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Introduction

Antibodies have proved to be powerful tools in facilitating the
elucidation of disease mechanisms and generating novel and
effective therapeutics. However, the use of antibodies has
been limited to outside the cell because of two major factors:
antibodies containing disulfide bonds might be unstable in the
reducing environment of cytosol, and antibodies are unable to
cross the cell plasma membrane to reach the cytosol. There
are numerous intracellular targets and protein–protein inter-
actions with large flat contact areas; these are considered diffi-
cult to perturb by small molecules. We believe there would be
great interest in the use antibody mimics to target the intra-
cellular protein–protein interactions, provided that they can be
transported into the cytosol by a straightforward delivery plat-
form.

In recent years, certain robust, single-domain, cysteine-free
scaffold proteins have emerged as antibody mimics. These
include monobodies derived from the tenth type III domain of
human fibronectin (10FN3), affibodies derived from the im-
munoglobulin binding protein A, DARPins based on ankyrin
repeat modules, and the B1 domain of protein G (GB1).[1] These
antibody mimics have been engineered to bind extracellular

receptors such as EGFR, HER2, VEGFR and integrin, as well as
various intracellular targets, including caspases, Raf, Erk, c-Jun
N-terminal kinase (JNK), Abl-SH2, and c-Jun.[2] Advances in
directed evolution and molecular display technologies, such as
phage display, yeast display, and ribosome display, make it
possible to routinely generate a wide variety of high-affinity
binders for specific protein targets.[3]

Research effort is now focused on applying these antibody
mimics inside the cell (“intrabodies”) to target cytosolic pro-
teins.[4] To achieve this, strategies are needed to allow facile
and reliable delivery of these bioactive antibody mimics into
the cytosol of various cell types. Delivery methods based on
lipid-derived compounds,[5] polymeric nanoparticles,[6] inorgan-
ic nanocarriers,[7] supercharged proteins,[8] and, most common-
ly, cell-penetrating peptides (CPPs) such as the transactivator
of transcription (TAT) of HIV-1, oligoarginine, and penetratin
peptide derived from the Drosophila Antennapedia,[9] have
been developed to deliver proteins of interest to the cytosol of
mammalian cells. In most of these cases, high concentrations
of these agents are required to achieve even modest effects,
often because of inefficient cargo escape from the endosome.

Nature has evolved a variety of mechanisms to transport
proteins across membranes into the cytosol of mammalian
cells.[10] One bacterial protein-transport nanomachine is protec-
tive antigen (PA; 83 kDa), a component of anthrax toxin. PA is
a receptor-binding, pore-forming transporter that delivers the
enzymatic moieties of the toxin from the external milieu to the
cytosol of mammalian cells. PA binds to host-cell receptors and
is cleaved by a furin-family protease to yield a 63 kDa species
(PA63) (Figure 1 A; step 1)[11] that self-assembles to form ring-
shaped heptamers[12] and octamers.[13] These oligomers then
form complexes with the cargo proteins (Kd~1 nm) and are en-
docytosed. (Figure 1 A; steps 2–4). In the endosome, acidifica-
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tion triggers conformational change of the PA63 oligomers to
form a transmembrane pore that unfolds and translocates the
bound cargo proteins to the cytosol (Figure 1 A; step 5).[14] PA63

oligomers recognize the N-terminal domain (LFN, ~30 kDa) of
the toxin enzyme lethal factor (LF, 90 kDa).[15] Studies have
shown that cargo fused to the C terminus of LFN can be trans-
ported to the cytosol via PA; most effort has focused on the
delivery of peptides for vaccine development,[16] enzymes such

as b-lactamase,[17] and enzymatic domains from diphtheria
toxin (DTA), Shiga toxin, Pseudomonas exotoxin A (PEIII), and
RTX toxin (ACD).[18] More recently, the PA/LFN system was
shown to deliver Legionella pneumophila flagellin into macro-
phages.[19] However, no study has investigated the ability of
PA/LFN system to translocate antibody mimics for the perturba-
tion of intracellular protein–protein interactions.

Here we used transpeptidase sortase (SrtA)[20] to conjugate
several commonly used antibody mimics to the C terminus of
LFN and found that PA can mediate their transport into the cy-
tosol of several different cell lines. We confirmed the refolding
and binding of a tandem monobody to its protein target Bcr-
Abl inside cells by co-immunoprecipitation. We observed inhib-
ition of Abl kinase activity and subsequent cell death caused
by the PA-delivered monobody. We show that the PA system
can deliver an affibody that binds hRaf-1 to disrupt the MAPK
signaling pathway.

Results and Discussion

Our antibody mimics consisted of scaffolds widely used to
generate highly specific and potent binders: affibody, protein
GB1, DARPin, and monobody (Figure 1 B). These scaffolds are
disulfide-free, thus avoiding possible interference with passage
through the PA translocase and potential stability problems in
the reducing environment of the cytosol. Our chemoenzymatic
bioconjugation route is based on SrtA*, an evolved SrtA, and is
shown in Figure S1 in the Supporting Information.[21] SrtA* cat-
alyzes the formation of covalent conjugates (designated Lv,
Figure 1 C) between LFN containing the C-terminal LPXTG rec-
ognition motif and antibody mimics containing N-terminal oli-
goglycine.

