals fragments of naturally-occurring PA that contain residues such as
K397, D425, D426, or F427. The resulting antibodies may then be screened to
determine which antibodies bind naturally-occurring PA but do not bind a
mutant PA protein in which one or more of residues K397, D425, D426, or
F427 is mutated or deleted. For example, the antibodies may be applied to a
15  column containing an immobilized mutant PA protein, and the antibodies that
do not bind the mutant PA protein may be selected. Antibodies may also be
generated that are reactive with residues in the D212 loop; these antibodies
may be produced by administering a fragment of PA containing the D212 loop
to an animal, as described above. Antibodies that are reactive with residues in
20  the D2L2 loop of naturally-occurring PA may also be screened to select the
antibodies that do not bind a mutant PA protein in which one or more residues
in the D2L.2 loop are deleted. Alternatively, antibodies may be generated that
bind a mutant PA with greater affinity than a naturally-occurring PA molecule
by administering a fragment of a mutant PA to an animal as described above
25  and selecting the antibodies with greater affinity for the mutant PA form.
These antibodies may bind a residue in a mutant PA that is not present in a

naturally-occurring PA.

- 41 -



hi ghest ELI SA-determ ned i nmune response to the PA protein, and the B-cells
fused to NS-1 nyeloma cells to generate hybridonas. Hybridonas that secrete
ant i bodi e’owhiog218%i nd PA nay be sel ected using a standar dPELIUSA/assnay or by
5 western blotting. Monoclonal cell |ines producing a high antibody titer
and specifically recognizing a PA protein are saved. The cell |ines may
al so be screened to identify |lines that produce antibodies which bind
nat ur al I'y- occurgatn@pLAnibbdiedHRA IR uld fothéasukdPA BrotdMiianR biBRgEAL ei n.
These anti bodi es nay be generatéd by adm nistering to 10 ani mal's fragnments
of nat ur alshynpie suohr angerPd, bigatoncatingi the semptiuesthsthe lantibodKaad thdd 25, D426,
or F427. The resulting antibodies may then be screened to determ ne which
ant i bodi edgngAsHtingdmmang gomplexes as g IPEasyte otitherdA proiein &n theusammle PA protein
in which e or, nore of residues K397, D425, D426, qr . F427 is tated or
del et ed. Sethep patibodies ay H$E‘é£11hlﬁ§ﬁ t@éif‘é%mmsdvohe&h%r A Uit s
cont ai inqwan im"rDtH' iz Wt ant PA protein, and the antibodies that do
not bind e FHPYH ﬁgﬁlﬁ eloﬁu}‘my be sel ected. Antibodies may al so be
gener ated t hat i it ' ' 4 ;
thdfdStd Pﬂg ‘lb%{/‘ Jallsd;&mﬁﬁ :ug%iiéﬁs tﬂériéb?u% legr ith%gc eaﬁtk@ﬁ?&

anti bodi es nmay be produce ring ragmen cont ai ni ng

the D2L2 lpewentioh dMrhtaXbihfectivnd B AP 2ReNSody hat BRHIssil8 hgpe RS
reactive with residues in 20 the D2L2 | oop of naturally-occurring PA may

al so be sdu¢doesindibindlaeddmiramt nagativroBAasutanais athmimdsteindnid esubjeetnt PA
protein in which one or nore residues in the D2L2 |oop are del eted.
Al t er nat i Vel passave inypbhizationagpimsy anidirak gdeetien, a domimaat negativie PA with

Py aqmift "o n e SeRe BT EARH R Dseao e qubsepentc Shabtect i ng
L, ant 9L 5841 6L ! WA B R PP e B A o0,
nat ural Iy +¢ ¢4ck With #f thefhpeutic dominant negative PA mutant, the anti-PA
antibody should not reduce the ability of the dominant negative PA mutant to
inhibit wild-type PA. Additionally, an anti-PA antibody that does not react
15  with a therapeutic dominant negative PA mutant may be used to determine the
amount of wild-type PA present in a sample from a subject who has been
treated with the dominant negative PA mutant.
Similar antibodies may be generated for other mutant B moieties of the

present invention.

