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ABSTRACT: Targeted degradation of proteins, especially those
regarded as undruggable or difficult to drug, attracts wide attention
to develop novel therapeutic strategies. Glutathione peroxidase 4
(GPX4), the key enzyme regulating ferroptosis, is currently a target
with just covalent inhibitors. Here, we developed a targeted
photolysis approach and achieved efficient degradation of GPX4.
The photodegradation-targeting chimeras (PDTACs) were
synthesized by conjugating a clinically approved photosensitizer
(verteporfin) to noninhibitory GPX4-targeting peptides. These
chimeras selectively degraded the target protein in both cell lysates
and living cells upon red-light irradiation. The targeted photolysis
of GPX4 resulted in dominant ferroptotic cell death in malignant
cancer cells. Moreover, the dying cells resulting from the PDTACs
exhibited potent immunogenicity in vitro and efficiently elicited antitumor immunity in vivo. Our approach therefore provides a
novel method to induce GPX4 dysfunction based on noncovalent binding and specifically trigger immunogenic ferroptosis, which
may boost the application of ferroptosis in cancer immunotherapy.

■ INTRODUCTION
Ferroptosis, a regulated cell death driven by the accumulation
of lethal lipid peroxidation, has exhibited its potential
physiological roles in T-cell cancer immunotherapy and
pathophysiological relevance as a therapeutic option in cancer
treatment.1−5 Glutathione peroxidase 4 (GPX4) plays a critical
role in ferroptotic cell death,6 and some therapy-resistant
cancer cells have been found to become vulnerable to GPX4
inhibition.2,3 In particular, inhibiting GPX4 by RSL3 can result
in immunogenic cell death (ICD) and induce efficient
antitumor immunity, as demonstrated recently in an in vivo
tumor vaccination model.7 However, targeting GPX4 with
small-molecule inhibitors for cancer treatment remains
challenging. The molecular surface of GPX4 lacks a drug-like
binding pocket.8 Canonic inhibitors (e.g., RSL3 and ML210)
all act by covalently binding to the active site of GPX4,6,9,10

which may suffer from low selectivity and undesired systemic
toxicity for in vivo application.10−12 Therefore, direct
dysfunction of GPX4 through noncovalent binding is highly
required for therapeutic considerations.
Motivated by the targeted photolysis methods of chromo-

phore-assisted laser inactivation (CALI)13,14 and its var-
iants,15−19 we aimed to develop photodegradation-targeting
chimeras (PDTAC) to selectively degrade GPX4 (Figure 1).
These chimeras consist of three functional modules, a targeting
ligand to bind the protein of interest (POI), a photosensitizer

(PS) to generate reactive oxygen species (ROS) under light
irradiation, and a linker to conjugate the previous two parts. As
in photodynamic therapy (PDT), the ROS, particularly singlet
oxygen (1O2), generated from PS react promiscuously with
biomolecules, including proteins.22 The highly reactive 1O2
exhibits a short lifetime and diffusion distance, which restricts
its effective range to tens of nm from where it is generated.20

To utilize this localized reactivity, a targeting ligand that binds
to the POI can then direct most of the photoinduced 1O2 to
act on the target protein. With the high reactivity of 1O2 to
oxidize amino acids or to break the backbones, the POI could
be inactivated or even degraded.21,22 In principle, the three
modules of PDTAC can be assembled to generate versatile
molecules to degrade desired proteins. The coupling of protein
degradation to light activation endows PDTAC with high
spatiotemporal control, which would be highly beneficial for
drug development.

In terms of therapeutic effects in cancer treatment, PDT
with nontargeting PSs usually results in complicated cell death
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modalities.23,24 This has usually hindered the control and
mechanistic understanding of PDT-triggered immunogenic
activation.25 In particular, verteporfin (VPF), a clinically
approved PS by the FDA, has seldom been reported to have
immunogenic activity despite its wide use as a PS in anticancer
PDT studies.26 Here, we designed two PDTACs by
conjugating VPF with GPX4-targeting ligands that exhibit
neither inhibitory nor degrading activity. These PDTACs can
selectively degrade GPX4 and dominantly induce ferroptotic
cell death with potent immunogenicity.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Targeting Chime-

ras. We designed two new PDTAC molecules, consisting of
VPF and a peptide targeting GPX4 (PV-1 and PV-2 in Figure
1). VPF, a clinically approved PS,23 was chosen because of its
strong ability to generate singlet oxygen upon red-light
i r radiat ion. The two target ing pept ides (TP-1 :
CRVDLQGWRRCRR and TP-2: CRAWYQNYCALRR),
obtained using phage display technology, were previously
reported to exhibit modest binding affinity toward GPX4 (KD
∼ 1 μM) without inhibitory activity.27 We attached VPF to the
N-terminus of the peptides in consideration of its synthetic
accessibility. Based on the reported crystal structure of peptide-
GPX4 complexes,27 a hydrophilic polyethylene glycol (PEG)
linker was chosen to mitigate the potential disturbance of VPF
on peptide-GPX4 binding. A short linker of two PEG groups
was designed to minimize the nontargeting effects of
photoinduced ROS by keeping VPF close to GPX4. Synthesis
of these chimeras was achieved using Fmoc-based solid-phase
peptide synthesis (SPPS) (Figure S1). In PBS/ACN (1:1)
solution, the absorption spectra and fluorescence spectra of the
chimeras were similar to those of VPF alone (Figure S2b,d).
Notably, the chimeras generate a large amount of 1O2 upon
light irradiation, which is comparable to VPF alone (Figure
2a). In PBS, the chimeras self-assembled into nanoparticles
due to their amphipathic structure after the attachment of
aromatic VPFs. Sizes of 20−30 nm were identified by
transmission electron microscopy (TEM) (Figure S3a,b).
However, these chimeras were not expected to be tightly
packed because dynamic light scattering (DLS) showed a
larger size distribution in PBS (hundreds of nm) (Figure S3c).
Accordingly, the fluorescence intensity and the ability to
generate ROS of the chimeras in PBS were slightly lower than
those of VPF (Figure S2c,f). A zeta potential of +25 to +32 mV

was also found in the two chimeras due to the presence of
multiple positive residues in the peptides (Figure S3d). The
PV-2 nanoparticles were relatively stable under acidic pH or
light irradiation (Figure S2g,h). More importantly, they
exhibited enhanced pharmacokinetic (PK) properties in mice
compared with its parent peptide TP-2 (Figure S2i).

