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A B S T R A C T

Honokiol is a natural product with an interesting array of biological effects, including significant anti-tumor
properties. However, full exploration of its therapeutic potential is hampered by its modest pharmacokinetic
profile and by the lack of synthetic methods that allow to obtain specifically designed derivatives with improved
properties. In addition, the specific molecular targets of honokiol remain poorly understood, a fact that limits the
search of alternative hits for subsequent optimization programs. In this work we describe an optimized series of
synthetic routes that allow to access to a variety of honokiol derivatives, including a set of minimalist photo-
affinity probes to map potential protein targets in live cells. Chemical proteomic studies of the most potent probe
revealed a defined set of proteins as the cellular targets of honokiol. Significantly, up to the 62 % of the identified
proteins have described roles in cancer, highlighting their potential relationship with the antitumor effects of
honokiol. Furthermore, several of the top hits have been validated as direct binding partners of honokiol by
cellular thermal shift assay (CETSA). In sum, the work described herein provides the first landscape of the
cellular targets of honokiol in living cells and contributes to define the specific molecular pathways affected by
this natural product.

1. Introduction

Honokiol (Fig. 1A) is a lignan compound found in the bark of the
Magnolia plant family. This natural product has shown an interesting
array of biological properties, including antiviral, antimicrobial, anxi-
olytic, anti-tumor and anti-inflammatory effects [1–7]. Among these
effects, its potential for inducing cytotoxicity in cellular models of highly
resistant cancers such as triple negative breast cancer (TNBC), non-small
cell lung cancer (NSCLC), and oral squamous cell carcinoma (OSCC) has
garnered much attention [8–13]. However, some limitations hamper an
in-depth exploration of honokiol clinical potential, including moderate
pharmacokinetic parameters that translate into a low oral bioavail-
ability, and, more important, a lack of knowledge about its specific
therapeutic targets. In this context, most studies describe phenotypic
assays or cellular pathways that are affected by honokiol, but not the
specific interaction partners [5,12,14,15]. Accordingly, identification of

honokiol molecular targets still remains an open question whose answer
could reveal new therapeutic strategies for addressing important unmet
medical needs, including TNBC, NSCLC, and OSCC. Chemical prote-
omics is one of the most powerful methods to connect a molecule with its
interaction partners [16,17]. It relies on the preparation of a chemical
probe, a compound that keeps the bioactivity of the parent drug, but that
has been modified with a reporter tag to enable the subsequent isolation
and identification by mass spectrometry of the compound targets [18],
and has been successfully used for establishing the interaction partners
of different natural products, endogenous metabolites, and approved or
under development drugs including (R)-lipoic acid [19], ingenol
mebutate [20], portimines [21], catechols [22], 20(S)-hydrox-
ycholesterol [23], serotoninergic ligands [24], curcusone diterpenes
[25], gamboic acid [26], phloroglucinol meroterpenoids [27], and
fructose-1,6-bisphosphate [28] just to mention some recent examples.
Application of this approach to honokiol requires the preparation of
chemical probes based on the scaffold of the natural product as bioactive
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moiety, but few synthetic methods that enable to access honokiol and its
derivatives in a systematic manner have been developed, since many of
the studies have been performed with compounds isolated from the
natural source or with mixtures of plant active principles. Hence, in this
work we describe four optimized synthetic routes that allow to access to

a variety of honokiol derivatives. Of note, the synthesized alkyne or
azide intermediates can be the starting point for late-stage functionali-
zation through copper-catalyzed azide–alkyne cycloaddition (CuAAC) to
expand the number of accessible honokiol derivatives. In this work,
these routes have been used to obtain a set of minimalist chemical

Abbreviations

BSA bovine serum albumin
CAPN-1 calpain-1
CETSA cellular thermal shift assay
CuAAC copper-catalyzed azide-alkyne cycloaddition
DAVID database for annotation, visualization and integrated

discovery
DCC dicyclohexylcarbodiimide
DMAP 4-dimethylaminopyridine
DPP3 dipeptidyl peptidase 3
GO gene onthology
HNSCC head and neck squamous cell carcinoma
HOBt 1-hydroxybenzotriazole
EMT epithelial-mesenchymal transition

ER estrogen receptor
HER2 human epidermal growth factor 2
MW microwave
OSCC oral squamous cell carcinoma
NSCLC non-small cell lung cancer
PANTHER protein annotation through evolutionary relationship
PGD 6-phosphogluconate dehydrogenase, decarboxylating
PR progesterone receptor
SDS-PAGE sodium dodecyl-sulfate polyacrylamide gel

electrophoresis
SILAC stable isotope labeling by amino acids in cell culture
TBTA tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
TCEP tris(2-carboxyethyl)phosphine
TFA trifluoroacetic acid
TNBC triple negative breast cancer

Fig. 1. (A) Structures of honokiol and 2-O-ethylhonokiol. (B, C) Design of probes 1–4, 9, and 10.
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probes based on the honokiol scaffold that keep the biological activity of
the parent compound and are able to label proteins in living cells in a
specific manner. The best probe has been used to perform chemical
proteomic experiments in competition with honokiol. These studies
have revealed a defined set of proteins as the cellular targets of honokiol.
Significantly, up to the 62 % of the identified proteins have been
described as involved in cancer, and up to the 50 % of them have been
characterized as strongly selective or common essential in the cancer
dependency map, highlighting their potential relationship with the
antitumor effects of honokiol. Furthermore, some of the top hits have
been validated as direct binding partners of honokiol by cellular thermal
shift assay (CETSA). All in sum, the work described herein provides the
first landscape of the cellular targets of honokiol in living cells and
contributes to define the specific molecular pathways affected by this
natural product.

2. Results and discussion

2.1. Probe design

As mentioned above, a chemical probe has three key structural ele-
ments: the bioactive subunit that binds to the protein targets, a reporter
tag for their isolation and subsequent identification, and a linker that
separates the bioactive subunit and the tag to minimize potential steric
interferences that could affect binding. As the bioactive subunit, we
have selected 2-O-ethylhonokiol (Fig. 1A), a slightly modified honokiol
analogue that exhibits comparable or even better anti-proliferative
properties than honokiol [9,10]. With respect to the tag, we have
considered classical biotin and benzophenone-containing moieties but
also minimalist tags such as a diazirine combined with a terminal alkyne
[29] that will enable initial photocrosslinking of the probe to its targets
and latter introduction of biotin using click chemistry. Regarding the
linkers, methylenic spacers of 3–5 units, successfully used in the
development of other chemical probes [24,30–33], were selected. Tak-
ing into account the structure-activity relationship studies that indicate
that at least one free hydroxyl group and one allyl group is required for
activity [9,10,12], we have studied the influence of different exit vectors
at the positions indicated with an arrow (Fig. 1A). Therefore, we
designed probes 1–4 (Fig. 1B) where the bioactive subunit and the tag
are linked by a triazole ring formed through a CuAAC of honokiol-based
azides (5–7, Fig. 1B) and the alkyne of the tag, or viceversa (hono-
kiol-based alkyne 8 and the azide of the tag, Fig. 1B). In addition, we
designed the smaller clickable probes 9 and 10 (Fig. 1C), where we have
replaced the benzophenone by the less bulky diazirine group as the
photocrosslinking moiety, since this latter group offers significant ben-
efits, including decreased steric hindrance and shorter irradiation times.
Moreover, in probes 9 and 10, we have removed the biotin subunit, and
introduced instead a terminal alkyne to allow, after incubation with the

desired proteome, visualization, enrichment and identification of
probe-labeled proteins through a click chemistry reaction with the
proper reporter groups (biotin or fluorophore) bearing an azide within
their structure.

The preparation of probes 1–4 required the synthesis of the honokiol-
based fragments 5–8 (Fig. 1B). Thus, azide 5 was obtained from 2-
bromo-4-chlorophenol, which was alkylated with bromoethane to pro-
vide 2-bromo-4-chloro-1-ethoxybenzene (11) (Scheme 1). Microwave
(MW)-assisted Suzuki coupling of 11with 4-hydroxyphenylboronic acid
led to phenol 12, whose O-allylation followed by Claisen rearrangement
of intermediate 13 at low temperature afforded phenol 14, which was
transformed into alcohol 15 by hydroboration-oxidation reaction. The
introduction of the allyl chain through the chlorine substituent of 15
required its conversion into the corresponding boronate, which was
coupled with allyl bromide to obtain desired intermediate 17. Finally,
transformation of 17 in the mesylate 18 followed by nucleophilic sub-
stitution with sodium azide, provided the desired honokiol-based azide
5 (Scheme 1).

Following a similar approach (Scheme 2), Miyaura borylation reac-
tion of chloro derivative 12 yielded boronate 19, whose Suzuki coupling
with allyl bromide, followed by hydroboration-oxidation of the resulting
phenol 20, provided alcohol 21. O-allylation of 21 and Claisen rear-
rangement of the obtained allyl ether 22, afforded alcohol 23, which
was transformed into the desired azide 6 through the corresponding
mesylate 24 (Scheme 2). Remarkably, allylation of 20, followed by
Claisen rearrangement of the obtained ether 25 provided 2-O-ethyl-
honokiol in 4 steps and 50 % overall yield, whereas the previously
described synthetic approach to obtain this derivative was the direct
alkylation of honokiol that affords the desired compound in 20 % yield,
after purification from the mixture of di- and mono-ethyl derivatives
[10,34]. Azide 7 was obtained by etherification of 2-bromo-4-chloro-
phenol with 3-bromopropan-1-ol, followed by subsequent
palladium-catalyzed crosscouplings, O-allylation, Claisen rearrange-
ment and activation of the primary alcohol through the corresponding
mesylate in analogous manner (Scheme 3).

Finally, synthesis of alkyne 8was performed as depicted in Scheme 4.
Williamson alkylation of 3-bromo-4-hydroxybenzaldehyde with bro-
moethane, followed by Suzuki coupling of bromoderivative 32 with 4-
hydroxyphenylboronic acid yielded biphenyl derivative 33. O-Allyla-
tion of phenol 33, followed by treatment of the resulting aldehyde 34
with ethynylmagnesium bromide, and subsequent reduction of the
propargylic alcohol 35with triethylsilane and trifluoroacetic acid (TFA)
provided allyl ether 36, whose Claisen rearrangement led to the desired
alkyne 8.

Once honokiol-based fragments 5–8 were prepared, they were
assembled via CuAAC with benzophenone-alkyne or -azide corre-
sponding tags 39 and 40 (Scheme 5), which were obtained by conden-
sation of 4,4′-diaminobenzophenone with biotin using N,N′-

Scheme 1. Reagents and conditions: (a) EtBr, K2CO3, acetone, MW, 140 ◦C, 96 %; (b) 4-hydroxyphenylboronic acid, Pd(PPh3)4, Na2CO3, toluene, EtOH, MW, 110 ◦C,
92 %; (c) allyl bromide, K2CO3, acetone, MW, 140 ◦C, 98 %; (d) AlMe3, H2O, DCM, − 20 ◦C, 90 %; (e) BH3, H2O2, THF, 0 ◦C to rt, 84 %; (f) B2pin2, Pd2dba3, S–PHOS,
KOAc, 1,4-dioxane, MW, 140 ◦C, 89 %; (g) allyl bromide, Pd2dba3, K2CO3, toluene, MW, 150 ◦C, 60 %; (h) MsCl, pyridine, DCM, − 20 ◦C to rt, 42 %; (i) NaN3, DMF,
60 ◦C, 70 %.
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dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotriazole (HOBt) in
the presence of 4-dimethylaminopyridine (DMAP), and further coupling
of the resulting aniline 37 either with 5-hexynoic acid or 6-azidohexa-
noic acid (38).

With respect to probes 9 and 10, their preparation required the
Staudinger reaction of azides 5 and 6 using triphenylphosphine in the
presence of water, followed by condensation of the obtained amines 41
and 42 with carboxylic acid 43 (Scheme 6).

2.2. Phenotypic screening of honokiol-based probes

In order to identify the targets of honokiol and its derivatives,
responsible for their antitumor effects, we first determined whether the
synthesized probes kept their biological activity. Among the different

malignancies in which honokiol and related compounds have been
shown to be antitumorigenic [5], we focused our efforts on the study of
their targets in breast and ovarian cancer cell lines since these types of
cancer still show dramatically high incidence and mortality rates [35].
Ovarian cancer is the second most prevalent gynaecologic cancer and
the most lethal gynaecologic malignancy because of its vague presen-
tation, recurrence, and drug resistance [36]. Regarding breast cancer,
among the different subtypes of malignancies based on the expression of
estrogen, progesterone, and human epidermal growth factor 2 receptors
(ER, PR and HER2, respectively), TNBC -characterized by the absence of
the three receptors-deserves special attention. Although TNBC accounts
for a low percentage of all breast tumors, it represents a disproportionate
number of deaths [37]. For this reason, this group of patients has a very
poor prognosis, and therefore the discovery of new targets and drugs for

Scheme 2. Reagents and conditions: (a) B2pin2, Pd2dba3, S–PHOS, KOAc, 1,4-dioxane, MW, 140 ◦C, 75 %; (b) allyl bromide, Pd2dba3, K2CO3, toluene, MW, 150 ◦C,
75 %; (c) BH3, H2O2, THF, 0 ◦C to rt, 53 %; (d) allyl bromide, K2CO3, acetone, MW, 140 ◦C, 92 %; (e) Et2AlCl, DCM, − 20 ◦C to 0 ◦C, 97 %; (f) MsCl, pyridine, DCM,
− 20 ◦C to rt, 77 %; (g) NaN3, DMF, 60 ◦C, 67 %; (h) allyl bromide, K2CO3, acetone, MW, 140 ◦C, 92 %.