We also prepared a series of conjugates (designated LDv,
Figure 1 C) between LFN-DTA and each antibody mimic, in
order to measure PA-mediated translocation into the cytosol.
In anthrax toxin translocation studies, the A chain of diphtheria
toxin (DTA), which catalyzes the ADP-ribosylation of EF-2 and
inhibits protein synthesis, has been frequently used as a
straightforward measure—the “gold standard” assay of PA-
mediated translocation into the cytosol. Therefore, LFN-DTA
variants (LDvs) allowed us to compare our findings with previ-
ous reports that used the same assay.[18a, c, 22] For each antibody
mimic, after confirming translocation of the LDv, we also car-
ried out studies with Lvs that lack the toxic DTA protein, thus
avoiding interference with further characterization of antibody
mimic function and delivery into the cytosol.

Each purified LDv (LDv1–4, Figure S2) was added to CHO-K1
cells in the presence of 20 nm PA. After 30 min, the cells were
washed and incubated with medium supplemented with 3H-
leucine. The efficiency of antibody mimic translocation was
measured by the incorporation of 3H-Leu in the cellular pro-
teome, as the level of protein synthesis inhibition is deter-
mined by the amount of LDv-containing variant in the cytosol.
Despite their structural differences, all four variants (LDv1–4)
translocated efficiently into the cytosol at levels comparable to
that of the positive control, LFN-DTA (Figure 1 D). To confirm
that the full-length protein was required for translocation to

Figure 1. Delivery of antibody mimics into the cytosol by the LFN/PA system.
A) Mechanism of entry of antibody mimic (star) into cells. B) Antibody
mimics 1–4: affibody (PDB ID: 1Q2N), GB1 (1PGB), DARPin (adapted from
3ZU7), and HA4 (3K2M). C) Variants of antibody mimics (stars) attached to
the C terminus of LFN (Lv) or LFN-DTA (LDv). D) Protein synthesis inhibition in
CHO-K1 cells treated with LDv1–4 in the presence of 20 nm PA for 30 min.
The cells were then washed three times with PBS and incubated with
1 mCi ml�1 3H-leucine for 1 h. Subsequently, the cells were washed three
times with PBS and scintillation fluid was directly added to each well, and 3H
incorporation into the cellular proteome was measured to determine the
level of LDv inhibition of protein synthesis (n = 3). Radioactive counts were
normalized to those of cells treated with only PA (set to 1). *: LFN-DTA, *:
LDv1, ~: LDv2, !: LDv3, 3 : LDv4, ": DTA, ^: Lv1 + DTA.
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the cytosol, we performed control experiments by treating
cells with DTA plus PA, or DTA together with LFN-affibody (Lv1)
plus PA; we observed no protein synthesis inhibition in either
case (Figure 1 D).

To investigate whether LDvs translocate to the cytosol by
the same mechanism as for LFN-DTA, we carried out a series of
control experiments with LDv1 containing affibody as the
cargo (Figure 2 A). We investigated the role of LFN in LDv1
during the translocation process by using excess LFN (1 mm) to
outcompete LDv1 in binding to PA. We found that 1 mm LFN

significantly abolished translocation of LDv1, thus confirming
the importance of LFN-mediated binding to PA (step 3, Fig-

ure 1 A). We then studied the role of endocytosis in LDv1 trans-
location by incubating cells with PA and LFN-DTA or LDv1 at
4 8C (instead of 37 8C) to arrest endocytosis. The translocation
of both LFN-DTA and LDv1 was abolished under these condi-
tions, thus indicating that endocytosis is a necessary step in
the translocation process (step 4, Figure 1 A). To test the role of
endosome acidification and active translocation (step 5, Fig-
ure 1 A), we performed two additional control experiments.
First, we treated cells with PA and LFN-DTA or LDv1 in the pres-
ence of 200 nm bafilomycin A1, a specific inhibitor of vacuolar
H+-ATPase, in order to block endosome acidification. We found

that inhibition of endosome acidification abolished transloca-
tion of both LFN-DTA and LDv1, thus confirming the impor-
tance of the pH gradient for translocation. An additional con-
trol experiment was performed with a PA mutant (PA[F427H])
that binds and delivers the cargo to endosomes but arrests
translocation through PA pore.[23] We found that PA[F427H]
completely arrested translocation of LDv1, thus indicating that
functional PA was required for LDv1 to reach the cytosol.
These controls indicate that the translocation of LDv1 follows
the same mechanism as that for LFN-DTA.

After confirming the key steps responsible for the transloca-
tion of antibody mimics, we investigated the delivery of Lvs
into the cytosol by digitonin extraction and western blotting.
Digitonin is a weak, nonionic detergent, and at low concentra-
tions selectively permeabilizes the plasma membrane, thereby
releasing cytosolic components from cells while the nuclear
envelope and other major membrane organelles remain in-
tact.[24] CHO-K1 cells were incubated with Lv1 and PA overnight
(to allow multiple rounds of receptor-mediated endocytosis
and translocation), washed, and trypsin digested to remove
cell surface receptors and bound protein. In order to obtain
the cytosolic fraction, cells were incubated with a buffer con-
taining 50 mg mL�1 digitonin and 250 mm sucrose. Immunoblot
analysis with antibodies against Rab5 (an early endosome
marker) and Erk1/2 (a cytosolic marker) was carried out to
confirm that only the cytosolic fraction was present. Minor
amounts of Rab5 were detected in the digitonin-extracted cy-
tosolic fractions, thus indicating little contamination from early
endosomes (Figure 2 B). We observed a significant amount of
Lv1 in the cytosolic fraction, similar to that in total cell lysate
obtained by lysis buffer containing 1 % NP-40.