20 Example 11: Administration of PA proteins and fragments

It is not intended that the administration of the PA proteins or fragments
of the invention be limited to a particular mode of administration, dosage, or
frequency of dosing; the present mode contemplates all modes of
administration, including oral, intramuscular, intravenous, subcutaneous, by

25 inhalation, or any other route sufficient to provide a dose adequate to prevent

or treat an anthrax infection. One or more of the mutant PA proteins or
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WO 01/082788 PCT/ US01/ 14372 Anti-PA anti bodies may be used to neasure PA
protein in a biological sanple such as serum by contacting the sanple with
t he anti bwoywilasaiss hen neasuring i nmune conpl exes as a nMe&EWESODi43rhe PA
protein in the sanple. Thus, these anti bodies nay be used in kits to
determ ne whether a subject has 5 been exposed to anthrax toxin.

Anti bodies to PA can al so be used as therapeutics for the treatnent or

prevent i ofragimettt higyxbe adimbiisered tofa maamhat /a singldddeke éhaultiplodssyd. | d-t ype
PA but does not bind a dom nant negative PA nutant is adm nistered to a
subj ect fWhelpamltlpk dones aire adinomsteed, e dasastnambe sﬂpacatedrﬁrom odleni nant
negati ve PA ]]1? nt may .al so be adm nistered_to the sanme subject as a

t her apeut {280t |bEYh @Xar@IHé, oRe week Jo ane mamby s tpRe ysnklesstenad that for

ﬁg;,”agl Vo' PR FORAGHISr pfety Bhdcin? %ﬁ%g“ﬂﬁr%aiﬁ%%%lm%#& ot i P i ﬁ’{”y”ﬁf”t
ant P oncrBOE e A eddnd i st AEEER o fardy 1+ "

negative RBOniH{s®&Hing'BY szl e d?l?ﬁlﬁiﬁa‘ﬁ%ntdﬁhe@ itRfnsW | d-type PA
present in a sanple froma subject who has been treated with the dom nant

negative PA mutldret phashmckwtica wonipaditémsrontdifingeses aif edré A pidieins mut ant B
noieties of the present invention. 20 Exanple 11: Adm nistration of PA
prot ei ns andrfgnaenienf thd investiaoncan he gnepaded hadesdribeadpriesiatstain on of the PA
proteins or fra rrents of the invention he limted to a artlcul ar node of

admi ni st r dtgmeRghg euF?@qué‘?RﬁPS@B’ KoW. ,],\éartmqu lﬁﬁff&?’@ﬁﬂtl
Fntra Lgéﬁa%@%mgmdes s, 51Tl Skhies ot SEREE of i vashh %1%3 e ent
E)? provid dﬁ%ﬁ %g%?ﬂ 91 s%ﬁ'l‘ﬁ)ﬁedif)umﬁ{ of 66RE nithAV I Yifthal pgieldson. One

nmore o pr Stelns
can be used. Phospholipid Veswles or liposomal suspensions are possible

pharmaceutically acceptable carriers or delivery vehicles. Adjuvants that can
be used in the invention include aluminum compounds, such as aluminum
15  hydroxide, aluminum phosphate, and aluminum hydroxy phosphate. These
compositions can be prepared according to methods known to those skilled in
the art.
Other mutant B moieties or fragments of the invention may be

administered similarly.

20 Example 12: Other pore-forming mutants

The crystal structure of PA identified four domains of PA (Petosa et al.,
Nature 385(6619): 833-838, 1997). Domain 2 (residues 259-487) contains a
large flexible loop that may undergo a major conformational change during
conversion from the prepore to the pore. Mutation, deletion, or insertion of
25  one or more amino acids in this region may result in inhibition of the pore-

forming ability of the protein in vivo and/or result in the ability of the PA
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-42 WD 01/082788 PCT/ US01/ 14372 fragnents nmay be adm nistered to a mamal
in a single dose or multiple doses. Wen nultiple doses are adm ni stered,

t he doseswoan/okxgsseparated from one another by, for exanpCa/usones3neek to
one nonth. It is to be understood that for any particul ar subject,

speci fic dosage regi mes should be adjusted over tine 5 according to the

i ndi vi dual need and the professional judgenent of the person admnistering

or super vimsitagt tohahihinthe pereafiorming abilite of oagsallY-oeestrimphBApHrnaceut i cal
conposi tions contai.ni ng, one or re PA proteins or fragnents of the

