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ABSTRACT Anthrax toxin proteins from Bacillus anthracis constitute a highly efficient system for delivering cytotoxic enzymes to
the cytosol of tumor cells. However, exogenous proteins delivered to the cytosol of cells are subject to ubiquitination on lysines
and proteasomal degradation, which limit their potency. We created fusion proteins containing modified ubiquitins with their
C-terminal regions fused to the Pseudomonas exotoxin A catalytic domain (PEIII) in order to achieve delivery and release of
PEIII to the cytosol. Fusion proteins in which all seven lysines of wild-type ubiquitin were retained while the site cleaved by cyto-
solic deubiquitinating enzymes (DUBs) was removed were nontoxic, apparently due to rapid ubiquitination and proteasomal
degradation. Fusion proteins in which all lysines of wild-type ubiquitin were substituted by arginine had high potency, exceed-
ing that of a simple fusion lacking ubiquitin. This variant was less toxic to nontumor tissues in mice than the fusion protein lack-
ing ubiquitin and was very efficient for tumor treatment in mice. The potency of these proteins was highly dependent on the
number of lysines retained in the ubiquitin domain and on retention of the C-terminal ubiquitin sequence cleaved by DUBs. It
appears that rapid cytosolic release of a cytotoxic enzyme (e.g., PEIII) that is itself resistant to ubiquitination is an effective strat-
egy for enhancing the potency of tumor-targeting toxins.

IMPORTANCE Bacterial toxins typically have highly efficient mechanisms for cellular delivery of their enzymatic components.
Cytosolic delivery of therapeutic enzymes and drugs is an important topic in molecular medicine. We describe anthrax toxin
fusion proteins containing ubiquitin as a cytosolic cleavable linker that improves the delivery of an enzyme to mammalian cells.
The ubiquitin linker allowed modulation of potency in cells and in mice. This effective strategy for enhancing the intracellular
potency of an enzyme may be useful for the cytosolic delivery and release of internalized drugs.
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The therapeutic benefit of drugs depends on achieving high po-
tency toward the target (an enzyme, cell, bacterium, parasite,

virus, etc.) while avoiding damage to the host organism. One ap-
proach to killing tumor cells has been to use highly potent bacte-
rial and plant toxins that act catalytically in the cytosol of the
targeted cells. Most commonly, specificity has been sought by
linking these toxins chemically or genetically to antibodies that
bind to cell surface materials enriched on tumor cells. These pro-
teins, initially termed “immunotoxins” and now more generally
referred to as “targeted toxins” (TTs), have been under develop-
ment for decades, but few have reached clinical use (1–3). This
appears to be due to inadequate specificity for the tumor versus
the host (i.e., a low therapeutic index), low efficiency of delivery to
the cytosol, and other factors. Several approaches have been ex-
plored for improving the therapeutic indices of TTs (reviewed in
reference 2) or to increase the uptake of TTs into the cytosol of
tumor cells (4).

Our research group has used a different approach to achieve
tumor cell specificity. This approach exploits the fact that anthrax
toxin from Bacillus anthracis activity depends on proteolytic acti-

vation of the receptor-bound protective antigen (PA) protein by
cell surface proteases (5–7). Replacing the site normally cleaved by
furin and related proteases with sequences recognized by matrix
metalloproteases or urokinase plasminogen activator has yielded
potent agents having high specificity and efficacy in mouse tumor
models. The protease-activated PA assembles into an oligomeric-
protein-conducting channel that efficiently delivers the anthrax
toxin catalytic effector proteins to endosomes and then translo-
cates them to the cytosol. The native anthrax effector proteins
lethal factor (LF) and edema factor can be replaced with a fusion
protein containing the N-terminal 254 amino acids of anthrax
toxin lethal factor (lethal factor N terminus [LFn]) and the Pseu-
domonas aeruginosa exotoxin A (PE) catalytic domain (PEIII).
Once in the cytosol, PEIII will transfer ADP-ribose to eukaryotic
elongation factor 2 (eEF2), resulting in protein synthesis inhibi-
tion and cell death. This system is highly effective in terms of
cytosolic delivery and tumor-specific activation. It has been tested
successfully on a number of tumor types (8) and is expected to be
active on nearly all types of solid tumors.

