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ABSTRACT: In this study, we demonstrate that appendage of a single
asparagusic acid residue (AspA tag) is sufficient to ensure efficient
cellular uptake and intracellular distribution of fully unprotected
peptides. We apply this new delivery method to induce apoptotic
response in cancer cells using long (up to 20mer) BH3 domain
peptides. Moreover, to understand the molecular mechanism of the
cellular uptake, we perform chemical proteomics experiments and
identify the direct molecular targets of the asparagusic acid tag. Our
findings document covalent bond formation between the asparagusic
acid moiety and the cysteines 556 and 558 on the surface of the
transferrin receptor resulting in subsequent endocytic uptake of the
payload. We believe that the small size, low cellular toxicity and the
efficient transferrin receptor-mediated uptake render the AspA tag
highly attractive for various life science applications.

■ INTRODUCTION

Efficient cellular delivery remains one of the key factors to
impede the development of new pharmaceuticals.1 Large and
polar molecules such as peptides, proteins, oligonucleotides and
nanoparticles are usually unable to cross passively the cell
membrane. Through the combined efforts of chemists,
biologists, material scientists and others, various drug delivery
systems have been developed to overcome this drawback.
Currently, the most widely used strategies include liposomes,2

protein cages and viral vectors,3 PEGylation,4 cationic
polymers,5 hydrocarbon-stapled α-helices6 and cell-penetrating
peptides (CPPs).7 Particularly, the CPPs have caused much
excitement in the community since their introduction more
than 20 years ago,8 but the cell-penetrating peptides can be
cytotoxic and are often trapped in the endosomal pathway thus
failing to deliver the attached cargo to the desired intracellular
compartment.
Thiol-mediated uptake is a conceptually novel and highly

promising approach that makes use of dynamic covalent
interactions with cell surface thiols to deliver hydrophilic cargos
inside the cells.9 For example, thiol-mediated uptake is believed
to be largely responsible for the excellent performance of the
so-called cell-penetrating poly(disulfide)s (CPDs).9,10 More-
over, we have recently shown that even appendage of small
strained cyclic disulfides suffices to transport the fluorescent
dye carboxyfluorescein across the plasma membrane, and that
uptake efficiency increases with disulfide ring tension,
culminating with a CSSC dihedral angle of 27° in asparagusic
acid.11

Despite the proven success of the concept of thiol-mediated
uptake, the exact molecular mechanism of this intriguing
process remains elusive. It is largely believed that the disulfides
undergo dynamic covalent disulfide exchange with the
exofacially exposed cysteine residues,12 but the exact mem-
brane-associated interaction partners have not been identified
to date.
Herein, we demonstrate that attachment of a single

asparagusic acid (AspA) residue to up to 20mer long peptides
dramatically improves their transport across the cellular
membrane (Figure 1). We make use of this finding to deliver
proapoptotic peptides Bim BH3 and Bak BH3 inside multiple
cancer cell lines and characterize the induced apoptotic
response. Furthermore, we apply chemical proteomics strategy
to identify the direct molecular targets of asparagusic acid-
functionalized probes. Using complementary genetic, biochem-
ical and cell biological techniques, we demonstrate that
asparagusic acid covalently binds to transferrin receptor and
is transported across the cellular membrane.

■ RESULTS AND DISCUSSION
Uptake of an AspA-Tagged Heptapeptide. We began

our studies with the preparation of the bifunctional model
heptapeptide 1. The N-terminus of the peptide was equipped
with the tetramethylrhodamine (TMR) dye to enable
monitoring the cellular uptake by fluorescence microscopy,
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whereas the ε-NH2 group of the C-terminal lysine of the fully
assembled and deprotected heptapeptide was reacted with
asparagusic acid NHS ester. Details of the preparation and
analytical data for peptide 1 and other probes mentioned below
can be found in the Supporting Information. The cellular
uptake was initially examined on HeLa Kyoto cells using an
SDS-PAGE-based fluorescence assay (Figure 2A). Briefly, the
cells were treated with H2O, the bifunctional peptide 1 or the
untagged control peptide 2 (both 1 μM) for 2 h. The cells were
extensively washed, trypsinized to remove the cell membrane
bound peptides and lysed. The proteomes were minimally
separated by SDS-PAGE and the TMR fluorescence was
detected by in-gel fluorescence scanning. Remarkably, the
fluorescence was detected exclusively in the proteome
originating from the cells treated with peptide 1.
To understand the uptake dynamics and the intracellular