Scheme 3. Reagents and conditions: (a) 3-bromopropan-1-ol, K2CO3, acetone, MW, 140 ◦C, 85 %; (b) 4-hydroxyphenylboronic acid, Pd(PPh3)4, Na2CO3, toluene,
EtOH, MW, 110 ◦C, 82 %; (c) B2pin2, Pd2dba3, S–PHOS, KOAc, 1,4-dioxane, MW, 140 ◦C, 78 %; (d) allyl bromide, Pd2dba3, K2CO3, toluene, MW, 150 ◦C, 47 %; (e)
Et2AlCl, DCM, − 20 ◦C to 0 ◦C, 70 %; (f) MsCl, pyridine, DCM, − 20 ◦C to rt, 53 %; (g) NaN3, DMF, 60 ◦C, 77 %.

Scheme 4. Reagents and conditions: (a) EtBr, K2CO3, acetone, MW, 140 ◦C, 89 %; (b) 4-hydroxyphenylboronic acid, Pd(PPh3)4, Na2CO3, toluene, EtOH, MW, 110 ◦C,
68 %; (c) allyl bromide, K2CO3, acetone, MW, 140 ◦C, 96 %; (d) ethynylmagnesium bromide, THF, 0 ◦C to rt, 97 %; (e) Et3SiH, TFA, DCM, 0 ◦C, 33 %; (f) Et2AlCl,
DCM, − 20 ◦C to 0 ◦C, 51 %.
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the treatment of this disease is an urgent clinical challenge. Hence, the
highly aggressive TNBC cell line MDA-MB-231, together with two
ovarian cancer cell lines with different invasive potentials, SKOV3 and
OVCAR3 (the former one being significantly more invasive than the
latter one) [38], were chosen to evaluate the ability of honokiol,
2-O-ethylhonokiol and probes 1–4, 9, and 10 to inhibit cell proliferation
(Table 1). The obtained results showed that the introduction of the
biotin and benzophenone-containing tags (probes 1–4) significantly
reduced their activity when compared with honokiol and 2-O-ethyl-
honokiol. However, the diazirine-containing probes 9 and 10 exhibited
good cytotoxic properties, with IC50 values similar to honokiol and
2-O-ethylhonokiol. These findings are consistent with the bigger size of
the tag in compounds 1–4 where the presence of the benzophenone
moiety and the biotin group may introduce a significant steric hindrance

that impairs the binding of the probe to the target protein(s), thus
resulting in the inactivity of the compounds. Oppositely, probes 9 and
10 contain a significantly smaller tag, in which diazirine replaces the
bulkier benzophenone moiety and biotin has been substituted by a
minimalist terminal alkyne. Moreover, both the diazirine and the ter-
minal alkyne have been incorporated in a flexible spacer, feature that
introduces a higher degree of conformational freedom in this part of the
molecule. This flexibility may facilitate the adequate orientation of the
tag towards the outer part of the target protein(s) minimizing potential
steric clashes. According to the superior biological activity of probes 9
and 10, they were selected for further experiments.

Scheme 5. Reagents and conditions: (a) CuSO4⋅5H2O, sodium ascorbate, DMF, H2O, rt, 25–64 %; (b) biotin, DCC, HOBt, DMAP, DCM, DMF, 77 ◦C to rt, 97 %; (c)
EDC, HOBt, DCM, DMF, rt, 14–36 %.

Scheme 6. Reagents and conditions: (a) PPh3, THF, H2O, reflux, 49–76 %; (b) EDC, HOBt, DIPEA, DCM, rt, 45–62 %.
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2.3. In-gel validation of probes 9 and 10

Before carrying out proteomic experiments, we confirmed that
probes 9 and 10 were able to label proteins in a concentration- and UV-
dependent manner. In addition, if, as expected, some of the targets are
the same as those of honokiol and 2-O-ethylhonokiol, their labeling must
be competed by an excess of these compounds. In order to assess these
aspects, we took advantage of the presence of the terminal alkyne group
in probes 9 and 10 to introduce, after cell labeling, a fluorophore suit-
able for in-gel fluorescence scanning. Briefly, cells were treated with the

probes and subjected to UV irradiation to promote covalent binding
between the probe and the target proteins. After that, cells were ho-
mogenized, the soluble and membrane proteomes separated by centri-
fugation, and each of these two fractions was reacted with rhodamine-
azide (Rh–N3, Fig. 2A) under click chemistry conditions [39]. Finally,
proteins were separated by sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and fluorescent bands (corresponding to
probe-protein complexes) visualized in a fluorescence scanner. We first
evaluated the UV- and concentration-dependent labeling of probes 9 and
10 (0.2–20 μM) in MDA-MB-231 cells. The results shown in Fig. 2B
confirm that the labeling is concentration-dependent for both probes, as
the intensity of the bands clearly increases with their concentration,
ranging from almost no bands for concentrations under 1 μM to intense
bands at 10 μM, which seems to reach saturation since no significant
increase is noticed at 20 μM. In addition, we observed that the labeling
at the highest probe concentration was UV-dependent as in the absence
of irradiation only some marginal non-specific fluorescence was detec-
ted (see UV negative lanes in Fig. 2B).

Then, we performed competition experiments in the presence of an
excess of honokiol and 2-O-ethylhonokiol (H and EH, respectively, in
Fig. 3) to ensure that at least some of the labeled proteins were targets of
these compounds. Remarkably, some of the bands disappeared in the
presence of an excess of honokiol and 2-O-ethylhonokiol both in mem-
brane and soluble fractions (see some representative examples marked
with an orange arrowhead in Fig. 3). This result indicates that probes 9
and 10 are indeed labeling some of the targets of the honokiol family of
compounds in MDA-MB-231 cells.

In order to establish the generality of the approach, we extended the
use of the probes to ovarian cancer cell lines. Taken into account the

Table 1
Cell viability studies of honokiol, 2-O-ethylhonokiol, and honokiol-based probes
1–4, 9, and 10 in MDA-MB-231, SKOV3 and OVCAR3 cancer cells.

Cpd Cell viability IC50 (μM)a

MDA-MB-231 SKOV3 OVCAR3

Honokiol 46 ± 2 48 ± 1 51 ± 2
2-O-Ethylhonokiol 28 ± 1 43 ± 1 37 ± 2
1 >100 >100 >100
2 >100 >100 >100
3 >100 >100 >100
4 >100 >100 >100
9 39 ± 2 44 ± 2 50 ± 2
10 37 ± 1 39 ± 1 30 ± 2

a For those compounds able to reduce cell viability more than 50 % at 50 μM,
full dose-response curves were obtained by measuring cell viability 48 h after
treatment with compounds at doses between 0 and 200 μM. IC50 values were
obtained by nonlinear regression (sigmoidal dose-response curve) fitting using
GraphPad Prism 10 and they are expressed as the average ± SEM obtained from
at least two independent experiments carried out in triplicate.

Fig. 2. (A) Schematic representation of the proteomic platform for the visualization of probe-labeled proteins by in-gel fluorescence scanning after click chemistry
with rhodamine-azide (RhN3). (B) Concentration- and UV-dependent labeling of MDA-MB-231 breast cancer cells by probes 9 and 10. Irradiation is carried out at
365 nm for 10 min. Fluorescence is shown in grey scale. All lanes contained 20 μg of total protein and equal loading was confirmed by Coomassie brilliant blue
staining (see Figure S1 in the Supplementary data).
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superior ability of probe 10 to label proteins compared to probe 9,
especially in the soluble proteome (Fig. 3) (which is in agreement to the
superior cytotoxic capacity of 10 compared to 9, see Table 1), this probe
was selected to establish the labeling pattern in SKOV3 and OVCAR3
cells (Fig. 4). The obtained results indicate that both honokiol and 2-O-
ethylhonokiol target specific proteins in these cell lines. These targets
are those bands present in the probe-treated proteomes and which
disappear in the presence of an excess of honokiol and/or 2-O-ethyl-
honokiol. Some representative examples are marked with an orange

arrowhead (bands present in both cell lines) and with a green arrowhead
(bands present predominantly in one of the two cell lines) (Fig. 4).

In summary, the in situ profiling in MDA-MB-231 (Figs. 2 and 3) and
ovarian (Fig. 4) cancer cell lines confirms the suitability of probes 9 and
10 for identifying the targets of honokiol and 2-O-ethylhonokiol in these
systems. Collectively, these results underscore the notion that the
described probes can selectively interact with protein targets in a
context-specific manner, as shown by the differences in labeling ob-
tained between the two ovarian cancer cell lines (Fig. 4) or between
ovarian and breast cancer cell lines (Figs. 3 and 4), thereby warranting
further in-depth analysis to identify differential protein targets through
quantitative MS-based chemical proteomics. Considering that the best
results have been obtained for probe 10 in MDA-MB-231 cells, these are
the conditions selected for carrying out the chemical proteomic
experiments.

2.4. Proteomic profiling of probe 10

Proteins targeted by probe 10 were enriched and identified using
stable isotope labeling by amino acids in cell culture (SILAC) quantita-
tive MS. In SILAC experiments, two groups of cells are grown in parallel
using the same culture media but with at least one essential amino acid
isotopically labeled in one of the groups (termed heavy), while the same
amino acid is the light version in the other group. Since cells are not able
to synthesize essential amino acids, they are forced to use only the
externally supplied one, eventually incorporating 100 % of the given
‘‘light’’ or ‘‘heavy’’ amino acid in all the proteins. Finally, after lysing
the “heavy” and “light” cells, they can be combined and the mixture can
be treated as a single sample in all subsequent steps. Hence, once the
final sample has been trypsinized, SILAC peptide pairs have the same
retention time, but different mass, thus enabling the measurement of the
ratio between both peptides, referred to as SILAC ratio, providing an
accurate method for quantification of the labeled proteins [40].

MDA-MB-231 cells were cultured in the presence of either the heavy
version of Lys (13C6, 15N) and Arg (13C6, 15N4) or their light versions
(12C6, 14N-Lys; 12C6, 14N4-Arg). for at least six cell doublings to ensure
complete incorporation of the light or heavy version of the amino acids
in all the proteins. Then, “heavy” cells were incubated with 10 μM of
probe 10, and “light” cells with 10 μM of probe 10 plus 100 μM of
honokiol. Both samples were UV-irradiated, homogenized and mixed in
a 1:1 ratio (Fig. 5A). After that, the sample was coupled to a biotin-azide
reporter tag (biotin-N3, Fig. 5B) under click chemistry conditions, and
probe-protein complexes were captured by incubation with streptavidin
beads. After digestion with trypsin, the obtained peptides were sepa-
rated by LC and identified by MS according to the experimental protocol
previously optimized [39]. The resulting SILAC ratios were normalized
in a 1–20 scale, where a ratio of 1 indicates no difference between the
light and heavy labeled samples, and therefore no competition by hon-
okiol, and 20 is the maximal difference. Fig. 5C shows the heavy:light
SILAC ratio plot for all the identified proteins using probe 10. Proteins
that exhibited SILAC ratios ≥3 were designated as preferred targets of
honokiol (Fig. 5C, insert). Therefore, the use of probe 10 enabled the
identification of 42 proteins that were significantly competed by hon-
okiol (Table 2).

Term enrichment analysis from the gene-disease association data-
base DisGeNET [57] (Fig. 6A) revealed a preferential implication of the
identified proteins in cancer (26 out of 42 proteins) of different origins
but with special overrepresentation of breast (12 out of the 26 proteins),
liver (5 proteins) and renal (3 proteins) carcinomas as well as malignant
neoplasm of mouth and squamous cell carcinoma of esophagus (5 pro-
teins) together with other proteins involved in tumor metastasis or
invasiveness processes regardless the tissue of origin (full set of data is
shown in Supplementary Table 1, Supplementary data). This is highly
consistent with the described antitumor properties of honokiol [58,59].
Notably, the antitumor properties of honokiol in breast cancer have been
mainly related to apoptosis induction and cell cycle arrest [8,60], while

Fig. 3. Competition of probes 9 (A, C) and 10 (B, D) at 10 μM by honokiol (H)
or 2-O-ethylhonokiol (EH) at 100 μM in membrane (A, B) and soluble (C, D)
proteomes, respectively, in MDA-MB-231 breast cancer cells. Fluorescence is
shown in grey scale. Arrowheads show some representative competed proteins.
All lanes contained 20 μg of total protein and equal loading was confirmed by
Coomassie brilliant blue staining (see Figure S2 in the Supplementary data).