i nvent i on SXaMPHe IEHidPs %H%aabg‘éfﬁﬁeﬁlagawdgagw tprhe REFFERRANGBAE s

Phar maceut ical Sciences by E. W_Mrtin. Pharmaceutical .10.stabilizing
conpounds *0a?S B g B e gthek por g tofios Gh iR 8y be used.
For exanpl T2 ' het; r i el NS can be
used.  PhosRS 1R ARICIE, T DT e iR O Gl BANR)S)

phar mageutceealsl ¥r BC #aRERdILRsiSAFIgs 1S afd 167 hiayebe/medted! Thesd disidiaRt s t hat
can be used in the invention include alum num conpounds, such as al unm num
15 hydr oxinbey bamutatedrorptedstpdan PA tngermratei domninhytinepati veHidA phataats. These
conposi tions can be prepared according to nethods known to those skilled in
the art. Gihiedolleomingresdues ef demsaior2 i Byraatinvariant henong/dethinaryndyB be

crystal SEoHErdpiEd Iasi Hont1Pea PO HonLANG (PO PAN I, obaobt al
ar ge 11 R aPE ol PRt oy rolr 00 Rar Y8Rl AXat R Mafinge duri ng
CorYSIg, SYTRNIE ISR 1SR Bak ey ol sk by anpon st on
the pore- D425, F427, 1432, N435, Q438, L450, T452, Q454, G457, G474, W477, and

1484. These residues may be mutated to any other amino acid. For example,

the residues may be changed to an amino acid with a smaller side chain such as

glycine or alanine, or the residues may be changed to an amino acid with a

15  larger or branched side chain such as tryptophan, leucine, or methionine.

Additionally, charged residues may be changed to residues with a neutral side

chain or residues with a side chain of the opposite charge. Other examples of

residues that may be used to replace a naturally-occurring residue are listed in

Table 1.

20 In addition to anthrax toxin, the present invention is relevant to other
pore-forming toxins. These toxins may also be mutated to generate toxins with
reduced or negligible ability to oligomerize, to form transmembrane channels,
or to translocate a ligand. Additionally, dominant negative mutants of other
pore-forming mutants may be generated. For example, mutations that

25 correspond to the PA mutations described herein may be made in other toxins
that are homologous to PA (such as toxins from Clostridium difficile, C.

perfringens, C. spiroforme, C. botulinum, Bacillus cereus, or B. thuringiensis)
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formng ability of the protein in vivo and/or result in the ability of the
PA -43 WD 01/082788 PCT/ US01/ 14372 nmutant to inhibit the pore-formng
ability oWOmawsa7ss | y-occurring PA. For exanple, residuespca/usoneidm 2 of PA
that are identical to the corresponding residues in one or nore other
pore-formng toxins (such as toxins from Costridiumdifficile, C
perfringens, C. spirofornme, C. botulinum Bacillus 5 cereus, or B.

thuringi erwgges; 151293 16l an R MebE). MeekidfesTHioth&GoxiRanat E@péshead tomy be

nmut ated or deleted in PA to generate dom nant negative PA frutants. The

f ol | ow ng residuesigsd@haniodof P A2may HéAnatated ay dedcaiticdabong. tAdklitiondlyy A- B
toxins listed in Figs. 15 and 16: A259, P260, V262, V264, M66, E267, S272
E275 T298atia68], 33513, 1143, Bow, 24rabtie augm®, acibyy thezggionithaty375, V377,
P389, T380, T381, V384, T393, 1394, P407, Y41l, P412, A420, . D425,

F427, 1432 CorpesBondytodhe Do) laapsof Péyigay b@ésl}‘%te@mt,hevml?@-f%mang 1484. These

id - b d h ' id F | h id
. be chang Al BoRt paltl e BOAT ReP e ropdR oL RARRRS B as” ol ycine
or al ani Nk %%tgt% ﬁ%‘eﬁuﬁﬁeﬁ)& l%gicﬁl'é%g&‘}iﬁegih}?é}e&l’?‘eno acid with a 15

