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Abstract: Understanding the mechanism of action (MOA) of
bioactive natural products will guide endeavor to improve their
cellular activities. Artemisinin and its derivatives inhibit cancer
cell proliferation, yet with much lower efficiencies than their
roles in killing malaria parasites. To improve their efficacies on
cancer cells, we studied the MOA of artemisinin using chemical
proteomics and found that free heme could directly activate
artemisinin. We then designed and synthesized a derivative,
ART-TPP, which is capable of targeting the drug to mitochon-
dria where free heme is synthesized. Remarkably, ART-TPP
exerted more potent inhibition than its parent compound to
cancer cells. A clickable probe ART-TPP-Alk was also
employed to confirm that the attachment of the TPP group
could label more mitochondrial proteins than that for the ART
derivative without TPP (AP1). This work shows the impor-
tance of MOA study, which enables us to optimize the design of
natural drug analogues to improve their biological activities.

Artemisinin (ART) is a sesquiterpene lactone endoperoxide
compound isolated from an annual wormwood (Artemisia
annua L.). Tt potently kills malaria parasites, saving millions
of lives."? Four decades after its discovery, the ART-based
combination therapies (ACTs) remain the first line treatment
for malaria as recommended by the World Health Organ-
ization (WHO).>* Interestingly, recent studies suggested that
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ART may possess anticancer properties.”””] However, the
majority of the reported ART analogues showed only limited
potency in certain tumor cell lines.” Since understanding the
mode of action (MOA) for drugs could contribute greatly
towards the improvement of their cellular activities,” ' we
seek to elucidate the MOA of ART, with the hope to find an
effective strategy to improve the potency of ART against
cancer cells.

ART contains a unique endoperoxide bridge (R-O-O-R’),
which is crucial for its inhibitory activities.'>" Tt is widely
accepted that the activation and breaking of endoperoxide
bridge in solution leads to the generation of oxygen radicals,
followed by its rearrangement to produce carbon radicals."
However, there remain debates over the exact mechanism of
endoperoxide bridge activation in vivo.'""! Both free ferrous
iron”!¥1 and heme!"! have been proposed to be ART
activators.’”! Very recently, we used a chemical proteomics
approach to show that, heme, rather than free ferrous iron,
directly activates ART in malaria parasites, which then
promiscuously targets various proteins within the parasites.”"
Based on this discovery, we used alkyne-tagged ART probe
AP1 in our current study (Figure 1 A), and with the help of
the chemical proteomics approach, we demonstrate that ART
is also activated by heme and it promiscuously targets
multiple proteins to kill cancer cells. Moreover, we also find
out that modulating the level of heme could greatly affect the
anticancer activities of ART.

In human cells, fresh free heme is synthesized in the
mitochondria.’” Therefore, we hypothesize that by directing
ART into mitochondria, we could potentially increase its
anticancer activities. To confirm this hypothesis, we synthe-
sized two ART analogues: ART-triphenylphosphoniumbro-
mide (ART-TPP) and ART-TPP-alkyne (ART-TPP-Alk;
Figure 1A). TPP is a typical cation, which could direct
molecules into mitochondria and this approach is more
favorable in cancer cells than normal cells.?>?! Indeed, our
results demonstrate that ART-TPP could remarkably
improve the anticancer activities of ART, while ART-TPP-
Alk further validates that the TPP group could efficiently
direct ART into mitochondria thus increase the activation
level of ART and target more protein targets, which is further
evidenced by chemical proteomics studies. Our study high-
lights the importance of MOA study in improving the
biological activities of natural products.