Fig. 4. Labeling pattern of probe 10 in the ovarian cancer cell lines SKOV3 and
OVCAR3. Competition of probe 10 at 10 μM by honokiol (H) or 2-O-ethyl-
honokiol (EH) at 100 μM in membrane (left panel) and soluble (right panel)
proteomes. Fluorescence is shown in grey scale. Arrowheads show some
representative bands. All lanes contained 20 μg of total protein and equal
loading was confirmed by Coomassie brilliant blue staining (see Figure S3 in the
Supplementary data).
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the effect in renal carcinoma has been linked to cell migration and
metastasis inhibition [61–63]. Similarly, the antitumor properties in
liver carcinoma has been mechanistically linked to the inhibition of
migration and induction of apoptosis [64–66]. Finally, most cancers
derived from the mucosal epithelium in the oral cavity, pharynx and
larynx fall into the category known collectively as head and neck
squamous cell carcinoma (HNSCC), and more than 90 % of mouth
cancers are squamous cell carcinomas [67]. Honokiol has been linked to
anticancer effects in HNSCC [13,68,69] mainly through induction of
apoptosis and cell cycle arrest. Collectively, these results are in accor-
dance with the enrichment in proteins related to apoptosis and meta-
bolic processes revealed by gene ontology (GO) and protein annotation
through evolutionary relationship (PANTHER) analysis [70], which
showed that the majority of the identified proteins are implicated in
metabolic processes (N = 30, 71 %) or in the regulation of apoptosis (N
= 13, 31 %) (Fig. 6B), two key hallmarks of cancer [71–73]. Remark-
ably, half of the identified proteins exhibit cancer dependencies as
described in the cancer dependency map (DepMap project). Specifically,
a significant number (N = 10, 24 %) are defined as common essential to
indicate their general requirement of the growth of most cancer cells,
and 26% are defined as strongly selective in the cancer dependencymap
(Fig. 6C), further supporting the significance of the data in relation to
the antitumor potential of honokiol. Enriched proteins belong to

different functional and structural classes, enzymes being more than half
of the identified proteins. With respect to their cellular location, most of
the identified proteins are located in the mitochondria (N= 18, 43 %) or
in the cell junction (N = 10, 24 %) being the rest in the cytosol (N = 14,
Fig. 6D). This is highly consistent with the role of the proteins in tumor
processes, migration and energy control. Mitochondria can influence all
processes linked to oncogenesis, starting from malignant transformation
to metastatic dissemination and are pivotal regulators in the processes of
programmed cell death, including apoptosis [74–77]. Furthermore,
honokiol has been reported to localize in mitochondria [78] and to
mediate antiproliferative effects through mitochondria-mediated death
signaling [79–81]. The second main group, which comprises proteins
located primarily in the cell junction, represents cytoskeletal-associated
proteins such as lyric protein (also known as metadherin or AEG-1),
vimentin, ezrin or moesin, which have been related to
epithelial-mesenchymal transition (EMT), migration and metastasis
featured by cancer cells [82–84]. Interestingly, honokiol has been pre-
viously linked to the reversal of EMT and the induction of a decrease in
the levels of vimentin [53,85,86].

Further analysis using the Database for Annotation, Visualization
and Integrated Discovery (DAVID) [87,88] revealed a strong enrichment
in post-translationally modified proteins, being acetylation present in 37
out of the 42 identified proteins (88 %) and phosphorylation present in

Fig. 5. (A) Scheme of the proteomic platform for the preparation of SILAC samples. (B) Structure of the biotin-azide reporter tag. (C) SILAC ratio plots for total
proteins and for proteins with a SILAC ratio≥3, identified comparing cells treated with probe 10 at 10 μM versus probe 10 at 10 μM plus honokiol at 100 μM.
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Table 2
Proteins with SILAC ratio≥3.

SILAC
ratio

Uniprot
Access.
Number

Protein Biological Processa DAVID Disgenetb Cancer dependency
Map Statusc

Known
cpdsd

Previously
related to
honokiol

20.0 Q86UE4 Lyric
Metadherin

Regulation of
programmed cell death

Breast carcinoma NA No No

20.0 P52209 PGD
6-phosphogluconate
dehydrogenase,
decarboxylating

Metabolic process Liver carcinoma Common essential Yes No

20.0 P53396 ACLY
ATP-citrate synthase

Metabolic process Liver carcinoma Common essential Yes No

11.1 P07384 CAPN1
Calpain-1 catalytic subunit

Metabolic process Other, tumorigenesis and metastasis
[41]

NA Yes Partially [42]

7.0 Q9BWD1 ACAT2
Acetyl-CoA
acetyltransferase, cytosolic

Metabolic process Other, ovarian cancer [43],
esophageal squamous cell carcinoma
[44]

Strongly selective No No

6.7 P43490 NAMPT Nicotinamide
phosphoribosyl-transferase

Metabolic process Malignant neoplasm of mouth Strongly selective Yes Partially [45]

5.0 P29401 TKT Transketolase Metabolic process Mammary carcinoma Strongly selective Yes No
4.9 P07339 CTSD

Cathepsin D
Metabolic process,
Regulation of
programmed cell death

Liver carcinoma, renal cell
carcinoma

NA Yes Partially [46]

4.8 P40926 MDH2
Malate dehydrogenase,
mitochondrial

Metabolic process Mammary carcinoma Strongly selective No No

4.5 P00367 GLUD1
Glutamate dehydrogenase
1, mitochondrial

Metabolic process Other NA No No

4.4 P04181 OAT
Ornithine
aminotransferase,
mitochondrial

Metabolic process Liver cirrhosis NA Yes No

4.3 P36776 LONP1
Lon protease homolog,
mitochondrial

Metabolic process Other, cancer [47] Common essential Yes No

4.2 P46821 MAP1B Microtubule-
associated protein 1B

Regulation of cellular
location

Other NA No No

4.1 P07195 LDHB
l-lactate dehydrogenase B
chain

Metabolic process Breast carcinoma, renal cell
carcinoma

Strongly selective Yes Partially [48]

4.1 P39687 ANP32A
Acidic leucine-rich nuclear
phosphoprotein 32 family

Regulation of
programmed cell death

Colorrectal carcinoma,
adenocarcinoma of lung

NA No No

4.0 P24752 ACAT1
Acetyl-CoA
acetyltransferase,
mitochondrial

Metabolic process Liver cirrhosis Strongly selective Yes No

4.0 P62937 PPIA
Peptidyl-prolyl cis-trans
isomerase A

Metabolic process,
Regulation of
programmed cell death

Malignant neoplasm of the mouth,
squamous cell carcinoma

NA Yes Partially [49]

3.9 P11498 PC
Pyruvate carboxylase,
mitochondrial

Metabolic process Liver cirrhosis, metastasis [50] Strongly selective
AND common
essential

No No

3.8 P10809 HSPD1
60 kDa heat shock protein,
mitochondrial

Metabolic process,
Regulation of
programmed cell death

Renal cell carcinoma Common essential No Partially [51]

3.7 P49327 FASN
Fatty acid synthase

Metabolic process Breast carcinoma Strongly selective Yes No

3.7 P14618 PKM
Pyruvate kinase isozymes
M1/M2

Metabolic process Mammary carcinoma, liver
carcinoma

Common essential Yes No

3.6 P26038 MSN
Moesin

Membrane to
membrane docking

Liver cirrhosis NA No No

3.5 P23526 AHCY Adenosylhomo-
cysteinase

Metabolic process Other NA Yes No

3.4 P07900 HSP90AA1
Heat shock protein HSP 90-
alpha

Metabolic process,
Regulation of
programmed cell death

Breast carcinoma NA Yes Partially [52]

3.4 Q01105 SET
Protein SET

Metabolic process,
Regulation of
programmed cell death

Neoplasm invasiveness NA No No

3.4 Q9NY33 DPP3
Dipeptidyl peptidase 3

Metabolic process Other NA No No

(continued on next page)
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35 out of 42 (83 %) (Fig. 6E). These modifications are highly abundant
in mitochondrial proteins and have been linked to cancer [89–93], and,
remarkably, honokiol has been reported to decrease the levels of acet-
ylated mitochondrial proteins [94].

In addition, according to the cancer dependency map, more than half
of the identified hits (N = 23) lack known bioactive compounds, so the
compounds described here could be initial hits to ease the development
of potent, selective, and specific chemical probes for these proteins.

Some of the identified targets, such as calpain-1, nicotinamide
phosphoribosyltransferase, cathepsin D, lactate dehydrogenase,
peptidyl-prolyl cis-trans isomerase A, heat shock proteins HSP60 and 90,
and vimentin have been previously related with honokiol [42,45,46,48,
49,51–53], thus supporting the significance of these findings. However,
the studies reported so far have not generally addressed the direct
interaction between honokiol and these proteins, so we selected some of
the identified targets for validation.

2.5. Validation of selected proteins

To select the candidates for validation we focused our attention in
the top candidates, i.e., those proteins with SILAC ratio>10, as well as in

those proteins without a relevant presence in the CRAPome database
(www.crapome.org), which include those proteins consistently appear-
ing as background contaminants under control conditions in pull-down
experiments [95]. In this way, we selected lyric, 6-phosphogluconate
dehydrogenase decarboxylating (PGD), and calpain-1 (CAPN-1) pro-
teins for validation. In addition, we have also considered dipeptidyl
peptidase 3 (DPP3), as an example of a protein with a moderate SILAC
ratio (3.4-fold) but with a <5 % appearance in the crapome database, to
support the suitability of all identified proteins as bona fide interactors.

The direct interaction between honokiol and the selected proteins
has been evaluated by cellular thermal shift assay (CETSA), which is
based on the fact that thermal stability of proteins changes upon ligand
binding, and that this change can be assessed by a thermal shift in the
melting curve of the protein in the presence of the ligand [96].
Accordingly, we incubated MDA-MB-231 cells with honokiol (10 μM)
and studied the thermal stability of lyric protein, DPP3, PGD, and
CAPN-1. As shown in Fig. 7, honokiol increased the thermal stability of
all four proteins ranging from 1 ◦C for lyric protein to 4.3 ◦C for CAPN-1.
This result strongly suggests that the proteins identified in this study
may represent genuine target proteins for honokiol, at least in breast
cancer cell lines. Interestingly, PGD, lyric protein and CAPN-1 regulate

Table 2 (continued )

SILAC
ratio

Uniprot
Access.
Number

Protein Biological Processa DAVID Disgenetb Cancer dependency
Map Statusc

Known
cpdsd

Previously
related to
honokiol

3.4 P31948 STIP1
Stress-induced-
phosphoprotein 1

Cellular response to
interleukin-7

Breast cancer NA No No

3.4 P06733 ENO1
Alpha-enolase

Metabolic process,
Regulation of
programmed cell death

Breast carcinoma NA Yes No

3.3 P06737 PYGL
Glycogen phosphorylase,
liver form

Metabolic process Liver carcinoma NA Yes No

3.3 P08670 VIM
Vimentin

Cell differentiation Breast carcinoma NA No Partially [53]

3.2 P47897 QARS Glutamine–tRNA
ligase

Metabolic process,
Regulation of
programmed cell death

Other, glioblastoma [54] Common essential No No

3.2 P60174 TPI1 Triosephosphate
isomerase

Metabolic process Malignant neoplasm of the mouth,
squamous cell carcinoma of
esophagus, adenocarcinoma of lung

Common essential No No

3.2 Q86VP6 CAND1
Cullin-associated NEDD8-
dissociated protein 1

Metabolic process Other NA No No

3.2 P07737 PFN1
Profilin-1

Development Squamous cell carcinoma of
esophagus

Common essential No No

3.2 P15311 EZR
Ezrin

Membrane to
membrane docking

Mammary carcinoma Strongly selective No No

3.2 O00299 CLIC1
Chloride intracellular
channel protein 1

Cell differentiation Breast carcinoma, squamous cell
carcinoma of esophagus

NA No No

3.2 P22314 UBA1
Ubiquitin-like modifier-
activating enzyme 1

Metabolic process Squamous cell carcinoma Common essential Yes No

3.2 P22392 NME2
Nucleoside diphosphate
kinase B

Metabolic process,
Regulation of
programmed cell death

Colorectal neoplasm Common essential No No

3.1 O43707 ACTN4
Alpha-actinin-4

Regulation of
programmed cell death

Mammary carcinoma NA No No

3.1 P08238 HSP90AB1
Heat shock protein HSP 90-
beta

Metabolic process,
Regulation of
programmed cell death

Other, cancer [55] Strongly selective Yes Partially [52]

3.1 P62258 YWHAE
14-3-3 protein epsilon

Cellular response to heat Neoplasm metastasis NA No No

3.0 Q96TA1 FAM129B
Niban-like protein 1

Regulation of
programmed cell death

Melanoma [56] Strongly selective No No

a Biological processes according to the gene onthology (GO) annotations.
b Enriched functional associations with diseases according to related gene groups from the Database for Annotation, Visualization and Integrated Discovery (DAVID)

and the gene-disease association database DisGeNET except when a specific reference is given.
c Cancer dependencies as described in the cancer dependency map (DepMap project) with NA meaning that no significant cancer dependency has been found.
d Known bioactive compounds acting in the indicated protein as described in the cancer dependency map database.
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mechanisms associated to the viability of cancer cells such as apoptosis,
cell proliferation or cell growth. For example, lyric protein triggers
diverse oncogenic signaling cascades including PI3K/AKT/mTOR,
MAPK, Wnt and NF-κB [97], pathways that have been previously related
to the antitumor action of honokiol [5]. PGD has been related to tumor
growth and its inhibitors have been described to reduce cancer cell
proliferation and tumor growth in nude mice xenografts [98], and
CAPN-1 is an essential protease involved in processes like apoptosis,
proliferation, and cell migration, and whose deregulation has been
linked to cancer [41].

