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Abstract: In recent years, anthrax toxin has been reengineered to act as a highly specific
antiangiogenic cancer therapeutic, shown to kill tumors in animal models. This has been achieved by
modifying protective antigen (PA) so that its activation and toxicity require the presence of two
proteases, matrix metalloproteinase (MMP) and urokinase plasminogen activator (uPA), which are
upregulated in tumor microenvironments. These therapeutics consist of intercomplementing PA
variants, which are individually nontoxic, but form functional toxins upon complementary
oligomerization. Here, we have created a dual-protease requiring PA targeting system which utilizes
bismaleimide cross-linked PA (CLPA) rather than the intercomplementing PA variants. Three different
CLPA agents were tested and, as expected, found to exclusively form octamers. Two of the CLPA
agents have in vitro toxicities equal to those of previous intercomplementing agents, while the third
CLPA agent had compromised in vitro cleavage and was significantly less cytotoxic. We hypothesize
this difference was due to steric hindrance caused by cross-linking two PA monomers in close
proximity to the PA cleavage site. Overall, this work advances the development and use of the PA and
LF tumor-targeting system as a practical cancer therapeutic, as it provides a way to reduce the drug
components of the anthrax toxin drug delivery system from three to two, which may lower the cost
and simplify testing in clinical trials.

HIGHLIGHT: Previously, anthrax toxin has been reengineered to act as a highly specific antiangiogenic
cancer therapeutic. Here, we present a version, which utilizes bismaleimide cross-linked protective
antigen (PA) rather than intercomplementing PA variants. This advances the development of anthrax
toxin as a practical cancer therapeutic as it reduces the components of the drug delivery system to
two, which may lower the cost and simplify testing in clinical trials.
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Introduction
The anthrax lethal toxin (LT), secreted by Bacillus
anthracis, consists of the cellular binding moiety protec-
tive antigen (PA, 83 kDa), and the enzymatic moiety
lethal factor (LF, 90 kDa) (for review seeRef. 1). PAbinds
to cell surface capillary morphogenesis protein 2 and
tumor endothelial marker 8 receptors,2,3 and is cleaved
by the cell-surface furin protease.4,5 Furin cleavage
releases the amino-terminal 20-kDa (PA20) fragment,
which allows for oligomerization of the receptor-bound
63-kDa fragment (PA63) to heptamers or octamers.6,7

Oligomerization of PA63 creates binding sites for three or
four molecules of LF8 and induces endocytosis of the
PA63-LF complexes. Subsequent acidification of the
endosome triggers a conformational change in PA, creat-
ing a transmembrane pore that translocates LF to the
cytosol. LF is a zinc metalloprotease that cleaves and
inactivates mitogen-activated protein kinase kinases
(MEKs)9,10 and NLRP1,11 leading to disruption of cellu-
lar signaling and death in experimental animals.12,13

LT has been engineered to act as a targeted anti-
angiogenic cancer therapeutic by utilizing its inherent
cellular targeting and cytoplasmic delivery system, com-
bined with the consequences of MEK cleavage. This has
been achieved by exchanging the native PA furin cleav-
age site, required for oligomer formation and thus bind-
ing and endocytosis of LF, to cleavage sites for proteases
that are overexpressed in solid tumors. Singly activated
anthrax toxin variants, PA-L1, activated by matrix
metalloproteinases (MMPs)14–19 and PA-U2, activated
by urokinase plasminogen activator (uPA),20–23 have
been shown to be preferentially activated in tumors, and
demonstrate significant tumor-targeting potential.24,25

LF binding sites span two adjacent monomers
within the PA oligomer.8 This characteristic was uti-
lized to design individually nontoxic PA-L1 and PA-U2
variants, which upon complementary oligomerization
form a functional toxin.24,26,27 These PA oligomers
require the combined activities of both cell surface
MMP and uPA for activation and cytotoxicity, thereby
creating (with appropriate effector moieties) tumor-
targeting agents with decreased off-target effects and
improved therapeutic indices.24,25 The most studied of
these is the intercomplementing second-generation
PA agent IC2PA, consisting of the PA-L1 I207R and
PA-U2 R200A variants.26 The I207R and R200A sub-
stitutions disrupt different LF binding subsites such
that native LF binding sites form only upon combining
the two PA variants. Another intercomplementing sys-
tem is composed of the PA-L1 GN and PA-U2 D512K
variants having complementing substitutions on the
PA dimer interface. These PA variants cannot form
homo-oligomers, and are active only when they com-
bine to form heterodimers, which then assemble into
functional octamers.27

In this work, we set out to create a PA oligomer
which requires dual-protease activation, as in the
agents described previously, but which does not depend

on specific PA substitutions like those described above.
We achieved this by chemically conjugating two PA
monomers, PA-L1 and PA-U2, to create a cross-linked
dimer, which can only assemble into an octameric com-
plex. This agent retains the advantage of delivering up
to four LF molecules per PA oligomer (like the octameric
agent described above) while also reducing the number
of drug components from three (PA-L1, PA-U2, and LF)
to two (PA-L1 + PA-U2, LF). Having fewer components
in this candidate therapeutic may reduce the time and
expense of the preclinical analytical studies needed to
qualify this agent for clinical trials.