| arger or bran chain such as tryptophan uci ne, or nethionine.
Additional l'y, cAgy 8fthdseThatdasiormg iR FoERTh! OxIRShEY®e ddnlifisteragut r al
side chain or residues with a side chain of tthe opposite charge. O her
exanpl es @b a maemintiidor theatreatmenber peo@ntion o€ phizction byahapatiogeascur ri ng
residue are listed in Table 1. 20 In addition to anthrax toxin, the
present i fe-gnthasteria that prpdnee the earmespondimgdokr.m ng t oxi ns. These toxins
may al so be nutated to generate toxins with reduced or negligible ability
to oligonerize, to formtransnmenbrane channels, or to translocate a

| igand. Additionally, dom nant negative nutants of other pore-form ng

mut ants may be generated. For exanple, nutations that
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25 correspond to the PA nmutations descri bed herein nmay be made in other
toxins that are honol ogous to PA (such as toxins fromd ostridium

di fficil ewo@1/08788 fri ngens, C. spirofornme, C. botulinum BaEiUSOUS3CET eus,
or B. thuringiensis) -44 WD 01/082788 PCT/USO1/14372 (Figs. 15 and 16 and

Tabl e 6). Repichi8iubfoRtNEhot i Aint b Wi ESRABShAS thelBihes: | n domai n 2
of PA may hgmis ¢ 5 §§}fl;fg)éﬁgelﬂ é?emégééuﬁu@ Alck Yoro tmilEShs 1. 3. 5,

8, 10, 15, ®lcodspéth Bithd BGd PACTAPHLORL hilaed iy esponds to
the D2L2 I%f(éﬁu;%%;ﬁg;h be del et e |n ot‘%] pore ormng 5 toxFyns Al so,

one or nore point nutations may be made at residues that correspond to the
nmut at ed PA resi dues descri bed herein. Any of these mutant forns of
por e- f or Mg toXT TS Ay DE Jadman Stered s megTaEt T or—tie [re[lt ment or

S O %%@;5%&9&35@@&5%%% criglh et prodice ne

tations in

ot her por ;'183@‘]:5:&',9: t 55& nzé434% tes @‘{A \gggr 1—U]L 37 Mnt hr ax PA

whi ch ar e eseribe A es-ch 56 Sr+HNg t oXi ns
t hat corra;‘xjid Jbtﬁv t 2‘@\5 d%%%»ai 8 o :ﬁ{ Dr’J\ 190, S ge nmut at ed
to any otlheoHf nly QAL ¢ QA246 4&2&\( $§mu J idgens
spi r of onn }:K&QIQLn erészprqufu‘lﬁA Q>Q4 8an n9r38§@r1 LnxK 79}Q\XJ K397A

Q425A Q4244 0354 (RD48AKR70D45%A07D DMIEH QuobWei gD POEM KR719D K397C
Q425C Q424C I358C (3D453K8 79407 MBS QnobdPed 280 QRIS K879Q

SD D 7]

D425E D453E D452E D456E D426E DI07E

D425K | D453K D452K D456K D426K D907K

FA27A F455A F454A F458A F428A F900A
K397D + | Q425D+ | Q424D+ | Q428D+ | Q398D+ | K879D +

| _D425K | D4s3K D452K D456K D426K D907K

K395D + | K423D+ | K422D+ | K426D+ | K396D + T877D

K397D+ | Q425D+ | Q424D+ | Q428D+ | Q398D + K&879D +
D425K + | D453K+ | D452K+ | D456K + | D426K + D907K +
D426K Q454K Q453K Q457K Q427K D908K
AD2L2 | A340-358 | A339-357 | A343-361 | A307-331 A797-816
K397D+ | Q425D+ | Q424D+ | Q428D+ | Q398D + K879D +
D425K+ | D453K+ | D452K+ | D456K+ | D426K + D907K +
F427A F455A F454A F458A F428A F909A
F427A + | FAS5A + F454A + F458A + | F428A + FO09A +
AD2L2 | A340-358 | A339-357 | A343-361 | A307-331 A797-816
K397D+ | Q425D+ | Q424D+ | Q428D+ | Q398D + K879D +
FA27A + | FA55A + | F4A54A + | F458A + | F428A + F909A +
AD2L2 | A340-358 | A339-357 | A343-361 | A307-331 A797-816
K397D+ | Q425D+ | Q424D+ | Q428D+ | Q398D + K879D +
D425K+ | D453K+ | D452K+ | D456K + | D426K + D907K +
F427A + | FAS5A + | F454A + | F458A + | F428A + F909A +
AD2L2 | A340-358 | A339-357 | A343-361 | A307-331 A797-816

