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The Cyanobacterial “Nutraceutical” Phycocyanobilin
Inhibits Cysteine Protease Legumain

Isabel V. L. Wilkinson,”® Gabriel Castro-Falcon,®

! Maria C. Roda-Serrat,”” Trevor N. Purdy,”

Jan Straetener,”” Melanie M. Brauny,™? Lisa Maier,”® " Heike Brétz-Oesterhelt, 9
Lars P. Christensen," Stephan A. Sieber,*® and Chambers C. Hughes*®™ ¢ ¢ 9

The blue biliprotein phycocyanin, produced by photo-autotro-
phic cyanobacteria including spirulina (Arthrospira) and mar-
keted as a natural food supplement or “nutraceutical,” is
reported to have anti-inflammatory, antioxidant, immunomodu-
latory, and anticancer activity. These diverse biological activities
have been specifically attributed to the phycocyanin chromo-
phore, phycocyanobilin (PCB). However, the mechanism of
action of PCB and the molecular targets responsible for the
beneficial properties of PCB are not well understood. We have
developed a procedure to rapidly cleave the PCB pigment from

Introduction

Phycocyanin is one of several photosynthetic proteins (“phyco-
biliproteins”) found in cyanobacteria, red algae, and cryptono-
mads. The deep blue color of phycocyanin originates from the
bile pigment chromophore phycocyanobilin (PCB, 1), a highly
conjugated linear tetrapyrrole that is covalently bound via a
thioether linkage to a cysteine residue and serves as the
primary light-absorbing material in light-harvesting phycobili-
somes (Figure 1). Phycoerythrobilin (2), phycobiliviolin (3), and
phycourobilin (4) are related phycobilins that serve a function
similar to PCB in other phycobiliproteins.

phycocyanin by ethanolysis and then characterized it as an
electrophilic natural product that interacts covalently with thiol
nucleophiles but lacks any appreciable cytotoxicity or antibacte-
rial activity against common pathogens and gut microbes. We
then designed alkyne-bearing PCB probes for use in chemical
proteomics target deconvolution studies. Target identification
and validation revealed the cysteine protease legumain (also
known as asparaginyl endopeptidase, AEP) to be a target of
PCB. Inhibition of this target may account for PCB’s diverse
reported biological activities.

Phycocyanin exhibits a wide range of beneficial biological
activities stemming from its antioxidant, anti-inflammatory, and
anticancer properties, in addition to various hepato-, nephro-,
and cardioprotective properties." Some studies have reported
that phycocyanin has antibacterial activity against drug-resist-
ant bacteria.” The recognized nutritional and health benefits of
phycocyanin have led to the development of food supplements
composed of Arthrospira platensis (“spirulina”), free-floating,
filamentous cyanobacteria that are grown on an industrial scale
in open raceway ponds. Many of the biological effects of
phycocyanin have been attributed to the presence of PCB," as
the pigment itself is reported to have antioxidant,”® anti-
inflammatory,"®'"  anticancer,” and immunomodulatory
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Figure 1. A) Structures of phycocyanobilin (1); related phycobilins phycoerythrobilin (2), phycobiliviolin (3), and phycourobilin (4); heme catabolites biliverdin
(5) and bilirubin (6); and phycocyanorubin (7). Biliverdin reductase, which reduces 5 to 6 in the liver as part of heme catabolism, also reduces 1 to 7, a
structural analogue of 6. The bile pigments are arranged to show their level of oxidation. B) (3E)-Phycocyanobilin [(3£)-1] is liberated from phycocyanin using
hot ethanol. (32)-PCB (8), PCB 3'-ethanol adduct 9, and (3E)-PCB ethyl esters 10 and 11 are also formed during this process. In the reverse, biosynthetic
direction, 1 is attached to the phycocyanin apoprotein by phycocyanobilin lyase. (3£)-PCB diethyl ester 12 is formed by treatment of 1 with acidic ethanol.

properties”>'¥ (recently reviewed"). Other linear tetrapyrroles

such as biliverdin (5) and bilirubin (6) have been shown to have
antioxidant and anti-mutagenic effects similar to 1, but these
bile pigments are found in vertebrates in very small quantities,
making them unsuitable for large-scale production.®'® To
address this shortcoming, recombinant methods for the
production of biliverdin (5) in Escherichia coli are being
developed.!'”

The structure of 1 was first established using a combination
of infrared, ultraviolet/visible, and nuclear magnetic resonance
spectroscopy, as well as mass spectrometry in the late
1960s."®' The discovery that the chromophore could be
cleaved from the protein using refluxing methanol or strongly
acidic conditions paved the way for the elucidation of the PCB
structure. However, this elimination process also precluded
investigations concerning the nature of the PCB-protein linkage.
Unambiguous evidence that PCB was linked to C-phycocyanin
via a cysteine thioether was obtained after it was discovered
that treatment of the phycobiliprotein with cyanogen bromide
gave a peptide-bound PCB fragment that could be examined
by NMR spectroscopy.”” The stereochemistry of cysteine-linked
PCB was then determined to be 2R, 3R, 3'R.?'¥

Previous studies have shown that PCB can be cleaved from
the apoprotein by several methods including acid hydrolysis,
enzymatic cleavage, and solvolysis in methanol."®'9%% |n
another example, treatment of A. platensis at pH12 and
sonication with glass pearls to prevent precipitation of
phycocyanin delivered high vyields of PCB.*” We recently
disclosed the finding that ethanolysis of a spirulina-based food
colorant, LinaBlue, also produced PCB in high yield.?® Using this
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commercial source of phycocyanin resolved complications
associated with collecting the organism and sufficiently degrad-
ing the cyanobacterial cell wall. Due to the striking panacea-like
properties of PCB, the development of robust methods to
produce PCB from phycocyanin continue to be reported.”

