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A purpose-designed anthraquinone—Pholiota squarrosa lectin
(PhoSL) hybrid effectively degraded a-fetoprotein-L3 (AFP-
L3) associated with liver cancer. Degradation was achieved
using light irradiation in the absence of any additives and
under neutral pH conditions. Moreover, the hybrid effectively
exhibited selective photo-cytotoxicity —against HuH-7
hepatocarcinoma cells upon photo-irradiation.
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Hepatocellular carcinoma (HCC) is one of the most common
causes of cancer-related mortality worldwide and represents more
than 90% of primary liver cancers.! HCC is diagnosed in over
half a million people worldwide each year, is the fifth most
common cancer globally and the third most common cause of
20 cancer-related death (after lung and gastric cancer), and thus

represents a major worldwide health problem.

Levels of a1-6 fucosylated a-fetoprotein (AFP-L3) are elevated

in HCC patients. Core Fucal-6 oligosaccharide, shown in Fig. 1,

has several biological functions, including as a biomarker for
25 HCC.2 Therefore, an agent able to mediate the selective

degradation of AFP-L3 by specific recognition of the core

Fucal-6 oligosaccharide would be a very attractive and one of

the useful candidates as an HCC anti-cancer drug. In this context,

Kobayashi and Kawagishi et al. recently isolated a novel Fuca.l-
30 6-specific lectin from the mushroom Pholiota squarrosa. The

purified lectin, designated as PhoSL (P. squarrosa lectin),

consists of 40 amino acids (NH,-APVPVTKLVCDGDTYKCT-
AYLDFGDGRWVAQWDTNVF-HTG-COOH).3 PhoSL s
stable at a range of pH values and temperatures and is robust
35 during purification and assay. We previously reported that certain
anthraquinone derivatives degrade proteins by emitting reactive
oxygen species under photo-irradiation conditions* and we thus
hypothesized that an anthraquinone hybrid incorporating PhoSL
would effectively and selectively degrade AFP-L3 under
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Figure 1. The chemical structures of core Fucal-6 oligosaccharide,
anthraquinone derivative 1, and anthraquinone-PhoSL hybrids 2 and 3.

photo-irradiation conditions, thus selectively exhibiting photo-
cytotoxicity against HCC cells overexpressing AFP-L3. We here
ss present the molecular design, chemical synthesis and evaluation
of a novel light-activatable anthraquinone-lectin (PhoSL) hybrid
that effectively degrades AFP-L3 and exhibits selective
cytotoxicity against HCC cells under photo-irradiation.
We utilized anthraquinone derivative 1 as a protein
s photodegrading agent (Fig. 1). The structure of the sugar binding
pocket of PhoSL remains unclear; therefore, 2 and 3 were
tentatively designed as anthraquinone-PhoSL hybrids. Hybrid 2
comprises anthraquinone 1 linked at the C-terminal of PhoSL
through a lysine spacer between 1 and PhoSL, while hybrid 3
es consists of anthraquinone 1 attached to the N-terminal of PhoSL.
Designed hybrids 2 and 3 were synthesized using standard solid-
phase synthesis (see SI) and their binding ability and specificity
for the core Fucal-6 oligosaccharide were examined by capillary
affinity electrophoresis using fluorescently (8-aminopyrene-1,3,6-
70 trisulfonic acid, APTS) labelled oligosaccharides 4-8.° PhoSL
was used as a positive control for the assay; as shown in Fig. 2-a,
only the peak corresponding to the oligosaccharide 8, which
contains the core al-6 fucoside moiety, shifted to a longer
retention time in a dose dependent manner, confirming that
75 PhoSL bound to 8 specifically and exhibited no significant
affinity for oligosaccharides 4-7 which lack the core ol-6
fucoside structure. Furthermore, hybrid 2 also bound only to 8,
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similar to PhoSL (Fig. 2-b)), whereas hybrid 3 did not bind
oligosaccharides 4-8 (see Sl: Fig. S2). Interestingly, the binding
ability of 2 to 8 was stronger than that of PhoSL.