We first checked whether these chimeras could penetrate
cancer cells. The chimeras were incubated in A549 cells, a
model for nonsmall cell lung cancer of medium sensitivity to
ferroptosis. Culture media without fetal bovine serum (FBS)
was used to enhance their cellular uptake. Confocal imaging
based on the fluorescence of the VPF moiety showed that the
two chimeras were readily taken up by A549 cells (Figure 2b).
Interestingly, the uptake rate of the chimeras was comparable
to that of VPF alone, as shown by flow cytometry, and 4 h of
incubation afforded a significant portion of internalized
chimeras (Figure S4a). The high cellular uptake of these
chimeras is not surprising. The aggregation into nanoparticles
and the presence of multiple positive amino residues (arginine)
are expected to facilitate their binding to the negative cancer
cell membranes and subsequent cellular internalization. This
hypothesis is supported by the observation that PV-2 overlaps
significantly with lysosomes, while VPF does not (Figure
S4b,d). In contrast, the targeting ligand also drives PV-2 away
from mitochondria, on which a large portion of VPF is
enriched (Figure S4c,d). Moreover, clathrin-mediated endocy-
tosis was fundamentally involved in the cellular internalization
of PV-1 and PV-2, which was significantly decreased by
chlorpromazine (CPZ) (Figure S4a).

To examine the binding affinity of these chimeras toward
GPX4, a recombinant GPX4 (Sec46Cys) mutant (hGPX4-C,
Protein Data Bank entry 2OBI, abbreviated GPX4mu) was
expressed and purified.8,28 GPX4mu is appropriate for our
studies because the targeting peptides bind to GPX4 in an area
far from the mutated site (Sec46).27 A thermal shift assay
based on nano-differential scanning fluorimetry (nanoDSF) of
intrinsic tryptophan fluorescence showed a shift of Tm from 57
°C to approximately 61 °C after incubating GPX4mu with the
chimeras or targeting peptides (Figure S5). This significant
shift suggests that the chimeras could bind to GPX4mu. We
measured the affinity constant KD using BLI. While VPF alone
did not bind to GPX4mu, both chimeras exhibited nearly
unaffected KD compared to their parental targeting peptides
(Figures 2c,d and S6). These results demonstrate two
important points of our chimeras. First, the attachment of

Figure 1. Schematic structure of the two PDTAC molecules and a schematic description of the principle to photodegrade GPX4 and to trigger
ferroptosis. A targeting ligand (not necessarily as an inhibitor) drives the chimera to bind with the POI. ROS (usually singlet oxygen) are generated
from the PS upon light irradiation and diffuse to degrade GPX4 in proximity, which subsequently results in lipid peroxidation and ferroptosis.
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VPF did not affect peptide−GPX4mu binding. Second, the
loose chimera nanoparticles could easily disassemble and
subsequently bind to GPX4mu. According to a previous report,
an intramolecular disulfide bond is formed in the GPX4mu
complex with both targeting peptides.27 To check whether this
disulfide bond affects the binding affinity, we refolded the
corresponding peptides and chimeras after forming intra-
molecular disulfide bonds by oxidation (Figure S1). No
difference in affinity constants was identified in the BLI
measurements (Figure S6). Therefore, the intramolecular
disulfide bond is either dispensable or could be easily formed
during the binding to GPX4.

Furthermore, we evaluated the targeted binding of chimera
PV-2 to GPX4 in living cells. A CTSA showed that PV-2
indeed increased the thermal stability of GPX4 (Figure 2e),
consistent with the nanoDSF-based thermal shift assay with
GPX4mu (Figure S5). The dose-dependent experiments
showed an effective concentration at the μM scale (Figure
2e), which is comparable to its KD obtained from BLI (Figure
2d). Additionally, we labeled GPX4 in A549 cells by
immunofluorescence, and an obvious overlap between PV-2
and GPX4 was identified by confocal microscopy (Figure S4e).
In summary, these findings demonstrate that PV-2 can not
only efficiently penetrate the cell membranes but also survive

Figure 2. Characterization of the PDTAC molecules. (a) Ability of chimeras to generate singlet oxygen upon light irradiation measured by electron
paramagnetic resonance (EPR) in PBS/ACN (1:1) solution (20 μM). 4-Hydroxy-2,2,6,6-tetramethylpiperidine (4-OH-TEMP, 200 mM) was used
as the spin trap. (b) Confocal imaging of the chimeras taken up by A549 cells after 15 h of incubation. DiO was used to stain the membrane. (c,d)
Measurement of the binding affinity of TP-2 (c) and PV-2 (d) toward GPX4mu based on biolayer interferometry (BLI). (e) Cellular thermal shift
assay (CTSA) of PV-2 (5 μM) with GPX4 in A549 cells. (f) Coomassie blue staining of GPX4mu in photolysis. The concentrations of PV-1, PV-2,
and VPF were 10 μM. The sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) analysis of lanes 1−9 was then performed
using 15% gel in SDS buffer at 200 V for 30 min. The irradiation in (a) and (f) was performed with a 300 W Xenon arc lamp (600 nm bandpass
filter, 1.5 mW/cm2) for the designated duration.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c00855
J. Med. Chem. XXXX, XXX, XXX−XXX

C



the cellular environment to retain its binding affinity toward
GPX4 thereafter.
To test whether these chimeras could photodegrade

GPX4mu, we used a Bradford protein assay based on
Coomassie blue to monitor the photolysis process. Both
chimeras nearly eliminated the GPX4mu band in SDS−PAGE
analysis after 15 min of irradiation (Figure 2f), while VPF
alone exhibited only a medium effect on GPX4mu. These
results principally prove our designed idea that the targeting
peptides direct photoinduced ROS to efficiently degrade POI.
Selective Photolysis of GPX4 in Cellular Lysate.