Control experiments were performed to validate transloca-
tion of Lv1 into the cytosol. No Lv1 was observed when the
cells were incubated at 4 8C (endocytosis arrested), even in the
total cell lysate. The absence of detectable Lv1 at 4 8C also vali-
dated that the wash and trypsin digestion protocol was suffi-
cient to eliminate potential contamination from surface-bound
protein. When the cells were treated with bafilomycin A1, a sig-
nificant band for Lv1 was observed in the total cell lysate,
whereas this band was not detectable in the cytosolic fraction,
thus indicating that Lv1 was endocytosed but trapped in the
non-acidified endosome. In addition, the absence of Lv1 in the
cytosolic fraction for cells treated with bafilomycin A1 served
as further evidence that our digitonin extraction protocol was
sufficient to separate the cytosolic proteins from the rest of
the cell lysate, including endosomes. Finally, when the cells
were treated with Lv1 and PA[F427H] (instead of Lv1 and PA),
some Lv1 was observed in the total cell lysate but none in the
cytosolic fraction (Figure 2 B). Under these conditions, endocy-
tosed Lv1 is trapped in the endosome because of the non-
functional pore (mutant PA), and subsequently sorted to the ly-
sosome for degradation, thus leaving only a small amount of
Lv1 in the total cell lysate and none in the cytosolic fraction.
These western blot results further corroborated the protein
synthesis inhibition results with LFN-DTA (vide supra, Fig-
ure 1 D) and confirmed the translocation mechanism of the
antibody mimic cargo. PA-mediated translocation of the other

Figure 2. Control experiments validating the translocation mechanism of
LDv1 and Lv1. A) Protein synthesis inhibition in CHO-K1 cells treated with
variants in the presence of 20 nm PA for 30 min. BA = addition of 200 nm ba-
filomycin A1; 4 8C = incubation at 4 8C (instead of 37 8C); PA[F427H] = mutant
PA instead of PA. &: LFN-DTA, *: LDv1, ~: LDv1 + LFN, *: LFN-DTA 4 8C, *:
LDv1 4 8C, N : LFN-DTA + BA, *: Lv1 + BA, !: LDv1 + PA[F427H]. B) CHO-K1
cells were treated with 250 nm Lv1 in the presence of 40 nm PA or
PA[F427H] for 12 h (conditions/modifications as above). Total lysate and digi-
tonin-extracted cytosolic proteins were prepared separately (~300 000 cells
per lane).
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analogues (Lv2–4) was also studied by digitonin extraction and
western blotting (Figure S3) ; bands at different molecular
weights by anti-LF antibody confirmed the presence of these
antibody mimic conjugates in the cytosol.

To compare the efficiency of the PA/LFN system with the CPP
system, we first used a protein synthesis inhibition assay. We
prepared DTA with a TAT peptide covalently attached at the
N terminus. This construct showed at least 1000 times lower
efficiency in protein synthesis inhibition than LFN-DTA and PA
(Figure 3 A); this is consistent with a previous report[25] and in-
dicates that the PA/LFN system is more efficient in delivering
DTA to the cytosol. Next, we compared the efficiencies of the
PA/LFN and CPP systems in delivering antibody mimics. We
conjugated oligoglycine-containing antibody mimics 1–4 to
a TAT peptide containing an HA tag and the LPSTGG motif to
generate TAT-HA-antibody mimic constructs (Figure S4).[26]

Translocation was studied by digitonin extraction and western
blot analysis with anti-HA antibody. We treated cells with
2.5 mm TAT-HA-antibody mimic constructs (tenfold higher than
for Lvs) for 4 h in serum-free medium and observed minor
amounts of material in total-cell lysate (Figure S5 A). Then,
when using the trypsin digestion and digitonin extraction pro-
tocol as described above, we detected no TAT-HA-antibody
mimic protein by anti-HA immunoblotting with the cytosolic
fractions, whereas a significant amount of Lv1 with HA tag
(Lv1-HA) was detected for cells treated with 250 nm Lv1-HA
and 40 nm PA for 4 h (Figure 3 B). To test if a different incuba-
tion time would improve translocation by TAT peptide, we
treated cells with 2.5 mm TAT-HA-antibody mimics for 16 h;
again, no material was evident in the total cell lysate (Fig-
ure S5 B). These results demonstrate the higher efficiency of
the PA/LFN system in delivering antibody mimics over the TAT
peptide method. Additionally, the amount of Lv1-HA detected
by anti-HA immunoblotting was similar to that of Lv1
detected by anti-LF. The presence of a C-terminal HA-
tag further validated the presence of full-length Lv1-
HA in the cytosol.

Our next question was whether the delivered anti-
body mimics can refold and bind to their targets
inside the cytosol. Based on the protein synthesis in-
hibition assay, we confirmed that DTA could correctly
refold in the cytosolic environment after transloca-
tion. For the antibody mimics, we chose to study the
tandem 10FN3 monobody (HA4-7c12), which binds
with nanomolar affinity to the Src homology 2 (SH2)
domain of the oncoprotein Bcr-Abl.[2f] First, we sor-
tagged this tandem monobody to LFN-DTA (LDv5)
and used the protein synthesis inhibition assay to
study the variant’s translocation efficiency in chronic
myeloid leukemia (CML) K562 cells. The assay
showed that PA translocated LDv5 as efficiently as
the control (LFN-DTA, Figure S6). After confirming that
the PA system efficiently translocated the tandem
monobody HA4-7c12, we sortagged it to LFN (Lv5,
Figure 4 A), which lacks the cytotoxic DTA protein, and tested
whether Lv5 could bind to Bcr-Abl in K562 cells after transloca-
tion to the cytosol. To ensure that the binding affinity of the

monobody was not affected by the presence of LFN, which
(apart from initiating translocation) provides an important epi-
tope for detection in the cytosol by western blotting, we first