Man 4 Fuca(1-6h_
Mana(1-3) GloNAG 4
4 : x-

GIcNAcﬁG-4)GIcNAc[5(1-4)GIcNAc[i(1-4)GIcNAc[i(1-4)G|cNAc4 s s
3° i 3

6

GleNACP(1-2)Mana(1-6) Q
\Manpm -4)GIcNAc[5(1-4)GIcNAc4 HoN 505

GlcNAcB(1-2)Mana(1-3) 8-Aminopyrene-1,3,6-

7 trisulfonic acid (APTS)

GICNAGB(1-2)Mana(1-6)\ Fuca(1-6)
Man[}(1—4)G\CNAC[}(1—4)G\CNAC4 * _ O
GloNACp(1-2)Mana(1-3) —N
s HoN
GleNACH(1-2)Man(1-6)_ Fuca(1-6) 2-Pyridylamine (PA)

Man[%(1-4)G\cNAc[i(1-4)G\cNAc4

9

GIeNACB(1-2)Mana(1-3)

a) b)

45 67 g 45 67 8
0 mg PhoSL/mL 0 mg 2/mL
| l 1 [ | |
I
oamgphosumt AL~ M UL oosmezee A 0L 0L
| ‘
J.J ” I | | | |
0.2mg PhosL/mL M~ Ul A L otmg2mL o A A UL
]
Al 1 n | ‘ |
0.4 mg PhosU/mL “1___~_ Ui ro AU s mgzmL I | | '
| Y ) T i
0.6 mg PhoSL/mL "] ‘,-\_“Jikf\, Al o2mg2mL w ,

Retention time (min)

0.8 mg PhoSL/mL lh_._/\“;_—mu

Retention time (min)

Figure 2. Assay of the interaction of PhoSL and hybrid 2 with the
fluorescently  (8-aminopyrene-1,3,6-trisulfonic  acid, APTS)-labelled
oligosaccharides 4-8 by capillary affinity electrophoresis. PhoSL and
hybrid 2 were present at the concentrations indicated. a) Capillary
electrophoresis profile using PhoSL. b) Capillary electrophoresis profile
using hybrid 2.

With these favorable results for hybrid 2 in hand, we next
examined the photo-degradation ability of 2 against the target
oligosaccharide 9 which possesses 2-pyridylamine (PA)® at the
reducing terminal as a label for fluorescence detection during
HPLC analysis. The results of the photo-degradation experiment
(365 nm, 100 W), monitored by HPLC, are shown in Fig. 3. No
degradation of 9 occurred under these photo-irradiation
conditions, even in the presence of a large excess of 2. However,
2 degraded under photo-irradiation conditions, strongly
suggesting that 2 produced reactive oxygen species which can
photo-degrade oligosaccharides’, proteins,* and itself, but not 9
(Fig. 4-a)). This is probably due to the distance between the
anthraquinone moiety in 2 and 9. We expected that the
anthraquinone moiety in 2 was located too far from 9 in the
sugar-binding pocket in 2 to support the degradation of 9;
however, if the anthraquinone moiety in 2 could be brought
sufficiently close to AFP-L3 upon recognition of the core fucal-
6 oligosaccharide, then AFP-L3 would be photo-degraded by 2
(Fig. 4-b)).
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35 Figure 3. Photo-degradation of PA-labelled oligosaccharide 9 by hybrid
2.9 (500 nM) was incubated with 2 (60 uM) in Tris-acetate buffer (100
mM, pH 7.0)/MeCN (7:3) at 25 °C for 2 h during irradiation with a UV
lamp (365 nm, 100 W) placed 10 cm from the sample and the reaction
mixture was analyzed by HPLC. a) HPLC profiles of 2 and 9 without

40 photo-irradiation. b) HPLC profiles of 2 and 9 with photo-irradiation.
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Figure 4. a) Self photo-degradation of 2 without photo-degradation of
Fuca1-6 oligosaccharide. b) Photo-degradation of AFP-L3 by 2 following
45 recognition of Fuca1-6 oligosaccharide by 2.