distribution of our model heptapeptide, we treated HeLa Kyoto
cells with peptide 1 or 2 (both 3 μM) for various amounts of
time, extensively washed and fixed the cells and investigated the
uptake using confocal fluorescence microscopy (Figure 2B).
Again, no uptake was detectable with control peptide 2 even
after 2 h of incubation. In contrast, clear time-dependent
increase in fluorescence was observed in cells treated with the
AspA-tagged peptide 1. The images taken in cells after 20 and

60 min treatment evidenced dotty, condensed localization of
the peptide. Intriguingly, an entirely different pattern was
observed in cells after 2 h of incubation, where the fluorescence
was evenly and homogeneously distributed. To ascertain that
the fluorescent peptide is indeed localized inside the cells and is
not, for instance, unspecifically bound to the cellular
membrane, z-stacks were taken at 0.5 μm z-intervals. The z-
stack images confirmed that peptide 1 was indeed uptaken and
homogeneously distributed inside the HeLa Kyoto cells.

Uptake of AspA-Tagged Proapoptotic Peptides.
Having demonstrated the uptake efficiency on the model
heptapeptide, the stage was now set for much longer and
bioactive peptides. The α-helical BH3 domain peptides from
multidomain (such as Bax or Bak) or BH3-only (such as Bim,
Bid or Bad) proapoptotic proteins are considered new and
highly promising anticancer biologicals.13 It was previously
shown that Bak BH3 peptides fused with the cell-penetrating
16mer Antennapedia peptide is taken up and induces apoptosis
in HeLa cells.14 Moreover, in seminal work by Verdine and
Walensky,15 de novo designed and synthesized hydrocarbon-
stapled BH3 mimetic peptides were successfully used to
penetrate and kill cancer cells in situ and in vivo. Thus, we
were wondering whether the same task could be accomplished
by simply appending the AspA tag to the otherwise

Figure 1. Schematic representation of thiol-mediated uptake of an AspA-modified peptide. Solvent-exposed cysteines on the surface of the
transferrin receptor react with the strained disulfide ring (CSSC dihedral angle of 27°) of the asparagusic acid tag and the covalently bound cargo is
taken up by the cell.

Figure 2. Cellular uptake studies with the AspA-tagged bifunctional heptapeptide 1. (A) Fluorescent SDS-PAGE gel image showing the cellular
uptake of peptides 1 and 2. (B) Confocal images of HeLa Kyoto cells treated with the AspA-tagged heptapeptide 1 or the untagged control
heptapeptide 2 for various amounts of time (n = 3; white bar indicates 30 μm). Corresponding images with DAPI-stained nuclei are shown in Figure
S1. Also shown is YZ orthogonal view of z-stack images of cells treated with peptide 1 for 120 min.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b09643
J. Am. Chem. Soc. 2017, 139, 231−238

232

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09643/suppl_file/ja6b09643_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09643/suppl_file/ja6b09643_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09643/suppl_file/ja6b09643_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b09643


unfunctionalized and unprotected BH3 peptides. If successful,
such conjugates would be clearly advantageous in terms of
preparative simplicity and the small tag size (133 Da).
We synthesized the AspA-Bak BH3 conjugate 3 by simply

reacting the N-terminus of the unprotected 16mer Bak BH3
peptide with asparagusic acid NHS ester. In addition, we
prepared the control TMR-Bak BH3 peptide 4 and the
bifunctional AspA- and TMR-functionalized Bak BH3 con-
jugate 5 for gel-based internalization experiments by adding a
TMR-modified C-terminal lysine residue. Furthermore, we also
prepared the AspA-tagged 20mer Bim BH3 conjugate 6. We
first tested the internalization of the conjugate 5 by SDS-PAGE
as described above (Figure S2). Although some uptake was also

detectable with the TMR-Bak BH3 peptide 4, >10 times
stronger fluorescence signal was observed in lysates from cells
treated with the conjugate 5 (both 1 μM). Next, we tested the
cytotoxicity of conjugates 3 and 6 in four different cancer cell
lines (Figures 3A, S3). As unveiled by brightfield microscopy,
peptides 3 and 6 were clearly toxic in all four cell lines, whereas
the cells were visibly not affected by the treatment with
untagged Bak and Bim BH3 peptides. Moreover, free
asparagusic acid (Figure 3A) and peptide 1 (Figure S4) also
proved not toxic to cells, thus indicating that the toxicity of 3
and 6 was not caused by the AspA tag itself. However, although
these experiments were performed at rather high probe
concentration, it should be mentioned that both AspA-tagged