Moving into the details of our study, the AP1 probe
retains the core structure and activity of ART.”!! With this
probe, we adopted a chemical proteomics approach to study
the activation level of AP1 as illustrated in Figure 1 B. Briefly,
AP1 was incubated with live cells or cell lysate before
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Figure 1. A) Structures of artemisinin and probes used in this study; B) general workflow of the chemical proteomics approach with AP1; C) AP1
labeling profile in HCT116 cell lysate in the presence of different mediators; D) AP1 labeling profile in HCT116 live cells treated with or without
hemin and FeSO,; E) cell viability of HCT116 cells treated by AP1 with or without hemin and FeSO,; F) cell viability of HCT116 cells treated by

AP1 alone or AP1 with various mediators in the heme biosythesis.

applying click chemistry to attach a fluorescent dye. This
process allowed the fluorescence labelling of AP1 that had
attached to their target proteins. The labeled proteins were
then resolved with SDS-PAGE. Higher intensity of fluores-
cent bands in the SDS-PAGE gel indicates a higher activation
level of AP1, hence increasing number of target proteins are
bound by activated AP1.

To elucidate the activation mechanism of ART via this
chemical proteomics approach, we first applied AP1 to label
the cell lysate of cancer cells. As shown in Figure 1C, the AP1
probe itself without any ART activator cannot label any
proteins. We then used hemin as the source of heme to test for
ART activation. Hemin is the oxidized form of heme, and it is
stable in air for convenient use. The Fe*" in hemin has no
ability to reduce endoperoxide double bond in ART. How-
ever, hemin can be easily reduced to heme in the presence of
various reducing agents exist in the cells.'*?"2% As shown in
Figure 1C, the addition of hemin to the cell lysate leads to
sufficient protein labelling, which indicates that the source of
heme is essential in activation of ART. In contrast, AP1 has
negligible binding to any protein from the cell lysate in the
presence of FeSO,, even at a high concentration. Moreover,
the addition of deferoxamine (DFQO), a free-iron chelator, has
no obvious effect on AP1 labeling of proteins in the presence
of heme. Therefore, addition or depletion of ferrous iron in
cell lysate has no obvious effect on activation of API.

Angew. Chem. Int. Ed. 2016, 55, 1377013774

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Subsequently, AP1 was applied to treat the live cells. AP1
labeled large amount of proteins when the cells were treated
with hemin, which could be quickly converted into heme in
the cellular environment.?®! Whereas in FeSO,-treated cells
AP1 could only label a small amount of proteins, at a level
comparable to the cells without treatment (Figure 1D).
Collectively, both results from cell lysate and live cells
indicate that free heme could effectively activate ART,
while free ferrous iron has minimal effects on the activation
of ART.

With a larger amount of activated ART, more cellular
proteins could be targeted by ART, which could lead to
enhanced anticancer activities. To confirm this hypothesis, we
went on to examine the viability of HCT116 colorectal cancer
cells treated with AP1, with the addition of hemin or FeSO,.
As shown in Figure 1E, hemin or FeSO, alone has little effect
on the viability of HCT116, and AP1 alone could only kill
about 30 % of the cells after 24 hours of incubation. Similar to
our AP1 binding results, addition of 200 um of FeSO, did not
increase the anticancer activities of AP1. Contrastingly, AP1
together with hemin could kill more than 90 % of the HCT116
cells. This is positively correlated with the amount of activated
ART (Figure 1D). The increased ART activation level leads
to the marked decrease of the viability of HCT116 cells
(Figure 1E). Our results highlight that the addition of hemin,
which is reduced to heme in vivo, could dramatically enhance
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the cell killing effect of AP1 by increasing the amount of
activated ART.