We therefore conducted electron paramagnetic resonance
(EPR) spin trapping experiments using 5,5-dimethyl-1-pyrroline-
N-oxide (DMPO) to confirm the generation of reactive oxygen
species from the reaction of photo-excited 2 with O,. It was found

so that photo-irradiation of 2 in the presence of DMPO gave a
product with the EPR spectrum characteristics of the DMPO-
hydroxyl radical spin adduct DMPO--OH (Fig. 5-b), which
results from the reaction of DMPO with -OH and/or the decay of
the DMPO-superoxide anion spin adduct DMPO--OOH.2® In

ss addition, it was confirmed that no peaks corresponding to

DMPO--O0H or DMPO--OH were detected either by treatment

of DMPO with 2 without photo-irradiation or by photo-irradiation
of DMPO in the absence of 2 (Fig. 5-a). These results indicate
that a reactive oxygen species was certainly produced by the

reaction of photo-excited 2 with O,.

We next examined the degradation ability and selectivity of 2
against AFP-L3 upon photo-irradiation (365 nm, 100 W). AFP-
L1 has no surface target oligosaccharide and was used as a
negative control glycoprotein. The reaction was monitored by
&s SDS-PAGE and the results are shown in Fig. 6. Comparison of

lanes 3 and 4 with lane 2 in Fig. 6-a shows that neither photo-

irradiation of AFP-L3 in the absence of 2 or treatment of AFP-L3
with 2 in the absence of photo-irradiation resulted in a change in
the SDS-PAGE profile. In contrast, lanes 5-7 show the fading or

70 disappearance of the bands corresponding to AFP-L3, indicating
that hybrid 2 caused significant degradation of AFP-L3 upon
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Figure 5. EPR spectrum obtained during photo-irradiation of 2 in the
presence of DMPO. 2 (21 uM) and DMPO (500 mM) were incubated in
2%DMSO/PBS (pH 7.4, 137 mM NaCl, 2.7 mM KCl, 6.5 mM Na;HPO,,
1.5 mM KH,PO,) containing 1 mM DETAPAC under irradiation with a
UV lamp (365 nm, 100 W) placed 40 cm from a flat cell. a) Before
irradiation. b)  After 10 min irradiation. DETAPAC=
diethylenetriaminepentaacetic acid.
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10 photo-irradiation. In addition, it is clear that hybrid 2 exhibited
only weak degradation activity towards AFP-L1 when the
mixture of AFP-L1 and 2 was irradiated with a long-wavelength
UV lamp (Fig. 6-b)). These results clearly demonstrated that
interaction between 2, which possesses the PhoSL moiety, and
the target oligosaccharide on AFP-L3, which possesses the core
al-6 fucoside structure, is very important for the effective and
selective degradation of AFP-L3 under photo-irradiation. No
SDS-PAGE bands corresponding to degraded peptide fragments
or aggregated product were observed after photo-irradiation of 2
20 and AFP-L3, suggesting that the degradation reaction occurred
non-site-specifically and that AFP-L3 was degraded into small
peptide fragments too small to observe by SDS-PAGE. “1*! In
addition, because no degradation of AFP-L3 by hybrid 2 occurred
in the absence of light, UV light functioned as a trigger to initiate
degradation by the hybrid.
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Figure 6. Photo-degradation of a) AFP-L3 and b) AFP-L1. AFP-L3 or
AFP-L1 (3.0 pM) was incubated with hybrid 2 in 2%6DMSO/PBS (pH 7.4,
137 mM NaCl, 2.7 mM KClI, 6.5 mM Na;HPO,, 1.5 mM KH,PO,) at 25
°C for 2 h during irradiation with a UV lamp (365 nm, 100 W) placed 10
cm from the sample and the reaction mixes were analyzed by tricine-
SDS-PAGE (12% polyacrylamide gel): a) lane 1, size markers; lane 2,
35 AFP-L3 alone; lane 3, AFP-L3 with UV; lane 4, AFP-L3 + 2 (21 pM)
without UV; lanes 5-8, the concentrations of 2 were 21, 9, 3.0, and 0.90
UM with UV, respectively. b) lane 1, size markers; lane 2, AFP-L1 alone;
lane 3, AFP-L1 with UV; lane 4, AFP-L1 + 2 (21 pM) without UV; lanes
5-8, the concentrations of 2 were 21, 9, 3.0, and 0.90 pM with UV,
respectively.
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These photo-degradation results were supported by MALDI-
TOF MS analysis, as shown in Fig. 7: incubation of AFP-L3 with
2 without photo-irradiation gave the MS peaks corresponding to
AFP-L3 and the adduct of AFP-L3 with 2 while incubation of
AFP-L3 with 2 under photo-irradiation resulted in disappearance
of those MS peaks corresponding to AFP-L3 and the adduct. No
MS peaks corresponding to degradation fragments could be
detected due to the randomness of the degradation, leading to
many fragments present in very small amounts. #
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Figure 7. MALDI-TOF MS profile of AFP-L3 obtained following
incubation with hybrid 2. AFP-L3 (1.5 eq.) was incubated without a) or
with b) and c) 2 (21 pM) in 2%DMSO/PBS (pH 7.4, 137 mM NaCl, 2.7
55 mM KCI, 6.5 mM Na,HPO,, 1.5 mM KH,PO,) at 25 °C for 2 h without a)
and b) or with c) photo-irradiation with a UV lamp (365 nm, 100 W)
placed 10 cm from the mixture. The resulting products were analysed by
MALDI-TOF MS (matrix: 3,5-dimethoxy-4-hydroxycinnamic acid).
Peaks were observed at m/z 67000 in a), indicating AFP-L3; at m/z 67000
60 and 72000 in b), indicating AFP-L3 and AFP-L3+2; those peaks were not
observed in c).
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Figure 8. Effects of 1, 2, and PhoSL on a) HuH-7 cell, b) A549 cell, c)