F427D F455D F454D F458D F428D F909D
F427K F455K F454K F458K F428K F909K
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D425A DA53A D452A D456A D426A DIO7A D425N DA53N D452N D456N D426N DIO7N
D425E D453E DA52E DAS6E D426E DIO7E D425K D453K D452K D456K D426K DIO7K
F427A F4580 0F05288 FAS8A F428A FO909A K397D + Q425D + Q424PCFHUMEBB72+ (BI8D
+ K879D + D425K D453K D452K D456K D426K DI07K K395D + K423D + K422D +
K426D + K396D + T877D K397D + Q425D + Q424D + Q428D + B98D + K879D +
D425K + D453K + D452K + D456K + D426K + DI07K + D426K Q454K Q453K Q457K
QA27K D908K A@&k&n&é&&y?%dﬁ%@ﬂr&%né&é%n be PiXorPed o Arci&éGcids39 7D +
A25D + Q424D + (428D +°(@B98D + K879D + 25K "+ D453K + D452K + D456K +
D426K + D@addding pode-TérmitipohuthislGuEl 28 ShbRR A FAGRAdeRUCTBlYSITAGEA + FA54A
+ FA58A + F428A + F909A + AD2L2 A340-358 A339- 357 A343-361 A307-331

A797- 816 hkgamerie opirpmmer{y toxinsreted o thaSopbyloaieradm-toxiANnging+ FA55A +
FA54A + FA58A + FA28A + F909A + _AD2L2 A340-358 A339- 357 A343-361 A307- 331
A797-816 Siandars m #5 hiofpgymethadsy dibe.cncgdedmutppt/ignins mey ek + DAS3K +

Paoon 3 ARBs ssad DpiohallPuded sk danduld Padhadsame bty /' F a5
F454D FASEHe G2 G WRivdd ki ihay Pefifted o fdaRtify el fAARwientP

reduced ability to form a transmembrane channel. Additionally, animal models

may be used to identify dominant negative toxin mutants that reduce the

toxicity of the corresponding wild-type toxin when both the mutant and wild-

10  type toxins are administered to the animal.

Other Embodiments

All publications and patent applications mentioned in this specification
are herein incorporated by reference to the same extent as if each independent
publication or patent application was specifically and individually indicated to

15 be incorporated by reference.

While the invention has been described in connection with specific
embodiments thereof, it will be understood that it is capable of further
modifications and this application is intended to cover any variations, uses, or
adaptations of the invention following, in general, the principles of the

20  invention and including such departures from the present disclosure that come
within known or customary practice within the art to which the invention
pertains and may be applied to the essential features hereinbefore set forth, and
follows in the scope of the appended claims.

Other embodiments are within the claims.

25
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WO 01/082788 PCT/ US01/ 14372 Alternatively, random nutagenesis may be
performed on nucleic acids encoding pore-formng nutants (such as

chol est erwbh odegaIsglent cyt ol ysins or hexanmeric or hept anmePCE/uSOKi4332 r el at ed
to the Staphylococcal a-toxin) using standard nol ecul ar bi ol ogy nethods.
The encoded nutant toxins may be 5 expressed and optionally purified using
standard nethods. The rubidium rel ease assay described herein nmay be used
to identify nmutant toxins with a re@lagmg ability to forma transmenbrane
channel . Additionally, animal nodels nay be used to identify dom nant
negative toxin nmutants that reduce the toxicity of the corresponding

w | d-type toxi n _both the nutant. and w_l type .t oxi ns. ape

adni ni stered tgl\lx: @Hf%lo%a%rﬁ' P%ﬂ%%?‘ﬁ’é‘fn?{ééiﬂ‘%‘zﬁ‘ﬁ}ef%‘mab‘ﬂ and patent
applicati : ' ' is =idsk catd K i r d by
refer enceq{]}%egﬁg(g%gﬁggseﬁhe&%?ﬁg% ﬁ?a?‘ffélfg:(:) ﬁg}lﬂrslg%pr)%%&ent @d P}I’ %rgi% s%‘?dapat ent
appl i cati @putaBion3PA6t fHeCRlI¢tiomtlamih ¥éids380RY3256H fRhe protectivebe