Results

Cross-linked PA formation
We set out to chemically conjugate PA-L1 and PA-U2
variants to create a cross-linked PA (CLPA) dimer,
which could only assemble into even-numbered oligo-
mers, of which the octamer is known to be the favored
species. This design requires that the cross-link does
not prevent oligomerization of the dimers into an
octamer but does prevent homo-oligomerization of one
member of the dimer [Fig. 1(a)]. We chose to accom-
plish conjugation via sulfhydryl chemistry using homo-
bifunctional bismaleimide cross-linkers. Wild-type PA
(WTPA) has no native cysteine residues, allowing us to
selectively choose the location of PA dimerization. Prior
work systematically replaced every residue in PA with
cysteine, thereby identifying locations where this sub-
stitution is tolerated.29 When engineering sites for PA
cross-linking, we preferentially selected amino acids
that were solvent exposed and spatially adjacent within
the PA octamer crystal structure (PDB ID: 3HVD).7,8

Sites for single cysteine substitutions were identified on
adjacent monomers in the PA octamer crystal structure
using O software,28 and the distances between the sin-
gle cysteine substitutions were estimated using the
PyMol distance measurement tool. Three pairs of PA-
L1 and PA-U2 variants having single cysteine substitu-
tions were created (Fig. 1, Table S1). Fig. 1(b) lists the
cysteine substitutions of each of the three CLPA agents
tested, their estimated distances apart, the chosen
bismaleimide cross-linker, and linker length. The loca-
tion of the conjugation sites within adjacent PA mono-
mers and the PA octamer are illustrated in Figure 1(c).
The CLPA1 and CLPA3 cysteine substitutions are
located internally within domain 3 and 2 of PA, respec-
tively. The CLPA2 cysteine substitutions are located at
the top of domain 2 close to the protease cleavage site
(residues 167/168), and therefore should have the
greatest flexibility but also the potential to interfere
with PA protease activation.

The cysteine-substituted PA variants were ex-
pressed with Tobacco Etch Virus (TEV) protease-
cleavable C-terminal His8 or FLAG tags, that is,
PA-L1-TEV-His8 and PA-U2-TEV-Flag (Fig. 1, Table S1).
The proteins were successfully conjugated using
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bismaleimide cross-linkers [Fig. 2(a)]. For an overview of
the PA conjugation protocol, see Figure S1. PA dimeriza-
tion by bismaleimide linkers was optimized such that
the yield of each CLPA agent was approximately 50% of
the starting PA monomer, as determined by size-
exclusion chromatography (Fig. S2). CLPA agents could
be formed from any combination of the six single cyste-
ine PA variants and the three bismaleimide linkers, and
the efficiency of conjugation did not vary significantly
between CLPA variants (Fig. S2). This was unsurprising
considering all PA cysteines were created at solvent-
exposed sites. For each CLPA agent, a homodimer con-
trol reaction was performed where the linker was
reacted to the free cysteine on the primary reactant

(e.g., PA-L1-TEV-His8), but after removal of excess
linker, no secondary reactant (e.g., PA-U2-TEV-Flag)
was added. In such reactions, no larger cross-linked
species were found [Fig. 2(a), lanes 3]. This suggests
that the protocol prevented homodimer formation. Fur-
thermore, no extraneous nonspecific cross-linking
occurred if WTPA, lacking native cysteines, was used in
the conjugation process [Fig. 2(b)]. The post-conjugation
results for each CLPA agent suggested that two major
species were present: residual monomer (84 kDa) and a
single cross-linked species, which ran larger than
148 kDa [Fig. 2(a), lanes 4]. All CLPA agents were puri-
fied by size-exclusion chromatography, which yielded
distinct PA monomer and dimer peaks (Fig. S2).

Figure 1. Cross-linked PA tumor-targeting agent design. (a) Schematic diagram of the CLPA tumor-targeting system, which
when activated by MMP and uPA proteases forms an octamer with cross-linked PA components. (b) Table summarizing the
three CLPA variants created and tested. The estimated distances between cysteine substitutions within each CLPA variant
were calculated using the PyMol distance measurement tool. BMB = 1,4-bismaleimidobutane, BMOE = bismaleimidoethane,
and BM(PEG)3 = 1,11-bismaleimido-triethyleneglycol. (c) Illustrations of the PA cross-linking interface, made using the crystal
structure of the PA octamer (PDB ID: 3HVD) in PyMol. Each PA molecule is rendered as a surface, whereas important residues
are rendered as stick models. Using O software,28 in adjacent PA monomers of the PA octamer crystal structure, single resi-
dues in PA-L1 and PA-U2 were substituted with a cysteine. Top left: PA octamer crystal structure with two adjacent PA
monomers highlighted in lime and salmon. Top middle: PA octamer crystal structure rotated 45�. Top right: Two adjacent PA
monomers within the rotated PA octamer are highlighted. The locations of the three PA cross-linking sites are highlighted by
black boxes to identify the areas expanded in the bottom three images. Bottom left: CLPA1 conjugation. Bottom middle:
CLPA2. Bottom right: CLPA3.
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Subsequent sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) analysis of the purified
CLPA agents indicated that no significant amounts of
PAmonomer remained [Fig. 2(a), lanes 5].