Figure 3. TAT peptide-mediated translocation of DTA and antibody mimics.
A) Protein synthesis inhibition of CHO-K1 cells treated with varying concen-
trations of TAT-DTA (^) for 30 min, in comparison to LFN-DTA plus 20 nm PA
(&) ; assay conditions as in Figure 1. B) Western blot of cytosolic fractions ex-
tracted by digitonin from CHO-K1 treated with 2.5 mm TAT-HA-1–4 (see Fig-
ure 1 B) for 4 h (4 8C = incubation at 4 8C instead of 37 8C), in comparison to
treatment with 250 nm Lv1-HA and 40 nm PA for 16 h. The cytosolic fraction
was extracted using digitonin (~280 000 cells per lane). The corresponding
immunoblots of total lysates from cells treated with TAT-HA-1–4 for 4 h and
16 h are shown in Figure S5.

Figure 4. Delivery of Lv5 and binding of Lv5 to Abl kinase in K562 cells. A) Construct of
Lv5 containing HA4 (PDB ID: 3K2M), GS-rich linker, and 7c12 (PDB ID: 3T04). B) Left : west-
ern blot of total cell lysate from K562 cells treated for 24 h with 50 nm Lv5 or Lv5mut in
the presence of 20 nm PA or PA[F427H]. Right: the lysate was then subjected to co-im-
munoprecipitation (co-IP) with anti-Abl agarose beads. Cells treated with Lv5mut/PA or
Lv5/PA[F427H] served as negative controls for co-IP.
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measured the binding affinity of Lv5 for the Abl SH2 domain
by SPR. We obtained a Kd value of 12 nm, similar to that for
the monobody alone (6 nm, Figure S7). Next, we investigated
whether the delivered Lv5 could refold and bind to Abl kinase
inside the cell. K562 cells were treated with Lv5 and PA, and
then subjected to immunoprecipitation with an anti-Abl anti-
body linked to agarose beads. Proteins eluted from the beads
were subjected to immunoblot analysis with an anti-LF anti-
body. We observed a pull-down band corresponding to Lv5
when cells were treated with Lv5 and PA (Figure 4 B), thus con-
firming that at least some of the monobody properly folded
after reaching the cytosol and was bound to intracellular Abl
kinase. In control experiments, PA[F427H] was used instead of
PA, in order to arrest translocation from the endosome to cyto-
sol. No band was observed, thus confirming that cytosolic
access of Lv5 was critical for the binding. Finally, the cells were
treated with the binding mutant Lv5mut (HA4: Y87A; 7c12:
Y62E/F87K) instead of Lv5. Similar amounts of Lv5 and Lv5mut
were delivered to the cell ; the pull-down band was absent for
Lv5mut (Figure 4 B), thus indicating that the binding interac-
tion only occurred when the LFN variant contained the func-
tional binder. These results demonstrate that PA-delivered
tandem monobody can refold and bind to its target inside the
cell.

Our next goal was to investigate the possibility of using the
delivered tandem monobody to perturb protein function and
related signaling pathways in cancer cells. Overexpression of
HA4-7c12 in K562 cells has been reported to strongly inhibit
kinase activity and induce apoptosis by disrupting a critical in-
tramolecular SH2-kinase domain–domain interaction.[2f] Despite
the high affinity and specificity of the monobody in targeting
the allosteric module in Bcr-Abl and its utility in fighting thera-
py resistance of Bcr-Abl mutants, Hantschel et al. determined
that intracellular delivery was the biggest hurdle to achieving
its practical application.[2f, 27] In order to test if PA-mediated
delivery could overcome this, we used PA to translocate Lv5
into K562 cells. Based on the linear relationship between the
amount of protein loaded and the signal intensity of each
band detected by anti-LF antibody (Figure S8), we estimated
a total of 1 ng Lv5 delivered into ~100 000 cells (Figure S9);
this is ~10 fg (110 000 Lv5 molecules) in each cell (cytosolic
concentration ~80 nm). Although this concentration is above
the Kd for the Abl SH2 domain, we did not expect strong inhib-
ition of Bcr-Abl kinase, because of the high concentration of
Bcr-Abl inside K562 cells. As detected by western blotting,
monobody binding resulted in a modest reduction in activa-
tion loop (Tyr412) phosphorylation of Bcr-Abl (Figure S9). We
then investigated the effect of this activity inhibition on induc-
ing apoptosis of K562 cells. By TUNEL staining (detects DNA
fragmentation by labeling the termini), we observed apoptosis
after K562 cells were treated with Lv5 and PA (Figure 5 A). This
was not observed when PA[F427H] or Lv5mut was used. The
proportion of apoptotic cells after delivery of Lv5 was 20 % of
that caused by the small molecule imatinib (1 mm, Figure S10),
which inhibits kinase activity by binding close to the ATP bind-
ing site of Bcr-Abl. The different inhibition mechanism and the
much higher concentration of cytosolic imatinib might explain

the difference in the proportion of apoptotic cells as compared
to the Lv5 and PA treatment. In addition, the extent of apopto-
sis by Lv5 was also lower than that induced by overexpression
of HA4-7c12.[2f] The high concentration of monobody achieved
by overexpression and selection for only transfection-positive
cells met the challenge of requiring high local concentration to
interfere with the intramolecular interactions between the SH2
domain and kinase domain in Bcr-Abl. The modest inhibition
of kinase activity and induction of apoptosis by PA-mediated
delivery of Lv5 serves as a proof-of-concept that intracellularly
delivered monobodies can perturb the activity of an oncopro-
tein.