i ncorporated by reference. Wile the invention has been ‘described in
connec§i oanwgth (SEECID INO. Elbodi ments thereof, it will be understood that

it is capable of further nodifications and this application is intended to
cover any variations, uses, or adaptations of the invention following, in
general, the pringiples of the 20 [nvention and including such departures
fromthe pr eser?t-nﬁ‘%g’@@tﬁ% KL r?%ﬁeliﬁili Fiit %(HWHY()‘? aeﬂsr%mfyc ¥actice
wi thin the glrt to which the invention pertains and nmay be applied to the
essenti al FE&hres hereinbefore set forth, and follows in the scope of the
appended cl aims. Ot her enbodinments are within the clains. 25 -47

3 The B moiety of claim 1, wherein said B moiety lacks pore-forming

10  ability.
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WO 01/082788 PCT/US01/14372 Cains 1. A B noiety of a pore-form ng binary
A-B toxin, wherein said B noiety conprises a nutation that inhibits its
por e-for Mvoglaki7Bs ty, wherein said nutation is not the decC&ttisoni4f2 am no
aci ds 302-325 of anthrax protective 5 antigen (SEQ ID NO 12). 2. The B
nmoi ety of claim1l, wherein said B noiety is anthrax protective antigen. 3
The B noiety of claim1l, wherein said B noiety | acks pore-formng 10

ability. -48 W2a.0The et C/dlfall HB/ddg aft-andihe aBidsdicyicoOtha ighm 1,
having an am no acid sequence that is at |east 80%identical to SEQ ID No.:
21 and t hdcasi&®%ndedticat to SEQ H2 Nt 2t ahd dinat hakengl eogtiamsaelested fitpmf :  a)
K397A; 5 b) K397D; .c) K397C, d) K397Q e) D425A; f) D425N;, 10 Q)
D425E;  h)thegrewp copsistpols; j) K397 + D425K doubl e nutation; k) K395D +
K397D + D425K + %g&;(Aguadr uple mutation; 15 1) K397D +D425K + F427A
triple mtatior) 5

5 b) K397D;
¢) K397C;
d) K397Q;
e) D425A;
f) D425N;
10 g) D425E;
h) D425K;
i) F427A,;
j) K397 + D425K double mutation;
k) K395D + K397D + D425K + D426K quadruple mutation;
15 1) K397D +D425K + F427A triple mutation;
m) F427A + aAD2L2 double mutation;
n) K397D + F427A +aD2L.2 triple mutation;
0) K397D + D425K + F427A +aD2L.2 quadruple mutation;
p) F427D; and
20 q) F427K.

5. A vaccine composition comprising a B moiety of a pore-forming
binary A-B toxin or a fragment thereof in a pharmaceutically acceptable
carrier, wherein said B moiety comprises a mutation that inhibits its pore-

25 forming ability.
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m F427A + AD2L2 doubl e nmutation; n) K397D + F427A +AD2L2 triple nutation;
0) K397D + D425K + F427A +AD2L2 quadruple nutation; p) F42713; and 20 q)
F427K. 5.wAnasxBfhie conposition conprising a B noiety of &cparsevisrm ng
binary A-B toxin or a fragnment thereof in a pharmaceutically acceptable
carrier, wherein said B noiety conprises a nutation that inhibits its pore-
25 formng ability. -49 WO 01/082788 PCT/ US01/ 14372 6. The vacci ne

conposi tion of @"ﬂﬁ@&écciﬂé‘%ﬁbﬁsi%h%f?lﬂlﬁi St Whbfein 3B Aoifyolsect i ve

antigen. 7. The vaccine conpoSition of claim5, wherein said B noiety is
i nact i vat egdthayx phetectiad antiggahysi cal means. 5 8. A method of preventing
bacterial infection in a mammal, said nethod conprising admnistering to
said manmmal a vaccine conprising a B npiety of a pore-formng binary A-B
toxin or a fragnent thereof in a . pharnpace ti(ﬁal Ly acceptable carrier,
wherein sai d B /mol 8 Ja¢an FPRPESIEOnML Al poWhereal spid pReisty iss