In this work, we characterized all of the reaction products
that could be detected from the ethanolysis reaction using a
variety of analytical and spectroscopic methods. In this way, we
identified the principal product (3£)-PCB, as well as (32)-PCB, a
PCB-ethanol adduct, and an inseparable mixture of PCB mono-
ethyl esters present in minor amounts. We further characterized
PCB as an electrophilic natural product that interacts covalently
with thiol nucleophiles. We then designed alkyne-bearing PCB
probes to deconvolute its molecular targets by chemical
proteomics and thereby identified and validated PCB as an
inhibitor of the cysteine protease legumain (ICs, of 65+ 8 uM).

Results and Discussion

Isolation and characterization of phycocyanobilin and
congeners

In an effort to uncover the molecular basis for the reported
biological properties of phycocyanin and PCB (1), we first
sought to establish a reliable and facile method for the multi-
milligram production of the pigment. Treatment of the food
colorant with hot ethanol overnight liberated PCB (1) from
phycocyanin, as indicated by the dark blue color of the
resulting solution. PCB, however, was not the only product

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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formed, and so we meticulously purified and characterized all
PCB-related side-products using liquid chromatography/high-
resolution electrospray ionization quadrupole time-of-flight MS/
MS  (HPLC—ESI-QTOF—MS/MS) and NMR spectroscopy. The
major product eluting at t;=10.9 min was assigned as (3£)-PCB
(1) on the basis of its UV/vis absorption spectrum (4,,,, =369,
659 nm) and a pseudomolecular ion m/z 587.2861 [M+H]"
(caled for C33H3oN,Oq, 587.2864; Figure 1 and Figures S1-S3 in
the Supporting Information). Using a combination of 'H-'H
COSY, HSQC, and HMBC NMR experiments, we were able to
assign proton and carbon chemical shifts to every position
(Table S1 and Figures $4-S7). A minor isomeric compound
eluting at t;=11.9 min was assigned as (32)-PCB (8), likewise on
the basis of its UV/vis absorption spectrum (4,,.,=362, 640 nm)
and a pseudomolecular ion m/z 587.2853 [M+H]* (calcd for
Cy3H39N,04, 587.2864). Comparison of the 'H NMR spectra for 1
and (32)-PCB (8) indicated a difference in the C-3/C-3’ olefin
configuration between the two stereoisomers (Table S2). Chem-
ical shifts for H-2" (Oyqy=1.52; Opg=1.45), H;-3" (0yn=6.34;
O =5.82), and H;-3" (01 =1.72; O = 1.98) differ significantly
while all other proton signals were preserved between the two
molecules (Table S2 and Figures S8-511).

A third compound, eluting between (3E)-PCB (1) and (32)-
PCB (8) at t;=11.2 min, showed a hypsochromic shift in its UV/
vis spectrum (4,,,=347, 626 nm) compared to PCB and
analyzed for the molecular formula C3sH,N,O, (m/z 633.3293
[M+H]", caled for Cy5H,sN,O, 633.3283; Table S3 and Figur-
es S12-515). This 46 amu increase in mass was attributed to the
addition of a molecule of ethanol. The COSY spin system from
H;-3 [04=3.22 (overlapped); 6.=51.8] to H;-3’ [0,=4.00 (t, /=
6.3 Hz); 6.=77.5] to H;-3" [04=1.34 (d, /=6.2 Hz); 0.=16.8]
and relevant HMBC correlations from H;-3" to C-3 and C-3' and
from H;-2' [0,=1.47 (t, J=7.3 Hz)] to C-3 revealed the structure

of (3E)-PCB 3’-ethanol adduct (9; Table S3). The configuration at
C-3’ was not strictly determined.

Lastly, a 2:1 mixture of (3£)-PCB mono-ethyl esters (10/11),
co-eluting at tz=13.4 min, each analyzed for the molecular
formula with C;H,N,Os (Mm/z 6153176 [M+H], caled for
C3sHsN,Og, 615.3177; Tables S4 and S5, Figures S16-519). The
structure of the major isomer was deduced from key HMBC
correlations from the ethyl ester methylene protons (H,-20, d,=
4.14; 6.=60.8) to the C-8" or C-12"" carbonyl carbon (6.=
173.2; Tables S4 and S5). Methylene proton signals (H,-20, 8=
4.14; 0.=60.8) corresponding to the ethyl ester in the minor
isomer overlap with those from the major isomer but are still
distinguishable. Presumably, these PCB derivatives are formed
by acid-catalyzed esterification. In line with this observation, the
deliberate treatment of 1 with sulfuric acid in ethanol at room
temperature furnished (3E)-PCB diethyl ester (12; Figures S20
and S21).

Antibacterial activity and cytotoxicity of phycocyanobilin

Given this facile route to the pure PCB (1), we set out to
thoroughly assess its biological activity in vitro towards a variety
of pathogens and three human cancer cell lines (Figure 2). Both
(36)-PCB (1) and (3E)-PCB diethyl ester (12) showed MICs of
>64 pgmL~" against all ESKAPE pathogen species as well as
Bacillus subtilis 168 and E. coli ATCC25922. (3E)-PCB (1) also
showed MICs of >64 pgmL™" against members of the human
gut microbiome, including Bacteroides vulgatus ATCC8482,
Roseburia intestinalis CIP107878, and Fusobacterium nucleatum
ATCC25586. This lack of activity against bacteria is favorable, as
the compounds are not likely to disrupt the homeostasis of the
gut microbiome. Furthermore, 1 and 12 showed no appreciable

A MIC in pg/mL 1 12 ciprofloxacin B Csinpg/mL 1 12 cycloheximide
B. subtilis 168 >64 >64 0.13 Hela >64 40 0.95
S. aureus ATCC29213 >64 >64 1 A549 >64 >64 0.99
E. faecium BM4147-1 >64 >64 16 THP-1 >64 >64 0.12
E. coli ATCC25922 >64 >64 <0.031 HT-29 >64 NT NT
K. pneumoniae ATCC12657 >64 >64 <0.031
E. aerogenes ATCC13048 >64 >64 <0.031 o
P aeruginosa ATCC27853 >64  >64 0.25 1004 4 ’ 4
A. baumannii 09987 >64  >64 0.16 = T T )
R. intestinalis CIP107878 >64 NT 16 :ii
R. gnavus ATCC29149 >64 NT 16 g 504 & 10% FBS
F nucleatum ATCC25586  >64  NT 2 3 alies
C. ramosum ATCC25582 =64 NT 16 e 0RRBS} |y
B. vulgatus ATCC8482 >64 NT 16 " nofes
B. uniformis ATCC8492 >64  NT 4 Ly o / o i
B. longum ATCC15707 >64  NT 8 ng/ml

