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Abstract: Chlorophyll and heme are among the “pigments of
life”, tetrapyrrolic structures, without which life on Earth
would not be possible. Their catabolites, the phyllobilins and
the bilins, respectively, share not only structural features, but
also a similar story: Long considered waste products of
detoxification processes, important bioactivities for both
classes have now been demonstrated. For phyllobilins, how-
ever, research on physiological roles is sparse. Here, we
introduce actin, the major component of the cytoskeleton, as
the first discovered target of phyllobilins and as a novel target
of bilins. We demonstrate the inhibition of actin dynamics in
vitro and effects on actin and related processes in cancer cells.
A direct interaction with G-actin is shown by in silico studies
and confirmed by affinity chromatography. Our findings open
a new chapter in bioactivities of tetrapyrroles—especially
phyllobilins—for which they form the basis for broad impli-
cations in plant science, ecology, and physiology.

Introduction

Tetrapyrrolic pigments are among the most important
natural products on Earth. Some of these pigments are part of

essential processes in living organisms, which brought them
the name “pigments of life”.[1] Among those, the green
pigment chlorophyll (Chl) and the red blood pigment heme
play important roles in several biological processes.[2] When
released from their binding proteins, both substances are toxic
and need to be degraded.[3] The resulting degradation
products are the bilins from the breakdown of heme and
the phyllobilins, formed during Chl catabolism.

Bilins are primarily known as the metabolic products of
heme catabolism in mammals, but can also be found in lower
vertebrates, plants, algae, and bacteria. During heme degra-
dation, heme oxygenase catalyzes the oxygenolytic opening of
the macrocycle at one of the four methene bridges furnishing
the linear tetrapyrrole biliverdin (BV) (Scheme 1). In the
mammalian liver, BV is reduced to bilirubin (BR) by
biliverdin reductase A. Originally, bilins were assumed to be
waste products of a catabolic pathway, however, extensive
literature reports beneficial activities of BR and BV, for
example, their potential as strong endogenous antioxidants.[4]

Moreover, studies demonstrated protective capabilities
against a variety of pathological conditions including cardiac
injuries, gastrointestinal inflammations, or neurodegenerative
diseases.[5]

Phyllobilins (PBs) are the degradation products of the
green plant pigment Chl and are generated in senescent
leaves during autumn as well as in ripening fruit and
vegetables.[6] PBs were first suspected to be “only” products
of a detoxification process, similar to the bilins. The corre-
sponding breakdown process turned out to be much more
complex than the degradation of its structural analogue heme,
but similarly involving an enzymatic opening of the macro-
cycle; in the case of Chl degradation catalyzed by pheophor-
bide a oxygenase.[7] In a strictly controlled process, non-
colored chlorophyll catabolites, the phylloleucobilins (PleBs),
are generated and accumulate in the vacuoles of the plant
cell.[6, 8] In 2008 and 2011, oxidation products of a PleB, so
called phyllochromobilins, could be identified: a yellow
phylloxanthobilin (PxB) and a pink phylloroseobilin
(PrB).[9] In contrast to the enzymatic reduction of BV, the
mechanism of the formation of PxB and PrB in plants is not
yet elucidated; recent studies, however, suggest an enzymatic
“oxidative activity” that effectively transforms PleBs to
PxBs.[10]

The late stage chlorophyll catabolites PxB and PrB share
a remarkable structural similarity with BR and BV.[6] PxB
resembles the final heme degradation product BR featuring
a double bond at C15, whereas PrB, the oxidation product of
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PxB, represents the analogue of BV due to an extended
conjugated p-system. Structural differences become evident
in the 1-formyl moiety at ring A and the additional ring E
section of the PBs (Scheme 1).

PBs were found to possess very interesting chemical
properties and possible bioactivities have already been
suggested.[6, 12] First indications were provided by Mgller et al.
in 2007, demonstrating that a PleB in peels of apples and
pears possesses strong antioxidative activities.[13] In the
meanwhile, antioxidative properties as well as anti-inflam-
matory activities could be revealed also for PxBs.[14] Further-
more, PxBs were shown to be taken up by cells and to possess
promising anti-cancer activities.[11,15] In comparison to the
bilins, however, investigations on the physiological roles of
PBs still lag behind.

Bilins and PBs are ubiquitous tetrapyrrolic structures and
the relevance of identifying their targets has become more
evident by recent research.[16] In general, identification of
direct protein interactions is crucial for elucidating detailed
mechanisms and mode of action(s) of natural products.
Currently, relevant targets for both classes of tetrapyrroles
are sparse. In the case of PBs, no human target has yet been
identified.