Because PDTAC can directly degrade proteins through
photoinduced ROS, cellular pathways (e.g., the proteasomal
and lysosomal systems) should be dispensable. We therefore
examined whether photoirradiation of these chimeras could
degrade GPX4 in cellular lysates. After mixing the chimeras
with A549 lysate for approximately 60 min using a
reciprocating shaker, the lysate mixture was irradiated by a
xenon lamp. The proteins were then collected and analyzed by
western blot (WB) immediately after irradiation to minimize
any involvement of cellular pathways. Both chimeras could
significantly degrade GPX4 when exposed to light for 5 min
and exhibited an obvious concentration dependence (Figure
3acf). Furthermore, the degradation of GPX4 was also
dependent on the irradiation duration when the chimera
concentration was fixed (Figure 3b,d). The GPX4 level was not
affected at all without light irradiation, indicating that
degradation occurs as a consequence of photoinduced ROS.
Interestingly, such degradation is highly selective, while the
abundance of glutathione peroxidase 1 (GPX1), another
member of the GPX family, remained unaffected (Figure
3e). Additionally, other proteins, for example, acyl-CoA
synthetase long-chain family member 4 (ACSL4, an important
regulator of ferroptosis29) and acetyl-CoA acetyltransferase 1

(ACAT1, regulating sterol metabolism), were also not affected
under the same treatment (Figure 3e).
Selective Photolysis of GPX4 in Living Cells. Since our

CTSA shows that PV-2 effectively engages with GPX4 in living
cells (Figure 2e), we then investigated whether these chimeras
retained their ability to photodegrade GPX4 in the complex
cellular environment. As expected, GPX4 was also degraded by
irradiation with either PV-1 or PV-2, depending on both the
irradiation duration and the chimera concentrations (Figure
4a−d). The similar observation that chimeras without light
irradiation did not affect the GPX4 level again confirmed the
key role of photoinduced ROS in this living cell protein
degradation. Examination of the abundance of other proteins,
including ACSL4, GPX1, and ACAT1, also demonstrated the
selectivity of photolysis by PV-1 and PV-2 (Figure 4e). In
contrast, the targeting peptides alone, either with or without
light irradiation, did not affect GPX4 abundance (Figure 4a−
d). This is consistent with a previous report that they only bind
to GPX4 without any inhibitory activity.27 Moreover, we used
Coomassie blue to stain the whole cellular proteins by SDS−
PAGE to examine the selectivity of photodegradation.
Interestingly, color fading in the band corresponding to
GPX4 was observed in the PV-2-treated cells, while other
bands were similar to those in the untreated cells (Figure 4f).

Because of its nontargeting nature, VPF alone is expected to
exert its degradation ability over various proteins. In the
cellular lysate, photolysis of GPX4 by VPF was not as
significant as that by PV-1 and PV-2, while other proteins,
including GPX1 and ACSL4, could also be degraded to some
extent by VPF (Figure S7a). In living cells, VPF also
promiscuously degraded several proteins, including GPX1,
GPX4, ACSL4, and ACAT1 (Figure S7b,c). Particularly, at
higher VPF concentrations (e.g., 5 μM) with 5 min irradiation,
all the proteins examined in our experiments were nearly

Figure 3. Selective degradation of GPX4 by PV-1 and PV-2 in cellular lysates. (a) Dependence of GPX4 degradation on PV-1 concentrations. (b)
Dependence of GPX4 degradation by PV-1 on irradiation duration. (c) Dependence of GPX4 degradation on PV-2 concentrations. (d)
Dependence of GPX4 degradation by PV-2 on irradiation duration. (e) PV-1 and PV-2 did not degrade proteins other than GPX4. (f) Dependence
of the relative GPX4 content (obtained as a ratio to β-actin from three independent WB experiments) on chimera concentrations. Proteins were
immunoblotted with their corresponding antibodies.
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depleted. These results demonstrate the nonselective nature of
photolysis by VPF. Furthermore, we synthesized another
chimera, PV-3 (Figure S1), which did not bind to GPX4mu
based on BLI measurements (Figure S8a). As expected, PV-3
could not selectively degrade GPX4 as PV-2 did in living cells
(Figure S8b). Therefore, the selectivity of PV-1 and PV-2 is
ascribed to the presence of targeting ligands, which direct
photoinduced ROS mainly to degrade GPX4.
Photolysis of GPX4 Dominantly Induces Ferroptosis.