Figure 3. Treatment of cancer cell lines with proapoptotic BH3 peptides. (A) Brightfield images of HeLa Kyoto cells treated with untagged vs AspA-
tagged BH3 peptides (n = 3). Peptide 3 = AspA-GQVGRQLAIIGDDINR-OH (AspA-Bak BH3); peptide 6 = AspA-MRPEIWIAQELRRIGDEFNA-
OH (AspA-Bim BH3). Asparagusic acid (AspA-OH) and staurosporine (STS) were used as controls. (B) Viability curves of MCF7 and Caco-2 cells
treated with various concentrations of BH3 peptides or asparagusic acid (shown are relative values ± SD; n = 3). Results from treatments of
additional cell lines are presented in Figures S3, S5. (C) Detection of apoptosis in HeLa Kyoto cells using annexin V staining. Confocal microscopy
images are shown (n = 3; white bar indicates 30 μm). Corresponding images with DAPI-stained nuclei are presented in Figure S6. (D) Changes in
cellular levels of five selected proteins following 24 h treatment of HeLa Kyoto cells with AspA-Bak BH3 3 vs untagged Bak BH3 (shown are LFQ
ratios ± SD; n = 3).
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BH3 peptides exhibited strong cellular toxicity at much lower
concentrations in some of the cell lines. For example, we
measured low micromolar EC50 values for AspA-Bak BH3 in
invasive breast carcinoma (MCF7) and epithelial colorectal
adenocarcinoma (Caco-2) cells (Figure 3B).
Although the cell viability experiments clearly documented

the cytotoxic efficacy of AspA-tagged BH3 peptides, they did
not provide any prove for the anticipated proapoptotic
mechanism of action. The endogenous Bak protein is known
to be specifically expressed on the outer membrane of
mitochondria and triggered Bak oligomerization causes
mitochondrial membrane permeabilization and release of
other proapoptogenic factors.13,16 We performed a series of
additional experiments to unambiguously demonstrate that our
probes indeed kill the cancer cells by causing the expected
mitochondrial apoptotic response. We used annexin V staining
to detect cells that have externalized phosphatidylserine on the
cell surface, an event typically taking place during apoptosis.17

As shown in Figure 3C, strong annexin V staining was observed
on HeLa Kyoto cells treated with the probes 3 and 6 for 24 h,
but not on cells treated with the untagged BH3 peptides or free
asparagusic acid. By Western blotting, we observed increase in
H2AX phosphorylation (γH2AX) in AspA-Bak BH3-treated
cells, but not in cells treated with the untagged peptide or free
asparagusic acid (Figure S7). γH2AX is a marker for DNA
double-strand breaks, a process commonly observed during
apoptosis.18 Finally, we also performed global proteomics

analysis in HeLa Kyoto cells to observe proteome-wide changes
in protein levels caused by treatment with AspA-Bak BH3 3
(Figures 3D, S8 and Table S1). In particular, we observed a
drastic decrease in levels of mitochondrial NADH-ubiquinone
oxidoreductase (NDUFS1), a classical sign for the mitochon-
drial pathway of apoptosis.19 Moreover, several markers of the
unfolded protein response (UPR) such as protein disulfide
isomerases (PDIA3, PDIA4) and heat shock proteins (HSPA5,
HSP90B1) were increased.20 UPR is a cellular stress response
that activates apoptosis and was previously shown to be directly
modulated by endogenous Bak.21 Collectively, these results
confirm that AspA-tagged BH3 peptides act via inducing the
classical mitochondrial pathway of apoptosis.