We also investigated PA-mediated delivery of a binder based
on affibody (ABRaf), which was evolved to bind to human Raf-
1 (hRaf-1, Kd = 100 nm),[2c] a protein kinase of central impor-
tance in the MAPK/ERK signaling pathway. Although ABRaf has
been shown to inhibit the Ras/Raf interaction in vitro, it has
not been tested for inhibition of MAPK signaling pathway in

Figure 5. Monitoring of apoptosis of K562 cells treated with Lv5 and PA by
the TUNEL assay. A) K562 cells treated with the indicated analogues (500 nm

Lv5 or Lv5mut in the presence of 80 nm PA or PA[F427H]) for three days and
analyzed for apoptosis ; 1 mm imatinib served as a positive control. Represen-
tative dot plots from flow cytometry show terminal deoxynucleotidyl trans-
ferase (TdT) catalyzed BrdUTP incorporation into the DNA strand breaks of
apoptotic cells ; this is detected by Alexa Fluor 488-labeled anti-BrdU anti-
body (FITC). PerCP indicates the DNA fraction. B) Quantification of TUNEL-
positive cells : intensities normalized to K562 cells treated with imatinib
(100 %) and non-treated cells (0 %). The dot-plots of imatinib-treated and un-
treated cells are shown in Figure S10. Data are averages of three independ-
ent experiments.
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cells. We transfected human embryonic kidney 293T (HEK293T)
cells with ABRaf, and observed an average of 37 % reduction in
phosphorylation levels of MAPK (pErk1/2, downstream of Ras/
Raf pathway) upon epidermal growth factor (EGF) activation
Figure 6 A), thus validating the cellular function of this binder
in blocking the MAPK signaling pathway. We then conjugated
ABRaf to LFN (Lv6), and found that PA delivered ~240 nm Lv6
(~5 fg or 79 000 molecules per cell) in HEK293T cells (Fig-
ure 6 B). We measured the phosphorylation level of MAPK
(pErk1/2) upon EGF activation in cells treated with Lv6 and PA
or PA[F427H]. Cells treated with Lv6 and PA showed ~25 %

reduction of pErk1/2 relative to EGF-activated untreated cells
(P<0.01, Figure 6 C). PA[F427H] (negative control) showed a
similar level of pErk1/2 as for EGF-activated untreated cells (P =

0.27, Figure 6 C). This experiment is another example of using
PA to translocate functional binders to disrupt protein–protein
interactions and the associated signaling pathway in cells.

Conclusion

We have demonstrated the ability of PA/LFN to deliver anti-
body mimics to the cytosol of cells and also the possibility of
using the delivered binders to perturb critical protein–protein
interactions in cancer cells. Prior efforts with this system have
mainly focused on the delivery of enzymes that can exert a
strong biological effect at very low concentrations, as has been
demonstrated here by the LFN-DTA activity assays. However,
for an antibody mimic binder to exert inhibitory effects on pro-
tein–protein interactions inside cells, the concentration of the
antibody mimic binder needs to reach a level above Kd and

close to the concentration of competing endogenous binding
proteins. We aimed to answer the questions as to whether PA
could both efficiently deliver the antibody mimics and trans-
port sufficient amounts of cargo to perturb protein–protein in-
teractions.

We first systematically investigated translocation mediated
by PA of four different antibody mimics: all a-helical (affibody,
DARPin), all b-sheet (monobody), and a-helical and b-sheet
proteins (GB1). We did not assume these scaffolds would trans-
locate efficiently, because prior investigations have indicated
that certain C-terminal modifications of LFN or LFN-DTA can ab-

rogate translocation through PA. In particular, imag-
ing studies indicated that fluorescent proteins fused
to the C terminus of LF significantly attenuate trans-
location.[28] Other studies have shown that DTA with
an artificial disulfide or dihydrofolate reductase
(DHFR) complexed with methotrexate can arrest
translocation when attached to the C terminus of
LFN.[29] Using the DTA-based protein synthesis inhibi-
tion assay, we found that all four antibody mimics
translocated as efficiently as the positive control LFN-
DTA. We are unaware of any system that permits the
facile delivery of antibody mimics ranging in structur-
al diversity as shown here.

Our translocation studies began with LDvs and the
protein synthesis inhibition assay, because this is
commonly used to probe anthrax toxin entry into
the cytosol and thus allowed us to compare our find-
ings to other reports. However, in order to use anti-
body mimics to perturb protein–protein interactions,
we needed to eliminate the interference of DTA.
Therefore, we also investigated the translocation of
LFN-antibody mimics (Lvs) in the presence of PA. To
facilitate the analysis of Lv delivery, we used a reliable
western blot approach to assess full-length cargo in
the cytosolic fraction (obtained by using digitonin to
permeabilize the plasma membrane). For all experi-
ments, we confirmed successful extraction of cytosol-

ic proteins from the rest of the cellular components by staining
to check for the presence of Erk1/2 and absence of Rab5. The
successful extraction of cytosolic proteins was further validated
by the absence of Lv1 in the digitonin-extracted fractions from
cells treated with bafilomycin A1 or PA[F427H] . Additionally,
we observed no Lv1 in the total cell lysate under 4 8C treat-
ment conditions, in order to validate the effectiveness of tryp-
sin digestion in removing surface-bound Lv (leaving only intra-
cellular proteins for detection). We detected the conjugates of
antibody mimics to LFN by the anti-LF antibody, and confirmed
the presence of the antibody mimics attached to LFN by their
different molecular weights. Further evidence that full-length
material translocated into the cytosol was obtained by detec-
tion of Lv1-HA with the C-terminal HA-tag, which gave a similar
amount of material detected as that by the anti-LF antibody.