Figure 2. A) Minimal inhibitory concentrations (MIC) of (3E)-PCB (1) and (3E)-PCB diethyl ester (12) against B. subtilis 168, E. coli ATCC25922, ESKAPE pathogens,
and seven representative bacterial species of the human gut microbiome. B) Half maximal inhibitory concentrations (ICs,) of 1 and 12 against epithelial cervix
adenocarcinoma Hela, lung adenocarcinoma A549, monocytic THP-1, and human colon adenocarcinoma HT-29 cell lines. C) Comparison of the ICs, of 1 and
12 against A549 in cell culture medium supplemented with 10% fetal bovine serum (FBS) versus culture medium without FBS.
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cytotoxicity against Hela cells (IC;,>64ugmL™ and
40 ugmL™", respectively) and no cytotoxicity against A549 cells
and THP-1 cells in the tested range (IC5,>64 pgmL™"). Against
intestinal cell line HT-29, PCB 1 also displayed no cytotoxicity.
To exclude a putative inhibitory effect of albumin contained in
the fetal calf serum additive to the cell culture medium, which
could potentially mask the detection of cytotoxic effects by
binding to PCP and reducing its free fraction,*” we repeated
our cytotoxicity assay for 1 and 12 and the A549 cell line in
serum-free medium. Cytotoxicity was not enhanced. This lack of
antibacterial activity and cytotoxicity for 1 is surprising consid-
ering the electrophilic nature of PCB (see below) but reassuring
given the widespread use of phycocyanin as a food colorant
and dietary supplement. Although the results of these cell-
killing assays are significant, they are not likely to reflect the
beneficial biological properties purported for phycocyanin and,
by inference, 1.

Thiol reactivity of phycocyanobilin

In line with our previous efforts to identify naturally occurring
covalent inhibitors or “electrophilic natural products” by
chemical labeling with readily detectable thiol probes, PCB 1
was shown to react with 4-bromothiophenol (13) in dimeth-
ylformamide (m/z 775.2132 [M+H]", calcd for CyH,,BrN,OgS,
775.2159; Figures 3, S22 and $23).2" The exact structure of the
PCB thiol adduct (14) was determined by NMR spectroscopy,
which confirmed the site of thiol addition at C-3' of PCB
(Table S6, Figures S24-S27). COSY spin systems and HMBC
correlations analogous to those for the PCB 3'-ethanol adduct
(9) were observed, with one key difference being that the
carbon chemical shift at C-3’ was much lower (6.=48.2), as
expected. Reaction of 13 with semisynthetic PCB diester 12
gave an analogous product (15; Table S7, Figures $28-533). The
overall process mimics the biosynthetic reaction for attachment
of PCB to the phycocyanin apoprotein (Figure 1).

Cellular target of phycocyanobilin

We therefore sought to exploit the electrophilic nature of PCB
to elucidate its protein binding partners though affinity

1(R=H)
12 (R = Et)

capture.P*® A chemical proteomics approach to target identi-
fication was thus envisioned using PCB-based probes bearing a
click handle for subsequent ligation to a detection or enrich-
ment handle (e.g., a fluorophore or biotin) to enable identi-
fication of protein binding partners by LC-MS/MS analysis
(Figure 4A).5*>® The commonly used alkyne tag was chosen for
its small size as the click handle and the carboxylic acid groups
of PCB were chosen as the sites for functionalization (Fig-
ure 4B).*? Monoamide PCB probe 16 (isolated as a mixture of
inseparable regioisomers) and diamide probe 17 were synthe-
sized under standard coupling conditions with propargylamine
and HATU (Figures S34-S37). The design of the probes (without
a photoaffinity group™) was intended for the discovery of
targets interacting covalently with PCB.

In order to assess the capacity for protein binding, live
HEK293 cells were treated with the probes in a range of
concentrations (0.1-10 uM, 1% DMSO v/v) for 2h (37°C) in
serum-free media. The serum was excluded to improve the
availability of the probe in solution as PCB is known to bind
bovine serum albumin with an affinity of 2x10° M~"*" After
cell lysis and click reaction to TAMRA-azide, probe-treated
lysates were subjected to SDS-PAGE. Fluorescent imaging
revealed dose-dependent labeling of proteins and no labeling
in the DMSO-only vehicle control (Figure 4C).

We next proceeded to target identification by chemical
proteomics using the lowest probe concentration where protein
labeling was observed (1 uM treatment) to help minimize non-
specific binding. After click-mediated ligation of probe-labeled
proteins to biotin-azide, affinity enrichment with avidin beads
under denaturing conditions (6 M urea) and on-bead tryptic
digest, the resulting peptides were analyzed by quantitative
LC-MS/MS. Determination of proteins significantly enriched by
probes 16 and 17 was performed using an empirical Bayes
approach implementing™? the R Bioconductor package limma™”
in order to increase the power of the statistical inference
compared to ordinary two-sample t-tests by estimating sample
variance based not only on the data obtained for each protein
alone but also the global variability across the whole dataset
(Figures 4D and S39, list of proteins in supplementary dataset,
raw data available in the PRIDE repository™*).*!