pore-form.ng abiljty., 9. .A metlglod f treating bacterial infectionin a
mamal , sai tﬂlé'fqdohychwgﬂ? y%llﬁﬁlil??fsgl?seri ng to said nanmal a vacci ne
corrpriﬁi ng a B noiety of a pore-formng binary A-B toxin or a fragnent
thereof in a pharmaceutically acceptable carrier, wherein said B noiety
conprises a nutgat AGRethBalofippévetiting bdcterial InfeRfibn iR athA@nad! 44idy. 10. The
met hod of claim8 or 9, whérein said vaccine is admnistered

method comprising administering to said mammal a vaccine comprising a B

moiety of a pore-forming binary A-B toxin or a fragment thereof in a

pharmaceutically acceptable carrier, wherein said B moiety comprises a

10 mutation that inhibits its pore-forming ability.

9. A method of treating bacterial infection in a mammal, said method
comprising administering to said mammal a vaccine comprising a B moiety of
a pore-forming binary A-B toxin or a fragment thereof in a pharmaceutically
acceptable carrier, wherein said B moiety comprises a mutation that inhibits its

15 pore-forming ability.

10. The method of claim 8 or 9, wherein said vaccine is administered

with an adjuvant.

11. A mutant B moiety of a pore-forming binary A-B toxin, wherein
20  said mutant B moiety comprises a mutation that inhibits its pore-forming
ability, and wherein said mutant B moiety inhibits the pore-forming ability of a

naturally-occurring B moiety of said toxin.
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with an adjuvant. 11. A nutant B noiety of a pore-formng binary A-B toxin,
wherein 20 said nutant B noiety conprises a nutation that inhibits its
por e-for mvoglosdigs i ty, and wherein said nutant B noiety i mairhiSos143he
pore-formng ability of a naturally-occurring B noiety of said toxin. -50
WO 01/082788 PCT/ USO1/ 14372 12. The nmutant B noiety of claim 11, wherein
said nutant B noiety is anthrax protective antigen. 13. The nutant B

moi ety of cl ai h2.1ThehawtiangBtheietpof ciaimt bl, wingeinesdidmuthacBanoiety gdema
factor. 5 14. The nmutant B noiety of claim 11, having the ability to
conpet e  &ithraxspiioteativelamigen- occurring B noiety for binding to a receptor
on the surface of a manmalian cell. 15. The nutant B noiety of claim 11,
having the ability to bind said naturally-occurring B noiety. 10 16. The

nmutant B noiety,of.,claimill hayin he it 0 oli.goner.i ith said
natural | y- occuﬁ"i ﬁ;&e é#ymf)]c?\{?' B?ﬁiaémc ag;ﬁ/gt &’gta%ﬁfé‘g' %B@iﬁth\%bi lity to
forma p . nt B noiety of claim 16, wherein said conplex

| acks thgfa%iqf]%bﬁdlgpﬁyﬂ%&form a pore. -51 WD 01/082788 PCT/US01/ 14372 18.
The nutant B noiety of claim 11, having an am no acid sequence that is at

| east 80% identical to SEQID No.: 21 and that has an alteration selected
from the groupl4.oitheshutagt Bfmoiety of claim 11, having the ability to compete

with said naturally-occurring B moiety for binding to a receptor on the surface

of a mammalian cell.

15. The mutant B moiety of claim 11, having the ability to bind said
naturally-occurring B moiety.
10
16. The mutant B moiety of claim 11, having the ability to oligomerize
with said naturally-occurring B moiety to form a complex that has reduced

ability to form a pore.

17. The mutant B moiety of claim 16, wherein said complex lacks the

15  ability to form a pore.
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a) K397D + D425K double nmutation; 5 b) oD2L2; c) K395D + K397D + D425K +
D426K quadrupl e nutation; d) D425K; e) F427A; f) K397D +D425K + F427A
triple mwetoiosz7s8 10 g) F427A + oD2L2 doubl e nmutati on; h) PKIARDI/H3IFA27A
+0D2L2 triple nutation; i) K397D + D425K + F427A +oD2L2 quadrupl e nutation;
h) F427D, and i) F427K. 15 19. The nutant B noiety of claim 11, conprising
a deletion of at least 5 amno acids of the D2L2 | oop. 20. A nethod of