Sedimentation velocity experiments were then
conducted on purified CLPA1 and its constituent PA
monomers (PA-L1 N388C and PA-U2 L416C). The
input PA proteins each presented as a single homoge-
nous peak (red line) that consisted of 95% of the
absorbance signal, with a sedimentation coefficient of
4.84 S and an estimated mass of 83 kDa [Fig. 3(a)].
Purified CLPA1 exhibited the presence of a major
7.64 S species (blue line), which accounted for 89% of
the absorbance signal. The sedimentation coefficient
and estimated molar mass of 168 kDa indicated that
this was the cross-linked dimer. Even though there
was evidence for both faster and slower sedimenting
species, no prevalent monomeric species were pre-
sent. Thus, the bismaleimide conjugation of mono-
meric PA variants consistently produced a single
homogenous cross-linked species with a mass twice
that of monomeric PA. Furthermore, dynamic light
scattering (DLS) experiments [Fig. 3(b)] also indi-
cated that purified CLPA1 (blue line) was mono-
dispersed and had a larger radius than its monomeric
PA components (red line). In DLS, PA monomer had
a calculated radius of 4.3 nm while purified CLPA1
had a calculated radius of 7.3 nm. These values were
similar to the hydrodynamic radii calculated by sedi-
mentation velocity for the monomer PA and CLPA
species in Figure 3(a), which had radii of 4.1 and
5.6 nm, respectively. It is unsurprising that radii
from sedimentation analyses were slightly smaller,

as DLS reports on all the species present in the solu-
tion with a strong bias toward the larger species that
scatter more strongly. Similar results were obtained
from analyses of the CLPA2 and CLPA3 agents by
sedimentation velocity and DLS (data not shown).

CLPA in vitro cleavage and characterization of
CLPA oligomers
CLPA agents contain both an uPA-activation site on
the PA-U2 component and a MMP-activation site on
the PA-L1 component. Therefore, cleavage by one of
these proteases should yield a single amino-terminal
20-kDa PA fragment (PA20) and a half-cleaved CLPA
species of 148 kDa. Cleavage by both proteases is
expected to produce two PA20 fragments and a fully
cleaved CLPA species of 128 kDa. Each of the three
CLPA agents was treated with MMP9, uPA, or both
proteases and the digests were analyzed by SDS-
PAGE (Fig. 4). As expected, all CLPA agents resulted
in half-cleaved CLPA when treated with only one of
the two proteases, while a fully cleaved CLPA species
was seen when both proteases were utilized. The
absence of fully cleaved CLPA upon treatment with
one protease further supports the view that no signif-
icant amount of homodimer was present. For CLPA1
and CLPA3, time-dependent cleavage was observed
upon treatment with both proteases, with complete
cleavage seen by 4 h. CLPA2, however, was only par-
tially cleaved at 4 h. Doubling the concentration of
each protease over an 8-h incubation increased the
level of fully cleaved CLPA2 to approximately one-
third, but complete CLPA2 cleavage was not achieved.
This difference in proteolytic cleavage efficiency for
CLPA2 as compared to CLPA1 and CLPA3 can be
attributed to the proximity of the cross-linking site of
CLPA2 to the cleavage site. Because the cross-linking
site is only three residues away from the cleavage site,
steric restrictions may limit access by MMP and uPA.
Furthermore, when similar in vitro cleavage reactions
were carried out with the monomeric PA-L1-TEV-His8
and PA-U2-TEV-Flag components, it was found that
less than 2 h was required to obtain full cleavage
(Fig. S3). As 4 h was required to obtain full cleavage of
CLPA1 and CLPA3, we hypothesize that cleavage of
the CLPA agents is less efficient, this effect being most
pronounced in CLPA2, where the cross-link is close to
the protease cleavage site. We also noticed that spon-
taneous cleavage of the CLPA variants can occur in
basal conditions, likely caused by the multistep conju-
gation and cleavage processes where contaminating
proteases can be introduced.

The ability of fully cleaved CLPA1 to form
octamers and to then bind LF in solution was then
investigated by sedimentation velocity, DLS, and
native gel electrophoresis. Two previously described
PA oligomer species were used as controls in these
experiments. WTPA when cleaved into PA63 by furin
and run on Q-Sepharose anion-exchange resin forms a

Figure 2. Bismaleimide cross-linked PA formation and
purification. Analysis of cross-linked PA formation was
conducted via SDS-PAGE. (a) CLPA1-CLPA3: (1) starting
PA-L1-TEV-His8 monomer, (2) starting PA-U2-TEV-Flag
monomer, (3) homodimer control reaction where the linker was
reacted to the free cysteine on the primary reactant
(PA-L1-TEV-His8), but after removal of excess linker, no
secondary reactant (PA-U2-TEV-Flag) was added,
(4) post-conjugation CLPA (PA-L1-TEV-His8 + PA-U2-TEV-
Flag cross-linked by a bismaleimide linker and residual PA
monomer), (5) size-exclusion purified CLPA. CLPA1-3
formation and purification were repeated at least 10 times with
no significant difference in conjugation efficiency seen
between variants. (b) (1) Initial WTPA, (2) WTPA after
cross-linking protocol. Repeated twice with similar results.
A SeeBlue Plus2 prestained protein ladder was used.
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heptameric oligomer that binds three LF molecules
(PA7LF3), to produce a species of approximately
715 kDa.6,30 Alternatively, an octameric species bound
to four LF molecules (PA8LF4) with a molar mass of
approximately 868 kDa is produced by interaction of
furin-cleaved PA-GN and PA-D512K.27 To character-
ize the CLPA1 oligomer, the MMP- and uPA-cleaved
CLPA1 containing a mixture of partially and fully
cleaved CLPA1 was incubated with twofold molar
excess of LF and the predominant complex was puri-
fied by size-exclusion chromatography. Native gel elec-
trophoresis (Fig. 5) confirmed that the purified
CLPA1 + LF complex formed a single oligomeric spe-
cies (lane 5) that was the same size as the PA-GN
+ PA-D512K + LF octamer oligomer (lane 4), and
larger than PA63 + LF heptameric PA oligomer (lane 6).
A control (lane 7) made by mixing the samples in lanes
5 and 6 showed that the oligomers do not rapidly
reassort. These data indicated that the cross-link