Legumain (LGMN, also known as asparaginyl endopepti-
dase, AEP) was statistically and significantly enriched by both
probes (p<0.05 for probe 16, p<0.0005 for probe 17, Fig-

14 (R=H)
15 (R = Et)

Figure 3. Treatment of 1 and 12 with thiophenol 13, a probe for electrophilic natural products, yielded PCB thiol adducts 14 and 15, respectively.
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Figure 4. A) Schematic for the chemical proteomics approach used to identify the protein targets of PCB. HEK293 cells were treated (2 h, 37 °C) with alkyne-
bearing monoamide PCB probe 16 (mixture of regioisomers) or diamide 17 (each 1 uM) or DMSO (vehicle control, 1% v/v). Following cell lysis, a copper-
catalyzed click reaction to biotin-azide was performed, and biotinylated samples were enriched on avidin beads. After tryptic digestion, peptides were
analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). B) Structures of PCB-derived probes 16 and 17. C) TAMRA-treated samples were
separated by SDS-PAGE, and labeled proteins were visualized by in-gel fluorescence. Total protein content was visualized using Coomassie Brilliant Blue (CBB)
as a loading control. Uncropped gel images can be found in Figure S38. D) Volcano plot of proteins enriched using probe 17. Fold change and significance of
protein enrichment upon probe treatment vs. DMSO control were calculated by using a LIMMA-moderated t-test (implemented in R). The cysteine protease
legumain (LGMN) was identified as the top hit for probe 17. TAMRA: tetramethylrhodamine, SDS-PAGE: sodium dodecyl sulfate-polyacrylamide gel

electrophoresis, LIMMA: linear model to microrray data.

ure S39) and was consequently advanced to target validation
studies. First, binding of the PCB probe 17 (20 uM) to
recombinant prolegumain enzyme (1 pM) spiked into HEK293
lysate (2-h incubation, 37°C) was investigated. Following click
reaction to TAMRA-azide, the appearance of a fluorescent band
in the SDS-PAGE (denaturing) gel corresponding to legumain
indicated covalent binding of the probe to the protein (Fig-
ure S40). Next, the binding of unmodified PCB to legumain was
investigated by co-treatment of PCB and PCB probe 17 on the
spiked-in lysate. In the presence of excess PCB, the fluorescent
labeling of the enzyme by the PCB probe was no longer
observed (Figure 5A), indicating binding of PCB to legumain in
a manner competitive to the PCB probe.

Legumain is conserved across mammals, plants and inverte-
brate parasites and has multifarious physiological and patho-
logical roles, including endopeptidase, carboxypeptidase,“”
ligase™” and even transcription factor*® activities, depending

ChemBioChem 2023, 24, €202200455 (5 of 10)

on context (localization, pH, redox potential, cofactor, substrate
etc.).*** |ts proteolytic activity is involved in antigen presenta-
tion to the MHCII complex®" and immune signaling®>%
making it a downstream modulator of the immune response. In
addition, legumain is overexpressed in many types of solid
tumors, including breast, colon, lung, prostate and ovarian
cancer, and is believed to participate in regulation of tumor
angiogenesis and invasion.*” High legumain activity correlates
with enhanced cancer growth and metastasis, as well as a poor
patient prognosis.”®*” Given the key roles of legumain in
immunity and cancer, inhibition of its activity could therefore
potentially match the PCB treatment phenotype.

The ability of PCB to inhibit the endopeptidase activity of
legumain was therefore investigated in an in vitro assay using
an activated recombinant enzyme and the synthetic fluorogenic
substrate Z-Ala—Ala—Asn—AMC.®" Here, PCB was found to

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 5. Validation of legumain as a target of PCB. A) Fluorescent labeling of recombinant prolegumain (1 uM spiked into 5 ug HEK293 lysate) by PCB probe
17 (20 uM) is outcompeted in the presence of a 100-fold excess of the parent compound PCB. Error bars represent the standard deviation of four replicates.
B) The asparaginyl endopeptidase activity of legumain is inhibited by PCB. LGMN: legumain, AMC: 7-amino-4-methylcoumarin, CBB: Coomassie Brilliant Blue,

1Csp: half maximal inhibitory concentration, PCB: phycocyanobilin.

inhibit legumain with a calculated IC;, of 65+8 uM, thus
confirming it as a molecular target of the natural product.

Conclusion

Phycocyanobilin is a natural product with a range of intriguing
properties including antioxidant, anti-inflammatory, anticancer,
and immunomodulatory activities. Herein, we have reported a
rapid method for its isolation on a multi-milligram scale from a
commercial spirulina-based food colorant. We then tested it
against a panel of bacterial pathogens, gut microbes, and
human cancer cell lines, thereby demonstrating a favorable lack
of activity against prokaryotic and eukaryotic cells. We further
designed and synthesized two alkyne-bearing probes in order
to rationalize PCB’s mechanism of action and elucidated its
molecular target in live human cells. Analysis of probe-bound
proteins using quantitative mass spectrometry identified legu-
main (LGMN, asparaginyl endopeptidase, AEP) as the top hit. A
total of 3193 proteins were identified in our proteomics
experiments. Aside from LGMN, only a handful of proteins were
significantly enriched by the PCB probes; this suggests a small
number of protein (off)-targets and underscores PCB's good
safety profile.®” However, we cannot exclude the presence of
other protein targets not detected in our proteomics experi-
ments that might contribute to PCB's reported activities.

In validation studies, PCB was found to bind legumain,
competitively displacing its probe derivative, and further found
to inhibit legumain endopeptidase activity with an ICs, of 65+
8 uM. While there are many other and more potent legumain
inhibitors already reported in the literature®™*? (and recently
reviewed"”?), this is the first report of PCB as a legumain
inhibitor. The fact that PCB is an orally bioavailable component
of a safe and well-tolerated food supplement distinguishes it
from existing legumain inhibitors, which are typically chemical
probes with poor pharmacokinetic properties. The discovery of

ChemBioChem 2023, 24, €202200455 (6 of 10)

PCB’s inhibition of legumain might account for its diverse
reported biological activities.