3. Conclusions

Collectively, the results reported herein provide, for the first time,
direct insights into the mechanism of action of honokiol and its de-
rivatives, aiding to the identification of new targets for addressing
currently unmet medical needs. In addition, the synthetic routes
developed in this work facilitate accessibility to a series of structurally
diverse derivatives of honokiol to carry out systematic structure-activity
relationship studies to fully uncover its biological potential.

4. Experimental part

4.1. Chemistry

Unless stated otherwise, starting materials, reagents and solvents
were purchased as high-grade commercial products from Abcr, Acros,
Scharlab, Sigma-Aldrich, or Thermo Fisher Scientific, and were used
without further purification. All non-aqueous reactions were performed
under an argon atmosphere in oven-dried glassware. Tetrahydrofuran
(THF), diethyl ether, and dichloromethane (DCM) were dried using a
Pure SolvTMMicro 100 L solvent purification system. Acetone was dried
under K2CO3. Pyridine was dried over KOH and distilled before use.
Reactions under MW irradiation were performed in a Biotage Initiator
2.5 reactor. Reactions were monitored by analytical thin-layer

chromatography (TLC) on silica gel plates supplied by Merck (Kieselgel
60 F-254) with detection by UV light (254 nm) or 10 % phosphomo-
lybdic acid solution in EtOH. Flash chromatography was performed on a
Varian 971-FP flash purification system using silica gel cartridges
(Varian, particle size 50 μm) or on glass columns. Melting points (mp,
uncorrected) were determined on a Stuart Scientific electrothermal
apparatus. Infrared (IR) spectra were measured on a Bruker Tensor 27
instrument equipped with a Specac ATR accessory of 5200-650 cm− 1

transmission range; frequencies (ν) are expressed in cm− 1. Nuclear
Magnetic Resonance (NMR) spectra were recorded on a Bruker Avance
III 700 MHz (1H, 700 MHz; 13C, 175 MHz), Bruker Avance 500 MHz (1H,
500 MHz; 13C, 125 MHz), or Bruker DPX 300 MHz (1H, 300 MHz; 13C,
75 MHz) instruments at the Universidad Complutense de Madrid (UCM)
NMR core facilities. Chemical shifts (δ) are expressed in parts per million
relative to internal tetramethylsilane; coupling constants (J) are in hertz
(Hz). The following abbreviations are used to describe peak patterns
when appropriate: s (singlet), d (doublet), t (triplet), q (quartet), qt
(quintet), m (multiplet), br (broad), app (apparent). 2D NMR experi-
ments -homonuclear correlation spectroscopy (H,H–COSY), hetero-
nuclear multiple quantum correlation (HMQC) and heteronuclear
multiple bond correlation (HMBC)- of representative compounds were
carried out to assign protons and carbons of the new structures. High
resolution mass spectrometry (HRMS) was carried out on a Bruker FTMS
APEX-Q-IV spectrometer in electrospray ionization (ESI) mode or on a
Bruker MALDI-TOF/TOF ULTRAFLEX spectrometer at the UCM’s mass
spectrometry core facility. High performance liquid chromatography
coupled to mass spectrometry (HPLC-MS) analysis was performed using
an Agilent 1200LC-MSD VL instrument. LC separation was achieved
with a Zorbax Eclipse XDB-C18 column (5 μm, 4.6 mm × 150 mm) or a
Zorbax SB-C3 column (5 μm, 2.1 mm × 50 mm), both together with a
guard column (5 μm, 4.6 mm × 12.5 mm). The gradient mobile phases
consisted of A (95:5 water/acetonitrile) and B (5:95 water/acetonitrile)
with 0.1 % ammonium hydroxide and 0.1 % formic acid as the solvent
modifiers. MS analysis was performed with an ESI source. The capillary
voltage was set to 3.0 kV and the fragmentor voltage was set at 72 eV.

Fig. 6. Analysis of honokiol-interacting proteins. (A) Functional associations with diseases according to the Database for Annotation, Visualization and Integrated
Discovery (DAVID) and the gene-disease association database DisGeNET term enrichment analysis. (B) Biological process enrichment revealed by gene onthology
(GO) and protein annotation through evolutionary relationship (PANTHER) analysis. (C) Proteins defined as strongly selective in the cancer dependency map,
reflecting a restricted dependency relationship with specific cancer cell lines, and as common essential to indicate their general requirement for proliferation of most
cancer cell lines regardless of their tissue origin. (D) Cellular component enrichment revealed by GO and PANTHER analysis. (E) Post-translational modification
enrichment according to DAVID.
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The drying gas temperature was 350 ◦C, the drying gas flow was 10 L/
min, and the nebulizer pressure was 20 psi. Spectra were acquired in
positive or negative ionization mode from 100 to 1200 m/z and in UV-
mode at four different wavelengths (210, 230, 254, and 280 nm). Op-
tical rotation [α] was measured on an Anton Paar MCP 100 modular
circular polarimeter using a sodium lamp (λ = 589 nm) with a 1 dm path
length; concentrations (c) are given as g/100 mL. Satisfactory HPLC-MS
chromatograms were obtained for all tested compounds, which
confirmed a purity of at least 95 %.

The following compounds were synthesized as previously described
and their spectroscopic data correspond with those reported: 6-azido-
hexanoic acid (38) [99], 3-[3-(but-3-yn-1-yl)-3H-diazirin-3-yl]prop-
anoic acid (43) [39], and N-(3-azidopropyl)
tetramethylrhodamine-5-(and-6)-carboxamide (rhodamine-azide,
Rh–N3) [100].

4.1.1. General procedure 1
Williamson alkylation of phenols. To a solution of the corresponding

phenol (1 equiv) in dry acetone (7.5 mL/mmol) under an argon atmo-
sphere, K2CO3 (1.2 equiv) was added at rt and the mixture was stirred
for 10 min. The corresponding bromoalkane (1.2 equiv) was then added
and the reaction was heated at 140 ◦C for 20 min under MW irradiation.
Once cooled to rt, water was added and the mixture was extracted with
EtOAc (2x), washed with brine, dried (Na2SO4), filtered, and evaporated
under reduced pressure. The crude was purified by chromatography
using the appropriate eluent to afford the corresponding aryl alkyl
ethers 11, 13, 22, 25, 26, 32, and 34.

2-Bromo-4-chloro-1-ethoxybenzene (11). Obtained from 2-bromo-4-
chlorophenol (2.00 g, 9.6 mmol) and bromoethane (0.9 mL, 12 mmol)

in 96 % yield (2.20 g). Chromatography: hexane.
4’-(Allyloxy)-5-chloro-2-ethoxybiphenyl (13). Obtained from phenol

12 (157 mg, 0.63 mmol) and allyl bromide (60 μL, 0.70 mmol) in 98 %
yield (178 mg). It was used in the next step without further purification.

3-[4’-(Allyloxy)-6-ethoxybiphenyl-3-yl]propan-1-ol (22). Obtained
from phenol 21 (220 mg, 0.81 mmol) and allyl bromide (84 μL, 0.97
mmol) in 92 % yield (235 mg). This compound was used in the next step
without further purification.

5-Allyl-4’-(allyloxy)-2-ethoxybiphenyl (25). Obtained from phenol 20
(30 mg, 0.12 mmol) and allyl bromide (13 μL, 0.14 mmol) in 92 % yield
(32 mg). It was used in the next step without further purification.

3-(2-Bromo-4-chlorophenoxy)propan-1-ol (26). Obtained from 2-
bromo-4-chlorophenol (2.00 g, 9.6 mmol) and 3-bromopropan-1-ol
(1.0 mL, 12 mmol) in 85 % yield (2.20 g). Chromatography: hexane to
hexane/EtOAc, 7:3.

3-Bromo-4-ethoxybenzaldehyde (32). Obtained from 3-bromo-4-
hydroxybenzaldehyde (600 mg, 3.0 mmol) and bromoethane (0.3 mL,
3.6 mmol) in 89 % yield (612 mg). Chromatography: hexane to hexane/
EtOAc, 9:1.

4’-(Allyloxy)-6-ethoxy-1,1′-biphenyl-3-carbaldehyde (34). Obtained
from phenol 33 (134 mg, 0.55 mmol) and allyl bromide (72 μL, 0.83
mmol) in 96 % yield (149 mg). Chromatography: hexane to hexane/
EtOAc, 8:2.

4.1.2. General procedure 2
Suzuki coupling of bromoderivatives and 4-hydroxyphenylboronic acid.

To a solution of the corresponding bromoderivative (1 equiv) and 4-
hydroxyphenylboronic acid (1.5 equiv) in a mixture of toluene/EtOH
1:1 (12 mL/mmol) a solution of 0.5 M Na2CO3 (aq, 3 equiv) was added

Fig. 7. CETSA assays for (A) lyric, (B) DPP3, (C) PGD and (D) CAPN-1 proteins. Representative immunoblotting of the soluble fractions of MDA-MB-231 cells treated
with 10 μM of honokiol or vehicle as indicated in the figure and heat-shocked at the indicated temperature, and thermal denaturation curves of the corresponding
protein in the presence of vehicle (black) or honokiol (red) as indicated in the figure. Curves are generated and fitted using a four-parameter nonlinear regression
curve fit in GraphPad Prism. Band intensities were normalized with respect to the loading controls and percentage of non-denatured protein is expressed respect to
the value obtained at 37 ◦C. Symbols and associated error bars (when not enclosed by the symbol) represent mean ± SD from at least two independent experiments
carried out in duplicate.
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and the mixture was degassed with argon. Then, Pd(PPh3)4 (0.06 equiv)
was added and the reaction mixture was heated at 110 ◦C for 15 min
under MW irradiation. The organic phase was separated, and the
aqueous layer was extracted with EtOAc (2x). The combined organic
extracts were washed with brine, dried (Na2SO4), filtered, and evapo-
rated under reduced pressure. The crude was purified by chromatog-
raphy using the appropriate eluent to afford the corresponding biphenyl
derivatives 12, 27, and 33.

5′-Chloro-2′-ethoxybiphenyl-4-ol (12). Obtained from bromoder-
ivative 11 (100 mg, 0.42 mmol) and 4-hydroxyphenylboronic acid (88
mg, 0.64 mmol) in 92 % yield (96 mg). Chromatography: hexane to
hexane/EtOAc, 9:1.

5′-Chloro-2’-(3-hydroxypropoxy)biphenyl-4-ol (27). Obtained from
bromoderivative 26 (262 mg, 0.99 mmol) and 4-hydroxyphenylboronic
acid (204 mg, 1.5 mmol) in 82% yield (226 mg). Chromatography: DCM
to DCM/EtOAc, 8:2.

6-Ethoxy-4′-hydroxy-1,1′-biphenyl-3-carbaldehyde (33). Obtained
from bromoderivative 32 (750 mg, 3.3 mmol) and 4-hydroxyphenylbor-
onic acid (677 mg, 4.9 mmol) in 68 % yield (544 mg). Chromatography:
DCM to DCM/EtOAc, 9:1.

4.1.3. General procedure 3
Claisen rearrangement. Method A. Trimethyl aluminium (4 equiv, 2 M

in hexanes) was introduced in a flask and cooled at − 20 ◦C. Then, water
(1 equiv) was added and the mixture was allowed to warm to rt. The
resulting solution was then cooled to − 20 ◦C prior to the addition of a
solution of the proper allyl phenyl ether (1 equiv) in dry DCM (1.7 mL/
mmol) and the reaction was stirred at that temperature for 3 h. The
crude was diluted with DCM, washed with water and brine, dried
(Na2SO4), filtered, and evaporated under reduced pressure. The residue
was purified by chromatography (hexane to hexane/EtOAc 9:1) to yield
the corresponding phenol 14.