We also used digitonin extraction and western blot to
gauge the amount of material delivered into the cell cytosol.
Based on the linear relationship between the amount of
loaded protein and the signal intensity on the anti-LF immuno-

Figure 6. Perturbation of the MAPK signaling pathway by PA-mediated delivery of an affi-
body (Lv6) that targets Raf. A) HEK293T cells were transfected with pcDNA3-ABRaf for
24 h, starved overnight, treated with 5 ng mL�1 EGF for 7 min, lysed with buffer contain-
ing 1 % NP-40, and subjected to anti-pErk1/2 immunoblotting. The membrane was strip-
ped and re-blotted with anti-Erk1/2 antibody to serve as loading control. B) Cytosolic
fractions extracted by digitonin from HEK293T cells treated with 500 nm Lv6 and 80 nm

PA or PA[F427H] in serum-free medium for 12 h (~400 000 cells per lane). C) HEK293T
cells treated with 500 nm Lv6 and 80 nm PA or PA[F427H] in serum-free medium for 12 h,
then with 5 ng mL�1 EGF for 7 min, lysed, and analyzed as in (A). Bar graph: quantifica-
tion of phosphorylation of Erk1/2 (pErk1/2; n = 3); bars correspond to the lanes above.
pErk1/2 bands normalized to that of Erk1/2, and compared to cells treated with EGF (set
to 1). Data are averages of three experiments. P values: Student’s t-Test.
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blot, we were able to estimate the amount of material deliv-
ered, by comparing the immunoblot signal to that of a known
amount of protein loaded on the same blot. As the antibody
mimics do not interfere with translocation through the PA
pore, the amount delivered to the cytosol is dependent on the
number of anthrax receptors on cells ; these are present on
most human cells (2000– 50 000 per cell, higher in certain
cancer cells).[30] Theoretically, one round of translocation for
cells harboring 50 000 receptors would give ~20 000 molecules
in one cell, if seven receptors deliver three copies of LFN-cargo
variant. Thus we estimated, by western blot quantification,
that after multiple rounds of translocation we achieved mid-
nanomolar concentrations of cargo in the cytosol.

We next studied whether a functional antibody mimic
binder can properly refold after translocation, as translocation
through the PA pore requires protein unfolding. Based on co-
immunoprecipitation of the monobody with the anti-Abl anti-
body, we confirmed that the monobody correctly refolds in
the cytosolic environment after translocation. The efficiency of
refolding and the portion of functional protein is presumed to
depend on the cytosolic stability and degradation rates of the
variants. For the binders based on monobody and affibody, we
observed inhibition of Bcr-Abl kinase and disruption of the
MAPK signaling pathway, respectively, thus providing evidence
that the antibody mimics properly fold and function after
translocation into the cytosol. As the amount of tandem
monobody delivered was not significantly higher than the Kd

for the Bcr-Abl target, the extent of apoptosis caused by Lv5
was not as great as that achieved by overexpression of the
tandem monobody (where its cytosolic concentration reaches
a much higher level). The lower biological effect of Lv5 was
probably due to the presence of high concentration of endo-
geneous Abl kinase, as well as the difficulty in interfering with
the intramolecular domain–domain interaction of Abl kinase.
In contrast, even though the delivered amount of affibody
binder for hRaf-1 was not much higher than the Kd for its
target, the inhibition of the MAPK signaling pathway by Lv6
was close to that achieved by overexpression of the affibody
binder. This could be attributable to the lower target concen-
tration and the higher efficiency in disrupting Ras/Raf intermo-
lecular interactions, compared to the Bcr-Abl target. The deliv-
ery of more material and/or increased potency of the cargo for
its target are additional challenges in biomolecular delivery.

The high adaptability and promiscuity of the PA transporter
enabled delivery without the need for protein engineering or
screening, unlike delivery methods such as CPPs where a
number of sequences or linkers need to be screened for effi-
cient delivery of each cargo. In the case of CPPs, the stability
and identity of the peptide transduction sequence can lead to
significant differences in delivery efficiency, and strong adher-
ence to the cell surface and endosomal membranes often
blocks cargo escape into the cytosol. For example, it was re-
ported that CPP fusions to DTA were not able to achieve deliv-
ery into the cell,[25] even at concentrations a thousand times
higher than that required for PA-mediated translocation; we
confirmed this result. We also investigated the efficiency of the
TAT peptide in the delivery of the antibody mimics and found

that, even after treatment of the same cell lines with tenfold
more material, the TAT peptide was not able to deliver any of
the four antibody mimics. These results demonstrate the signif-
icantly better delivery efficiency by PA over the TAT peptide.
Additionally, because of highly inefficient endosomal escape
for delivery into the cytosol,[31] most delivery methods use high
concentrations of components, and this can give rise to cellu-
lar toxicity. We studied whether the delivery components PA
and LFN (by themselves or in combination) are toxic to cells.
Under the conditions tested, we did not see any toxicity, based
on a TUNEL apoptosis assay (Figure 5) or an MTS assay (Fig-
ure S11).