PDT usually induces multiple cell death modalities in cancer
treatment24,25 because of the intrinsically nontargeting nature
of photoinduced ROS. Previous targeting PSs used in PDT
were designed to selectively increase their accumulation in
tumor cells,30 but cell death was still induced dominantly by
random damage from photoinduced ROS. In particular, we
recently found that the concentration of PS and light
luminance could tune the cell death modalities in PDT.31

As a key regulator of ferroptosis, GPX4 reduces
phospholipid hydroperoxides (PLOOHs) to the corresponding

alcohols (PLOHs),32,33 and its degradation triggers lipid
peroxidation. Using C11-BODIPY as a probe, elevated lipid
peroxidation was detected in PV-1-treated cells after light
irradiation (Figure S9a). We then evaluated cell death in A549
cells (Figure S9 and S10) and in cancer cells highly sensitive to
ferroptosis, for example, triple-negative breast cancers (MDA-
MB-231 and 4T1) and melanoma (murine B16) (Figure 5).
Liproxstatin-1 (Lip-1), a specific inhibitor of lipid peroxidation,
can effectively block ferroptotic cell death.11 Indeed, we
observed that Lip-1 not only decreased the lipid ROS level but
also rescued the cell death caused by PDT with both chimeras
(Figures 5b and S9). Two other ferroptosis inhibitors, the iron
chelator deferoxamine (DFO) and the ACSL4 inhibitor
rosiglitazone (ROSI), also significantly rescued the cell death
triggered by these chimeras (Figures 5c and S9 and S10). In
contrast, necrotic cell death is usually the main cell death
pathway under high PS concentrations. PDT with 4−5 μM
VPF resulted in quick disruption of the cell membrane, as
shown by trypan blue staining, while cells treated with the

Figure 4. Selective degradation of GPX4 by PV-1 and PV-2 in living A549 cells. (a) Dependence of GPX4 degradation by PV-1 on irradiation
duration. (b) Dependence of GPX4 degradation on PV-1 concentrations. (c) Dependence of GPX4 degradation by PV-2 on irradiation duration.
(d) Dependence of GPX4 degradation on PV-2 concentrations. (e) PV-1 or PV-2 did not degrade proteins other than GPX4. (f) Comparison of
whole proteins in SDS−PAGE analysis based on Coomassie blue staining after photolysis (concentration of PV-2 is 5 μM). The red arrow denotes
the position of GPX4, where a shallower band was observed in the PV-2-treated cells. (g,h) Dependence of relative GPX4 content (obtained as a
ratio to β-actin from three independent WB experiments) on the chimera concentrations and irradiation durations.
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Figure 5. PDT with PV-2 induces ferroptosis in multiple cancer cells. (a) Dose dependence of cell viability on PV-2 under PDT irradiation. The
IC50 values were 2.8, 3.7, and 3.8 μM for MDA-MB-231, 4T1, and B16 cells, respectively. (b) Ferroptosis inhibitor Lip-1 significantly rescued the
death caused by PDT with PV-2 but not by PDT with VPF (4 μM for 3 min × 2 irradiation). (c) Iron chelator DFO significantly rescued the cell
death caused by PDT with PV-2, but not by PDT with VPF (4 μM for 3 min × 2 irradiation). (d) Trypan blue staining showed disrupted plasma
membranes in MDA-MB-231 cells 30 min after PDT with VPF (4 μM for 2 min irradiation). (e) PV-2 degraded GPX4 in living B16 cells (5 μM
for 5 min irradiation). PDT was performed using a xenon lamp with a 600 nm bandpass filter (∼1.5 mW/cm2) for the designated duration. Data
were typically plotted as the mean ± s.d. (n = 3). The significant differences were calculated by Student’s t test (*p < 0.05, **p < 0.01, and ***p <
0.001).
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chimeras were still intact (Figures 5d and S11c). Neither Lip-1
nor DFO could rescue the cell death caused by VPF (Figure
5b,c). Similarly, the cell death caused by nontargeting PV-3
was distinct from that caused by PDTACs (Figure S8e).
We have previously identified a distinct cell death pathway

featuring elevated lipid peroxidation (termed liperoptosis) in
PDT with nontargeted PSs.31 In liperoptosis, lipid peroxidation
results from nonenzymatic oxidization of lipids, and the cell
death is independent of ACSL4 and cannot be rescued by
DFO. The dominant cell death triggered by the two chimeras
was therefore different from liperoptosis because it was
effectively rescued by both an ACSL4 inhibitor and DFO
(Figures 5c and S9c,d). Admittedly, multiple cell death
pathways may still be present, as none of the ferroptosis

inhibitors completely blocked the cell death by the chimeras.
Off-target effects of these chimeras are still present to some
extent, which is indicated by the increase in cellular ROS
assessed by DCFH (Figure S9e).
Photolysis of GPX4 Triggers Potent ICD. Ferroptosis,

especially that triggered by RSL3, has been found to be
immunogenic due to the release of damage-associated
molecular patterns (DAMPs).7,34 By selectively degrading
GPX4, our targeted photolysis strategy specifically drove them
to undergo ferroptosis, and we therefore expected it to elicit
efficient immunogenicity. By vaccinating immune-competent
mice with PV-2-treated dying B16 cells, efficient antitumor
immunity was observed based on the elongated survival rate
and delayed tumor growth when the mice were rechallenged