3-Allyl-5′-chloro-2′-ethoxybiphenyl-4-ol (14). Obtained from 13 (85
mg, 0.29 mmol) in 90 % yield (75 mg). Chromatography: hexane to
hexane/EtOAc 9:1.

Method B. To a solution of the corresponding allyl phenyl ether (1
equiv) in dry DCM (7 mL/mmol) at − 20 ◦C and under an argon atmo-
sphere, diethylaluminium chloride (2.5 equiv, 1 M in hexane) was
slowly added and the mixture was allowed to warm to 0 ◦C and stirred at
that temperature for 3 h. The reaction was quenched with 1 M HCl (aq)
at 0 ◦C and the mixture was extracted with EtOAc (2x), washed with
brine, dried (Na2SO4), filtered and evaporated under reduced pressure.
The residue was purified by chromatography using the appropriate
eluent to afford the corresponding phenols 8, 23, 30, and 2-O-
ethylhonokiol.

2′-Ethoxy-3-(allyl)-5’-(propargyl)biphenyl-4-ol (8). Obtained from
allyl ether 36 (63 mg, 0.22 mmol) in 51 % yield (33 mg). Chromatog-
raphy: hexane/EtOAc, 9:1.

3-Allyl-2′-ethoxy-5’-(3-hydroxypropyl)biphenyl-4-ol (23). Obtained
from allyl ether 22 (30 mg, 96 μmol) in 97 % yield (29 mg), and was
used in the next step without further purification.

3,5′-Diallyl-2’-(3-hydroxypropoxy)biphenyl-4-ol (30). Obtained from
allyl ether 29 (26 mg, 80 μmol) in 70 % yield (18 mg). Chromatography:
hexane to hexane/EtOAc, 6:4.

3,5′-Diallyl-2′-ethoxybiphenyl-4-ol (2-O-ethylhonokiol). Obtained from
allyl ether 25 (25 mg, 80 μmol) in 97 % yield (24 mg). Chromatography:
hexane to hexane/EtOAc, 9:1.

4.1.4. General procedure 4
Hydroboration-oxidation of allyl chains. To a well-stirred solution of

the corresponding allyl derivative (1 equiv) in anhydrous THF (2 mL/
mmol) at rt, BH3 (2 equiv, 1 M in THF) was added and the mixture was
stirred for 4 h. Water was added (0.2 mL/mmol) followed by 3 M NaOH
(aq, 0.3 mL/mmol). Then, 30 % H2O2 (aq, 3.3 mL/mmol) was slowly
added at 0 ◦C and the mixture was stirred at rt for 16 h. The reaction was
diluted with EtOAc, washed with water and brine, dried (Na2SO4),

filtered, and evaporated under reduced pressure. The crude was purified
by chromatography using the appropriate eluent to afford the corre-
sponding primary alcohols 15 and 21.

5′-Chloro-2′-ethoxy-3-(3-hydroxypropyl)biphenyl-4-ol (15). Obtained
from allyl derivative 14 (1.19 g, 4.1 mmol) in 84 % yield (1.06 g).
Chromatography: hexane to hexane/EtOAc, 7:3.

2′-Ethoxy-5’-(3-hydroxypropyl)biphenyl-4-ol (21).Obtained from allyl
derivative 20 (400 mg, 1.6 mmol) in 53 % yield (227 mg). Chroma-
tography: hexane to hexane/EtOAc, 6:4.

4.1.5. General procedure 5
Miyaura borylation. A suspension of the corresponding chloroder-

ivative (1 equiv), B2pin2 (1.5 equiv), Pd2dba3 (0.05 equiv), S–PHOS (0.2
equiv), and KOAc (3 equiv), in anhydrous 1,4-dioxane (2 mL/mmol) was
heated under an argon atmosphere at 140 ◦C for 45 min under MW
irradiation. Once at rt, the mixture was filtered through a pad of Celite,
washed with EtOAc and the solvents were evaporated under reduced
pressure. The residue was purified by chromatography using the
appropriate eluent to afford the corresponding boronates 16, 19, and
28.

2′-Ethoxy-3-(3-hydroxypropyl)-5’-(4,4,5,5-tetramethyl-1,3,2-dioxabor-
olan-2-yl)-biphenyl-4-ol (16). Obtained from chloroderivative 15 (800
mg, 2.6 mmol) in 89 % yield (929 mg). Chromatography: DCM to DCM/
EtOAc, 9:1.

2′-Ethoxy-5’-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)biphenyl-4-
ol (19). Obtained from chloroderivative 12 (460 mg, 1.8 mmol) in 75 %
yield (472 mg). Chromatography: hexane to hexane/EtOAc, 8:2.

2’-(3-Hydroxypropoxy)-5’-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)biphenyl-4-ol (28). Obtained from chloroderivative 27 (625 mg, 2.5
mmol) in 78 % yield (710 mg). Chromatography: DCM to DCM/EtOH,
98:2.

4.1.6. General procedure 6
Suzuki coupling of boronates with allyl bromide. A suspension of the

corresponding boronate (1 equiv), allyl bromide (1.2 equiv), Pd2dba3
(0.24 equiv), and K2CO3 (6 equiv) in anhydrous toluene (9 mL/mmol of
boronate) under an argon atmosphere, was heated at 150 ◦C for 45 min
under MW irradiation. The mixture was filtered through a pad of Celite,
washed with EtOAc, and the solvents were evaporated under reduced
pressure. The residue was purified by chromatography using the
appropriate eluent to afford the corresponding allyl arenes 17, 20, and
29.

5′-Allyl-2′-ethoxy-3-(3-hydroxypropyl)biphenyl-4-ol (17). Obtained
from boronate 16 (247 mg, 0.62 mmol) in 60 % yield (116 mg). Chro-
matography: DCM to DCM/EtOAc, 9:1.

5′-Allyl-2′-ethoxybiphenyl-4-ol (20). Obtained from boronate 19 (536
mg, 1.6 mmol) in 75 % yield (301 mg). Chromatography: hexane to
hexane/EtOAc, 9:1.

3-{[5-Allyl-4’-(allyloxy)biphenyl-2-yl]oxy}propan-1-ol (29). Obtained
from boronate 28 (100 mg, 0.27 mmol), allyl bromide (70 μL, 0.69
mmol) in 47 % yield (41 mg), Chromatography: DCM to DCM/EtOAc
98:2.

4.1.7. General procedure 7
Activation of alcohols as mesylates. To a well-stirred solution of the

corresponding alcohol (1 equiv) in dry DCM (9.5 mL/mmol) at − 20 ◦C
and under an argon atmosphere, methanesulfonyl chloride (MsCl, 1.05
equiv) and anhydrous pyridine (4.2 equiv) were added. The reaction
mixture was allowed to warm to rt and stirred for 16 h. Then, concen-
trated HCl was carefully added and the resulting solution was extracted
with EtOAc (2x). The combined organic extracts were sequentially
washed with saturated CuSO4 (aq) and brine, dried (Na2SO4), filtered,
and evaporated under reduced pressure. The residue was purified by
chromatography using DCM to DCM/EtOAc, 99:1 as eluent to afford the
corresponding mesylates 18, 24, and 31.

3-(5′-Allyl-2′-ethoxy-4-hydroxybiphenyl-3-yl)propyl methanesulfonate
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(18). Obtained from alcohol 17 (210 mg, 0.67 mmol) in 42 % yield (110
mg).

3-(3′-Allyl-6-ethoxy-4′-hydroxybiphenyl-3-yl)propyl methanesulfonate
(24). Obtained from alcohol 23 (330 mg, 1.1 mmol) in 77 % yield (319
mg).

3-[(3′,5-Diallyl-4′-hydroxybiphenyl-2-yl)oxy]propyl methanesulfonate
(31). Obtained from alcohol 30 (58 mg, 0.18 mmol) in 53 % yield (38
mg).

4.1.8. General procedure 8
Nucleophilic substitution of mesylates with NaN3. To a solution of the

corresponding mesylate (1 equiv) in anhydrous DMF (6 mL/mmol)
under an argon atmosphere, NaN3 (2 equiv) was added and the reaction
mixture was stirred at 60 ◦C for 16 h. The resulting solution was diluted
with EtOAc, washed with water and brine, dried (Na2SO4), filtered, and
evaporated under reduced pressure. The residue was purified by chro-
matography using the appropriate eluent to afford the corresponding
azides 5, 6, and 7.

5′-Allyl-3-(3-azidopropyl)-2′-ethoxybiphenyl-4-ol (5). Obtained from
mesylate 18 (12 mg, 31 μmol) in 70 % yield (7 mg). Chromatography:
DCM to DCM/EtOAc, 95:5.

3-Allyl-5’-(3-azidopropyl)-2′-ethoxybiphenyl-4-ol (6). Obtained from
mesylate 24 (260 mg, 0.67 mmol) in 67 % yield (152 mg). Chroma-
tography: hexane to hexane/EtOAc, 9:1.

3,5′-Diallyl-2’-(3-azidopropoxy)biphenyl-4-ol (7). Obtained from
mesylate 31 (41 mg, 0.10 mmol) in 77 % yield (26 mg). Chromatog-
raphy: hexane to hexane/EtOAc, 9:1.

4.1.9. 1-[4’-(Allyloxy)-6-ethoxy-1,1′-biphenyl-3-yl]propargyl-1-ol (35)
To a solution of aldehyde 34 (390 mg, 1.4 mmol) in anhydrous THF

(1 mL) at 0 ◦C and under an argon atmosphere, ethynylmagnesium
bromide (8.3 mL, 0.5 M in THF) was added dropwise and the mixture
was stirred at rt for 2.5 h. The reaction was quenched with saturated
NH4Cl (aq) at 0 ◦C, followed by Et2O and 1 M HCl (aq). The organic
phase was separated and the aqueous phase was extracted with Et2O.
The combined organic extracts were washed with water and brine, dried
(Na2SO4), filtered and evaporated under reduced pressure to yield pure
35 (412 mg, 97 %), which was used in the next step without further
purification.

4.1.10. 2-Ethoxy-4’-(allyloxy)-5-(propargyl)biphenyl (36)
To a solution of alcohol 35 (50 mg, 0.16 mmol) in dry DCM (0.4 mL)

at 0 ◦C and under an argon atmosphere, triethylsilane (39 μL, 0.24
mmol) and TFA (50 μL, 0.65 mmol) were added and the mixture was
stirred at that temperature for 10 min. The reaction was quenched with
saturated NaHCO3 (aq), extracted with DCM, dried (Na2SO4), filtered,
and evaporated under reduced pressure. The crude was purified by
chromatography (hexane/EtOAc 8:2 to hexane/EtOAc 7:3) to afford 36
(16 mg, 33 %).

4.1.11. General procedure 9
Synthesis of amides. Method A. A suspension of biotin (293 mg, 1.2

mmol), HOBt (163 mg, 1.2 mmol), and activated 4 Å molecular sieves in
anhydrous DMF (10 mL) under an argon atmosphere, was heated at
77 ◦C for 50 min until dissolution of biotin. After cooling to rt, a solution
of DCC (272 mg, 1.3 mmol) in dry DCM (2 mL) was added dropwise. The
mixture was stirred at rt for 3 h before a solution of 4,4′-dia-
minobenzophenone (500 mg, 2.4 mmol) and DMAP (15 mg, 0.12 mmol)
in anhydrous DMF (2 mL) was added. The resulting mixture was heated
at 60 ◦C for 4 h and allowed to stir at rt for 16 h. The mixture was
filtered, washed with DCM/MeOH 1:1, and evaporated under reduced
pressure. The crude was purified by chromatography (DCM to DCM/
MeOH 7:3) to afford the corresponding amine 37 (500 mg, 97 %).

Method B. To a solution of the corresponding carboxylic acid (1
equiv) and HOBt (1.1 equiv) in dry DCM (28 mL/mmol of acid) under an
argon atmosphere, EDC (1.1 equiv) was added and the mixture was

stirred at rt for 40 min. Then, a solution of the corresponding amine (1.5
equiv) in DMF (4.5 mL/mmol) was added, and the mixture was stirred at
rt for 48 h. The reaction was diluted with EtOAc, washed with saturated
NaHCO3 (aq), dried (Na2SO4), filtered, and evaporated under reduced
pressure. The crude was purified by chromatography (DCM to DCM/
MeOH, 8:2) to afford the corresponding amides 39 and 40.

(+)-N-{4-[4-(Biotinylamino)benzoyl]phenyl}hex-5-ynamide (39). Ob-
tained from 5-hexynoic acid (0.25 mL, 2.1 mmol) and amine 37 (578
mg, 1.1 mmol) in 36 % yield (211 mg).