Figure 3. Characterization of CLPA1 and its LF complex by sedimentation velocity and dynamic light scattering.
(a) Characterization of PA variant species by analytical ultracentrifugation sedimentation velocity. Normalized absorbance c(s)
distributions obtained in SEDFIT. Similar profiles were observed using interference signal. Samples were run in separate cells and
profiles overlaid in this single panel, for: PA monomer (red), purified CLPA1 (blue), PA63 + LF heptamer oligomer (black),
furin-cleaved PA-GN/D512K + LF octamer oligomer (green), and MMP- and uPA-cleaved CLPA1 + LF oligomer (gray). Each
sample showed the presence of a single homogenous species. (b) Dynamic light scattering of purified PA variants. As in A,
samples were run separately and profiles overlaid for comparison: PA monomer (red), purified CLPA1 (blue), furin-cleaved PA-GN
and PA-D512K + LF octamer oligomer (green), and MMP- and uPA-cleaved CLPA1 + LF oligomer (gray). Each sample produced a
single homogenous peak, corresponding to radii of 4.9, 7.3, 10.3, and 11.95 nm, respectively. Measurements were made for both
experiments at the following concentrations: PA monomer at 0.65 mg/mL, purified CLPA-1 at 0.61 mg/mL, furin-cleaved PA-GN
and PA-D512K + LF octamer oligomer at 0.76 mg/mL, and MMP- and uPA-cleaved CLPA1 + LF oligomer at 0.4 mg/mL.

Figure 4. In vitro cleavage of CLPA variants by MMP and uPA. CLPA variants were incubated with MMP9 and/or uPA proteases
at 37�C for various time points, and then analyzed by SDS-PAGE and visualized with Coomassie stain. Cleavage assays were
repeated two times with the same CLPA samples and a further two times with CLPAs from different CLPA conjugation preps.
Cleavage results were similar in all samples. However, the amount of spontaneous PA cleavage present in basal conditions did
change but with no noticeable impact on cleavage results.

Figure 5. Native PhastGel electrophoresis of variant PA
oligomer complexes with LF. Native gel electrophoresis of
post size-exclusion PA oligomer complexes was performed.
(1) uncleaved CLPA1, (2) uncleaved WTPA, (3) LF, (4) furin-
cleaved PA-GN/D512K + LF, (5) MMP- and uPA-cleaved
CLPA1 + LF, (6) cleaved WTPA + LF, and (7) samples 5 and
6 mixed immediately before electrophoresis.
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within the CLPA1 agent does not prevent PA oligomer
formation, and that as expected, CLPA1 forms an
octameric species that is able to bind LF. Results were
similar for CLPA2 and CLPA3 (Fig. S4).

Sedimentation velocity experiments were also used
to characterize the oligomer formed by cleaved CLPA1 in
complex with LF [Fig. 3(a)]. The control of PA63 + LF
oligomer resulted in a major species, which accounted for
71% of the absorbance signal, at 18.91 S (black line), with
a molar mass of 660 � 50 kDa. This complex was consis-
tent with the expected stoichiometry of seven PA63 units
carrying three LF molecules (715 kDa). The complex of
cleaved PA-D512K and PA-GN + LF showed amajor spe-
cies, which accounted for 71% of the absorbance signal, at
21.40 S (green line), with an estimated molar mass of
790 � 150 kDa. This corresponds to the expected stoichi-
ometry of eight PA63 units carrying four LF molecules
(868 kDa). These results for heptameric PA + LF, and
octameric PA + LF, are consistent with previous sedi-
mentation data.27 Sedimentation velocity experiments
for purified cleaved CLPA1 + LF verified the presence of
a single homogenous species, at 21.53 S (gray line), with
an estimated molar mass of 840 � 170 kDa. Further-
more, DLSmeasurements of the same CLPA1 + LF com-
plex, as well as the octameric PA-GN and PA-D512K in
complex with LF, revealed that each sample was mono-
disperse, and of comparable size [Fig. 3(b), gray and
green lines, respectively]. Thus, the results from native
gel electrophoresis, sedimentation velocity, and DLS, all
confirm that fully cleaved CLPA1 in complex with LF
forms a single homogenous oligomeric species that is pre-
dominately the octameric species.

CLPA toxicity for cultured tumor cells requires
dual-protease activation
Each of the single cysteine PA-L1 and PA-U2 variants,
after tag-removal by TEV protease, was tested for toxic-
ity against Lewis lung carcinoma (LLC) cells [Fig. 6(a)],
which express both MMP and uPA.31 FP59, a fusion
protein of the N-terminal 254 amino acids of LF, which
is the PA-binding domain, fused to the catalytic domain
of Pseudomonas exotoxin A, was used as the cytotoxic
cargo. Exotoxin A ADP-ribosylates eukaryotic elonga-
tion factor 2, inhibiting protein synthesis and leading
to cell death.32 All six proteins were highly toxic, hav-
ing EC50 values of approximately 0.01 nM, as did the
parental PA-L1 and PA-U2 proteins.