Target Identification. Having demonstrated the efficiency
of the AspA tag for cellular uptake of long peptides, we sought
to investigate the exact cellular mechanism responsible for the
uptake of AspA-tagged peptides. Assuming that asparagusic acid
must have undergone dynamic covalent disulfide exchange with
solvent-exposed cysteine residues on membrane-localized
proteins, we decided to try to address this question using
classical chemical proteomics strategy.
For this purpose, we prepared the lysine-derived and FITC-

and alkyne-tagged probe Boc-PA 7 along with its AspA-tagged
derivative AA-PA 8 (Figure 4A). As expected, probe 8 was
readily taken up by HeLa Kyoto cells, whereas no significant
uptake was detected with the tagless derivative 7. These results
were also accurately reproducible in two additional cell lines,

Figure 4. Gel-based profiling of proteomic targets of the AspA tag. (A) Chemical structure of lysine-derived probes Boc-PA 7 and AA-PA 8. (B)
Profiling of targets of 7 and 8 in HeLa Kyoto cell lysates. The lysates were incubated with 100 μM probe for 1 h, followed by CuAAC with TMR
azide, SDS-PAGE and in-gel fluorescence scanning. (C) Competitive treatment with 100-fold excess of cysteine-reactive alkynyl benziodoxolone
probe JW-RF-001 to confirm that 8 modifies proteomic cysteines. (D) Treatment of live HeLa Kyoto cells with 10 μM 7 or 8.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b09643
J. Am. Chem. Soc. 2017, 139, 231−238

234

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09643/suppl_file/ja6b09643_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09643/suppl_file/ja6b09643_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b09643


MCF7 and Caco-2 (Figure S9). Although all live cell treatments
were performed in serum-free medium, we confirmed that 8 is
also efficiently, albeit more slowly, taken up by HeLa Kyoto
cells in medium containing up to 10% serum (Figures S10,
S11). To examine whether the probe 8 is indeed capable of
forming covalent bonds with proteins, HeLa Kyoto cellular
lysates were treated with 100 μM 7 or 8 for 1 h. Probe-treated
proteomes were then reacted with tetramethylrhodamine
(TMR) azide through CuAAC, separated by nonreducing
SDS-PAGE and visualized by in-gel fluorescence scanning. The
gel scan documented strong fluorescence labeling of the
proteome with the AspA-tagged probe 8 but not with the
control compound 7 (Figures 4B, S12). In contrast, almost no
labeling was observed when reducing loading buffer for SDS-
PAGE was used (Figure S13). Pretreatment with 100-fold
excess of the cysteine-reactive alkynyl benziodoxolone reagent
JW-RF-00122 completely abolished proteome labeling by 8,
indicating that the AspA tag indeed chemospecifically reacts
with proteomic cysteines but not with other nucleophilic amino
acids (Figures 4C, S12). Finally, we confirmed that probe 8 but
not probe 7 is capable of covalently engaging cysteines directly
on live cells and at much lower concentration (Figures 4D,
S12).
We next treated live cells originating from all three cell lines,

HeLa Kyoto, MCF7 and Caco-2, with 10 μM 8, but this time
the probe-labeled proteomes were derivatized with biotin azide,
enriched over streptavidin beads, digested and analyzed by LC-
MS/MS. The identified in situ proteomic targets of probe 8
were filtered using three selection parameters; (i) label-free
quantification23 (LFQ) intensity >5-fold than in DMSO-treated
control sample, (ii) GO term annotated plasma membrane
localization, and (iii) identified in proteomes from all three
tested cell lines. This rigorous selection resulted in a short list
of only five proteins with the transferrin receptor protein 1
(TFRC) as perhaps the most prominent hit (Figure 5, Table
S2). TFRC is a highly abundant24 transmembrane glycoprotein
responsible for the import of transferrin-bound iron into cells
by clathrin-mediated endocytosis. This highly efficient cellular
uptake has extensively been exploited for drug delivery
purposes.25 Hence, we decided to investigate the AspA tag-
TFRC interaction further.
Investigation of the TFRC-Mediated Uptake. Because