After confirming that an external source of heme could
increase anticancer activity of the drug, we reasoned that the
modulation of endogenous heme could also affect anticancer
activity of ART. Synthesis of endogenous heme involves
multiple steps, and there are a lot of intermediates and
mediators that could modulate endogenous heme level
(Figure 2B). As both d-aminolevulinic acid (ALA) and
protoporphyrin IX (PPIX) are intermediates of heme bio-
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Figure 2. A) Synthesis of ART-TPP; B) illustration of ART-TPP targeting
mitochondria and its activation by heme.
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synthesis, the addition of these two compounds could increase
endogenous heme level. As expected, addition of ALA and
PPIX increases the anticancer effect of ART (Figure 1F). On
the other hand, succinylacetone (SA) is an inhibitor for the
synthesis of porphobilinogen from ALA. Addition of SA
decreases the anticancer activities of ART and even blocks
the synergetic effects between ALA and ART, while PPIX
could subvert the inhibitory effects of SA (Figure 1F). Co-
administration of ART and DFO can apparently inhibit ART-
induced cytotoxicity (Figure 1F). The partial inhibitory effect
of DFO might be due to iron chelation that inhibits iron-
related oxidative stress and sequesters the iron required for
heme synthesis in cancer cells.” ™% Furthermore, co-
incubation of ART with human Holo Transferrin (HTF) or
FeSO, did not have apparent effect on the cytotoxicity of
ART(Figure 1F). This can be explained by the fact that the
formation of ALA is the rate-limiting step of heme syn-
thesis.*” Since ALA is the substrate found upstream of the
heme synthesis pathway, the production of the downstrem
product PPIX in the heme synthesis pathway is dependent on
the level of ALA. Therefore, by adding more exogenous iron
to cancer cells that already possess a high intracellular iron
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concentration, it is less likely that the exogenous iron would
affect the rates of heme production, since the generation of
heme involves the incorporation of Fe™ with PPIX, which in
turn is greatly dependent on the amount of ALA.

Taken together, our chemical proteomics and cell viability
experiments indicate that heme plays a decisive role on the
activation of ART in cancer cells. However, intracellular free
heme could promote the generation of reactive oxygen
species to cause lipid peroxidation. This would subsequently
induce membrane injury and yield cell apoptosis. As a con-
sequence, the intracellular level of free heme is tightly
controlled to be less than 100 nm within normal cells and
the majority of heme is bound to carrier proteins.® As heme—
protein complexes possess much lower ability to activate
ART than free heme,!™ the intracellular location of free heme
accessible to ART is vital for its anticancer activities.”” Since
the final step of heme biosynthesis occurs in mitochondria, we
hypothesize that directing ART to the mitochondria could
potentially increase the activation level of ART, yielding
higher anticancer activities.

To confirm this hypothesis, we went on to synthesize the
ART-TPP probe as shown in Figure 2A. In brief, the
compound 3-bromopropylamine hydrobromide was reacted
with triphenylphosphine to give the key intermediate 1.
Subsequently, 1 was reacted with activated ART to generate
ART-TPP (Supporting Information, Figure S1-S8) with an
overall yield of 10.4%. With ART-TPP at hand, we first
compared its cytotoxicity with ART using various cell lines.
As shown in Figure 3, ART-TPP is cytotoxic to all tested
cancer cells, with the ICy, values of 2.84 pm for MDA-MB-231
cells, 0.82 um for HeLa cells, 6.13 pm for SKBR3 cells, and
1.73 um for HCT116 cells. In comparison, the cytotoxicity of
ART-TPP is 26-fold and 94-fold more potent than ART in
MDA-MB-231 and HelLa cells, respectively. Moreover, little
cytotoxicity in HCT116 cells was observed for compound
1 containing only the TPP group without ART (Figure 3 A),
which verifies the important synergetic effects between TPP
group and ART in enhancing its anticancer activities.