In a functional screening of effects of PBs on cancer cells,
we observed inhibition of cell migration by the colored
pigments PxB and PrB. Testing their heme-derived counter-
parts BR and BV for comparison, effects on cell motility were
observed as well for the bile pigments.Since the cytoskeletal
protein actin plays an essential role in cell motility, control of
cell shape, cell division, and intracellular transport,[17] we
performed imaging experiments using actin staining, which
revealed phenotypic changes to the actin cytoskeleton upon
treatment with the tetrapyrroles. Cellular processes involving
the actin cytoskeleton largely depend on the dynamics of actin
filaments, i.e., polymerization and depolymerization.

We demonstrate here that PxB and PrB as well as the
bilins BR and BV possess inhibitory effects on in vitro actin
dynamics and actin-dependent functions in cells. Further-
more, in silico docking studies of all four compounds show the
potential for direct binding to G-actin, which was supported
by affinity chromatography and biophysical approaches.

Results and Discussion

In the present study, we tested two late stage phyllobilins,
a PxB and a PrB (Scheme 1), which were prepared by partial

Scheme 1. Structural outline for comparison of heme degradation resulting in bilins, bilirubin (BR) and biliverdin (BV), and late steps of
chlorophyll catabolism revealing colored phyllobilins, phylloxanthobilin (PxB, the most commonly identified modification motif is shown[11]) and
phylloroseobilin (PrB). Structural differences between metabolites of heme and Chl catabolism are highlighted in color.
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synthesis as described in the Supporting Information.[9b,18]

Identities were confirmed by HPLC, UV/Vis, HR-MS, and
1H-NMR (Figure S1). We aimed to compare these two PBs
with their structural counterparts from heme degradation, BR
and BV, which are commercially available. We examined the
influence of the tetrapyrroles on cell migration using a scratch
wound-healing assay in two different human cancer cell lines,
T24 and HeLa cells. The scratch assay revealed all tested
tetrapyrroles to affect cell migration to a different extent
without altering cell viability at concentrations used for the
cell migration assay (Figure 1, Figure S2, S3). The PrB
appeared to be the most potent compound, which signifi-
cantly inhibited cell migration even at low nanomolar doses.
BR and BV affected cell migration only at high micromolar
doses; both showed a significant effect at 100 mM in T24 cells.

The actin cytoskeleton is a key player in many cellular
processes including cell migration.[19] Therefore, we inves-
tigated the effects of the four anti-migratory compounds on
the actin cytoskeleton in cells. T24 and HeLa cells were
treated with PxB, PrB, BR, and BV for 4 hours before the
cells were fixed and F-actin stained by a phalloidin rhodamine
dye. In cells treated with low micromolar concentrations of
PxB and low nanomolar concentrations of PrB, actin agglom-
erated close to the nucleus, and, in comparison to the control,
actin filaments were clearly disorganized (Figure 2). In
contrast, incubating cells with BV and BR in concentrations
up to 100 mM revealed no effect on the organization of actin
filaments (Figure S4).

Having established that the tested compounds had an
effect on actin and actin-dependent processes in cells, their
influence on assembly and disassembly of actin was inves-
tigated by different in vitro approaches. Using pyrene labeled
actin, we assessed the polymerization and depolymerization
processes by monitoring the change in pyrene fluorescence
intensities upon addition of PxB, PrB, BR, and BV. All four
compounds showed an inhibition of actin polymerization
compared to the vehicle control. A decelerated polymeri-
zation process and a lower plateau of fluorescence intensity
was observed in response to PBs and bilins (Figure 3A).
Again, PBs were active at lower concentrations than bilins,
with PrB affecting polymerization in vitro in the low micro-
molar range.

Furthermore, we investigated the influence of the tetra-
pyrroles on F-actin depolymerization. All four tetrapyrroles
showed an increased depolymerization rate compared to the
control sample. Comparing the effects with the actin depo-
lymerizer latrunculin B (LatB)[20] measured at 10 mM, PrB
(measured at 50 mM), and PxB and BV (measured at 100 mM)
all showed enhanced depolymerization rates. BR showed only
a slight effect on the rate of depolymerization at a high
concentration of 1000 mM (Figure 3 B).

Using TIRF microscopy, we additionally investigated the
effects of the linear tetrapyrroles on actin nucleation, the
initial step of the actin polymerization process.[21] Nucleation
was found to be significantly inhibited by both, PBs and bilins
(Figure 3C).

Figure 1. Effects of PBs and bilins on cell migration. T24 cells treated with PxB, PrB, BR, BV, and vehicle control (vh ctrl) were analyzed with
a scratch wound-healing assay. Treatment with cell medium with FCS served as a negative control and medium without FCS as a positive control.
The bar plots indicate the relative scratch gap normalized to the control without FCS given as mean:SEM of three independent experiments
performed in triplicates (one-way ANOVA followed by Dunnett’s multiple comparison test, *P<0.05, **P<0.01, ***P<0.001). Representative
images from the wound healing assay collected 16–24 h after generating the scratch are shown. Scale bar: 1 mm.
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In order to investigate whether the observed effects are
caused by a direct interaction with G-actin, we used affinity
chromatography with G-actin immobilized on sepharose
beads. The amount of compounds bound to G-actin beads
was analyzed by analytical HPLC and compared with agarose
beads, which were used as a negative control for non-specific
binding to beads. Upon elution, a significantly higher amount
of all compounds released from G-actin beads was observed
in contrast to agarose beads (Figure 4 A).