TFRC-mediated uptake is a classic example of clathrin-
mediated endocytosis, we first examined by fluorescence
microscopy in HeLa Kyoto cells whether AA-PA 8 is indeed
uptaken via endocytosis. Confocal images of HeLa Kyoto cells
treated with 8 and Cascade Blue Dextran, an endosome-specific
fluorescent probe, attributed high degree of colocalization
(Figure S14). To understand the contribution of TFRC in the
endocytic uptake of 8, the transferrin receptor was knocked
down using specific small interfering RNA (siRNA). Indeed,
the TFRC knockdown led to a >75% diminished uptake
compared to mock cells (Figure 6A). Consistently, transient
overexpression of TFRC-mCherry in HeLa Kyoto cells resulted
in ∼45% increase in fluorescent puncta, presumably endosomes
filled with 8 (Figures 6A, 6B, S15, S16). Moreover, over-
expression of TFRC in HeLa Kyoto cells also led to ∼30%
improved cellular toxicity of AspA-Bak BH3 3 (Figure 6C).
Importantly, we confirmed by fluorescence microscopy and
siRNA knockdown that the TFRC-mediated uptake of AA-PA
8 is not limited to cervical cancer HeLa Kyoto cells but also
takes place in epidermoid carcinoma A431 cells, breast
carcinoma MCF7 cells, colorectal adenocarcinoma Caco-2

cells, glioblastoma U-87 MG cells, and prostate adenocarcino-
ma PC-3 cells (Figure S17).

Figure 5. Layout and the results of the chemical enrichment
experiment coupled with protein identification by LC-MS/MS. Live
HeLa Kyoto, MCF7 and Caco-2 cells were treated with 10 μM 8,
lysed, derivatized by CuAAC with biotin azide, enriched over
streptavidin beads, digested and analyzed by LC-MS/MS (shown are
average LFQ values; n = 4).

Figure 6. Investigating the role of TFRC in uptake of AspA-tagged
probes. (A) Detection of the cellular uptake of AA-PA 8 upon
knockdown or overexpression of TFRC. HeLa Kyoto cells were
treated with 3 μM 8 for 1 h. Confocal microscopy images are shown (n
= 3; white bar indicates 30 μm). (B) Quantification of AA-PA uptake
upon knockdown (left) and overexpression (right) of TFRC (shown
are average values ± SEM, n = 3). (C) EC50 values measured in mock
and TFRC-overexpressing cells after treatment with AspA-Bak BH3 3
(shown are average values ± SD, n = 3). **P < 0.005 by two-sided
Student’s t-test. (D) Gel-based detection of TFRC labeling by 100 μM
AA-PA 8. TFRC-V5 was overexpressed in Hela Kyoto cells. The
labeling was performed on lysates prepared from mock or TFRC-V5
overexpressing cells and with or without pretreatment with transferrin
(TF). Red asterisks mark the TFRC band.
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Finally, we sought to determine the exact AspA binding site
on the transferrin receptor. TFRC is a dimer held together by
two disulfide bonds and each monomer can bind one iron-
transferrin complex. Our proteomics results suggested direct
binding of AA-PA 8 to TFRC. To confirm this finding, we
overexpressed TFRC in HeLa Kyoto cells, lysed the cells and
treated the lysate with 8 followed by CuAAC with TMR azide,
SDS-PAGE and in-gel fluorescence scanning (Figure 6D). The
gel image showed direct labeling of the overexpressed TFRC by
8. Interestingly, pretreatment with a large excess of transferrin,
the natural TFRC ligand, did not compete the labeling of the
receptor, suggesting that AA-PA binds to a cysteine residue
presumably localized outside of the transferrin-binding site of
the receptor. Each TFRC monomer contains four solvent
exposed cysteine residues: C89, C98, C556, and C558. C89 and
C98 are engaged in the intermolecular disulfide bridges
between both monomers and are therefore essential for the
functionality of the dimeric receptor.26 C556 and C558 are
located within a β-sheet region and form disulfide in the
dimeric, transferrin-bound TFRC27 but appear to be present as
free thiols in the monomeric form of the receptor (Figures 7A

and S18).28 This can be explained by the fact that binding of
iron-transferrin complex to TFRC is known to induce global
conformational changes in its extracellular domain.27 Thus,
C556 and C558 could potentially serve as reaction partners for
asparagusic acid. Unfortunately, expressed single mutants
C556S and C558S were still able to bind AA-PA 8 by gel
and also the uptake of 8 in cells expressing the single mutants
was not significantly reduced compared to the overexpressed
WT TFRC (Figures 7B,C and S19). Therefore, we also created
and overexpressed the TFRC double mutant C556S/C558S.
We first confirmed that the C556S/C558S mutant is still a fully