Experimental Section

General experimental: The phycocyanin-based colorant Linablue
G1 was purchased from DIC Europe GmBH (Disseldorf, Germany).
All other reagents and solvents were purchased commercially and
were used without further purification. Reaction mixtures were
analyzed on an analytical 1100 Series Agilent Technologies HPLC
system coupled to UV/vis (210, 254, and 360 nm) and evaporative
light-scattering detector (ELSD) using a Phenomenex Luna re-
versed-phase C18(2) column (100x4.6 mm, 5 um, 100 A) with a 10
or 20 gradient from 10-100% CH,CN in water containing 0.1%
formic acid and a 1.0 or 0.7 mLmin~' flow rate. Using the same
column and a 20 min gradient from 10-100% CH,CN in water
containing 0.1% formic acid and a 0.7 mLmin' flow rate, HPLC-ESI-
QTOF-MS/MS was performed on an analytical Agilent 1260 Infinity
Series LC system coupled to a 6530 Series QTOF mass spectrometer.
Column chromatography was performed on a Teledyne CombiFlash
Rf+ Lumen flash chromatography system. Preparative reversed-
phase HPLC was performed using a Millipore Waters 600E solvent
delivery system with a Phenomenex Luna C18(2) column (250X
21.2mm, 5 pm, 100 A) and a 13 mLmin~" flow rate or a Phenomen-
ex Luna silica column (250x21.2 mm or 250x 10 mm, 5 pm, 100 A)
and a 13 or 3 mLmin~' flow rate. Compounds were detected with a
single-wavelength Knauer UV detector at 254 nm or 360 nm.
'HNMR spectra at 500 MHz or 400 MHz on a Jeol 500 MHz or
Bruker Avance Il HDX 400 MHz spectrometer in [Dslpyridine
(residual solvent referenced to 7.22 ppm).

Ethanolysis reaction: A suspension of Linablue G1 (20 g) in 96%
ethanol (250 mL) in a 500 mL round-bottomed flask was heated
under reflux overnight in an oil bath at 95°C. The solution was
allowed to cool and then directly filtered through a fritted Blichner
funnel to remove precipitated protein. The deep blue filtrate was
concentrated to yield 1.4g of crude material. Before HPLC
purification, one of two methods was used to remove sugars and
other hydrophilic byproducts. Method A: The crude material was
fractionated on a flash chromatography system (4 g C18 cartridge,
360 nm) with a 15 min solvent gradient from 10-100% solvent B
(solvent A: water with 5 mM ammonium formate, pH 3.2; solvent B:
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9:1 methanol/water with 5 mM ammonium formate, pH 3.2) and a
18 mLmin™' flow rate. Fractions containing PCB and derivatives
were combined in separate flasks and concentrated to dryness.
Method B: The crude material was diluted with water (1L) and
extracted with EtOAc (3x200 mL). The combined extracts were
washed with brine (100 mL), dried over sodium sulfate, and
concentrated to dryness to give 30 mg of crude PCB.

Purification of PCB (1) and PCB derivatives (8, 9, 10/11): The
solvolysis reaction products were purified using reversed-phase
HPLC (Millipore Waters 600E) with a Phenomenex Luna C18(2)
preparative column (250x21.2 mm, 5um, 100 A) using isocratic
conditions with 80% solvent B (solvent A: water with 5mM
ammonium formate, pH 3.2; solvent B: 9:1 methanol/water with
5 mM ammonium formate, pH 3.2) and a 13 mLmin™"' flow rate. The
fractions containing pure 1, 8, 9, and 10/11 were combined in
separate flasks, methanol was removed from each solution with a
rotary evaporator, and the remaining aqueous solutions were
frozen and lyophilized. The compounds were characterized by 'H
and 2D NMR spectroscopy, UV/vis spectroscopy, and high resolu-
tion mass spectrometry (see the Supporting Information).

PCB diethyl ester (12): To a solution of crude PCB (20 mg) at room
temperature was added a 50:1 EtOH/H,SO, solution (2 mL). After
12 h at room temperature, the mixture was diluted with EtOAc
(25 mL), washed successively with water (25 mL) and brine (25 mL),
dried over sodium sulfate, and concentrated to give 20 mg of crude
PCB diethyl ester. The product was purified by preparative normal-
phase HPLC with 2% solvent B (solvent A: DCM; solvent B: MeOH)
to give diester 12. The compound was characterized by 'H NMR
spectroscopy and high resolution mass spectrometry (see the
Supporting Information).

PCB thiophenol adduct (14): To a solution of crude PCB (10 mg) in
N,N-dimethylformamide (1 mL) at room temperature under nitro-
gen atmosphere was added 4-bromothiophenol (13; 5.0 mg,
0.026 mmol). After 12 h at room temperature, the mixture was
analyzed by HPLC as described above. The product was purified by
preparative reversed-phase HPLC with 55% solvent B (solvent A:
water with 0.1% formic acid; solvent B: acetonitrile with 0.1%
formic acid) to give 4.0 mg of thiol adduct 14. The compound was
characterized by 'H and 2D NMR spectroscopy, UV/vis spectroscopy,
and high resolution mass spectrometry (see the Supporting
Information).

PCB diethyl ester thiophenol adduct (15): To a solution of crude
PCB diethyl ester (10 mg) in N,N-dimethylformamide (1 mL) at room
temperature under nitrogen atmosphere was added 4-bromothio-
phenol (13; 5.0 mg, 0.026 mmol). After 12 h at room temperature,
the mixture was analyzed by HPLC as described above. The product
was purified by preparative normal-phase HPLC with 35 % solvent B
(solvent A: hexane; solvent B: ethyl acetate) to give 1.4 mg of thiol
adduct 15. The compound was characterized by 'H and 2D NMR
spectroscopy, UV/vis spectroscopy, and high resolution mass
spectrometry (see the Supporting Information).

PCB monoamide (16) and diamide (17): To a solution of crude PCB
(30 mg) and HATU (15 mg, 0.039 mmol) in DMF (1 mL) at room
temperature under nitrogen atmosphere was added Et;N (20 pL,
0.14 mmol) and propargylamine (20 uL, 0.31 mmol). After 1 h the
mixture was analyzed by HPLC as described above, then diluted
with DCM (100 mL) and brine (100 mL). The DCM layer was dried,
filtered, and concentrated to 40 mL. The solution was injected from
a syringe onto a 12 g silica cartridge preconditioned with DCM, and
the products were purified on a flash chromatography system (12 g
silica cartridge, 254 nm) with a 12 min solvent gradient from 0-
20% solvent B (solvent A: DCM; solvent B: MeOH) and a
30 mLmin~" flow rate to yield 4.9 mg of monoamide 16 (t;=6-
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6.5 min) and 5.5 mg of diamide 17 (t;=7.5-9.5 min). The com-
pounds were characterized by 'HNMR spectroscopy and high
resolution mass spectrometry (see the Supporting Information).