Next, we used in silico studies to investigate the potential
interaction of the tetrapyrroles with G-actin. Docking of the
compounds to the binding site of kabiramide C (KabC),
a known actin binder,[22] indicated several different binding
orientations for each molecule. Interestingly, among the
different conformations generated for each ligand, a common
binding mode shared by all four compounds placed a pyrrolin-
2-one ring into a hydrophobic pocket present in G-actin
(Figure 4B, C) lined with residues Y133, I136, V139, Y169,
and F375 (Figure S5). Upon polymerization of G-actin, this
binding site is normally occupied by the D-loop of the next
actin monomer in the actin filament and is generally targeted
by natural products such as macrolides that promote actin
depolymerization.[23] The N-vinylformamide moiety in the

critical tail region of KabC also interacts with the same
hydrophobic pocket and the lack of specific hydrogen bonds
or polar interactions permits the placement of both 17-
methyl-18-vinyl-17-pyrrolin-19-one (ring D) as well as 2-
methyl-3-vinyl-2-pyrrolin-1-one (ring A) (BR and BV) in the
same pocket (for numbering, see Scheme 1). Due to the
presence of a number of polar atoms on these compounds,
further refinement of docked models should consider both
intramolecular and solvent interactions. Confirmation of the
predicted binding site was carried out by a competitive pull-
down approach using G-actin beads and the actin binding
protein profilin, which is known to interact with the common
binding site of actin binding proteins and small molecules
such as KabC.[24] The amount of profilin bound to G-actin was
quantified with and without pre-treatment with the com-
pounds and showed a significant decrease of profilin binding
for PxB and PrB compared to the vehicle control. These
results indicate that PBs are likely to occupy the same binding
pocket of G-actin and therefore prevent profilin binding. In
contrast, incubation with bilins resulted in a minor reduction
of profilin binding (Figure 4D, Figure S6).

The four tested tetrapyrroles, albeit being structurally
related, vary greatly in their physico-chemical properties such
as solubility, polarity, and fluorescence behavior. To charac-
terize the binding affinity of each compound to G-actin and to
determine the dissociation constants (Kd), different biophys-
ical techniques were applied, including fluorescence quench-
ing, microscale thermophoresis (MST), and isothermal titra-
tion calorimetry (ITC) (Figure 4E, Figure S7–10). The inter-
action of PxB with G-actin was studied by MST, which was
used to monitor the thermophoretic movement of Atto647
labeled G-actin with increasing concentrations of PxB and
revealed a Kd of 65.2 mM (50.6 to 79.8). The binding strength
of PrB was determined by fluorescence titration spectroscopy
and measuring the quenching of Atto647 labeled G-actin by
adding PrB. A Kd of 1.9 mM (1.5 to 2.5) was determined.
Quenching of Atto647 labeled G-actin was also observed
during titration with BR. However, saturation of the quench-
ing could not be achieved due to the low solubility of BR.
Therefore, a Kd value could not be determined, but appears to
be in the mM range. For BV, a Kd of 80.1 mM (67.2 to 93.0) was
obtained using ITC. In summary, PxB, PrB, and BV all
exhibited binding affinities to G-actin in the low micromolar
range, in accordance with the results from biological assays,
with the PrB possessing the strongest interaction with G-
actin.

BR has been shown to play important cytoprotective roles
at physiological concentrations. However, increased concen-
trations of albumin-bound or unconjugated BR are known to
cause hyperbilirubinemia. Several factors such as concentra-
tion, conjugation status, or redox state and target location in
cells seem to play important roles.[25] Therefore, it is
questionable whether the herein reported effects of bilins
on actin dynamics and actin functions in this high concen-
tration range are of physiological relevance. For PBs,
however, which affect actin and related functions at lower
concentrations, we provide the basis for elucidating further
effects on cellular functions and the underlying mode of
actions in more detail. This is of special interest for PrB, the