One factor that affects the potency of all TTs but that has re-
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ceived limited attention is the issue of the stability of the effector
proteins once they have reached the cytosol. It was noted in 1989
that many protein toxins have a strong bias against the presence of
lysine residues in their catalytic domains (9). In retrospect, it is
now evident that this feature limits the attachment of ubiquitin
and the resulting proteasomal degradation of toxins (10). The
cytosolic stability and resulting potencies of several toxins have
been shown to depend on the N-end rule, which specifies that the
N-terminal amino acid of a polypeptide determines the efficiency
with which side chain lysine residues are ubiquitinated for protea-
somal targeting (11). The N-end rule applies to LF and LFn-based
fusion proteins (12, 13), indicating that it will impact the efficacy
of anthrax toxin-based TTs.

Ubiquitin is a small eukaryotic protein that plays a major role
in signal transduction and many other processes in addition to its
role in protein degradation. Ubiquitin contains a diglycine motif
at its C terminus that is conjugated to the epsilon amine of a lysine
within the target protein. According to the N-end rule noted
above, ubiquitination occurs on proteins with specific destabiliz-
ing N-terminal residues (11), and ubiquitination may occur on
several sites within one protein. Ubiquitinated proteins are tar-
geted for degradation by the 26S proteasome system (14). Ubiq-
uitin itself may be ubiquitinated after its conjugation to a target
protein, leading to creation of polyubiquitin chains. These chains
may be built upon any of the seven lysine residues within ubiqui-
tin by ubiquitin ligases, although Lys48 is most often used (15).
Furthermore, polyubiquitination of Lys63 instead of Lys48 seems
to result in less protein degradation (16). Ubiquitination is a bal-
anced process with deubiquitinating enzymes (DUBs) counter-

acting ubiquitination. The DUBs recognize the C-terminal digly-
cine motif of ubiquitin and release ubiquitin from labeled
proteins. This specific release of cargo from ubiquitin fusions is
described by Varshavsky as the ubiquitin fusion technique (17),
which can be used to conditionally stabilize or destabilize a pro-
tein.

In this study, we examined how the insertion of ubiquitin vari-
ants within the TT LFn-PEIII fusion protein altered enzymatic
activity, cytotoxicity, and stability of the TTs. We used ubiquitin
variants that allowed us to study the accessibility of the TTs to
DUBs and polyubiquitination. The results obtained indicate that
intracellular release of the catalytic PEIII domain is achievable and
that ubiquitination of the TTs controls their persistence in the
cytosol and thus determines their potency.

RESULTS
Design of TTs. Six different TTs were constructed and analyzed in
this study (Fig. 1A). The five ubiquitin-containing TTs are based
on the TT anthrax fusion toxin FP59 that contains LFn at the N
terminus and PEIII at its C terminus. An alignment of the amino
acid sequences shows the differences in the ubiquitin fusion pro-
teins (Fig. 1B). The TT designated “Ub” (Fig. 1A) contains the
human wild-type ubiquitin with the C-terminal diglycine motif
that is specifically recognized by DUBs. The TT UbUN has the same
sequence but with three glycines (including the diglycine motif)
replaced by a sequence of three alanines, which renders the se-
quence uncleavable by DUBs. The UbK48 and UbK63 mutants have
all lysine residues of ubiquitin replaced by arginine residues except
for one lysine residue, either Lys48 or Lys63, respectively. UbKnull

FIG 1 Domain structures and sequences of ubiquitin fusion proteins. Six different TTs were used for the study on the effects of ubiquitin. (A) LFn-PEIII (FP59)
is the basic TT with the PA-binding LFn domain directly fused to the catalytic domain PEIII. All other TTs contain ubiquitin between these two domains, with
either an uncleavable alanine sequence (UbUN) or with several or all of the lysines of ubiquitin mutated to arginines (UbK48, UbK63, and UbKnull). All the ubiquitin
mutants have the cleavable diglycine motif. (B) The amino acid sequences of the variable portions of the proteins are shown. All PEIII domains end in the native
PE sequence REDLK (not shown).
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contains ubiquitin with all seven lysines replaced by arginine.
UbK48, UbK63, and UbKnull all retain the intact C-terminal digly-
cine motif. All proteins were successfully purified in yields of at
least 1.5 mg per liter of culture (Fig. 2A). The molecular masses of
all six proteins were confirmed by electrospray ionization mass
spectrometry. Since the accessibility of PEIII within a larger poly-
peptide or toxin may limit its activity (18), we confirmed the cat-
alytic activity of the five TTs containing ubiquitin or variants of
ubiquitin in comparison to the fusion protein FP59 (Fig. 2B). All
samples show a band for biotin-containing ADP-ribosylated eEF2
at a molecular mass of 100 kDa and an additional band of the same
intensity at around 40 kDa. The latter is a degradation product of
eEF2, an artifact of the purification of eEF2 from Saccharomyces
cerevisiae yeast. This fragment contains the site of ADP-
ribosylation of eEF2 and is thus likewise ADP-ribosylated and
detected (19).