The three CLPA agents were tested for toxicity
to LLC cells [Fig. 6(b)], human colorectal adenocarci-
noma (HT29) cells, and RAW264.7 macrophages
[Fig. S5(A,B)], again in combination with FP59. Like
LLC cells, HT29 and RAW264.7 cells also express
both MMP and uPA.31 We verified by SDS-PAGE
that the CLPA samples used for these in vitro studies
and the subsequent in vivo toxicity studies were free
of spontaneously cleaved PA. The CLPA agents were
compared to WTPA, as well as to the previously men-
tioned IC2PA26 and PA-L1 GN + PA-U2 D512K27

intercomplementing agents. All three CLPA agents
were found to be toxic to all cell lines. The EC50 values of
each PA construct’s cytotoxicity to LLC cells [Fig. 6(c)]
and statistical comparisons using a one-way ANOVA
multiple comparisons analysis [Fig. 6(d)] indicated that
no significant differences exist between any of the PA
agents except for CLPA2. CLPA2 was significantly less
toxic than CLPA1 and PA-L1 GN + PA-U2 D512K
(P values of ≤0.03) and also CLPA3 (P value ≤0.0012).
These findings are consistent with the in vitro cleavage
results discussed previously, which found that CLPA2
cleavage was less efficient than for CLPA1 and CLPA3.
Similar results were found for RAW264.7 cells but the
differences in cytotoxicity between each PA variant is
less evident in HT29 cells where no significant differ-
ences were found between any of the PA variants.

Because the CLPA agents have both a PA-L1
and PA-U2 component, their toxicity for cells should
require that both proteases be present. Consistent
with this requirement, it was found that HeLa cells,
which do not express uPA,21 were not sensitive to
CLPA variants, even at a very high 10 nM PA concen-
tration [Fig. 7(a)]. Additionally, the MMP inhibitors
GM6001 and TIMP-2 blocked the activation of all
CLPA variants and significantly decreased killing of
LLC cells [Fig. 7(b)]. These findings support require-
ments for activation by both proteases.

CLPA has potent antitumor activity in vivo
To evaluate the therapeutic potential of themost promis-
ing CLPA candidate, CLPA1, we inoculated immuno-
competent C57BL/6J mice intradermally with syngeneic
LLC, which forms rapidly disseminating tumors in mice.
When tumors had reached volumes of approximately
150 mm3 (0.75% of mouse body volume), the mice were
treated five times with either PBS or with varying
amounts of CLPA1 with LF (Fig. 8). As expected, tumors
inmice treatedwith PBS grew rapidly and reached a vol-
ume of approximately 5% of mouse body volume within
9 days. Interestingly, however, CLPA1/LF-treated mice
displayed a dose-dependent reduction in tumor growth,
with tumors in mice treated with the highest dose of
CLPA1 displaying only marginal growth within the
11-day treatment period [Fig. 8(a)]. Furthermore,
CLPA1 with LF was well tolerated at all doses adminis-
tered, as determined by outward appearance and body
weight measurements [Fig. 8(b)]. Treatment with LF or
CLPA alone was not included because many previous
studies have shown that neither protein affects mouse
health or tumorweight.

Discussion
The inherent cellular targeting and cytoplasmic deliv-
ery system of anthrax toxin has become one of the
best-characterized mechanisms for delivery of pro-
teins into cells.33–36 In recent years, anthrax toxin
has been reengineered to act as a targeted anti-
angiogenic cancer therapeutic shown to kill tumors in
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Figure 6. CLPA toxicity on LLC cells. (a, b) LLC cells exhibiting 30% confluence were incubated with serial dilutions of PA variants
(0–10 nM) and FP59 (1.9 nM). In (a), cytotoxicities of the monomeric, unconjugated PA-L1 and PA-U2 single cysteine variants
were assessed. In (b), cytotoxicity of the CLPA variants was compared with WTPA and the two intercomplementing models,
IC2PA and PA-L1 GN + PA-U2 D512K. In all cases cell viability was measured using an MTT assay after 48 h. (c) Table outlining
EC50 (nM) values for PA variant titrations on LLC cells. Errors are displayed as � error of the mean of at least nine biological
replicates. *represents a significant difference in toxicity for the CLPA2 variant as compared to PA-L1 GN + PA-U2 D512K, CLPA1
and CLPA3, but no significant difference found as compared to IC2PA. (d) Using GraphPad a one-way Anova Tukey’s multiple
comparisons test was completed to compare cytotoxicity of the PA variants to each other in LLC assays. Six biological replicates
of calculated EC50 values from experiments containing at least three replicates were used. The **represents a P value of ≤0.0012
and *represents a P value of ≤0.03.

Figure 7. CLPA toxicity requires dual-protease activation. (a) HeLa cells, which do not express uPA, exhibiting 50% confluence
were incubated for 6 h with serial dilutions of PA variants (0–10 nM) and FP59 at 1.9 nM. Following incubation, the medium was
replaced and cell viability was measured using an MTT assay after 48 h. (b) PA variant toxicity to LLC cells was assessed in the
presence or absence of MMP inhibitors, GM6001 and TIMP-2. Both inhibitors, GM6001 at 40 μM and tissue inhibitor of
metalloproteinases TIMP-2 at 20 μM, significantly reduced toxicity of CLPA variants as compared to the untreated control. In
(a) and (b) results were averaged across three experiments containing four replicates of each sample.
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animal models and to display excellent therapeutic
indices.25,26,31,37,38 Two conceptually distinct features
were added to PA to accomplish high specificity in
tumor targeting. First, the native furin cleavage site on
PA, which is required for toxin activation, was
exchanged to protease-specific sequences cleaved by
MMP and uPA, proteases that are upregulated in the
tumor microenvironment. Second, additional changes
were added into PA that introduced the requirement
that individually nontoxic PA variants must be com-
bined to generate an active oligomer, either a heptamer
or octamer. These “intercomplementing” mixtures of
PA variants that require both MMP and uPA activation
produce highly specific tumor-targeting agents.