65 HelLa cell, or d) HLE cell proliferation. Cells were seeded into 96-well
plates (2.00 x10° cells per well). After 24 h, compounds were added at the
indicated concentrations and the cells were incubated for 24 h at 37 °C in
5% CO; in air. Cells were irradiated for 30 min with a UV lamp (365 nm,
30 W) placed 20 cm from the plate. Cells were then kept for 72 h at 37 °C

70 in 5% COy in air, then MTT reagent was added to each well and the cells
were incubated for up to 3 additional hours. The absorbance at 540 nm
was read using a plate reader.

Finally, we examined the inhibitory activity of 2 on the cell
growth of HuH-7, A549, Hela, and HLE cells using the MTT
75 assay (Figure 8).1*2 HLE cells are a hepatocellular carcinoma cell
line derived from liver cancer and do not display overexpressed
AFP-L3 on the surface, whereas HuH-7 cells are a hepatocellular
carcinoma cell line derived from liver cancer which overexpress
AFP-L3. A549 and Hela cells are a human adeno carcinoma cell
g0 line derived from lung cancer and a human epithelial carcinoma
cell line derived from cervical cancer, respectively, both of which
do not display overexpressed AFP-L3 on the surfaces. As
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expected, hybrid 2 significantly inhibited the growth of HuH-7
cells upon light irradiation, whereas no inhibition was observed
when the anthraquinone derivative 1 without PhoSL, or PhoSL
alone, was used instead of 2 (Figure 8-a)). In addition, 2 did not
show any cytotoxicity against HuH-7 cells without photo-
irradiation. Furthermore, 2 exhibited no inhibitory activity
towards the growth of HLE, A549, and HelLa cells, even with
photo-irradiation (Figure 8-b-d)). These results clearly indicate
that the anthraquinone-PhoSL hybrid 2 exhibits effective and
selective photo-cytotoxicity against HuH-7 cells which display
overexpressed ~ AFP-L3  containing the core fucol-6
oligosaccharide. In addition, although we have not yet obtained
direct evidence of photo-degradation of the target glycoprotein,
AFP-L3, on HuH-7 cells, these results strongly suggest that
selective photo-degradation of the target glycoprotein on the
cancer cells by hybrid 2 took place and induced significant photo-
cytotoxicity

In conclusion, anthraquinone-PhoSL hybrid 2 selectively and
effectively degraded AFP-L3 upon irradiation with long-
wavelength UV light in the absence of any additives and under
neutral pH conditions. Furthermore, 2 showed significant and
selective inhibitory activity toward HuH-7 cell growth upon
photo-irradiation. These results showed that selective photo-
degradation of a target protein can be realized by specific
recognition of a surface oligosaccharide and a light activatable
molecule, anthraquinone, and that the hybrid molecule can inhibit
select cancer cell growth. The results presented here will
contribute to the molecular design of novel glycoprotein photo-
degrading agents by the selective recognition of specific
oligosaccharide structures, thus providing agents for controlling
the functions of proteins involved in diseases.
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