Antimicrobial assays: Antimicrobial activity against ESKAPE patho-
gens B. subtilis and E. coli was determined in accordance to the
guidelines of the Clinical and Laboratory Standards Institute
(CLSI."" Twofold dilutions of the test compounds starting from
64 ngmL~' were prepared in cation-adjusted Mueller-Hinton broth
(BD Difco) in 96-well round bottom polystyrol plates (Sarstedt) with
each well containing 50 pL of test compound solution at twice the
final concentration. The wells were then inoculated with 50 pL of
the bacterial suspension of the test strains at a final inoculum of 5x
10° colony-forming units (CFU) mL™" in 100 uL final volume. The
plates were incubated at 37°C for 20 h, and the minimal inhibitory
concentration (MIC) was determined as the lowest concentration of
test compound that inhibited visible bacterial growth. In addition,
MICs for seven bacterial species of the most prevalent and
abundant phyla of the human gut microbiome were determined as
described previously.” Species selection comprised Bifidobacterium
longum ATCC15707 (Actinobacteria), B. vulgatus ATCC8482 (Bacter-
oidetes), Bacteroides uniformis ATCC8492 (Bacteroidetes), Clostridi-
um ramosum ATCC25582 (Firmicutes), R. intestinalis CIP107878
(Firmicutes), Ruminococcus gnavus ATCC29149 (Firmicutes) and F.
nucleatum (Fusobacteria) ATCC25586. Briefly, the strains were first
grown overnight on BHI plates and then overnight in liquid mGAM
media (Hyserve) under anaerobic conditions (Coy Laboratory
Products Inc.). The cultures were diluted to an OD of 0.02, and
aliquots (50 uL) were added to the wells of a 96-well round bottom
plate with each well containing 50 pL of test compound solution at
twice the final concentration. Bacterial growth was monitored for
22 h using hourly OD measurements in a BioTek Epoch 2 microplate
reader under anaerobic conditions. The experiment was conducted
in two independent biological replicates, and growth curves were
analyzed as previously described using R"? MICs were defined as
the lowest concentration for which the normalized AUC (area under
the growth curve normalized to AUC of the untreated control)
dropped below 0.2.

Cytotoxicity assays: Cytotoxicity evaluation was performed using a
7-hydroxy-3H-phenoxazin-3-one 10-oxide (resazurin) assay in RPMI
cell culture medium (Gibco Life Technologies) supplemented with
10% heat-inactivated fetal bovine serum (Gibco Life Technologies)
for the HeLa and THP-1 cell lines, Dulbecco’s modified Eagle’s
medium (DMEM) cell culture medium (Gibco Life Technologies)
supplemented with 10% heat-inactivated fetal bovine serum for
the A549 cell line or Panserin 401 serum-free cell culture medium
(Gibco Life Technologies) for the A549 cell line. A twofold serial
dilution of the test compounds was prepared in a 96-well
polystyrene microtiter plate and seeded with THP-1 or trypsinized
Hela or A549 cells to a final cell concentration of 1x10*cells per
well. After 24 h of incubation at 37°C, 5% CO,, and 95% relative
humidity, resazurin was added to a final concentration of 200 uM,
and cells were again incubated overnight. Cell viability was
assessed by determining the reduction of resazurin to resorufin by
measuring the fluorescence in a Tecan Infinite M200 Pro reader at
an excitation wavelength of 560 nm and an emission wavelength of
600 nm in relation to an untreated control. HT-29 cells were grown
in DMEM (Gibco Life Technologies) supplemented with 10% FBS
and 1% penicillin/streptomycin at 37°C, 12% CO,, and saturated
humidity. For cytotoxicity testing, the Promega CellTiter 96°
AQueous one solution cell proliferation assay was performed. In
short, 2x10* cells per 100 uL were seeded into 72 wells of a flat
bottom 96-well cell culture plate (Thermo Scientific), and the other
24 wells were filled with pure DMEM in order to serve as control
wells for blank correction. Plates were incubated at 37°C, 12% CO,,
and saturated humidity for 24 h before the media was removed

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemBioChem doi.org/10.1002/cbic.202200455

and replaced with antibiotic-free DMEM due to the possible
influence of antibiotics on the assay. The next day, PCB (1.5 mg)
was mixed with 234 L DMSO to reach a PCB concentration of
64mgmL™", and a 2-fold serial dilution in DMSO down to
0.2 mgmL~" was performed. Each solution was once more diluted
1:100 in Hanks' balanced salt solution (HBSS, Thermo Fischer
Scientific) to reach the final testing concentrations ranging from 2
to 64 pgmL~". After removal of the antibiotic-free DMEM, 100 pL of
the PCB testing solutions were added to respective wells of the cell
culture plate. Control columns containing 1% DMSO, 100% DMSO,
and 100% HBSS were added, and cells were allowed to grow in the
conditions described above. After 1.5h, 20 uL of the Promega
CellTiter96® AQueous one solution reagent was added into each of
the filled wells, and the plate was again incubated for 1 h at 37°C,
12% CO,, and saturated humidity. Cell viability was assessed by OD
measurement to determine the presence of the produced formazan
product indicating metabolically active and therefore living cells
using a Tecan reader (490 nm, 5s shaking, 3 mm). Bioinformatic
analysis of the data was conducted with Excel and GraphPad
Prism9.

Cell culture for chemical proteomics: Human embryonic kidney
293 (HEK293) cells were purchased from LGC Standards (ATCC-CRL-
1573) and cultivated in a T175 culture flask (Sarstedt) containing
high glucose DMEM (Sigma-Aldrich) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) (Sigma-Aldrich) and 2 mM L-
glutamine (Sigma-Aldrich). Cells were maintained at 37°C in a
humidified 5% CO, atmosphere.