functional TFRC receptor through inspection of the intra-
cellular localization and also by using a fluorescent transferrin
uptake assay (Figure S20). At this time, however, AA-PA failed
to bind to the expressed mutant TFRC in our gel-based
experiment (Figure 7D). Hence, also the cells expressing the
double mutant showed greatly diminished uptake compared to
cells with overexpressed WT TFRC and the level of uptake was
similar to the mock cells (Figures 7B,C, S21).
In summary, our results demonstrate that the AspA-tagged

probes are taken up by cells mainly via the transferrin receptor-
mediated endocytosis and that C556 and C558 on the surface
of TFRC likely serve as binding sites for the AspA tag.

■ CONCLUSIONS
We have herein demonstrated that appendage of a single
asparagusic acid residue is sufficient to ensure efficient cellular
uptake and intracellular distribution of fully unprotected
peptides. We utilized this new delivery method to induce
apoptotic response in cancer cells using long (up to 20mer)
BH3 domain peptides. Furthermore, we conducted chemical
enrichment experiments combined with mass spectrometry
detection to identify the direct molecular targets of the
asparagusic acid tag. Finally, we performed a series of biological
experiments that revealed direct covalent bond formation
between the AspA tag and cysteines 556 and 558 on the surface
of the transferrin receptor resulting in efficient cellular uptake
of the AspA-modified probes in six different cell lines.
Several general attributes render the AspA tag attractive for

various life science applications. First, asparagusic acid is not
toxic to cells even at higher concentrations. Second, the AspA
tag is small and is thus less likely to alter the biological
properties of the modified peptides. Preparation of AspA-
tagged peptides is very simple and does not require advanced
synthetic organic skills. Finally, the AspA tag is orthogonal to
and thus can be combined with other popular peptide
modifications such as CPPs and hydrocarbon staples to achieve
even more efficient cellular uptake.
Classical transferrin receptor-mediated drug delivery requires

payload conjugation to transferrin to form a large macro-
molecular complex that is then being bound and internalized by
the receptor. The AspA tag renders the preparation of cargo-
transferrin conjugates unnecessary by directly binding to the
transferrin receptor in situ. Once the plasma membrane is
passed, the payload is conveniently detached from the receptor
through reduction of the disulfide bridge presumably by the
lysosomal thiol reductase. AspA-tagged peptides are able to
reach different intracellular compartments, although the exact
mechanism of the endosomal escape remains to be clarified.
Given the ubiquitous expression of the transferrin receptor in
all mammalian tissues, including the blood−brain barrier, it is
also tempting to speculate about the effectivity of using AspA
conjugates directly in vivo. Because the transferrin receptor is
known to be highly overexpressed in multiple cancer forms29

(Figure S22), AspA conjugates may find clinical application as
anticancer therapeutics. This scenario is currently being
investigated in our laboratories.
Another important question that needs clarification is

whether the TFRC-mediated uptake mechanism is also utilized
by the so-called cell-penetrating poly(disulfide)s (CPDs).
Preliminary results indicate mixed uptake mechanism presum-
ably combining thiol-mediated uptake with CPP-like direct
translocation, either across the plasma membrane or for
endosomal escape. These results will be reported in due course.

Figure 7. Determination of the exact site of binding of AA-PA 8 on
TFRC. (A) Protein structure of H. sapiens TFRC (PDB: 3KAS) with
C556 and C558 displayed in red. The image was created using
PyMOL (V1.7.2.1). (B) Detection of the cellular uptake of AA-PA 8
upon overexpression of WT, single (C556S, C558S) or double
(C556S/C558S) mutant TFRC. HeLa Kyoto cells were treated with 3
μM 8 for 1 h. Confocal microscopy images are shown (n = 3; white bar
indicates 30 μm). (C) Quantification of AA-PA uptake upon
overexpression of WT and mutant TFRC variants (shown are average
values ± SEM, n = 3). (D) Gel-based detection of labeling of WT and
double mutant (C556S/C558S) TFRC by 100 μM AA-PA 8. Red
asterisks mark the TFRC band.
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