In this article, we have expanded upon this ap-
proach and established a PA and LF tumor-targeting
system, which requires dual-protease activation, but
does not contain the intercomplementing PA substitu-
tions. This was achieved by chemically conjugating
single cysteine PA-L1 and PA-U2 variants using a
bismaleimide cross-linker. Three cross-linked PA vari-
ants (CLPA1-3) were designed and investigated. The
PA dimerization reaction was optimized to near 50%

efficiency, offering a bismaleimide cross-linking yield
sufficient for the creation of heterobifunctional protein
dimers. Using size-exclusion chromatography, pure
homogenous samples of each CLPA variant were
obtained. Their ability to form functional oligomers
toxic to tumors in vitro and in vivo was investigated in
this article.

As expected, in vitro cleavage studies using MMP
and uPA showed that each CLPA formed a half-
cleaved species when one protease was added. Treat-
ment with both proteases was required to produce a
fully cleaved form that was able to oligomerize. How-
ever, as compared to noncross-linked PA, cleavage
appeared to be less efficient, and this effect was more
prominent in CLPA2 compared to CLPA1 and CLPA3.
CLPA + LF oligomeric complexes were then character-
ized by several biophysical methods and results sug-
gest that each CLPA variant could form functional
oligomers of predominately the octameric type.

We then compared the cytotoxicity of the three
CLPA variants to each other and to the previously
studied IC2PA and PA-L1 GN + PA-U2 D512K inter-
complementing PA agents. We found that CLPA1
and CLPA3 had cellular and in vivo toxicities compa-
rable to those of the previous intercomplementing
agents. Interestingly, the CLPA2 variant comprises
two adjacent PA monomers cross-linked via residues
immediately C-terminal to each protease cleavage
site, which had impaired in vitro cleavage, was also
found to be significantly less toxic in vitro to LLC
cells. This result provides insight into potential steric
hindrance issues when linking two PA molecules.
However, the fact that cross-linking at two other sites
does not seem to affect PA oligomer functionality or
levels of toxicity is intriguing and offers interesting
insights into the dynamics of PA pore maturation
and LF translocation mechanisms. Future studies
could investigate how conjugation at the CLPA2 site
affects PA cleavage and toxicity and other PA cross-
linking sites could be designed and analyzed to fur-
ther enhance our understanding of toxin assembly,
maturation, and function. Finally, antitumor studies
in mice revealed that CLPA1 treatment could nearly
halt tumor growth with no visible dose-toxicity affect-
ing mouse health, suggesting that CLPA1 could pro-
vide excellent therapeutic potential.

Overall, this work further establishes anthrax
toxin as a powerful tool for the delivery of proteins
and drugs into cells. The ability of PA to be modified
in numerous ways and the growing number of new LF
drug-conjugates makes this system a highly versatile
tool not just for antitumor therapies but also other
areas of biomedicine. Importantly, the CLPA agent
provides a crucial step in the development and use of
the PA and LF tumor-targeting system as a practical
cancer therapeutic. During all steps of preclinical and
clinical drug development, drugs are tested and
approved as a monotherapy and in combination.

Figure 8. CLPA has potent antitumor activity when
administered systemically to mice. C57BL/6J mice were
inoculated intradermally with syngeneic LLC Lewis lung
carcinoma cells. When tumors had formed, the mice were
randomized into four groups (each of 8–10 mice, as indicated)
that were treated with five systemic administrations (red
arrows) of either PBS (open black boxes) or CLPA1 + LF at the
doses shown. (a) Tumor volume and (b) body weight, as
determined prior to each injection. Tumor volumes,
mean � SE; body weights, mean � SD. One-way ANOVA
analysis (two-tailed) for tumor size differences: PBS versus all
other groups, P < 0.01; CLPA1/LF (15 μg/7.5 μg) and CLPA1/
LF (20 μg/10 μg) versus CLPA1/LF (30 μg/15 μg), P < 0.05. At
Day 9, the mice in the PBS group were terminated, whereas
no mice were lost in any of the treated groups.
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Because no components of the anthrax toxin delivery
system are previously approved therapeutics, reducing
the drug components from three, as is in the IC2PA
and PA-GN/NS targeting systems, to two components
in the CLPA targeting system presented here, may
serve to lower the cost and simplify testing in preclini-
cal and clinical trials.

Experimental Procedures

Toxins
The Q5 site-directed mutagenesis kit (New England
Biolabs, Ipswich, MA, E0554S) was used to create sin-
gle cysteine PA-L1 and PA-U2 variants. The Q5 muta-
genesis primers used are outlined in Table S1. A
His8-tag was added to PA-L1 and Flag-tag was added
to PA-U2, to aid in purification and conjugation. PA-
L1-His8 variants created were A171C, N388C, and
S186C. PA-U2-Flag variants created were A171C,
N198C, and L416C. All PA gene sequences were con-
firmed by sequencing (Macrogen, Rockville, MD).