Figure 6. PDT with PV-2 induces ICD both in vitro and in vivo. (a) In vivo prophylactic tumor vaccination model. (b) Kaplan−Meier survival
curve of the mice challenged with variable B16 cells after vaccination with dying B16 cells from PDT with VPF or PV-2 (4 μM). (c) Tumor size at
the challenge site of the mice in the prophylactic tumor vaccination model. Data were plotted as the mean ± s.d. (n = 10). (d) HMGB1 release
from B16 cells treated with PDT using VPF or PV-2. (e) ATP release from B16 cells treated with PDT using VPF or PV-2. (f,g) B16 cells treated
with PDT using VPF or PV-2 induce maturation of BMDCs. LPS (100 ng/mL) was used as a positive control. Data were typically plotted as the
mean ± s.d. (n = 3) unless specified. The significant differences in the Kaplan−Meier curve were calculated by a log-rank (Mantel−Cox) test and
were calculated by Student’s t test in other cases (*p < 0.05, **p < 0.01, and ***p < 0.001).
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with viable cancer cells (Figure 6a−c). PDT with some
nontargeted PSs can also be immunogenic.23 We indeed found
that VPF exhibited certain effects in both the survival rate and
tumor growth delay experiments (Figure 6b,c). However, PV-2
outperformed VPF in both experiments, pointing to the
important role of GPX4 degradation in immunogenic
activation (Figure 5e). Consistently, in vitro stimulation of
murine bone marrow-derived dendritic cells (BMDCs)
demonstrated that PV-2-treated cancer cells resulted in more
potent BMDC maturation than VPF-treated cells, as revealed
by the expression levels of MHC II and CD86 in CD11c+
BMDCs (Figure 6f,g). This trend was observed over different
PV-2 concentrations, irradiation durations, and BMDC/B16
ratios (Figure S12), demonstrating the superior performance
of PV-2. Measurement of released ATP and high mobility
group protein B1 (HMGB1) from the dying cancer cells also
showed that PV-2 treatment induced higher concentrations of
these two common DAMPs (Figure 6d,e).
Although PDT can trigger ICD, many factors may

complicate its practical application in cancer immunother-
apy.35 The efficiency of PDT to induce ICD depends largely
on the nature and concentration of PSs and the illuminance
density. For instance, VPF, as an FDA-approved PS, only
triggers weak ICD (Figure 6) and exhibits strong concen-
tration dependence (Figure S12). In contrast, our GPX4-
targeted PS PV-2 induced much more potent ICD and
resulted in more efficient antitumor immunity in vivo (Figure
6). These results demonstrate the superiority and potential
clinical value of inducing a well-defined cell death modality by
PDT in cancer immunotherapy.
This selective photodegradation of proteins through

PDTAC shares some features of the fast-emerging PROTAC
(proteolysis-targeting chimera) technology.36−38 The photol-
ysis of GPX4 demonstrates at least two meaningful features,
the use of noninhibitory targeting ligands and particularly the
degradation of a difficult-to-drug protein target. Moreover, the
PDTAC inherits the high spatiotemporal precision of light
activation, which may help reduce systemic toxicity when used
in vivo. Additionally, the versatile options of PSs can lead to
photolysis using near-infrared light, an optimal condition for in
vivo application. Admittedly, more studies, for example,
optimizing both the targeting ligands and PSs, are required
to fully demonstrate the advantages of PDTAC in targeted
protein degradation. In particular, peptide ligands usually suffer
from low biostability in vivo, which may be partially alleviated
by derivatization or incorporation of D-amino acids. Moreover,
expanding the targeting ligands to small molecules is another
avenue. In this case, using drug-delivery cargoes or forming
self-assembled nanoparticles may help deliver these molecules
into desired cells.

■ CONCLUSIONS
To conclude, we have proposed a distinct PDTAC strategy
composed of three replaceable modules to induce the
photodegradation of proteins. To demonstrate its feasibility,
we synthesized two targeting chimeras by conjugating a
peptide ligand without inhibitory activity to the PS, aiming to
trigger ferroptosis in cancer cells based on targeted degradation
of GPX4. These chimeras retain the binding affinity toward
GPX4 and selectively degraded GPX4 in both cellular lysate
and living cells upon red-light irradiation. Photodegradation of
this enzyme induces lipid peroxidation and dominantly
switches cell death to ferroptosis, which triggers potent

immunogenic reactivity both in vitro and in vivo. Our targeted
degradation of GPX4 based on the PDTAC strategy provides a
novel light-achievable method for the induction of ferroptosis,
which may boost its application in cancer immunotherapy.

■ EXPERIMENTAL SECTION
General. All chemicals and solvents were commercially purchased

and used without further purification. The purity of all synthesized
peptides and PDTACs was >95% based on analytical HPLC. Light
irradiation was performed using a 300 W Xenon arc lamp
(CEAULIGHT) with a 600 nm bandpass filter (∼1.5 mW/cm2).
Synthesis and Purification of PDTACs. Targeting peptides TP-

1 (CRVDLQGWRRCRR), TP-2 (CRAWYQNYCALRR), and TP-3
(VPCPYLPLWNCAGK) were synthesized using Fmoc (9-fluorenyl-
methyloxycarbonyl)-solid-phase peptide chemistry with Rink-Amide
resin (Shimadzu). A coupling system using 2-(7-azabenzotriazol-1-yl)-
N,N,N′,N′-tetramethyluronium hexafluorophosphate (HATU)/1-hy-
droxybenzotriazole (HOBt)/N,N-diisopropylethylamine (DIEA) was
employed. Fmoc−NH−PEG2−CH2CH2−COOH was linked to the
N-terminus of peptide chains. After Fmoc protecting group removal,
VPF ((±)-trans-3,4-dicarboxy-4,4a-dihydro-4a,8,14,19-tetramethyl-
18-vinyl-23H,25H-benzo[b]porphine-9,13-dipropanoic acid) was fur-
ther coupled to the N-terminal of the linker using HATU/1-hydroxy-
7-azabenzotriazole (HOAT)/DIEA. After synthesis, deprotection of
the protecting groups and detachment of peptide−PS conjugations
from the resin were performed using trifluoroacetic acid (TFA)/
triisopropylsilane (TIPS)/H2O (95/2.5/2.5) at 20 °C for 2 h. The
whole experimental process was protected against exposure to light.