preventi ng bactl: i Bhe el sroicty of ¢lawndll, hoying amemhinel acidmeahencey

adm nisterjng to. sa i of a 20 pore-formng binary
A-B toxin %5? U1y a }eé’ﬁhg(%%&ldﬁgﬁggftgm&g %ﬁﬁ%ﬁaﬁh&@%ﬁﬁﬁay%mn ses a
mut ati on th%c éinﬁ}l o] i.ts. pare- l]_‘ormrng ability, and wherein said nutant B
noi ety i nkF |¥e frat SrggoFBFﬁPﬂé 150 ity of a naturally-occurring B noiety

of said toxin. ?%3%@]5%@ q#) {T@%&H 4372 21. A nethod of treating

bacteri al |nfeC|on|namarma conprising admnistering to
said nmgmal "BT)tA@‘ZLﬁ noi ety of a pore form ng binary A-B toxin or a
fragment thereo wherei n said mutant B noi ety conprises a nutation that

inhibits its pa)d&3WDring3abDI+ DA25KNd DM6I€ qnadmipte mutatient B noi ety
inhibits the pcareﬁjrorm' ng ability of a naturally-occurring B

e) F427A,
f) K397D +D425K + F427A triple mutation;
10 g) F427A + aAD2L.2 double mutation;
h) K397D + F427A +aD2L.2 triple mutation;
i) K397D + D425K + F427A +aD2L.2 quadruple mutation;
h) F427D; and
i) F427K.
15
19. The mutant B moiety of claim 11, comprising a deletion of at least

5 amino acids of the D2L.2 loop.

20. A method of preventing bacterial infection in a mammal, said
method comprising administering to said mammal a mutant B moiety of a
20  pore-forming binary A-B toxin or a fragment thereof, wherein said mutant B
moiety comprises a mutation that inhibits its pore-forming ability, and wherein
said mutant B moiety inhibits the pore-forming ability of a naturally-occurring

B moiety of said toxin.
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noi ety of said toxin. 22. The nmethod of claim@8, 9, 20, or 21, wherein said
B noiety or said nutant B noiety is anthrax protective antigen and said
bact eri alwpnfiegt7son is an 10 anthrax infection. 23. The merhsdrvof37zl ai m 8,
9, 20, or 21, further conprising admnistering to said mammal an anti body
that binds said naturally-occurring B noiety. 15 24. The method of claim
8, 9, 20, or 21, wherein said manmal is a human. 25. The nethod of claim

24, wherein saizq.rmmhoﬂaﬁtﬁaa'n%@amﬁuiﬁfecti@l irmpniuramal, sajppbrresho®6. An
purified antibody that specifically binds a naturally-occurring B 20

noi ety of campuiséag edmimgteningsoyaidl Batrorala mutantds exniety off 4 potety t han a
mutant B noiety of said toxin, wherein said nutant B poiety conprises a
nut ati on ferming binani AsBitexingyrairagmenhtesent, mhpreinsaid pugant s mepety

PCT/ US01/ 14372. 27. The antibody .of. cl ai m 26 rein said mutant, B noiety
i bi ts EABTSIPS STBIERG e Pty B Retkdotmind SE0R Rl HABIEPly of sal o
toxin. 5 - utant B moiety inhibits the pore-forming ability of a naturally-occurring B

moiety of said toxin.

22. The method of claim 8, 9, 20, or 21, wherein said B moiety or said
mutant B moiety is anthrax protective antigen and said bacterial infection is an

10  anthrax infection.

23. The method of claim 8, 9, 20, or 21, further comprising
administering to said mammal an antibody that binds said naturally-occurring

B moiety.

15 24. The method of claim 8, 9, 20, or 21, wherein said mammal is a

human.

25. The method of claim 24, wherein said mammal has been exposed to

B. anthracis spores.

26. An purified antibody that specifically binds a naturally-occurring B
20 moiety of a pore-forming binary A-B toxin with greater affinity than a mutant
B moiety of said toxin, wherein said mutant B moiety comprises a mutation

that inhibits its pore-forming ability.
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27. The antibody of claim 26, wherein said mutant B moiety inhibits

the pore-forming ability of a naturally-occurring B moiety of said toxin.
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