In vitro deubiquitination of TTs. In order to analyze and
compare the cleavability of the ubiquitin-containing TTs, the fu-
sion proteins were incubated with HN6 cells (a human head and
neck cancer cell line) lysates. The lysates contain active DUBs that
are expected to cleave the C-terminal diglycine motif of the ubiq-
uitin (20). All TTs containing ubiquitin with the natural
C-terminal diglycine sequence were cleaved within the 2-h reac-
tion time (Fig. 3A, B, and C). The cleavage product, LFn-
ubiquitin, has an expected molecular mass of 41 kDa and is de-
tected as a band migrating between the 50-kDa and 36-kDa
marker bands. FP59, which lacks ubiquitin, showed no cleavage
within 2 h (Fig. 3C). Furthermore, UBUN, containing three ala-
nines instead of the diglycine motif, remained intact (Fig. 3C). All
TTs were also exposed to lysates preincubated with the DUB in-
hibitor ubiquitin aldehyde. Pretreatment of the lysates with the
inhibitor prevented cleavage of the fusion proteins, demonstrat-
ing the specificity of the cleavage. In order to see the effect of
purified DUBs, the TTs were incubated with either Ubiquitin
carboxyl-terminal hydrolase isozyme L3 (UCH-L3) or Otubain-1

(Otub1). UCH-L3 incubation resulted in low-efficiency cleavage,
while Otub1 did not achieve any detectable cleavage (data not
shown). These DUBs are apparently not primarily responsible for
the intracellular cleavage of the TTs or require further compo-
nents in the cytosol to achieve efficient cleavage.

Deubiquitination of TTs in cells. Studies on deubiquitination
of TTs within cells were done using CHO TEM8 T4 cells, Chinese
hamster ovary cells stably transfected with tumor endothelial
marker 8 (TEM8) that overexpress the TEM8 anthrax toxin recep-
tor and internalize more TT, thereby facilitating its detection in
the cytosolic fractions. All full-length TTs were detected in the
cytosol after 1-h toxin exposure and Western blotting with
anti-LF and anti-PE combined (Fig. 4A to C, top black arrow).
Mutant PA�FF (PA with Phe314 and Phe315 deleted) binds and
delivers LFn and TTs to endosomes but cannot support their
translocation to the cytosol (21). The presence of small amounts
of full-length TTs is probably an indication that the cytosolic ex-
tracts are contaminated with some endosomal contents. The big-
ger cleavage product, LFn-ubiquitin, with an apparent molecular
mass of 41 kDa, was most likely detected as a very weak band in all
fractions (white arrowhead), even in the PA�FF samples and in
the uncleavable UBUN fractions. However, PEIII, the released cat-
alytic domain of the TTs, is clearly detected in the cytosol of cells
incubated with UbK48, UbK63, and UbKnull (Fig. 4B and C, bottom
black arrow with dashed line at an apparent molecular mass of
24 kDa). The corresponding band for the Ub TT is very weak in
comparison, and the UbUN sample has no band for PEIII (Fig. 4A).
The data demonstrate that DUB processing of the susceptible TT
occurs in the cytosol to release the free PEIII domain. The ubiq-
uitination inhibitor Pyrazone-41 (PYR-41) did not increase the
amounts of any of the proteins detected, neither the uncleaved
TTs nor the cleaved LFn-ubiquitin or PEIII. The FP59 lanes
showed only the expected band for full-length FP59.

Cytotoxicity of TTs. Cytotoxicity analyses employed HN6
cells. This human cell line was chosen as a model cell line for proof

FIG 2 Analysis of purified TTs. (A) All TTs were analyzed on a Tris-glycine polyacrylamide gel by Coomassie blue staining. Each lane contained 1 �g of the
indicated protein. (B) The enzymatic activity of PEIII within all TTs was studied by in vitro ADP-ribosylation. Each TT (20 ng) was incubated with eEF2, and
biotin-labeled NAD� and the ADP-ribosylated eEF2 were detected after Western blotting by streptavidin detection. The positions of molecular mass markers (in
kilodaltons) are shown to the left of the gels.
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of principle, since this cell line is a suitable model for human head
and neck cancer when transplanted into nude mice. A 48-h toxin
exposure resulted in dose-dependent cytotoxicity with cytotoxic-
ity in the order UbKnull � UbK63 � FP59 � UbK48 �� Ub � UbUN