HPLC separations used a mobile phase of 0.05% (v/v) TFA in
water (solvent A) and 0.04% (v/v) TFA in acetonitrile (solvent B).
Analytical LC−MS analyses were performed using a Water Alliance
e2695 Separations Module equipped with an Agilent C18 column
(5.0 μm, 4.6 × 150 mm, 0.4 mL/min), a Water 2489 UV/visible
detector (wavelengths of 210 nm and 220 nm) and a Waters SQD
mass spectrometer (Alliance e2695-SQD). Preparative HPLC
separations were performed using two Shimadzu LC-20AR semi-
preparative solvent delivery units, a Shimadzu SPD-20A UV detector
and a Shimadzu CBM-20A system controller equipped with a Dr.
Maisch ReproSil 300 C18 column (5.0 μm, 20 × 250 mm) at a flow
rate of 12 mL/min. The wavelengths of the UV detector were set to
210 and 220 nm. The PDTACs exhibit two positional isomers derived
from VPF (Figure S1). The two isomers were mixed at 1:1 for all
further analyses. To form refolded peptides with intramolecular
disulfide bonds, 0.5 mg of TP-1 (or TP-2, or PV-1, or PV-2) was
dissolved in 670 μL (0.5 mM) of 6 M PBS (pH 7.4) and treated with
10 equiv. DSF (20 μL from stock) for 10 min at 37 °C. Analytical data
are given in the Supporting Information.
Analysis of Morphologies, Size Distribution, and Zeta

Potential. The morphologies of the PDTACs in PBS (pH 7.4)
were examined by TEM (JEM-1400 PLUS). Briefly, 8 μL of prepared
PDTAC suspensions was loaded onto the copper grids of carbon
support films (200 meshes) for 1 min. Excess gel was removed by
blotting with a filter paper, followed by the addition of 8 μL negative
stain (2% aqueous phosphotungstic acid) and staining for 1 min. After
removing the remaining liquid with a filter paper, copper grids were
allowed to dry on air overnight prior to observation. The size
distribution of PDTACs in PBS (pH 7.4) and 50% ACN (PBS/ACN
= 1:1) was measured by a Nano-ZS90 Zetasizer by DLS (Malvern
Instruments). The zeta potentials were simultaneously measured in
PBS.
Measurement of Singlet Oxygen by EPR. Singlet oxygen

generated by PSs was trapped by 4-OH-TEMP and was detected by
an X-band Bruker ER A200 spectrometer. Briefly, approximately 500
μL of a sample of 20 μM PDTACs and 200 mM 4-OH-TEMP in a 1.5
mL centrifuge tube was irradiated for the designated time. After
irradiation, a 30 μL aliquot was immediately aspirated into a glass
capillary and transferred to the EPR resonator. Typical settings for
EPR detection were as follows: modulation amplitude, 1 G;
modulation frequency, 100 kHz; and microwave power, 19.23 mW.
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Expression and Purification of GPX4mu Protein. The cDNA
sequence of the human cytosolic isoform GPX4 U46C mutant was
designed and optimized with six histidine tags and thrombin sites.
The pET-28a vector was used as the recombinant plasmid. The
recombinant plasmid was transformed into E. coli BL21 (DE3)
competent cells, coated with LB plates (kana resistant), selected
monoclonal, activated and cultured, and sequenced to verify the
accuracy of the sequence. When the OD600 was 0.6, 1 mM IPTG was
added to induce the expression under conditions of 30 °C and 200 r
for 5 h. Each liter of the centrifuged sludge was suspended in 40 mL
of lysis buffer, and then, 5 mM TCEP, 100× protease inhibitor, and
80 mg of lysozymes were added and stirred in an ice bath for at least
30 min to dissolve it. After stirring, 100× protease inhibitor was
added, followed by pulsed 400 W ultrasound for 20 min (3 s pulse, 5 s
interval). The pyrolysis products were centrifuged at 14,000 rpm for
40 min at 4 °C. The collected supernatant was filtered with a 0.22 μm
filter and passed through a Ni NTA affinity chromatography column
(histrap HP) with NTA-20 buffer (containing 20 mM imidazole)
balanced at a flow rate of 2 mL/min. After all samples were loaded,
NTA-50 buffer (containing 50 mM imidazole) was used to flush until
the baseline was stable. The elution gradient was increased from 20 to
50% buffer B (containing 500 mM imidazole) in 15 min at a flow rate
of 3 mL/min. The whole process was completed in a 4 °C
chromatography cabinet. Thrombin was then added to the collected
protein, dialyzed in dialysate, and digested for 12 h. The purity and
molecular weight of the protein were identified by SDS−PAGE. The
purified protein was frozen at −80 °C for further experiments.
Biolayer Interferometry Assay. The binding affinity toward

GPX4mu was determined by BLI assay in Octet RED96 (ForteBio).
Amine Reactive 2nd Gen (AR2G) biosensor tips (ForteBio, Menlo
Park, CA) were used to immobilize the proteins with reactive amine
groups after prewetting with kinetic buffer (HBS−P buffer: 0.01 M
HEPES, 0.15 M NaCl, and 0.05% v/v surfactant P20; bovine serum
albumin, 1%). The equilibrated AR2G biosensors were loaded with
GPX4mu (100 μg/mL). Background binding controls used a
duplicate set of sensors that incubated in buffer without proteins.
All assays were performed by a standard protocol in 96-well black
plates with a total volume of 200 μL per well at 28 °C. Data were
analyzed using Octet data analysis software. A 1:1 binding model was
used to fit the association and dissociation rates. Equilibrium
dissociation constant (KD) values were calculated from the ratio of
Koff to Kon.
Coomassie Brilliant Blue Staining. The GPX4 protein (100 μg/