Figure 2. Effects of PBs and bilins on F-actin morphology. Images of
immunofluorescence stained HeLa and T24 cells treated with PxB and
PrB for 4 h. Nuclei were stained with Hoechst (shown in blue) and F-
actin with rhodamine-phalloidin (shown in red). Scale bar: 50 mm.
Representative images taken from three independent experiments are
shown.
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most potent candidate, for which no bioactivities have yet
been reported. Previous studies have already shown that PxB
is a promising anti-cancer reagent, inhibiting the proliferation
of cancer cells and inducing apoptosis.[11] Furthermore, it was
shown that a G2/M-cell cycle arrest is induced at concen-
trations lower than 20 mM. Since the actin cytoskeleton plays
an important role in cell division, future studies will inves-
tigate the role of actin binding and agglomeration of actin

filaments on the progression of the cell cycle. For both PBs,
the identification of actin as a target is an important step
towards understanding their bioactivities; the potent inhib-
ition of cancer cell migration at nanomolar concentrations of
PrB observed in our study, however, might not solely be due
to inhibition of actin polymerization, since the affinity of PrB
for actin was observed in the low micromolar range. Hence, it
is possible that additional targets for PrB exist.

Figure 3. Inhibition of in vitro actin dynamics by PBs and bilins. A) Polymerization of pyrene labeled G-actin incubated with PxB, PrB, BR, BV, and
a vehicle control (vh ctrl). Data are presented as mean:SEM of three independent experiments performed in duplicates (SEM depicted in grey).
B) After allowing the actin to polymerize for 1 h, the depolymerization of pyrene labeled actin was monitored upon addition of PBs, bilins, LatB,
and a vehicle control (vh ctrl). Data represent mean:SEM of three independent experiments performed in triplicates (SEM depicted in grey).
C) Inhibition of actin nucleation. TIRF assay of Atto488 labeled G-actin incubated with PxB, PrB, BR, BV, and a vehicle control (vh ctrl). The
number of actin nuclei present in each frame (calculated from the number of filaments) are presented as a scatter plot. Same controls are shown
for PrB and PxB as experiments were performed simultaneously. Average of nuclei:SEM (two-tailed unpaired Student’s t-test, *** P<0.001).
Representative images with corresponding vehicle control measurements are shown. Scale bar: 15 mm.
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Conclusion

There are many arguments against the assumption that
the breakdown of the “pigments of life” is only a detoxifica-
tion process. Questions concerning the roles of the degrada-
tion products, however, still remain puzzling. Many organisms
such as bacteria, plants, or animals produce natural substan-

ces with actin-binding properties[26] and accumulating re-
search suggests that these substances play possible roles in
host-defense mechanisms.[27] Interestingly, PBs were recently
associated with plant defense against pathogen attack.[28]

PBs and bilins are a class of ubiquitous natural products;
both have previously been shown to possess multiple phys-
iologically relevant properties. In this study, by introducing

Figure 4. Characterization of in vitro binding of PBs and bilins to G-actin. A) G-actin binding assay was performed with G-actin attached to
sepharose beads. G-actin or agarose beads (ctrl) were incubated with compounds at 50 mM concentration for 1 h before the mixture was
centrifuged and washed. Compounds were eluted from beads and the eluate was analyzed by analytical HPLC. Results represent the relative peak
area and mean:SEM of three independent experiments (one-way ANOVA followed by Dunnett’s multiple comparison test, *** P<0.001).
B) Predicted binding mode of PBs and bilins (carbon atoms shown for PxB in yellow; PrB in pink; BV in green; BR in orange) docked onto actin
(grey or green ribbon) (PDB code: 4K41). The residues of actin involved in binding are labeled and shown as sticks. KabC is depicted using a ball
and stick model (cyan). C) Overlay of docked conformers of PxB in yellow, PrB in pink, BV in green, BR in orange and KabC in cyan (PDB
code:4K41) showing the pyrrolin-2-one (ring D) occupying the same regions as the N-vinylformamide of KabC. D) Competitive G-actin binding
assay of compounds in combination with the actin binding protein profilin. G-actin beads were incubated with PBs or bilins at 50 mM
concentration for 1 h prior to addition of profilin (0.67 mM). Beads were centrifuged and the solubilised pellet fraction was analyzed using SDS-
PAGE. The amount of profilin was quantified and normalized to the vehicle control (vh ctrl). Data represent mean:SEM of three independent
experiments (two-tailed unpaired Student’s t-test with Welch’s correction, * P<0.05). E) Determination of Kd values using MST for PxB (protein
concentration = 71.4 nM), fluorescence quenching for PrB and BR (protein concentration =200 nM), and ITC for BV (protein concentra-
tion = 50 mM). A Kd for BR was not calculated because of the poor fit to the binding model. Results for PxB, PrB, and BR represent mean:SEM
of three independent experiments. Kd values are expressed as mean values (68% CI).
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actin as human target for PBs and for bilins, we go one step
further in unravelling the question behind the degradation of
two of the most important pigments on Earth. Considering
that an estimated 109 tons of chlorophyll are degraded every
year on Earth,[29] understanding the effects of the therefore
abundant metabolites that are formed during this process, the
PBs, opens the door for future studies on the physiological
roles of this ubiquitous class of tetrapyrroles.
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