(Fig. 5A). The 50% survival index (SI50) values determined for the
TTs are shown in Table 1. The observed SI50 values range from
615 pM (UbUN) to 3.7 pM (UbKnull). These values are 0.02-fold
and 3-fold changes of the SI50 of the ubiquitin-free FP59 (FP59
SI50, 11 pM), respectively. A shorter (2-h) period of toxin expo-
sure reduced the observed cytotoxicities for all TTs (Fig. 5B).
However, the reductions in potency were about the same for all
TTs, since the relative SI50 values (compared to FP59 value) re-
mained similar for all TTs (Table 1). Additionally, FP59-sensitive
mouse RAW264.7 cells (murine leukemic monocytes/macro-
phages) were preincubated with the E1 ubiquitin-activating en-
zyme inhibitor PYR-41 (22) and subsequently with the different
TTs for a further 18 h before cell survival was measured.
RAW264.7 cells were used, since they die within 18 h of continu-
ous toxin exposure, while other cell lines need up to 48 h and are
thus affected by PYR-41 toxicity (data not shown). PYR-41 in-
creased the cytotoxicities of UbK63, UbKnull, and FP59 only slightly
(see Fig. S1D to F in the supplemental material), while increasing
the toxicities of UbK48, and especially Ub and UBUN, to larger, if
still modest extents (Fig. S1A to C), consistent with the expecta-
tion that the latter TTs are more susceptible to ubiquitination and
inactivation.

Tumor treatment. The Ub and UbKnull fusion proteins as well
as the control FP59 protein were administered with the matrix
metalloprotease-activated PA-L1 to mice with implanted LL3
mouse melanoma cell tumors. Treatment with PA-L1 plus Ub or
UbKnull resulted in strong tumor growth inhibition (Fig. 6A). Ub-

Knull significantly reduced tumor growth compared to the group
treated with phosphate-buffered saline (PBS group) (the control
group) on day 13 (P � 0.05). Due to rapid tumor growth and
ulceration in the PBS group, several mice were euthanized before
the end of the experiment. Therefore, only the Ub and UbKnull

groups were compared at days 15 and 17; UbKnull treatment was
significantly better than Ub treatment (P � 0.04 and P � 0.01,
respectively). UbKnull treatment resulted in the development of
inflammation and edema after the third injection, while Ub treat-
ment did not result in any observable side effects. More aggressive
tumor growth in the PBS and Ub groups resulted in a higher
number of mice being euthanized before the end of the experi-
ment (Fig. 6B). Individual tumor masses at day 13 and day 17
demonstrate a very good antitumor effect of the UbKnull treatment
(Fig. 6C and D, respectively). Eight of 10 mice showed a strong
response to the treatment, and one mouse was tumor-free. Treat-
ment with PA-L1 plus FP59 resulted in severe inflammation and
edema after the first injection, and no further injections were pos-
sible on day 8 or 10. One mouse was euthanized due to lethargy,
most likely related to the FP59 treatment. Even at the end of the
experiment, 7 of 10 mice showed symptoms like those following

FIG 3 Deubiquitinating enzyme (DUB) cleavage of TTs. (A to C) Each TT (150 ng) was incubated with HN6 cell lysate for 0, 10, and 120 min. Additional
samples were incubated for 120 min in lysates that were preincubated with the DUB inhibitor ubiquitin aldehyde (ub ald). Samples were analyzed by simulta-
neous anti-LF and anti-PE immunodetection following Western blotting.
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the first treatment. Due to the toxic effects of this treatment, the
FP59 group was not further analyzed for tumor growth-inhibitory
effects.

DISCUSSION

TTs containing bacterial toxin catalytic domains possess high po-
tency, at least in theory, but this high potency requires that the TT

be targeted with high specificity to avoid damage to nontarget
cells. A high inherent potency allows lower doses to be used, which
can help to limit the inevitable damage that comes from clearance
of administered proteins to, and accumulation in, the liver and
kidneys (23). However, for low protein doses to be effective, the
protein must be efficiently bound and internalized and translo-
cated to the cytosol, and once there, it must have sufficient stabil-

FIG 4 DUB cleavage of TTs in cells. (A to C) Each TT (0.25 �g/ml) was incubated in the presence of 1 �g/ml PA on CHO TEM8 T4 cells for 0 h and 1 h.
Additional samples were preincubated for 1 h with 50 �M PYR-41 or incubated with PA�FF (�FF) instead of PA. Thirty-five nanograms of Ub, UbK48, and
UbKnull were loaded as controls. Cytosolic fractions were isolated and analyzed by simultaneous anti-LF and anti-PE immunodetection following Western
blotting. The band marked by a black pound symbol indicates a cytosolic protein of CHO cells stained by the polyclonal LF antibody without any relevance for
the detection of the fusion proteins.