PA variants, LF, and FP59 were expressed and
purified as previously described.32,39,40 PA-L1 and PA-
U2 monomers with cysteine substitutions were run
through an additional size-exclusion step, using a
HiLoad 16/600 Superdex 200 pg column (GE Healthcare
Life Sciences, Pittsburgh, PA), in a buffer of 10 mM
Tris–HCl, 1 mM EDTA, 150 mM NaCl, and 2 mM
2-mercaptoethanol (BME). The LF and the FP59 used in
this article contained the native AGG N-terminal
sequence. Expected molecular weights were confirmed
bymass spectrometry.

PA variants with intact C-terminal His8 and
FLAG tags were used in cytotoxicity measurements
(Figs. 6 and 7), where preliminary data showed they
had no effect, and in the AUC experiment [Fig. 3(a)].
All other experiments used protein from which the tags
were removed by cleavage with TEV protease. The
His6-TEV(S219V)-Arg5 variant protease was produced
in this lab from plasmid pRK793,41 a gift of David
Waugh, obtained from Addgene (Cambridge, MA) as
plasmid #8827. Portions of 100 μg of the PA proteins
were incubated with 1 μg of TEV protease at 4�C over-
night in the CLPA size-exclusion buffer. Removal of the
tags was verified by His and Flag immunoblotting.

Linkers
The three bismaleimide linkers used in this article,
obtained from Thermo Fisher Scientific (Waltham,
MA), were bismaleimidoethane (BMOE, 22323),
1,4-bismaleimidobutane (BMB, 22331), and 1,11-
bismaleimido-triethyleneglycol (BM(PEG)3, 22337).
Linkers were prepared as 20 mM stocks in 100%
dimethyl sulfoxide.

CLPA conjugation and purification
The PA-L1 and PA-U2 single cysteine variants at 50 μM
were reduced separately with 5 mM dithiothreitol (DTT)

for 1 h at 4�C. Sephadex G-25 PD-10 desalting col-
umns (GE Healthcare Life Sciences, 17085101), pre-
equilibrated with 25 mL of conjugation buffer (10 mM
Tris–HCl, 1 mM EDTA, 300 mM NaCl), were used to
remove excess DTT and buffer exchange proteins into the
conjugation buffer. Then a 100-fold molar excess of the
bismaleimide linker, from a 20-mM stock, was added to
the primary reactant (PA-L1-His8) and incubated at
25�C on a shaker. After a 20-min reaction period, this
sample was then added to another pre-equilibrated PD10
column to remove excess linker. The elutate containing
PA-L1 with its single cysteine conjugated at one end to
the linker was combined with the desalted and reduced
PA-U2 single cysteine protein in an Amicon Ultra-4 Cen-
trifugal Filter Unit with a 30-kDa cutoff membrane
(EMD Millipore, UFC803096), concentrated to approxi-
mately 100 μM, and left on ice for 1 h. This final concen-
tration step was found to be crucial to obtaining high
dimer yield. The final reaction was quenched with 1 mM
free cysteine. CLPA yield was assessed by SDS-PAGE. A
HiLoad 16/600 Superdex 200 Prep grade column
(GE Healthcare Life Sciences) was used to purify CLPA
from unreacted PA monomer at room temperature in a
buffer of 10 mM Tris–HCl, 300 mM NaCl, 1 mM EDTA,
and 0.5mMBME.

In vitro cytotoxicity
LLC,42 human colon carcinoma cell line (HT29),43

murine macrophage cell line RAW264.7, and cervical
carcinoma cell line HeLa44 were used to assess toxic-
ity of PA variants. Cells were grown in 5% CO2 using
Dulbecco’s modified Eagle’s medium (DMEM) with
Glutamax (Thermo Fisher, 10566) supplemented with
10% fetal bovine serum, 10 mM HEPES buffer,
pH 7.3, and 10 μg/mL gentamycin sulfate.

The cytotoxicity of each CLPA variant was assessed
and compared to IC2PA,26 PA-L1GN + PA-U2D512K,27

and WTPA, using a colorimetric 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) viability
assay as previously described. LLC and RAW264.7 cells
exhibiting 30–35% confluence and HT29 and HeLa cells
exhibiting 45% confluence were treated with serial dilu-
tions of purified PA variants starting in the presence of a
constant concentration of FP59 (1.9 nM). Cell viability
was measured after 48 h at 37�C. PA variant toxicity
was also assessed in the presence or absence of MMP
inhibitors. Either GM6001 (EMD Millipore, Billerica,
MA, CC1010) or tissue inhibitor of metalloproteinases
2 (TIMP-2, EMDMillipore, PF021) was added to cells in
serum-free DMEM at 40 or 20 μM, respectively, for
30 min prior to toxin addition (PA 300 ng/mL + FP59
50 ng/mL). After 6 h the cells were washed in serum-free
DMEM three times and incubated for 48 h prior to mea-
suring viability byMTTassay.

In vitro PA cleavage
Digestion of WTPA and PA-GN + PA-D512K with furin
(New England BioLabs, P8077L) was carried out as
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previously described.21 Monomeric PA-L1 and PA-U2
single cysteine variants and CLPA variants (100 μg/mL)
were dialyzed into 10 mM Tris–HCl and 300 mM NaCl
and then incubated with 10 μg/mL of one or both matrix
metalloproteinase 9 (MMP9) (BioVision, Milpitas, CA,
7867), or uPA (EMD Millipore, CC4000), at 37�C. Ali-
quots were analyzed by SDS-PAGE at 2, 4, and 8 h time
points. MMP9 and uPA cleavages were conducted in a
cleavage buffer of 50 mMHEPES, pH 7.5, 10 mM CaCl2,
200 mMNaCl, 0.05% Brij35, and 50 μM ZnSO4.