Chemical proteomics workflow for labeling in HEK293 cells
followed by SDS-PAGE: 0.75 million HEK293 cells were seeded per
well in poly-L-lysine-treated 6-well plates and grown to 90%
confluency (~24 h, 37°C, 5% CO,). The medium was then aspirated,
the cells washed with PBS (2x1 mL), then incubated with serum-
free media containing 1% DMSO (v/v) and various concentrations
of PCB probe 16 or 17 (0-10 uM) for 2 h (37°C, 5% CO,). After
media removal and washing with PBS (2x1 mL), cells were lysed
(4°C, 10 min) with 200 uL lysis buffer (1% NP40, 1% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, 1xRoche cOmplete™
EDTA-free mini protease inhibitor cocktail in PBS). Lysates were
collected by scraping and sonicated (2x10s pulses, 20% ampli-
tude). The lysates were clarified (13000 rpm, 4°C, 15 min), and the
protein concentration of the supernatant determined by BCA assay
(Roti Quant, Roth). 75pg of lysate at 0.75mgmL™" protein
concentration per sample was subjected to a click reaction using
0.2 mM 5-TAMRA-azide (10 mM stock in DMSO, baseclick, BCFA-
008), 1 mM TCEP (52 mM stock in ddH,O, Roth), 0.1 mM TBTA
ligand (1.67 mM stock in 4:1 t-butanol/DMSO, TCl), and 1 mM
CuSO, (50 mM stock in ddH,0) for 1 h (25°C,1000 rpm shaking).
The reaction mixture was diluted with 50 uL 2xSDS loading buffer
(63 mM Tris-HCl, 10% glycerol, 139 mM SDS, 0.0025% bromophe-
nol blue, 5% 2-mercaptoethanol), and the samples heated for
5 min at 95°C. Each sample was mixed, and 40 pL loaded per lane
on an SDS-PAGE gel (12.5% acrylamide). A Fujifilm LAS 4000
luminescent image analyzer equipped with a Fujinon VRF43LMD3
lens and a 575DF20 filter (both Fujifilm) was used to fluorescently
image the gel. Total protein content was monitored by staining
with Coomassie Brilliant Blue.

Chemical proteomics workflow for labeling in HEK293 cells
followed by LC-MS/MS: 3.5 million HEK293 cells were seeded in
poly-L-lysine treated 10 cm dishes in triplicate and grown to 90%
confluency (~24 h, 37°C, 5% CO,). The medium was then aspirated,
the cells washed with PBS (2x5 mL), then incubated with serum-
free media containing 1% DMSO (v/v) and PCB probe 16 or 17
(1 uM) for 2 h (37°C, 5% CO,). After media removal and washing
with PBS (2x5 mL), cells were lysed (4°C, 10 min) with 1 mL lysis
buffer (1% NP40, 1% sodium deoxycholate, 0.1% SDS, 1xRoche
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cOmplete™ EDTA-free mini protease inhibitor cocktail in PBS).
Lysates were collected by scraping and sonicated (2x10 s pulses,
20% amplitude). The lysates were clarified (13000 rpm, 4°C,
15 min), and the protein concentration of the supernatant
determined by BCA assay (Roti Quant, Roth). 600 ug of lysate at
1.5 mgmL™" protein concentration per sample was subjected to a
click reaction using 0.2 mM biotin-PEG;-azide (10 mM stock in
DMSO, Sigma #762024), 1 mM TCEP (52 mM stock in ddH,O, Roth),
0.1 mM TBTA ligand (1.67 mM stock in 4:1 t-butanol/DMSO, TClI),
and 1 mM CuSO, (50 mM stock in ddH,0) for 1 h (25°C,1000 rpm
shaking). Excess click reagents were removed by protein precip-
itation using 4 volumes of acetone (—20°C, 16 h), followed by
washing of the protein pellet with MeOH (2 x 1 mL) with sonication
(10% intensity, 10s) to resuspend the pellet. The proteins were
then solubilized with sonication in 500 pL 0.4% SDS in PBS. Avidin-
agarose beads (Sigma, #A9207) were washed (3x1 mL 0.4% SDS in
PBS), and 50 uL added to each sample. After 1 h rotation (25°C),
the supernatant was removed, and the beads washed (3x1 mL
0.4% SDS in PBS, 3x1mL 6 M urea in water, 3x1 mL PBS). The
beads were resuspended in 200 pL of 7 M urea, 2 M thiourea in
20 mM HEPES, pH 7.5, and on-bead proteins were reduced (5 mM
TCEP, 1 h, 37°C) and alkylated with iodoacetamide (final concen-
tration 10 mM, 30 min, 25°C). Alkylation was quenched with DTT
(final concentration 10 mM, 30 min, 25°C), and the proteins were
then digested with LysC (0.5 ug, Wako, 1 h, 25°C). The samples
were diluted with 600 uL 50 mM triethylammonium bicarbonate
buffer and digested with trypsin (1.5 ug, Promega, 15h, 37°C).
Tryptic digest was terminated with the addition of 10 pL formic
acid (FA) and the trypsinized peptides were desalted with 50 mg
Sep-Pak C18 cartridges (Waters Corp.). Desalted peptides were
dried, then reconstituted in 40 uL 1% FA using a water bath
sonicator and filtered through 0.22 um Ultrafree-MC centrifugal
filters (Merck, UFC30GVNB). Samples were stored at —20°C until
LC-MS/MS measurement (1 pL injection) on a Q Exactive Plus
instrument (Thermo Fisher) coupled to an UltiMate 3000 nano-
HPLC (Dionex) equipped with an Acclaim C18 PepMap100 75 um
IDx2 cm trap column (Thermo Fisher) and a 25 cm Aurora Series
emitter column (25 cmx 75 um ID, 1.6 pm FSC C18, lonoptics) in an
EASY-spray setting. Both columns were heated to 40°C during the
measurement process. Samples were first loaded on the trap
column with 0.1% trifluoroacetic acid (TFA; 5 uLmin' flow rate),
and then transferred to the separation column for a 152 min
gradient using buffer A: H,O with 0.1% FA, buffer B: acetonitrile
with 0.1% FA and 0.400 uLmin~' flow rate. The gradient consisted
of the following steps: buffer B at 5% for 7 min, gradient increase
of buffer B to 22% over 105 min, then to 32% over the subsequent
10 min and finally to 90% over 10 min. 90% buffer B was then
maintained for another 10 min before decreasing over 0.1 min to
5% for the rest of the run. Peptides were ionized at a capillary
temperature of 275 °C, and the instrument was operated in a Top12
data dependent mode. For full scan acquisition, the Orbitrap mass
analyzer was set to a resolution of R=140000, an automatic gain
control (AGC) target of 3x10° and a maximal injection time of
80 ms in a scan range of 300-1500 m/z. Precursors with a charge
state of > 1, a minimum AGC target of 1x10° and intensities higher
than 1x10* were selected for fragmentation. Peptide fragments
were generated by HCD (higher-energy collisional dissociation)
with a normalized collision energy of 27% and recorded in the
Orbitrap at a resolution of R=17500. Moreover, the AGC target was
set to 1x10° with a maximum injection time of 100 ms. Dynamic
exclusion duration was set to 60 s, and isolation was performed in
the quadrupole using a window of 1.6 m/z.