FIG 5 Cytotoxicity of TTs on HN6 human head and neck cancer cells. HN6 cells (10,000 cells/well) were exposed to different concentrations of TTs for 48 h (A)
or 2 h (B). All samples contained a fixed concentration of 250 ng/ml PA and various TT concentrations. Viable cells were quantitated in an assay employing
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Relative survival was calculated as the percentage of living cells after treatment in relation
to untreated cells. Error bars indicate standard errors of the means (SEM) of 6 (A) and 4 (B) independent experiments performed in triplicate.
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ity to inactivate its target. The studies described here focus on the
latter steps in TT action. The modified anthrax toxin used in our
study utilizes a highly efficient delivery system which can deliver a
number of different “payloads” in addition to the natural toxin
lethal factor, as it was shown that the system is able to deliver PEIII
(24), diphtheria toxin A chain, Shiga toxin catalytic domain (25),
Bcl-XL protein (26), as well as the reporter beta-lactamase (27,
28).

A key feature of the TTs described here is the insertion of a
ubiquitin domain between the targeting domain (LFn) and the
catalytic payload (PEIII). A prerequisite for success of this design
is that the ubiquitin domain not limit the efficiency of transloca-

tion of the enlarged, 3-domain polypeptides to the cytosol. Previ-
ous studies of the translocation process show that polypeptides
must completely unfold to pass through the narrow lumen of the
oligomeric PA channel (13, 29). Proteins that are tightly folded,
either naturally or due to ligand binding, will not be translocated,
although it is possible that chaperones may facilitate translocation
of certain proteins (30). Ubiquitin is a tightly folded protein (31),
and it was not certain that it would readily translocate. However,
the fact that several of the proteins characterized here had poten-
cies very similar to that of the FP59 protein indicate that ubiquitin
unfolding occurred readily, at least in the context of these LFn
fusion proteins and in the HN6 cells.

TABLE 1 Cytotoxicity of the targeted toxins on HN6 cellsa

Targeted toxin

48-h toxin exposure 2-h toxin exposure

SI50 (pM) P valueb Factor of enhancementc SI50 (pM) P value Factor of enhancement

UbUN 615 0.052 0.02 NDd 0.066 ND
Ub 100 0.045 0.11 773.0 0.053 0.03
UbK48 014 0.093 0.79 79 0.012 0.34
FP59 011 027
UbK63 006.2 0.051 1.8 018 0.496 1.5
UbKnull 003.7 0.038 3 011 0.114 2.5
a SI50 values, P values, and factors of enhancement for the cytotoxicity of the TTs on HN6 cells obtained from Fig. 5.
b The P value was calculated for the FP59 value versus the values of all TTs. Bold P values are below 0.05, which is defined to be a significant difference.
c The factor of enhancement was calculated by comparison of the SI50 value of FP59 to those of all other TTs.
d ND, not determined.

FIG 6 Tumor treatment by TTs in a mouse model. Ten C57BL/6 mice per group were intradermally injected with LL3 mouse melanoma tumor on day 0.
Intratumoral injection of 50 �l TT was performed on days 6, 8, and 10 using either PBS (gray triangles), 5 �g PA-L1 plus 1.15 �g Ub (black circles), or 5 �g PA-L1
plus 1.15 �g UbKnull (squares). (A) Mean tumor masses until day 17. Tumor mass was calculated from measurements of the tumor width, depth, and height. PBS
group values are displayed only until day 13 because of decreased group size due to tumor ulcerations. Significant decreases in tumor volume in the UbKnull group
compared to the PBS group (day 13) and to the Ub group are indicated by asterisks. One asterisk indicates P smaller or equal to 0.05 and two asterisks indicate
P smaller or equal to 0.01. Error bars indicate the SEM. (B) Mouse survival. Tumor ulcerations and excessive tumor sizes were premature endpoints and resulted
in group size reductions before the end of the experiment on day 17. (C and D) Individual tumor masses as calculated for day 13 (C) and day 17 (D) data. Open
symbols indicate tumor masses from animals euthanized before the analyzed time point. Horizontal lines depict the mean tumor masses for the different groups
(including animals euthanized at earlier time points), and error bars indicate the SEM.
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A second prerequisite for success of the strategy described here
is that cytosolic DUBs be able to cleave the fusion proteins at an
adequate rate. Here, the strategy is aided by the great diversity of
DUBs present in cells (32). It was evident from the cleavages we
observed (Fig. 3 and 4) and the pattern of toxicities (Fig. 5 and
Table 1) that at least a few of the DUBs recognized the ubiquitin
and the modified ubiquitins in the context of the 3-domain fu-
sions. Experiments with purified DUBs showed that UCH-L3
could be one of the DUBs involved to some degree in cleavage of
the TTs, while Otub1 does not recognize the ubiquitin-containing
TTs as the substrates. Even replacement of all lysines with arginine
(in the UbKnull protein) did not greatly diminish the ability of the
DUBs to cleave the fusion proteins.