In summary, we report for the first time PA-mediated deliv-
ery of antibody mimics into the cytosol and successful disrup-
tion of critical protein–protein interactions inside cells. As an
example, we found that an SH2-binding tandem monobody
can be delivered and functioned as an inhibitor of the onco-
protein Bcr-Abl inside cancer cells. We also demonstrated in-
hibition of the Ras/Raf interaction by an affibody thereby
blocking the MAPK signaling pathway, which plays a central
role in the control of cell proliferation, survival, and growth.
The delivery of antibody mimics to the cytosol of cells as indi-
cated by DTA activity and western blotting, together with the
observation of functional tandem monobody binder to the on-
coprotein Bcr-Abl and affibody binder to hRaf-1, supports our
belief that the PA-mediated protein delivery system (designed
by nature) will significantly expand the biomolecular delivery
toolbox. Our future efforts will focus on increasing the amount
of material delivered and the delivery of more potent antibody
mimics. This platform provides new possibilities to apply
modern intrabody technology to disrupt processes inside cells.

Experimental Section

Materials: All reagents were purchased from Sigma–Aldrich and
Life Technologies except where otherwise indicated. The following
primary and secondary antibodies were used: goat anti-LF (bD-17;
Santa Cruz Biotechnology, Dallas, TX), rabbit anti-HA (Sigma–Al-
drich), rabbit anti-Abl (agarose conjugate, K-12; Santa Cruz Biotech-
nology), rabbit anti-pAbl (pTyr412; Cell Signaling Technology, Dan-
vers, MA), rabbit anti-Erk1/2 and rabbit anti-phospho-Erk1/2
(Thr202/Tyr204, Cell Signaling), rabbit anti-Rab5 (Cell Signaling),
goat anti-rabbit (IRdye 800CW; LI-COR Biosciences, Lincoln, NE),
donkey anti-goat (IRdye 680LT; LI-COR Biosciences). Additional
methods including expression and purification of the proteins
used in our studies are described in detail in the Supporting Infor-
mation.

One-pot sortagging reaction using Staphylococcus aureus SrtA*:
SrtA*-mediated ligation was used to ligate proteins to His6-SUMO-
LFN-DTA-LPSTGG-His5 or His6-SUMO-LFN-LPSTGG-His6 as previously
described (Figure S1).[21b] LFN-DTA-LPSTGG-His5 or LFN-LPSTGG-His6

(50 mm), SrtA* (5 mm), and G5-protein (100–500 mm) were incubat-
ed with Ni-NTA beads in sortase buffer (Tris·HCl (50 mm, pH 7.5),
CaCl2 (10 mm), NaCl (150 mm)) for 30 min at RT rocking. Ni-NTA
beads that have bound unreacted starting material, SrtA*-His6,
His6-SUMO, and GG-His6 were centrifuged (16 000 g, 4 8C) to mini-
mize the formation of hydrolyzed side product. The supernatant
(containing sortagged product) was collected. The beads were
washed three times. The supernatant and the three washes were
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subjected to gel filtration to separate excess oligoglycine protein
reactants. SDS-PAGE and LCMS were used to assess the purity of
the products (Figure S2, Table S2, and LCMS Appendix; isolated
yields in Table S3; protein variants are listed in Table S5).

Protein synthesis inhibition assay: CHO-K1 cells were maintained
in F-12K medium supplemented with FBS (10 %, v/v) at 37 8C with
5 % CO2. The cells were plated in a 96-well plate (~30 000 per well)
16 h prior to the assay. LDvs were prepared in tenfold serial dilu-
tions followed by the addition of protective antigen (PA83 ; 20 nm).
The samples were added to CHO-K1 cells for 30 min at 37 8C and
5 % CO2. The cells were washed three times with PBS, then incubat-
ed with leucine-free F-12K medium (100 mL) supplemented with
3H-leucine (1 mCi mL�1, PerkinElmer) for 1 h at 37 8C with 5 % CO2.
The cells were washed three times with PBS and suspended in
scintillation fluid (150 mL). 3H-Leu incorporation into cellular pro-
teins was measured to determine the inhibition of protein synthe-
sis by LFN-DTA. The scintillation counts from cells treated with PA
only (control) were used for normalization. Each experiment was
done in triplicate. The data were fitted by using OriginLab software
(Northhamptown, MA) with a sigmoidal Boltzmann fit using Equa-
tion (1):

<¼ A2 þ A1�A2

1þe
x�x0=dx

ð1Þ

where x0 is the log EC50 value (Table S4).

Uptake of Lv and TAT-HA-1–4 in CHO-K1 cells: CHO-K1 cells were
plated in 12-well plate 16 h prior to treatment. For Lvs, cells were
treated with Lv (250 nm) in the presence of PA (40 nm) in F-12K
with FBS overnight at 37 8C with 5 % CO2. For TAT-HA-antibody
mimic constructs, cells were treated with TAT-HA-1–4 (2.5 mm) in F-
12K without FBS for 4 h at 37 8C and 5 % CO2. Translocation con-
trols included PA[F427H] (instead of PA), addition of bafilomycin A1
(200 nm), and incubation at 4 8C instead of 37 8C.