mL) was treated with PSs at 25 °C and then irradiated for different
durations. The treated solution was separated by SDS−PAGE in 15%
polyacrylamide gels and then stained with Coomassie brilliant blue.
To prepare a solution of 0.025% Coomassie R-250, 1 PhastGel Blue
tablet was dissolved in 1.6 L of Coomassie R-250 in 1 L of 10% (v/v)
acetic acid. The solution was heated to 90 °C and poured over the gel
in a stainless-steel tray, and then, the tray was covered with a lid on a
laboratory shaker for 10 min. The gel was destained using 10% (v/v)
acetic acid for at least 2 h at room temperature.
Thermal Stability of GPX4mu by nanoDSF. The thermal

stability of GPX4mu was evaluated using nanoDSF, and the
experiments were performed on a NanoTemper Prometheus NT.48
instrument. Both GPX4mu and ligand were dissolved in HEPES
buffer (10 mM HEPES, 150 mM NaCl, 0.05% surfactant P20, pH
7.4) at a concentration of 100 μg/mL. The data were recorded by
measuring the intrinsic fluorescence of tryptophan residues at 330 nm
and its shift at 350 nm. All experiments were performed in triplicate.
Cell Culture. MDA-MB-231 cells, A549 cells, 4T1 cells, and B16

cells were purchased from the National Infrastructure of Cell Line
Resource and have been proven to be negative for mycoplasma
contamination. A549 cells and B16 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FBS,
100 U mL−1 penicillin, and 100 μg/mL streptomycin (all from M&C
GENE TECHNOLOGY). MDA-MB-231 cells and 4T1 cells were
cultured in RPMI-1640 supplemented with 10% FBS, 100 U mL−1

penicillin, and 100 μg/mL streptomycin (all from M&C GENE
Technology). These cells were maintained at 37 °C in a humidified

5% CO2 incubator, and subculture was conducted every 2−3 days.
Cell freezing medium was purchased from Shanghai Chuanqiu
Biotechnology Co., Ltd., China.
Cellular Internalization of PSs. Cells were plated on 24-well

plates and treated with VPF or PDTACs for 0 h, 4 h, 8 h, or 12 h at
37 °C in the dark. The treated cells were harvested and resuspended
in 1 × PBS for flow cytometry analysis (Beckman CytoFlex) (λex: 638
nm). The change in red fluorescence intensity was quantified by
FlowJo. To investigate the endocytosis pathways, the inhibitor CPZ
(20 μM), MβCD (5 mM), or colchicine (100 μM) was first
coincubated with cells for 1 h. Then, the inhibitors were replaced by
PDTACs and further coincubated for 8 h. The harvested cells were
washed twice with PBS and resuspended in 500 μL of PBS.
Internalized PDTACs were measured using flow cytometry (BD
FACSCalibur) (λex: 631 nm). A total of 10,000 cells in each sample
were analyzed.

To visualize the cellular distribution, cells in serum-free DMEM
were treated with VPF or PDTACs for 15 h in the dark at 37 °C. DiO,
LysoTracker Green, MitoTracker Green, ERracker Green, and Golgi-
Tracker Green were used to counterstain the individual organelles.
The treated cells were imaged using a confocal microscope (LSM
880; AxioObserver). An objective Plan Apochromat 63×/1.4 NA in
oil was used. An excitation wavelength of 561 nm and an emission
filter between 573 and 728 nm were used for the detection of VPF
and PDTACs.
PDT Treatment and Cell Viability Assay. Cells were seeded

onto 96-well plates (3000 cells per well) and allowed to adhere
overnight. The medium was replaced on the following day with 100
μL of growth medium (without FBS) containing the required
concentration of VPF or PDTACs, and the cells were incubated in the
dark for 12 h. The medium was replaced by 100 μL of growth
medium with FBS. Two hours later, the cells were exposed to red light
irradiation and incubated thereafter. The modulating molecule (e.g.,
DFO, Lip-1, and ROSI) was usually added 2 h before irradiation. Cell
viability was typically assessed 24 h after light irradiation using a Cell
Counting Kit-8 (Life-iLab, Shanghai, China). All cell viability data
were normalized to the DMSO vehicle condition with three
independent replicates.
WB Analysis. For WB analysis in living cells, A549 cells were

seeded onto a six-well plate. After 24 h, the cells were treated with PSs
at 37 °C for 8 h and then irradiated for the designated duration. The
cells were lysed in RIPA lysis buffer (P0013B, Beyotime
Biotechnology) containing protease-phosphatase cocktail inhibitor
mix (#87786, Thermo Fisher Scientific) for 30 min at 4 °C and
harvested by a cell scraper. For WB analysis in cellular lysate, the
harvested cells were first lysed in RIPA lysis buffer (P0013B, Beyotime
Biotechnology), incubated with VPF, peptides, photolysis-targeting
chimeras, or DMSO at 4 °C for 1 h, and then irradiated in the light.
The protein was separated by SDS−PAGE in 12% polyacrylamide
gels and then transferred to a PVDF membrane (#1620177, Bio-Rad).
The membrane was incubated with 5% nonfat milk for 1 h and
overnight at 4 °C with primary antibodies against the following
proteins: GPX4 (ab125066, rabbit, 1:1000, Abcam), GPX1
(ab108427, rabbit, 1:1000, Abcam), ACSL4 (ab155282, rabbit,
1:1000, Abcam), and β-actin (ab8226, rabbit, 1:1000, Abcam).
After incubation with the corresponding HRP-conjugated secondary
antibodies (#7076, mouse, 1:2000; #7074, rabbit, 1:2000, Cell
Signaling) for 2 h at room temperature, the blots were detected with
an enhanced chemiluminescence kit (E1060, LABLEAD Inc.).
Lipid ROS Assay by C11-BODIPY. Lipid ROS was measured

using C11-BODIPY 581/591 (D3861, Invitrogen, USA). The treated
cells were incubated with the kit reagent (10 μM in DMEM without
FBS) for 30 min. Thereafter, the harvested cells were washed twice
with PBS and resuspended in 500 μL of PBS. Lipid peroxidation levels
were measured using flow cytometry (BD FACSCalibur) (λex: 488
nm), and the data were analyzed using FlowJo. A total of 10,000 cells
in each sample were analyzed.
Intracellular ROS Measurement. Cells were coincubated with