6-Azido-N-{[(4-biotinylamino)benzoyl]phenyl}hexanamide (40). Ob-
tained from acid 38 (181 mg, 1.2 mmol) and amine 37 (420 mg, 0.96
mmol) in 14 % yield (78 mg).

4.1.12. General procedure 10
Staudinger reaction to afford amines. To a solution of the corre-

sponding azide (1 equiv) in anhydrous THF (7.8 mL/mmol) under a
nitrogen atmosphere, PPh3 (3 equiv) was added followed by water (10
equiv) and the resulting solution was heated under reflux for 3 h. The
solvents were evaporated under reduced pressure and the residue was
purified by chromatography (DCM to DCM/MeOH 8:2) to yield the
corresponding amines 41 and 42.

5′-Allyl-3-(3-aminopropyl)-2′-ethoxybiphenyl-4-ol (41). Obtained from
azide 5 (22 mg, 64 μmol) in 76 % yield (15 mg).

3-Allyl-5’-(3-aminopropyl)-2′-ethoxybiphenyl-4-ol (42). Obtained
from azide 6 (40 mg, 0.12 mmol) in 49 % yield (18 mg)

4.1.13. General procedure 11
Synthesis of probes 1–4. To a mixture of the corresponding bio-

tinylated alkyne or azide 39 or 40 (1 equiv), CuSO4⋅5H2O (1.1 equiv)
and sodium ascorbate (1.1 equiv) in water (11 mL/mmol), a solution of
the corresponding honokiol-based azide 5–7 or alkyne 8 (1 equiv) in
DMF (9 mL/mmmol) was added, and the mixture was stirred at rt for 16
h. Then, EtOAc and water were added and the organic phase was
separated, washed with brine, dried (Na2SO4), filtered and evaporated
under reduced pressure. The resulting solid was triturated and washed
with Et2O to afford the corresponding pure 1,2,3-triazoles 1–4.

(+)-N-(4-{4-[(4-{1-[3-(5′-Allyl-2′-ethoxy-4-hydroxybiphenyl-3-yl)pro-
pyl]-1H-1,2,3-triazol-4-yl}butanoyl)amino]benzoyl}phenyl)biotinamide
(1). Obtained from alkyne 39 (24 mg, 45 μmol) and azide 5 (15 mg, 45
μmol) in 64% yield (25mg). Mp: 198.6–199.3 ◦C. [α]D20:+25.6 (c= 0.18,
DMSO). Rf: 0.15 (DCM/MeOH, 9:1). IR (ATR, ν): 3300 (OH, NH), 1676
(CO), 1592, 1524, 1474, 1456 (Ar), 1255 (COC); 1H NMR (700 MHz,
(CD3)2SO, δ): 1.22 (t, J = 6.9, 3H, CH3), 1.34–1.43 (m, 2H,
CH2CH2CHS), 1.48–1.54 (m, 1H, ½CH2CHS), 1.60–1.68 (m, 3H,
½CH2CHS, CH2(CH2)2CHS), 1.93 (qt, J = 7.5, 2H, CH2CH2C = ), 2.09
(qt, J = 7.3, 2H, CH2CH2C3), 2.37 (td, J = 7.4, 2.6, 2H, CH2CO), 2.42 (t,
J= 7.5, 2H, CH2CO), 2.55 (app t, J= 7.5, 2H, CH2C3), 2.58 (d, J= 12.6,
1H, ½CH2S), 2.67 (t, J = 7.5, 2H, CH2C = ), 2.83 (dd, J = 12.5, 5.1, 1H,
½CH2S), 3.11–3.14 (m, 1H, CHS), 3.31 (d, J = 6.7, 2H, CH2C5’), 3.96 (q,
J = 6.9, 2H, CH2O), 4.14–4.15 (m, 1H, CHN), 4.31 (dd, J = 7.2, 5.5, 1H,
CHN), 4.34 (t, J = 7.1, 2H, CH2N), 5.00–5.02 (m, 1H, ½CH2 = ), 5.06
(ddd, J= 17.0, 3.2, 1.4, 1H,½CH2= ), 5.95 (ddt, J= 17.0, 10.1, 6.9, 1H,
CH= ), 6.37 (br s, 1H, NH), 6.45 (br s, 1H, NH), 6.81 (d, J= 8.2, 1H, H5),
6.95 (d, J = 8.4, 1H, H3’), 7.03 (dd, J = 8.2, 2.0, 1H, H4’), 7.05 (d, J =
2.0, 1H, H6’), 7.15 (dd, J = 8.2, 2.1, 1H, H6), 7.23 (d, J = 2.0, 1H, H2),
7.69 (dd, J = 8.7, 2.0, 4H, 4CHArCCO), 7.75 (dd, J = 8.6, 2.8, 4H,
4CHArCN), 7.92 (s, 1H, NCH = ), 9.41 (br s, 1H, OH), 10.25 (br s, 1H,
NHCAr), 10.26 (br s, 1H, NHCAr); 13C NMR (175MHz, (CD3)2SO, δ): 14.7
(CH3), 24.6 (CH2C = ), 24.8 (CH2CH2C = ), 25.0 (CH2(CH2)2CHS), 26.8
(CH2C3), 28.1, 28.2 ((CH2)2CHS), 30.1 (CH2CH2C3), 35.9, 36.4
(2CH2CO), 38.7 (CH2C5’), 40.0 (CH2S), 49.1 (CH2N), 55.4 (CHS), 59.2,
61.1 (2CHN), 63.5 (CH2O), 112.9 (C3’), 114.5 (C5), 115.5 (CH2 = ),
118.2 (4CHArCN), 121.8 (NCH = ), 126.2 (C3), 127.6 (C4’), 127.9 (C6),
128.9 (C1), 129.9 (C1’), 130.2 (C6’), 130.88 (C2), 130.91 (4CHArCCO),
131.7 (2CArN), 131.8 (C5’), 138.2 (CH = ), 143.1 (2CArCO), 146.3 (NC =

), 153.7 (C2’), 154.1 (C4), 162.7 (NCON), 171.6, 171.8 (2CON), 193.4
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(CO); HRMS (MALDI, m/z): calcd for [M+H]+ C49H56N7O6S: 870.4013;
found: 870.4024; HPLC-MS (ESI, m/z): 868.4 [M − H]-; tR (method B):
12.04 min.

(+)-N-(4-{4-[(4-{1-[3-(3′-Allyl-6-ethoxy-4′-hydroxybiphenyl-3-yl)pro-
pyl]-1H-1,2,3-triazol-4-yl}butanoyl)amino]benzoyl}phenyl)biotinamide
(2). Obtained from alkyne 39 (79 mg, 0.15 mmol) and azide 6 (50 mg,
0.15 mmol) in 25 % yield (33 mg). Mp: 180.9–181.7 ◦C. [α]D20:+11.8 (c
= 0.39, DMSO). Rf: 0.17 (DCM/MeOH, 9:1). IR (ATR, ν): 3334 (OH, NH),
1685 (CO), 1596, 1456 (Ar), 1262 (COC); 1H NMR (700 MHz, (CD3)2SO,
δ): 1.24 (t, J = 6.9, 3H, CH3), 1.24–1.41 (m, 2H, CH2CH2CHS),
1.48–1.54 (m, 1H, ½CH2CHS), 1.60–1.68 (m, 3H, ½CH2CHS,
CH2(CH2)2CHS), 1.93 (qt, J = 7.4, 2H, CH2CH2C = ), 2.10 (qt, J = 7.3,
2H, CH2CH2C3), 2.37 (td, J = 7.3, 2.6, 2H, CH2CO), 2.42 (t, J = 7.4, 2H,
CH2CO), 2.50–2.53 (m, 2H, CH2C3), 2.58 (d, J= 12.6, 1H,½CH2S), 2.67
(t, J= 7.4, 2H, CH2C= ), 2.83 (dd, J= 12.4, 5.1, 1H,½CH2S), 3.11–3.14
(m, 1H, CHS), 3.30 (d, J= 6.7, 2H, CH2C3’), 3.95 (q, J= 6.9, 2H, CH2O),
4.13–4.15 (m, 1H, CHN), 4.30 (t, J = 7.0, 2H, CH2N), 4.29–4.31 (m, 1H,
CHN), 4.99–5.01 (m, 1H, ½CH2 = ), 5.06 (ddd, J = 17.1, 3.2, 1.5, 1H,
½CH2= ), 5.97 (ddt, J= 16.9, 10.1, 6.7, 1H, CH= ), 6.37 (br s, 1H, NH),
6.45 (br s, 1H, NH), 6.80 (d, J = 8.2, 1H, H5’), 6.93 (d, J = 8.1, 1H, H5),
7.04–7.06 (m, 2H, H2, H4), 7.16 (dd, J = 8.2, 2.0, 1H, H6’), 7.24 (d, J =
1.6, 1H, H2’), 7.69 (dd, J = 8.6, 1.7, 4H, 4CHArCCO), 7.75 (dd, J = 8.6,
3.0, 4H, 4CHArCN), 7.92 (s, 1H, NCH = ), 9.37 (br s, 1H, OH), 10.25 (br
s, 1H, NHCAr), 10.26 (br s, 1H, NHCAr); 13C NMR (175 MHz, (CD3)2SO,
δ): 14.7 (CH3), 24.6 (CH2C = ), 24.8 (CH2CH2C = ), 25.0
(CH2(CH2)2CHS), 28.1, 28.2 ((CH2)2CHS), 31.1 (CH2C3), 31.6
(CH2CH2C3), 33.8 (CH2C3’), 35.9, 36.3 (2CH2CO), 40.0 (CH2S), 48.7
(CH2N), 55.4 (CHS), 59.2, 61.0 (2CHN), 63.5 (CH2O), 112.9 (C5), 114.4
(C5’), 115.3 (CH2 = ), 118.2 (4CHArCN), 121.9 (NCH = ), 125.2 (C3’),
127.5 (C4), 127.8 (C6’), 128.8 (C1’), 129.9 (C1), 130.0 (C2), 130.8 (C2’),
130.9 (4CHArCCO), 131.7 (2CArN), 132.8 (C3), 137.2 (CH = ), 143.1
(2CArCO), 146.4 (NC = ), 153.6 (C6), 153.9 (C4’), 162.7 (NCON), 171.5,
171.8 (2CON), 193.4 (CO); HRMS (MALDI, m/z): calcd for [M+H]+

C49H56N7O6S: 870.4013; found: 870.3966; HPLC-MS (ESI, m/z): 868.3
[M − H]-; tR (method B): 11.89 min.

N-[4-(4-{[4-(1-{3-[(3′,5-Diallyl-4′-hydroxybiphenyl-2-yl)oxy]propyl}-
1H-1,2,3-triazol-4-yl)butanoyl]amino}benzoyl)phenyl]biotinamide (3).
Obtained from alkyne 39 (20 mg, 37 μmol) and azide 7 (13 mg, 37 μmol)
in 25 % yield (8 mg). Rf: 0.13 (DCM/MeOH, 9:1). IR (ATR, ν): 3333 (OH,
NH), 1682 (CO), 1591, 1530, 1460 (Ar), 1265 (COC); 1H NMR (700
MHz, (CD3)2SO, δ): 1.35–1.42 (m, 2H, CH2CH2CHS), 1.49–1.53 (m, 1H,
½CH2CHS), 1.60–1.67 (m, 3H, ½CH2CHS, CH2(CH2)2CHS), 1.91 (qt, J =
7.5, 2H, CH2CH2C = ), 2.16 (qt, J = 6.3, 2H, CH2CH2O), 2.37 (td, J =