PA oligomer formation and purification
Furin-cleaved WTPA was oligomerized on a MonoQ
anion-exchange column as previously described,45 and
the resulting heptameric PA63 was then mixed with stoi-
chiometric LF. CLPA cleaved by MMP and uPA (con-
taining a mixture of fully cleaved, partially cleaved and
uncleavedCLPA), and furin-cleaved PA-GN + PA-D512K
were combined in the presence of LF at twofold molar
excess for 30 min and then purified with a Superdex-200
Increase 10/300GL column (GEHealthcare Life Sciences,
28990994). The column was run at 0.4 mL/min at room
temperature using a buffer of 10 mM Bis-Tris propane
buffer, pH 9.0, and 300 mM NaCl. Fractions containing
oligomer (as analyzed by SDS-PAGE and native gel elec-
trophoresis) were pooled and concentrated for further
analysis. Native gel electrophoresis of PA complexes was
performed as previously described.45,46

Sedimentation velocity
Sedimentation velocity experiments were carried out at
20�C in a Beckman Optima XL-A or Beckman Coulter
ProteomeLab XI-I analytical ultracentrifuge following
standard protocols.47 A stoichiometric mixture of
CLPA1 monomeric components (PA-L1 N388C and PA-
U2 L416C) in 10 mM Tris–HCl, 300 mM NaCl, 2 mM
BME, 2 mM EDTA, and pH 8.0 was studied at
0.65 mg/mL (0.325 mg/mL of each). Size-exclusion chro-
matography purified CLPA1 in 10 mM Tris–HCl,
pH 8.0, 400 mM NaCl, 0.25 mM BME, 2 mM EDTA
was studied at 0.61 mg/mL. Cleaved PA variants in
complex with LF were obtained in 10 mM Bis-Tris
propane, pH 9.0, and 350 mM NaCl. The heptameric
form of cleaved WTPA + LF (PA7LF3) was analyzed
at 0.43 mg/mL, whereas the octameric constructs of
PA, cleaved PA-GN and PA-D512K + LF (PA8LF4)
were analyzed at 0.72 mg/mL. Cleaved CLPA1 + LF
(CLPA4LF4) was studied at 0.35 mg/mL. Monomeric
PA, CLPA1, and CLPA oligomer were analyzed at
50,000 rpm, while the WTPA heptamer and PA-GN/DK
octamer were analyzed at 25,000 rpm. Samples were
loaded in 2-channel centerpiece cells and data collected
using the absorbance (280 nm) and interference (655 nm,
when available) optical detection systems. Sedimentation
data were time-corrected,48 and analyzed in SEDFIT
15.01c49 in terms of a continuous c(s) distribution of
Lamm equation solutions with amaximum entropy regu-
larization confidence level of 0.68. Excellent data fits

were observed with r.m.s.d. values of 0.0031–0.0071
absorbance units and 0.0038–0.0086 fringes. Solution
densities and viscosities were measured experimentally
at 20�C on an Anton Paar DMA 5000 density meter and
Anton Paar AMVn automated rolling ball viscometer, or
determined based on the composition in SEDNTERP.50

Protein partial specific volumes were calculated based on
the amino acid composition in SEDNTERP, and sedi-
mentation coefficients, s, were corrected to s20,w values
under standard conditions.

Dynamic light scattering
The homogeneity of purified PA variant protein prepa-
rations was assessed by DLS. DLS measurements
were made with a 10-mm path length cuvette at 25�C
using a NanoS Zetasizer (Malvern Instruments,
Malvern, UK). All samples were centrifuged at
13,000 rpm for 10 min directly before measurement
and screened in a disposable polystyrene cuvette
(Malvern, ZEN0040) with a 40 μL sample volume.
Data were processed using Malvern Zetasizer soft-
ware. Measurements were made at the following con-
centrations: PA monomer at 0.65 mg/mL, CLPA1 at
0.61 mg/mL, furin-cleaved PA-GN and PA-D512K
+ LF at 0.76 mg/mL, and MMP- and uPA-cleaved
CLPA1 + LF at 0.4 mg/mL.

Animal studies
All animal studies were carried out in accordance with
protocols approved by the National Institute of Allergy
and Infectious Diseases Animal Care and Use Com-
mittee. Female 10–14-week-old C57BL/6J mice were
injected with 5 × 105 LLC cells in the mid-scapular
dermis. Tumors were measured at intervals with digi-
tal calipers (FV Fowler Company, Inc., Newton, MA)
and tumor volumes were estimated from the length,
width, and height of tumors using the formula: tumor
volume (mm3) = ½ (length × width × height in mm).
When tumors reached about 150 mm3, mice were ran-
domized into groups and injected intraperitoneally fol-
lowing schedules indicated in Figure 8, with either
PBS or the engineered toxins. Mice were weighed, and
the tumors were measured before each injection.

Statistics
EC50 values for viability curves were calculated using
GraphPad Prism 7. Curves of PA variants versus cell
viability were fit using the nonlinear regression func-
tion “[inhibitor] versus normalized response.” At least
nine biological replicates were used. Statistical signif-
icance between EC50 values was determined using a
one-way ANOVA Tukey’s multiple comparisons test
in GraphPad Prism 7. Six biological replicates of cal-
culated EC50 values from experiments containing at
least three replicates were used. One-way ANOVA
analysis (two-tailed) was used for analysis of tumor
size differences.
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