The release of a free catalytic domain (e.g., PEIII) in the cytosol
has a number of potential and real advantages, including the op-
portunity to increase its stability and potency. Typically, it can be
expected that any polypeptide used in the delivery of the catalytic
domain will contain a number of lysines that provide targets for
ubiquitination. This is clearly the case with LFn fusion proteins,
since 32 of the 254 residues of LFn are lysine. Thus, an LFn-PEIII
fusion protein (e.g., FP59) might be expected to be rapidly de-
graded. In fact, we and others have shown that LF and LFn are
subject to the N-end rule (12, 13) and therefore that the side chain
lysines are ubiquitinated, provided the N-terminal region has a
destabilizing residue under the N-end rule. In retrospect, it is
rather surprising that LF and LFn fusion proteins possess high
potency. Thus, the introduction of a ubiquitin domain into a TT
provides a way to cause release of the catalytic domain, freeing it
from other domains (usually in the N-terminal region) that would
promote its degradation. In the case of the PEIII fusions described
here, the catalytic domain contains only two lysines, and therefore
is inherently resistant to proteasomal degradation.

Another advantage of the strategy described here is the ability
to release the TT catalytic domain having a specific, desirable
N-terminal residue. This objective was one impetus to the original
development of the ubiquitin fusion method (17). In the case of
TTs, it is often desirable to generate a free catalytic domain having
an N-terminal residue that is an N-end rule stabilizing residue.

Introducing ubiquitin as a linker between the two domains of
FP59 to produce the TT designated “Ub” decreased its potency
nearly 10-fold (Table 1). The introduction of ubiquitin targets the
fusion protein to the proteasome after polyubiquitination (33)
and prevented efficient accumulation of PEIII in the cytosol of
cells (Fig. 4). Even though in vitro cleavage was as efficient as for
the other cleavable TTs (Fig. 3), release of PEIII may be too slow to
save most of the fusion protein from degradation. The uncleavable
UbUN showed no cleavage and was apparently degraded too fast
for the PEIII to efficiently inhibit protein synthesis (Fig. 4). Only
the DUB-cleavable TTs having a reduced number of Lys residues
demonstrated successful accumulation of PEIII in the cytosol and
thus much higher cytotoxicities. The release of PEIII from the rest
of the molecule helps PEIII to persist longer in the cytosol, which
is a requisite for high cytotoxicity (34). UbKnull, which is resistant
to ubiquitination of the inserted ubiquitin domain (35), is even
more toxic than FP59 and presents the lowest SI50 of all TTs stud-
ied here (Table 1). Its high cytotoxicity is apparently due to the
release of PEIII at rates well above those at which ubiquitination of
the lysines on the LFn domain targets the intact fusion protein to
the proteasome. Due to severe side effects of the FP59 treatment,
UbKnull could not be compared directly to FP59 in the tumor

model. However, lower side effects combined with a strong anti-
tumor effect indicate the advantageous effect of the UbKnull inser-
tion in FP59. The comparison to Ub in the tumor experiment
clearly shows the importance of mutating the lysines of ubiquitin
for increasing the protein’s stability (Fig. 6A). In cell culture ex-
periments, the UbK63 mutant was slightly more cytotoxic than the
UbK48 mutant (Table 1), consistent with prior evidence that ubiq-
uitination of these two lysines leads to different outcomes. Thus,
Jacobson et al. described differences for the proteasomal process-
ing of polyubiquitin chains built on lysine 48 versus lysine 63, with
faster deubiquitination of lysine 63-linked polyubiquitin chains
and less proteasomal accessibility (16). This would explain the
lower SI50 value for UbK63 compared to UbK48. UbK63 would per-
sist longer in the cytosol before it is degraded and counteract the
lower release of PEIII detected (Fig. 3C). Thus, the different ubiq-
uitin variants allow the modulation of PEIII release and protein
stability so as to achieve different levels of cytotoxicity.