Cytosolic protein extraction and whole-cell lysate preparation:
After uptake of the antibody mimics, cells were washed with PBS,
detached and digested with Trypsin-EDTA (0.25 %) for 5 min at
37 8C to remove surface-bound protein, then washed twice with
PBS. The cell pellets were then subjected to cytosolic extraction or
whole-cell lysate preparation. For cytosolic protein extraction, cells
(~106) were suspended in buffer (100 mL: digitonin (50 mg mL�1) in
NaCl (75 mm), NaH2PO4 (1 mm), Na2HPO4 (8 mm), sucrose
(250 mm)) supplemented with Protease Inhibitor Cocktail (Roche)
for 10 min on ice, then centrifuged (16 000 g, 5 min). For whole-cell
lysate, cells were lysed in IP lysis buffer (Tris·HCl (25 mm, pH 7.5),
NaCl (150 mm), NP-40 (1 %, v/v)) supplemented with Protease In-
hibitor Cocktail on ice for 30 min, then centrifuged (16 000 g,
10 min). Supernatants were collected for blotting and analysis.

Western blot: Transfer was done with a TE 70 Semi-Dry Transfer
Unit (GE Healthcare) and nitrocellulose membranes (Whatman) in
Tris·HCl (48 mm) containing glycine (39 mm), SDS (0.0375 %, v/v),
and methanol (20 %, v/v). The membrane was blocked (RT, 2 h)
with blocking buffer (LI-COR) and then incubated with goat anti-LF
or rabbit anti-HA antibody in LI-COR blocking buffer overnight at
4 8C. The membranes were washed with TBST (Tris·HCl (50 mm),
NaCl (150 mm), Tween 20 (0.1 %, v/v)) then blotted with secondary
antibody conjugated to IRdye (LI-COR) and imaged with an Odys-
sey Infrared Imaging System (LI-COR). The western blot images
were analyzed and quantified with the Image Studio Lite program
(LI-COR).

Co-immunoprecipitation of Lv5 with Abl kinase: K562 cells were
treated with PA or PA[F427H] (40 nm) and LFN-antibody mimic
(50 nm) for 24 h. Cells (~11 � 106) were trypsinized, washed with
PBS, frozen at �80 8C, and then lysed in IP lysis buffer (500 mL) sup-
plemented with Protease Inhibitor Cocktail (Roche) on ice for
30 min. After centrifugation (16 000 g, 15 min), the lysate (450 mL)
was incubated with 12.5 mg anti-Abl agarose beads for 4 h. The
resulting immune complexes were washed three times with lysis
buffer and once with lysis buffer without NP-40. The bound pro-
teins were eluted with SDS (0.2 %) and Tween 20 (0.1 %) and sub-
jected to SDS-PAGE separation. Immunoblotting was performed
with anti-Abl or anti-LF antibody.

TUNEL assay with Lv5 in K562 cells: K562 cells were plated in a
24-well plate (150 000 cells per mL in each well) and treated with
LFN-antibody mimic (500 nm) and PA or PA[F427H] (60 nm) in
serum-free medium for one day. FBS (10 %) was added, and the
cells were incubated for two days (positive control : imatinib
(1 mm)). The cells were fixed with paraformaldehyde (3.2 %), then
treated with methanol (90 %) on ice or stored at �20 8C, followed
by TUNEL staining by using the Apo-BrdU TUNEL assay kit from
Life Technologies.

Transfection of HEK293T with pcDNA3-ABRaf: HEK293T cells were
plated in a 24-well plate overnight to reach ~90 % confluency. The
cells were then transfected with plasmid pcDNA3-ABRaf-GFP (see
the Supporting Information for plasmid details) by using Lipofecta-
mine 2000 (Life Technologies). The medium was changed after 5 h.
The total transfection time was 24 h. For pErk1/2 analysis, the cells
were starved for 12 h then treated with EGF (5 ng mL�1) for 7 min,
washed with cold PBS, and lysed in-plate with IP lysis buffer con-
taining NP-40 (1 %), Protease Inhibitor Cocktail (Roche), and phos-
phoSTOP (Roche). The lysate was subjected to SDS-PAGE separa-
tion, transferred to nitrocellulose membrane, and blocked with
BSA (5 %), Na3VO4, and NaF. The immunoblotting with anti-pErk1/2
antibody (Cell Signaling) was performed overnight in BSA (3 %)
with Na3VO4 and NaF. After stripping the membrane with Restore
Plus Western Blot Stripping Buffer (Thermo Scientific), the mem-
brane was blocked again and immunoblotted with anti-Erk1/2 anti-
body (Cell Signaling).

Delivery of Lv6 into HEK293T cells: HEK293T cells were plated in
a 24-well plate and left overnight to reach ~80 % confluency. The
cells were then treated with PA (80 nm) and Lv6 (500 nm) in
serum-free medium for 12 h. For detection of cytosolic Lv6, the
cells were detached with trypsin, washed with PBS, and suspended
in digitonin (100 mg mL�1) for 10 min (as above). For detection of
pErk1/2, the cells were treated with EGF (5 ng mL�1) for 7 min,
washed with cold PBS, lysed in-plate with IP lysis buffer containing
NP-40 (1 %), Protease Inhibitor Cocktail (Roche), and phosphoSTOP
(Roche). Immunoblotting with anti-pErk1/2 and anti-Erk1/2 was as
described above.
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Delivery of Antibody Mimics into
Mammalian Cells via Anthrax Toxin
Protective Antigen

Delivery of antibody mimics into the
cytosol remains challenging. Here we
show that protective antigen (PA, a com-
ponent of anthrax toxin) transports an
array of antibody mimics to the cell cy-
tosol. Using a tandem monobody or an
affibody delivered into cells by PA, we
show that PA can deliver bioactive anti-
body mimics to disrupt intracellular pro-
tein–protein interactions.
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