7.3, 2.8, 2H, CH2CO), 2.41 (t, J = 7.6, 2H, CH2CO), 2.58 (d, J = 12.7,
1H, ½CH2S), 2.65 (t, J = 7.5, 2H, CH2C = ), 2.83 (dd, J = 12.4, 5.1, 1H,
½CH2S), 3.11–3.14 (m, 1H, CHS), 3.31–3.33 (m, 4H, CH2C5, CH2C3’),
3.87 (t, J = 5.9, 2H, CH2O), 4.13–4.15 (m, 1H, CHN), 4.31 (dd, J = 7.5,
5.5, 1H, CHN) 4.38 (t, J = 7.0, 2H, CH2N), 4.94–4.95 (m, 1H,
½CH2––CHCH2C3’), 5.00–5.04 (m, 2H, ½CH2––CHCH2C5,
½CH2––CHCH2C3’), 5.06 (ddd, J = 16.9, 2.8, 1.5, 1H,
½CH2––CHCH2C5), 5.92–5.98 (m, 2H, 2CH= ), 6.37 (br s, 1H, NH), 6.45
(br s, 1H, NH), 6.84 (d, J = 8.3, 1H, H5’), 6.94 (d, J = 8.2, 1H, H3), 7.03
(dd, J= 8.3, 2.2, 1H, H4), 7.04 (d, J= 2.1, 1H, H6), 7.17 (dd, J= 8.2, 2.1,
1H, H6’), 7.25 (d, J = 1.9, 1H, H2’), 7.69 (d, J = 8.6, 4H, 4CHArCCO),
7.76 (d, J = 9.7, 4H, 4CHArCN), 7.77 (s, 1H, NCH = ), 9.42 (br s, 1H,
OH), 10.25 (br s, 1H, NHCAr), 10.26 (br s, 1H, NHCAr); 13C NMR (175
MHz, (CD3)2SO, δ): 24.6 (CH2C = ), 24.8 (CH2CH2C = ), 25.0
(CH2(CH2)2CHS), 28.1, 28.2 ((CH2)2CHS), 29.6 (CH2CH2O), 33.8
(CH2C3’), 35.9, 36.3 (2CH2CO), 38.7 (CH2C5), 40.0 (CH2S), 46.3
(CH2N), 55.4 (CHS), 59.2, 61.0 (2CHN), 64.7 (CH2O), 112.9 (C3), 114.5
(C5’), 115.3, 115.5 (2CH2 = ), 118.2 (4CHArCN), 121.9 (NCH = ), 125.4
(C3’), 127.7 (C4), 127.9 (C6’), 128.8 (C1’), 130.16 (C1), 130.21 (C6),
130.7 (C2), 130.9 (4CHArCCO), 131.7 (2CArN, C5), 137.2 (CHCH2C3’),
138.1 (CHCH2C5), 143.1 (2CArCO), 146.4 (NC = ), 153.4 (C2), 154.0
(C4’), 162.7 (NCON), 171.5, 171.8 (2CON), 193.4 (CO); HRMS (ESI, m/
z): calcd for [M − H]- C50H54N7O6S: 880.3862; found: 880.3844; HPLC-

MS (ESI, m/z): 880.4 [M − H]-; tR (method B): 12.54 min.
(+)-6-(4-{[6-Ethoxy-4′-hydroxy-3’-(allyl)biphenyl-3-yl]methyl}-1H-

1,2,3-triazol-1-yl)-N-biotinylamino)benzoyl]phenyl}hexanamide (4). Ob-
tained from azide 40 (26 mg, 44 μmol) and alkyne 8 (13 mg, 44 μmol) in
49 % yield (19 mg). Mp: 143–146 ◦C. [α]D20:+27.8 (c = 0.23, DMSO). Rf:
0.12 (DCM/MeOH, 9:1). IR (ATR, ν): 3305 (OH, NH), 1688, 1593 (CO),
1525, 1459, 1405 (Ar), 1259 (COC); 1H NMR (700 MHz, (CD3)2SO, δ):
1.23 (t, J = 6.9, 3H, CH3), 1.25–1.28 (m, 2H, CH2(CH2)2N), 1.35–1.46
(m, 2H, CH2CH2CHS), 1.48–1.53 (m, 1H, ½CH2CHS), 1.59–1.68 (m, 5H,
½CH2CHS, CH2(CH2)2CHS, CH2(CH2)3N), 1.81 (qt, J = 7.3, 2H,
CH2CH2N), 2.33 (t, J = 7.4, 2H, CH2CO), 2.35–2.38 (m, 2H, CH2CO),
2.58 (d, J = 12.5, 1H, ½CH2S), 2.82 (dd, J = 12.4, 5.1, 1H, ½CH2S),
3.11–3.14 (m, 1H, CHS), 3.30 (d, J = 6.6, 2H, CH2C3’), 3.91 (s, 2H,
CH2C3) 3.94 (q, J= 7.0, 2H, CH2O), 4.13–4.15 (m, 1H, CHN), 4.28–4.32
(m, 3H, CHN, CH2N), 5.00 (br d, J = 9.9, 1H, ½CH2 = ), 5.07 (dd, J =

17.1, 1.3, 1H, ½CH2 = ), 5.96 (ddt, J = 17.0, 10.1, 6.8, 1H, CH = ), 6.37
(br s, 1H, NH), 6.45 (br s, 1H, NH), 6.80 (d, J = 8.2, 1H, H5’), 6.93 (d, J
= 8.4, 1H, H5), 7.06 (dd, J= 8.40, 2.0, 1H, H4), 7.10 (d, J= 1.9, 1H, H2),
7.12 (dd, J = 8.3, 2.0, 1H, H6’), 7.20 (d, J = 1.6, 1H, H2’), 7.69 (d, J =
8.6, 4H, 4CHArCCO), 7.74 (d, J = 8.0, 2H, 2CHArCN), 7.76 (d, J = 8.4,
2H, 2CHArCN), 7.83 (m, 1H, NCH = ), 9.39 (br s, 1H, OH), 10.23 (br s,
1H, NHCAr), 10.25 (br s, 1H, NHCAr); 13C NMR (175 MHz, (CD3)2SO, δ):
14.7 (CH3), 24.4, 25.0, 25.5 (CH2(CH2)2CHS, (CH2)2CH2CO), 28.1, 28.2
((CH2)2CHS), 29.6 (CH2CH2N), 30.5 (CH2C3), 33.8 (CH2C3’), 36.3, 36.4
(2CH2CO), 40.0 (CH2S), 49.0 (CH2N), 55.4 (CHS), 59.2, 61.1 (2CHN),
63.5 (CH2O), 112.9 (C5), 114.4 (C5’), 115.4 (CH2 = ), 118.2 (4CHArCN),
122.2 (NCH = ), 125.2 (C3’), 127.7 (C4), 127.8 (C6’), 128.8 (C1’), 129.9
(C1), 130.2 (C2), 130.7 (C2’), 130.9 (4CHArCCO), 131.7 (2CArN), 131.8
(C3), 137.1 (CH = ), 143.1 (2CArCO), 146.5 (NC = ), 153.7 (C6), 153.9
(C4’), 162.7 (NCON), 171.7, 171.8 (2CON), 193.4 (CO); HRMS (MALDI,
m/z): calcd for [M+H]+ C49H56N7O6S: 870.4013; found: 870.4027;
HPLC-MS (ESI, m/z): 868.4 [M − H]-; tR (method B): 11.21 min.

4.1.14. General procedure 12
Synthesis of probes 9,10. To a solution of acid 43 (1 equiv) in dry DCM

(6.7 mL/mmol of acid), HOBt (1.2 equiv) was added under a nitrogen
atmosphere and the mixture was stirred at rt for 10 min. Then, a solution
of EDC (1.2 equiv) in dry DCM (6.7 mL/mmol of acid) was added and the
reaction was stirred at rt for 30 min before a solution of the corre-
sponding amine 41 or 42 (1 equiv) in dry DCM (6.7 mL/mmol of amine)
was added, followed by DIPEA (2.2 equiv). The resulting mixture was
stirred at rt for 16 h, diluted with EtOAc, washed with saturated NaHCO3
(aq, 2x) and brine. The organic layer was dried (Na2SO4), filtered, and
evaporated under reduced pressure. The residue was purified by chro-
matography (DCM to DCM/EtOAc, 95:5) to afford the corresponding
amides 9 and 10.

N-[3-(5′-Allyl-2′-ethoxy-4-hydroxybiphenyl-3-yl)propyl]-3-(3-but-3-yn-
1-yl-3H-diaziren-3-yl)propanamide (9). Obtained from acid 43 (5 mg, 30
μmol) and amine 41 (9 mg, 30 μmol) in 45 % yield (6 mg). Rf: 0.07
(DCM/EtOAc, 95:5). IR (ATR, ν): 3305, 3367 (NH, OH), 1644 (CO),
1550, 1509, 1491, 1469 (Ar), 1271, 1237 (COC); 1H NMR (700 MHz,
CD3OD, δ): 1.30 (t, J = 7.0, 3H, CH3), 1.60 (t, J = 7.5, 2H, CH2CH2C≡),
1.73 (t, J= 7.1, 1H, CH2CH2CO), 1.83 (qt, J= 7.4, 2H, CH2CH2C3), 1.99
(td, J = 7.5, 2.7, 2H, CH2C≡), 2.00 (t, J = 7.7, 2H, CH2CO), 2.21 (t, J =
2.7, 1H, CH≡), 2.67 (t, J = 7.5, 2H, CH2C3), 3.22 (t, J = 7.1, 2H, CH2N),
3.34 (d, J= 6.7, 2H, CH2C5’), 3.97 (q, J= 7.0, 2H, CH2O), 5.01–5.03 (m,
1H,½CH2= ), 5.06 (ddd, J= 17.0, 3.6, 1.7, 1H,½CH2= ), 5.97 (ddt, J=
17.0, 10.1, 6.8, 1H, CH = ), 6.76 (d, J = 8.3, 1H, H5), 6.91 (d, J = 8.3,
1H, H3’), 7.03 (dd, J = 8.2, 2.2, 1H, H4’), 7.06 (d, J = 2.2, 1H, H6’), 7.16
(dd, J = 8.2, 2.3, 1H, H6), 7.25 (d, J = 2.2, 1H, H2); 13C NMR (175 MHz,
9:1 CD3OD/CDCl3, δ): 13.8 (CH2C≡), 15.3 (CH3), 28.7 (CH2CH2CO),
28.8 (CN2), 29.9 (CH2CO), 30.6 (CH2CH2C3), 31.1 (CH2CH2C≡), 33.3
(CH2C3), 40.3, 40.4 (CH2N, CH2C5’), 65.3 (CH2O), 70.2 (CH≡), 83.5
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(C≡), 114.3 (C3’), 115.3 (C5), 115.6 (CH2 = ), 128.2 (C3), 128.7 (C4’),
129.1 (C6), 131.3 (C1), 131.6 (C6’), 132.3 (C1’), 132.4 (C2), 133.6 (C5’),
139.3 (CH = ), 155.2 (C4), 155.4 (C2’), 174.2 (CON); HRMS (ESI, m/z):
calcd for [M+Na]+ C28H33N3NaO3: 482.2420; found: 482.2414; HPLC-
MS (ESI, m/z): 458.0 [M − H]-; tR (method A): 11.07 min.

N-[3-(3′-Allyl-6-ethoxy-4′-hydroxybiphenyl-3-yl)propyl]-3-(3-but-3-yn-
1-yl-3H-diaziren-3-yl)propanamide (10). Obtained from acid 43 (5 mg,
30 μmol) and amine 42 (9 mg, 30 μmol) in 62 % yield (9 mg). Chro-
matography: DCM to DCM/MeOH 95:5. Rf: 0.10 (DCM/EtOAc, 95:5). IR
(ATR, ν): 3293, 3078 (NH, OH), 1640 (CO), 1607, 1472, 1439 (Ar),
1269, 1235 (COC); 1H NMR (700 MHz, CD3OD, δ): 1.29 (t, J = 7.0, 3H,
CH3), 1.59 (t, J= 7.5, 2H, CH2CH2C≡), 1.72 (t, J= 7.2, 2H, CH2CH2CO),
1.81 (qt, J = 7.3, 2H, CH2CH2C3), 1.98–2.01 (m, 4H, CH2C≡, CH2CO),
2.22 (t, J = 2.6, 1H, CH≡), 2.61 (t, J = 7.6, 2H, CH2C3), 3.18 (t, J = 7.0,
2H, CH2N), 3.38 (d, J = 6.6, 2H, CH2C3’), 3.95 (q, J = 7.0, 2H, CH2O),
4.99–5.01 (m, 1H,½CH2= ), 5.06 (ddd, J= 17.1, 3.5, 1.6, 1H,½CH2= ),
6.02 (ddt, J= 16.9, 10.2, 6.7, 1H, CH= ), 6.78 (d, J= 8.2, 1H, H5’), 6.89
(d, J = 8.3, 1H, H5), 7.04 (dd, J = 8.3, 2.2, 1H, H4), 7.08 (d, J = 2.2, 1H,
H2), 7.18 (dd, J = 8.2, 2.2, 1H, H6’), 7.25 (d, J = 2.1, 1H, H2’); 13C NMR
(175 MHz, 9:1 CD3OD/CDCl3 δ): 13.8 (CH2C≡), 15.3 (CH3), 28.8 (CN2),
29.8 (CH2CH2CO), 31.0 (CH2CO), 32.3 (CH2CH2C3), 33.3 (CH2CH2C≡),
33.4 (CH2C3), 35.2 (CH2C3’), 40.1 (CH2N), 65.4 (CH2O), 70.2 (CH≡),
83.5 (C≡), 114.3 (C5), 115.3 (C5’), 115.4 (CH2 = ), 126.9 (C3’), 128.5
(C4), 129.2 (C6’), 131.3 (C1’), 131.4 (C2), 132.3 (C2’, C1), 135.3 (C3),
138.5 (CH = ), 155.0 (C4’), 155.3 (C6), 174.2 (CON); HRMS (ESI, m/z):
calcd for [M+Na]+ C28H33N3NaO3: 482.2420; found: 482.2401; HPLC-
MS (ESI, m/z): 458.1 [M − H]-; tR (method A): 10.64 min.