The effect of the ubiquitination inhibitor PYR-41 was rather
weak in the cytotoxicity studies (see Fig. S1 in the supplemental
material). Higher concentrations are typically needed to obtain
sufficient inhibition of ubiquitin activation (22). However, these
concentrations were toxic for the cell lines used here. Further-
more, there was no increased stability of the TTs observed due to
preincubation of PYR-41 (Fig. 4). As Fig. S1 shows, the effects of
PYR-41 are rather weak, probably due to the instability of PYR-41.

Cleavable sequences have been introduced in other TTs for
separation of the different moieties. Thus, Heisler et al. introduced
furin- and cytosolic-protease-cleavable peptide sequences in a fu-
sion of epidermal growth factor and the plant toxin saporin to
release the toxin in the cytosol (36). Furin cleavage sites were also
introduced into TTs by other groups to achieve increased cytotox-
icity (37, 38). Fusions to ubiquitin have more commonly been
used to decrease the stability of proteins, including green fluores-
cent protein (39) and beta-lactamase (33). In an approach to en-
hance TT potency more like that described here, Tcherniuk et al.
fused ubiquitin to saporin, a plant protein toxin. In that study
(40), the DUB cleavage sequence of ubiquitin was exchanged with
a prostate-specific antigen cleavage site. Thus, the authors in-
tended to separate ubiquitin and saporin only in the vicinity of
tumor cells expressing prostate-specific antigen, following the
same idea used for the activation of anthrax toxin PA by urokinase
plasminogen activator or matrix metalloproteases (6). In contrast
to PA, where the proteolytic cleavage results in activation of PA,
prostate-specific antigen cleavage would separate ubiquitin and
saporin with the goal of enrichment of ubiquitin-free saporin in
the vicinity of tumor cells without including a strategy for achiev-
ing binding and delivery of the payload to the cytosol, and no gain
in potency was achieved.

The data presented here demonstrate the value of introducing
ubiquitin to the anthrax toxin delivery system (PA and LFn) in
order to efficiently deliver enzymes to the cytosol. Variants with
the lysines of ubiquitin replaced by arginines have improved sta-
bility and significant antitumor effects. Thus, the ubiquitin system
for intracellular release provides an effective system for the fine-
tuning of toxin uptake, half-life, nonspecific toxicity, and overall
efficacy. Future studies on this system will hopefully provide fur-
ther drugs capable of the safe and efficient elimination of tumor
cells and, eventually, may warrant clinical trials in humans.
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MATERIALS AND METHODS
Cloning of ubiquitin-containing targeted toxins. All TTs used for this
study are based on the anthrax fusion toxin FP59, consisting of LFn-PEIII
(5) and were modified by inserting different ubiquitin variants between
LFn and PEIII. LFn consists of the N-terminal 254 residues of anthrax
toxin lethal factor (Fig. 1) and has the sequence AGG. . .QEINL (but in
FP59 includes an additional N-terminal HM added due to cloning). PEIII
consists of the C-terminal 216-residue catalytic domain of PE and has the
sequence AEFL. . .REDLK. Details on cloning, expression, and purifica-
tion of the ubiquitin-containing targeted toxins are described in the sup-
plemental information (see Text S1 in the supplemental material). PA and
the mutant PA�FF (PA with Phe314-Phe315 deleted) were expressed as
described earlier (21, 41).

Enzymatic activity of TTs. The enzymatic activities of PEIII within all
TTs were measured as described previously (42). Incubation of the TTs
with purified eEF2 and biotinylated NAD� allows the detection of ADP-
ribosylated eEF2 by using streptavidin to detect biotin on eEF2 after SDS-
PAGE and Western blotting.

Cell culture. Cell culture experiments were performed on HN6 cells (a
human head and neck cancer cell line) (43), CHO TEM8 T4 cells (Chinese
hamster ovary cells stably transfected with anthrax receptor tumor endo-
thelial marker 8) (41, 44), and RAW264.7 cells (murine leukemic mono-
cytes/macrophages). See Text S1 in the supplemental material for details
on cell culture and cytotoxicity assays.