Peptide identification and quantification were performed using
MaxQuant® (version 1.6.17.0). MS spectra were searched against
the Homo sapiens UniProt Reference proteome (Swiss-Prot anno-
tated proteins only, retrieved 27.04.21) alongside a list of common
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contaminants. The search results were filtered to a 1% false
discovery rate (FDR) for proteins, peptides and peptide-spectrum
matches. Contaminants and proteins which were identified in <2
out of 3 probe-treated samples were removed. Protein intensity
distributions were subjected to log, transformation and column-
wise median normalization. Missing values were imputed from a
normal distribution (width 0.3, down shift 1.8, total matrix). Fold
change and significance of protein enrichment upon probe treat-
ment vs. DMSO control were calculated using an empirical Bayes
method for two group comparison implemented“? with the R
Bioconductor package limma.*® The proteomics data have been
deposited at the ProteomeXchange Consortium™ via the PRIDE**
partner repository with the data set identifier PXD035410.

Labeling of recombinant legumain spiked into lysate: HEK293
cells cultivated in a T175 culture flask were detached using
Accutase, collected by centrifugation and washed three times with
PBS. The cells were resuspended using 5 mL of cold lysis buffer (1%
NP40 substitute, 1% sodium deoxycholate and 1xRoche cOm-
plete™ EDTA-free mini protease inhibitor cocktail in PBS) and lysed
(4°C, 10 min) and sonicated (2x10 s pulses, 20% amplitude). The
lysates were clarified (15 min, 4°C, 13000 rpm), and the protein
concentration of the supernatant determined by BCA assay (Roti
Quant, Roth). For each sample, 2 uL of recombinant human
prolegumain (440 pgmL™" in 20 mM Tris, 120 mM NaCl, and 20%
glycerol, pH 7.5, R&D systems, Biotechne, 2199-CY) was added to
5 ug of lysate in a total volume of 10 pulL lysis buffer. Samples were
treated for 2 h (37°C, 1000 rpm) at final concentrations of either
DMSO vehicle only (2% v/v), PCB probe 16 (20 uM), or PCB probe
17 (20 pM) plus PCB (2 mM). The samples were then subjected to a
click reaction using 0.2 mM 5-TAMRA-azide (10 mM stock in DMSO,
baseclick, BCFA-008), 1 mM TCEP (52 mM stock in ddH,O, Roth),
0.1 mM TBTA ligand (1.67 mM stock in 4:1 t-butanol/DMSO, TCl),
and 1 mM CuSO, (50 mM stock in ddH20) for 1 h (25°C, 1000 rpm
shaking). The reaction mixtures were then diluted with 10 L 2x
SDS loading buffer (63 mM Tris-HCI, 10% glycerol, 139 mM SDS,
0.0025% bromophenol blue, 5% 2-mercaptoethanol), and the
samples heated for 5 min at 95°C. Each sample was mixed and
then loaded on a SDS-PAGE gel (12.5% acrylamide). A FujiFilm LAS
4000 luminescent image analyzer equipped with a Fujinon
VRF43LMD3 lens and a 575DF20 filter (both FujiFilm) was used to
fluorescently image the gel. Total protein content was monitored
by staining with Coomassie Brilliant Blue.

In vitro legumain activity assay: This assay was performed
according to reported procedures”*”® with the following modifica-
tions: recombinant human prolegumain (440 ugmL ™" in 20 mM Tris,
120 mM NaCl, and 20% glycerol, pH 7.5, R&D systems, Biotechne,
2199-CY) was diluted to a 100 ugmL™' solution with activation
buffer (50 mM sodium acetate, 100 mM NaCl, 1 mM DTT, pH 4.0)
and incubated for 2 h (37°C, 800 rpm) to generate the activated
enzyme. The enzyme was then diluted to 0.4 pgmL™' in assay
buffer (39.5 mM citric acid, 121 mM Na,HPO,, 1 mM EDTA, 1 mM
DTT, 0.1% (w/v) CHAPS, pH 5.8) and kept on ice. A concentration
series of PCB (0-1.5 mM) was prepared in assay buffer with 2% (v/v)
DMSO. 25 uL of each PCB concentration and 25 uL of activated
enzyme solution were aliquoted per well in triplicate in black 96
well plates. In additional wells, no enzyme controls were used with
the highest concentration of PCB. Edge wells were filled with water
(50 pL), and the plate incubated for 2 h (37°C, 200 rpm). Directly
before use, a 200 uM solution of substrate Z-Ala-Ala-Asn-AMC
(Bachem, #1-1865) in assay buffer was prepared from a 10 mM stock
in DMSO, and then 50 pL aliquoted to each well. The final
concentrations used per well were: activated legumain 2 nM
(0.1 ng mL™"), substrate 100 uM, PCB compound (0-375 uM).
Fluorescence (A.,=380 nm, A.,=460 nm) was then measured (20 s
kinetic cycle for 1h) in a Tecan Infinite M Nano+ plate reader.
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Initial reaction rates (RFU/s) were calculated and normalized to the
DMSO only control to generate relative legumain activity values
presented as percentages. The experiment was repeated 4 times.
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