PDTACs in the dark for 12 h. The medium was replaced by 0.5 mL of
growth medium with FBS. Two hours later, the cells were exposed to
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red light irradiation for the designated time and were further stained
with DCFH-DA (10 μM, Solarbio) for another 30 min at 37 °C. The
fluorescence was measured using flow cytometry (BD FACSCalibur)
(λex: 488 nm), and the data were analyzed using FlowJo. A total of
10,000 cells in each sample were analyzed.
Labile Iron Pool Assay. Cells were seeded in 24-well plates at

40,000−60,000 cells/well overnight. On the next day, the treated cells
were stained with 0.1 μM calcein AM (C131116, Aladdin) for
cytosolic LIP according to the manufacturer’s protocols. The
harvested cells were washed twice with PBS and then analyzed by
flow cytometry. Ex 488 nm/Em 530 nm was used for the detection of
calcein AM fluorescence.
Cellular Thermal Shift Assay. Cells were treated with PV-2 or

DMSO at 37 °C for 8 h and harvested, washed, and suspended in
PBS. A total of 100 μL of cell suspension was distributed into different
0.2 mL PCR tubes (∼3 million cells per tube). The tube was heated at
designated temperature for 3 min and then cooled at room
temperature for 3 min. Then, 30 μL of PBS containing 0.7% NP-40
was added to the cell suspension and snap-frozen with liquid N2. After
three series of freeze−thaw−vortices, the samples were centrifuged at
20,000×g for 20 min. The supernatant was collected and analyzed by
WB.
Measurement of Released ATP and HMGB1. B16 cells were

treated with PSs and incubated for 24 h after irradiation in a medium
with 2% FBS. Then, the supernatants were collected and centrifuged
at 15,000 rpm at 4 °C for 3 min. The supernatants were either stored
at −80 °C or used immediately for ATP measurements. ATP analysis
was performed using a CellTiter-Glo luminescent cell viability assay
kit (Promega, G7571) as described by the manufacturer. The
luminescence was measured on a BioTek Synergy Neo2.

HMGB1 was measured by an ELISA kit (Elabscience Biotechnol-
ogy Co., Ltd.). After the indicated time points, the supernatant was
collected and cleared from dying tumor cells by centrifugation and
frozen at −20 °C. All assays were performed in accordance with the
respective manufacturers’ instructions, and HMGB1 was quantified
with BioTek Synergy Neo2. The data were analyzed with a four-
parameter logistic curve fit.
Analysis of BMDC Maturation. Over 7 days, BMDCs were

differentiated from the femurs and tibias of C57BL/6 J mice at the age
of 7−9 weeks using RPMI medium (GIBCO) supplemented with 5%
heat-inactivated fetal calf serum, 20 ng/mL mouse granulocyte
macrophage colony stimulating factor, 10 ng/mL interleukin 4, 1% L-
glutamine, 50 μM 2-mercaptoethanol, and 1 mM pyruvate. Fresh
culture medium was added on day 2, and on day 4, the medium was
refreshed. The obtained BMDCs were coincubated with dying B16
cells at ratios of 1:5, 1:10, or 1:20 for 18 h. As a quality control,
BMDCs were stimulated in parallel with 100 ng/mL E. coli
lipopolysaccharide (LPS). The cells were then collected, spun down
(400×g, 6 min, 4 °C), and washed once with PBS. Maturation of
BMDCs was analyzed by immunostaining with anti-CD11c APC
(Biolegend), anti-CD86 APC-Cy7 (Biolegend), anti-MHCII PE-Cy7
(Biolegend), and mouse Fc-block (Biolegend).
In Vivo Prophylactic Tumor Vaccination. All animal experi-

ments were performed according to the protocols stipulated by the
Guideline for Care and Use of Laboratory Animals of Peking
University and approved by the Animal Ethics Committee of Peking
University (LA2021274). Female C57BL/6 J mice (7−8 weeks old)
were purchased from the Department of Animal Science of Peking
University Health Science Center and housed under specific
pathogen-free conditions. Dying B16 cells were induced in vitro by
PDT with 4 μM PV-2 or VPF as described above. Next, the cells were
collected, washed once in PBS, and resuspended at the desired cell
density in PBS. Mice were inoculated subcutaneously with 5 × 105
dying B16 cells or with PBS on the left flank. On day 8 after
vaccination, the mice were challenged subcutaneously on the opposite
flank with 1 × 105 live B16 cells. Tumor growth at the challenge site
was monitored using a caliper for up to 4 weeks after the challenge.
Mice were sacrificed when the tumor size exceeded 2000 mm3.
PK Study in Mice. Six female C57BL/6J mice (6 weeks old) were

randomly allotted into two groups and intravenously injected with

PV-2 or TP-2 (5 mg/kg). After designated times (0, 0.5, 1, 1.5, and 2
h), whole blood (50 μL each time) was collected from the retro-
orbital sinus with the protection of nitrogen gas. Plasma samples were
collected from the supernatant after centrifugation of the whole blood
at 12,000 rpm for 30 min at 4 °C. After quenching with twice the
volume of acetonitrile and diluting with twice the volume of water,
each sample was centrifuged at 16000 rpm for 30 min at 4 °C. The
supernatant was analyzed by LC−MS after a 0.25 μm filter.
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