Cleavage by deubiquitinating enzymes. Lysates of HN6 cells were
obtained after growing 6 � 106 HN6 cells overnight, washing them twice
with phosphate-buffered saline (PBS) (150 mM NaCl, 8.3 mM Na2HPO4,
1.7 mM KH2PO4 [pH 7.4]), and incubating them with 300 �l of PBS
supplemented with 1% Triton X-100. After 30 min at 4°C on a rotary
shaker, cells were resuspended and centrifuged (30 min, 4°C, 16,000 � g).
The supernatant (cell lysates) were used for in vitro cleavage of ubiquitin
fusion toxins by incubation of 75 ng of the TTs for up to 120 min at 37°C
with 8 �l of the cell lysate supplemented with 2 mM dithiothreitol (DTT)
in a total volume of 9 �l. Additional experiments were performed with
ubiquitin aldehyde (16) to inhibit deubiquitinating activity. Ubiquitin
aldehyde (0.5 �l; final concentration, 2.5 �M) was incubated with the
lysate 5 min at 37°C prior to TT addition.

Following incubation with the lysate, samples were separated by SDS-
PAGE and Western blotted using the iBlot system (Invitrogen, Life Tech-
nologies, Grand Island, NY). TTs were detected by a polyclonal rabbit
anti-LF serum and infrared dye-conjugated secondary antibodies on the
Odyssey imager infrared detection system (LI-COR, Lincoln, NE).

Samples for detection of intracellular cleavage were separated by SDS-
PAGE and Western blotted using the iBlot system and the Western blot
signal enhancer kit (Thermo, Waltham, MA) for signal enhancement. TTs
were detected by polyclonal rabbit anti-LF serum, polyclonal rabbit
anti-PE (anti-Pseudomonas exotoxin A) serum (Sigma-Aldrich, St. Louis,
MO), and infrared dye-conjugated secondary antibodies (Rockland Im-
munochemicals, Gilbertsville, PA) on the Odyssey imager infrared detec-
tion system (LI-COR, Lincoln, NE).

Detection of intracellular cleavage was performed on CHO TEM8 T4
cells (1 � 106 cells overnight in 12-well plates). The cells were incubated
with 1 �g/ml PA or PA�FF (PA with Phe314 and Phe315 deleted, a mu-
tant that fails to deliver LF to the cytosol [21]), and 1 �g/ml of the TTs in
0.5 ml medium for 1 h or washed off immediately (0 h). Further samples
were preincubated with 50 �M PYR-41 (22) for 1 h at 37°C before the
addition of PA and the TTs at the indicated concentrations for 1 h. All cells
were washed twice with PBS and incubated with trypsin-EDTA at 37°C
until all cells could be transferred into new tubes for centrifugation
(5 min, 4°C, 1,000 � g). For cytosol isolation, the cells were resuspended
in 125 �g/ml saponin (Sigma-Aldrich, St. Louis, MO) in PBS, supple-
mented with protease inhibitor cocktail (Roche), and incubated for
10 min on ice (45). The complete supernatants after centrifugation
(30 min, 4°C, 16,000 � g) were analyzed by SDS-PAGE and Western
blotting.

Animal experiments. All animal experiments were performed under
protocols approved by the NIAID Animal Care and Use Committee. Fe-
male C57BL/6 mice (Jackson Labs, Bar Harbor, ME) were injected with
0.8 � 106 LL3 mouse melanoma cells intradermally in the neck on day 0.
After 6 days (all tumors had a width of at least 4 mm), mice were randomly
assigned to four groups of 10 mice each and injected with 50 �l sterile PBS
with different drug combinations intratumorally every other day (day 6,
day 8, and day 10). Mice were treated with PBS, 5 �g PA-L1 (PA with a
mutated furin cleavage site to achieve tumor-selective cleavage and acti-
vation of PA by matrix metalloproteinase 2 [5]) plus 1 �g FP59 in PBS,
5 �g PA-L1 plus 1.15 �g LFnUbPEIII in PBS, or 5 �g PA-L1 plus 1.15 �g
LFnUbKnullPEIII in PBS). Tumors were measured every other day with a
caliper, and tumor mass was calculated [tumor mass � (width � depth �
height)/2, with tumor mass measured in milligrams and width, depth, and
height all measured in millimeters] with a final measurement on day 17.
Mice with tumors with one diameter exceeding 20 mm or ulceration were
euthanized.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00201-13/-/DCSupplemental.

Text S1, DOCX file, 0.1 MB.
Figure S1, TIF file, 0.7 MB.
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