4.2. Cell culture

MDA-MB-231 cells were grown in Dulbecco’s modified Eagle me-
dium (DMEM), while SKOV3 and OVCAR3 cells were grown in RPMI-
1640 medium, both supplemented with 10 % fetal bovine serum
(FBS), 1 % non-essential amino acids, 1 % sodium pyruvate, 100 U/mL
penicillin, and 100 μg/mL streptomycin in a 5 % CO2 humidified at-
mosphere at 37 ◦C. For passage, cells were rinsed with PBS and incu-
bated with 0.125 % trypsin (0.02 % EDTA solution) at 37 ◦C for 2 min.
Detached cells were resuspended in growth medium, counted if neces-
sary, and split onto fresh dishes.

4.3. Cytoxicity assay

Cell viability was assessed by a colorimetric assay based on the
metabolic reduction of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide (MTT) to formazan by the mitochondrial enzyme suc-
cinate dehydrogenase as previously described [101]. Briefly,
MDA-MB-231, SKOV3, or OVCAR3 cells were plated in a 96-well plate
(7500 cells/well) and treated with 50 μM of compounds under study or
with DMSO (vehicle-treated cells) in growth media (100 μL), in a 5 %
CO2 humidified atmosphere at 37 ◦C for 48 h. Then, after removing the
culture media, 100 μL of a premixed 2:3 solution of MTT/growth media
(5 mg/mL of MTT in PBS) were added to each well, and cells were
incubated at 37 ◦C for 4 h protected from light. The medium was care-
fully removed and precipitated formazan was dissolved in 100 μL of
DMSO and shaken mechanically for 5 min. The absorbance values were
measured at a wavelength of 570 nm on amulti-well plate reader (Model
Anthos Labtec 2010 1.7). Percentages of cell viability were relative to
the DMSO controls. For those compounds that reduced cell viability
more than 50 % at 50 μM, full dose-response curves, using concentra-
tions of compounds ranging between 0 and 200 μM, were carried out to
determine the IC50 value. IC50 values were obtained by nonlinear
regression (sigmoidal dose-response curve) fitting using GraphPad
Prism 10 and they are expressed as the average ± SEM obtained from
two independent experiments carried out in triplicate.

4.4. In-gel analysis

For in situ labeling, cells were plated in 6 cm dishes and grown to
100% confluency, washed with PBS, and treated with the corresponding
concentration of probe 9 or 10 (0.2–20 μM) in 1 mL of serum-free media.
For the competition experiments, 10 μM of probe 9 or 10 and 100 μM of
honokiol or 2-O-ethylhonokiol were used. After 30 min at 37 ◦C, media
was aspirated off and cells were irradiated (365 nm, 4 ◦C, 10 min) using
a Stratagene UV Stratalinker 1800 and scrapped in 1 mL of cold PBS (pH
7.4). Cell pellets were isolated by centrifugation (3000 rpm, 3 min),
rinsed with PBS and centrifuged (3000 rpm, 3 min, 2x), lysed by probe
sonication, and centrifuged (100000g, 45 min) to provide the soluble
(supernatant) and membrane (pellet) fractions. Protein concentrations
were determined using the bicinchoninic acid (BCA) protein assay (Bio-
Rad) following the manufacturer’s instructions, and adjusted to 1 mg/
mL. Then, 50 μg of lysate were conjugated to rhodamine azide (Rh–N3)
[100] by treating with 6 μL of a pre-mixed solution containing 3 μL of
1.7 mM tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) in
4:1 DMSO:t-BuOH, 1 μL of 50 mM CuSO4 in water, 1 μL of 50 mM tris
(2-carboxyethyl)phosphine) (TCEP) in water (freshly prepared), and 1
μL of 1.25 mM Rh–N3 in DMSO. After 1 h at rt in the dark, samples were
mixed with Laemmli loading buffer and 30 μL of the click reaction
mixture (20 μg of protein) were loaded into each gel lane and resolved
using SDS-PAGE. Images were acquired using a Hitachi FMBIO-II flatbed
fluorescence scanner. Fluorescent images are shown in grey scale.

4.5. Sample processing for SILAC quantitative mass spectrometry

MDA-MB-231 cells, cultured as described above, were plated in 10
cm dishes and grown to 100 % confluency and washed with PBS. “Light”
cells were treated with probe 10 (10 μM) and honokiol (100 μM), and
“heavy” cells only with probe 10 (10 μM) in 2 mL of serum-free media.
Cells were incubated with compound(s) at 37 ◦C for 30 min, irradiated
(365 nm, 4 ◦C, 10 min), harvested, and lysed as described above. Heavy
and light proteomes were combined in equal amounts (0.75 mg of
proteome each) and diluted with PBS to a final volume of 1.0 mL. The
sample was treated with 110 μL of a pre-mixed solution containing 60 μL
of 1.7 mM TBTA in 4:1 DMSO:tBuOH, 20 μL of 50 mM CuSO4 in water,
20 μL of 50 mM TCEP in water (freshly prepared) and 10 μL of 10 mM
biotin-PEG3-azide (ChemPepInc). After mixing for 1 h at rt, MeOH (2.0
mL), chloroform (0.5 mL), and PBS (1.0 mL) were added to the reaction
mixture and the cloudy mixture was centrifuged at 5000 rpm for 15 min
yielding a precipitated protein disc between the aqueous and organic
layers. The top and bottom liquid phases were aspirated, and the protein
disc was then washed with MeOH:chloroform (1:1 vol, 3x2 mL). MeOH
(2 mL) was then added and the solution was sonicated to yield a cloudy
mixture. Chloroform (0.5 mL) was added and the solution was centri-
fuged (5000 rpm, 10 min), aspirated, and the pellet was solubilized in
urea (500 μL, 6 M in PBS). The solution was treated with 1:1 vol of TCEP:
K2CO3 (50 μL, 200 mM:600 mM in PBS). The pellet was resuspended by
sonication, and the resulting solution was incubated at 37 ◦C for 30 min.
Then, iodoacetamide (70 μL, 400 mM in PBS) was added and the solu-
tion was incubated at rt for 30 min in the dark. 10% SDS in PBS was then
added to each sample, followed by 5.5 mL of PBS to achieve a final
concentration of 0.2 % SDS. Streptavidin beads (Thermo Fisher) [100 μL
slurry previously washed with PBS (3x)] were added and the mixture
was rotated at rt for 2 h. Beads were washed with 0.2 % SDS in PBS (5
mL), PBS (2x5 mL), and water (2x5 mL) before transferring to low-bind
eppendorf tubes and centrifuged (1000 rpm, 2 min) into a pellet.
Following aspiration of the supernatant, the beads were resuspended in
200 μL of urea (2 M in PBS) supplemented with CaCl2 (1.0 mM final
concentration) and sequencing grade porcine trypsin (Promega).
Following overnight digestion at 37 ◦C, the tryptic digest solution (su-
pernatant) was removed from the beads following centrifugation (1000
rpm, 2 min) and acidified with 5 % formic acid. The tryptic digests were
stored at − 20 ◦C until analyzed by LC-MS/MS.
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4.6. Mass spectrometry and data analysis

Mass spectrometry was performed using a Thermo Orbitrap Velos
mass spectrometer. Peptides were eluted using a five-step multidimen-
sional LC-MS (MudPIT [102]) protocol (using 0 %, 25 %, 50 %, 80 % and
100 % salt bumps of 500 mM aqueous NH4OAc, followed by an
increasing gradient of aqueous acetonitrile and 0.1% formic acid in each
step), and data were collected in data-dependent acquisition mode ‒two
MS1 microscans (400–1800 mass to charge ratio [m/z]) and 30 data
dependent fragmentation (MS2) scans‒with dynamic exclusion enabled
(repeat count of 1, exclusion duration of 20 s) with monoisotopic pre-
cursor selection enabled. All other parameters were left at default
values. Prolucid searches allowed for variable oxidation of methionine
(+15.9949 m/z), static modification of cysteine residues (+57.0215
m/z; iodoacetamide alkylation) and accepted only half or fully tryptic
peptides. Each data set was independently searched with light and heavy
parameter files; for the light search, all other amino acids were left at
default masses; for the heavy search, static modifications on lysine
(+8.0142 m/z) and arginine (+10.0082 m/z) were specified. The
precursor-ion mass tolerance was set to 50 ppm and the fragment-ion
mass tolerance was the default assignment of 0. The data were
searched using the human reverse-concatenated nonredundant (gene--
centric) FASTA database that assembled from the Uniprot database
(www.uniprot.org). The resulting matched MS2 spectra were assembled
into protein identifications, then filtered using DTASelect (version
2.0.47), and only half-tryptic or fully tryptic peptides were accepted for
identification, and only fully-tryptic peptides were considered for
quantification. Peptides were restricted to a specified false positive rate
of 1 %. Redundant peptide identifications common between multiple
proteins were allowed, but the database was restricted to a single
consensus splice variant. SILAC ratios were quantified using in-house
software as described (CIMAGE [103]). Briefly, extracted MS1 ion
chromatograms (±10 ppm) from both “light” and “heavy” targeted
peptide masses (m/z) were generated using a retention time window
(±10 min) centered on the time when the peptide ion was selected for
MS/MS fragmentation, and subsequently identified. Next, the ratio of
the peak areas under the light and heavy signals (signal-to-noise
ratio>2.5) are calculated. Computational filters used to ensure that the
correct peak-pair is used for quantification include a co-elution corre-
lation score filter (R2 ≥ 0.8), removing target peptides with bad
co-elution profile, and an “envelope correlation score” filter (R2 > 0.8)
that eliminates target peptides whose predicted pattern of the isotopic
envelope distribution does not match the experimentally observed
high-resolution MS1 spectrum. Also peptides detected as singletons,
where only the heavy or light isotopically labeled peptide was detected
and sequenced ‒but which passed all other filtering parameters‒ were
given the maximum standard SILAC ratio of 20.

4.7. Cellular thermal shift assay (CETSA)

CETSA assay followed by western blotting was carried out as
described previously with some modifications [104,105]. Briefly,
MDA-MB-231 cells were plated in a P100 (Corning) at a density of 2⋅106

cells/well and cultured for 24 h. Then, cells were incubated with 10 μM
honokiol solution or vehicle for 1 h at 37 ◦C, washed with PBS, detached
with trypsin and centrifuged (250g, 25 ◦C, 5 min). The resulting pellet
was resuspended in 400 μL of PBS, transferred to PCR tubes (24 μL/tube)
and heat-shocked for 3 min at the corresponding temperature (37–61 ◦C
or 37–63 ◦C) using a SensoQuest LabCycler Thermocycler (Progen Sci-
entific Ltd), followed by rapid cooling to 25 ◦C. Igepal-630 was then
added to the samples (final concentration of 1 % v/v), and the samples
were thoroughly mixed and denatured by three cycles of freezing/th-
awing using liquid nitrogen. The non-soluble fraction was separated by
centrifugation (12000g, 20 min, 4 ◦C) and the supernatant was trans-
ferred to clean microtubes. Then, Laemmli buffer (Bio-Rad) was added,
and samples were heated at 100 ◦C for 10 min.

For the western-bot analysis, equal amounts of protein were sepa-
rated by SDS-PAGE and transferred to a nitrocellulose membrane
(Amersham Protran 0.45 μm) using a wet tank (100 v for 60 min). The
membranes were then blocked for 1 h at rt with Tris-buffered saline with
0.05 % v/v Tween20® (TBST) and 5 % bovine serum albumin (BSA),
followed by incubation overnight with the primary antibody (Lyric
1:500, 2F11C3D4 SantaCruz, sc-517220; CAPN-1 1:500, A-5 SantaCruz,
sc-390677; PGD 1:500, G-2 SantaCruz, sc-398977; DPP3 1:500,
EPR9020(B) Abcam, ab133671) at 4 ◦C. After that, the primary antibody
was removed, the membrane was washed three times with TBST and
incubated with the secondary antibody (goat α-Mouse IgG (H + L) HRP
Conjugate, 1:10000, Bio-Rad and goat α-Rabbit IgG HRP Conjugate,
1:10000, Bio-Rad) for 1 h at rt. The secondary antibody was removed
and membranes were washed six times with TBST and incubated with
ECL™ Western Blotting Detection Reagents (Cytiva, Amersham) for 3
min. The luminescence signal was detected using a Universal Hood II
ChemiDoc XRS + System (Bio-Rad). Signal intensities were determined
by quantification of chemiluminescence counts per square millimeter
using the Image-Lab software (Bio-Rad). Signals were normalized with
respect to the intensity of the soluble fraction obtained at 37 ◦C, which
was established as 100 % non-denatured protein. Curves were generated
and fitted using a four-parameter nonlinear regression curve fit in
GraphPad Prism.
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