Next, to confirm that ART-TPP is distributed to the
mitochondria, we measured the mitochondrial membrane
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Figure 3. Cell viabilities A) of HCT116, B) MDA-MB-231, C) Hela, and
D) SKBR3 treated with ART, ART-TPP or 1.
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potential (MMP) using a fluorescent marker of tetramethyl-
rhodamine ethyl ester (TMRE). TMRE is very emissive when
MMP is high.®>*! As shown in the Supporting Information,
Figure S11, cells treated with DMSO or ART possess high
MMP as reflected by the high fluorescent signals. No
fluorescence was detected for the cells treated with ART-
TPP under the same condition, suggesting that the probe was
distributed into the mitochondria, thus reducing the MMP.
Subsequently, to directly visualize the cellular distribution
of ART-TPP and perform critical proteomics study, we went
on to synthesize a clickable probe (ART-TPP-AIK) to allow
for the attachment of a fluorescent molecule and biotin tag
through click chemistry. The probe was synthesized as shown
in Figure 4 A. Briefly, the propargyl bromide was reacted with
compound 1 to generate compound 3. Compound 3 was then
reacted with activated ART to yield the ART-TPP-Alk probe.
ART-TPP-Alk possesses similar cytotoxic activity with ART-
TPP (Supporting Information, Figure S12A), illustrating that
the attachment of an alkyne tag has little effect on its overall
biological activity while allowing us to visualize and identify
the cellular targets of ART-TPP. The images shown in the
Supporting Information, Figures S12B-E reveal that the
fluorescent signal from the ART-TPP-Alk overlaps well
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Figure 4. A) Synthesis of ART-TPP-Alk; B) labeling profile in Hela live
cells treated with AP1 (20 um) or ART-TPP-Alk (20 um); C) number of
labeled proteins locating in mitochondria for APT and ART-TPP-Alk;
D) comparison of selected proteins labeled by both AP1 and ART-TPP-
Alk.
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with that from the mitochondria tracker, demonstrating that
majority of the probe indeed localizes well in the mitochon-
dria after cellular uptake.

Finally, we studied the effects of the TPP group on protein
labeling profile. Both AP1 and ART-TPP-Alk were used to
treat live cells. The labeled proteins were clicked with
rhodamine azide and resolved by SDS-PAGE. Compared
with AP1, ART-TPP-Alk is able to label more proteins
(Figure 4B). Furthermore, pre-incubation of excess ART or
ART-TPP in cell lysate remarkably decreases the protein
labeling of both AP1 and ART-TPP-Alk (Supporting Infor-
mation, Figure S13), suggesting that they bind to similar
protein targets as their parent. Next, we proceeded to identify
the covalent binding targets of AP1 and ART-TPP-Alk in
HeLa cells. As shown in the Supporting Information,
Tables S1-S4, AP1 and ART-TPP-Alk covalently modified
321 and 860 proteins, respectively, which is consistent with the
labeling profile shown in SDS-PAGE (Figure 4B). More
importantly, AP1 is able to bind to 76 proteins from the
mitochondria, while ART-TPP-AIk is able to bind to 209
proteins from the mitochondria (Figure 4C). Furthermore,
most of the proteins labeled by ART-TPP-Alk have higher
scores than those labeled by AP1 (Figure 4D). A protein with
a higher score reflects the larger abundance of its unique
peptides identified during MS analysis. Therefore, these
results suggest that there are more activated ART-TPP-Alk
to bind to target proteins. As mitochondria is the powerhouse
of the cell, the fact that more mitochondria proteins are
covalently modified by ART-TPP-Alk inevitably make it
more potent than ART.

In conclusion, we have elucidated the MOA of the natural
product ART using the chemical proteomics approach in
cancer cells. Our results validate that free heme is the main
activator in cancer cells. Guided by this unique MOA, we
designed and synthesized ART-TPP, where the TPP group
could direct ART to the mitochondria. We showed that the
incorporation of this mitochondria targeting moiety could
remarkably increase the anticancer activities of ART. The
fluorescence imaging results also confirmed that the TPP
group could efficiently direct ART-TPP into the mitochon-
dria, leading to the reduction of MMP. More importantly, the
proteomics results revealed that ART-TPP-Alk could label
more proteins in mitochondria than AP1 did. The more
protein targets and higher scores identified with ART-TPP-
Alk also suggest its greater activation and higher potency than
AP1. As such, our results highlight that the activity optimi-
zation of natural products could benefit from MOA studies.
As cancer cells were reported to possess higher MMP than
normal cells, TPP could selectively target the probe to cancer
cells to a certain extent.’** Moreover, cancer cells are also
reported to have higher heme level than normal cells.*>*"
Taken together, the concentration and activation level of
ART-TPP are expected to be higher in cancer cells than in
normal cells. Thus, we anticipate that ART-TPP could have
good performance in animal cancer models, which is our next
goal of study.
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