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The present study reports the design and synthesis of nine C,-symmetric 5,15-[bis(arayl)]-10a,208-
[bis(1,2:3,4-di-O-isopropylidene-a-D-galactopyranose-6-yl)]porphyrins (3-11) bearing electron
donating or electron withdrawing substituents and a D,-symmetric 5a,108,154,208-tetrakis(1,2:3,4-
di-O-isopropylidene-a-D-galactopyranose-6-yl)porphyrin (12). In the system we design, the Cg of
pyranose sugar is elegantly fused into the porphyrin core as meso carbon, which renders a new type

of photodynanic inducers. The biological effects of these derivatives were assessed in HeLa and
HCT116 human cancer cells. In particular, the tetra-glycofused structure 12 exhibited the highest
cellular uptake and photocytotoxicity. Unlike the reported sugar-porphyrin conjugates, which
normally localize in mitochondria or endoplasmic reticulum, the unique glycofused pophyrins in
this study were dominantly localized in lysosomes. The measurement of the dual flurorescence of
annexin V-FITC/PI by flow cytometry revealed that the cell death was caused by apoptosis. Further
PARP cleavage study suggested that apoptosis induced by the treatment of compound 12 was via

caspase-dependent apoptotic pathway in cancer cells.

Introduction

Photodynamic therapy (PDT) * is a rapidly growing method used
to treat various cancers including multidrug resistance’ (MDR)
phenotype tumor cells by using non-toxic photosensitizers (PSs)
and innocuous visible light in the presence of molecular oxygen.
This technique is based on the generation of cytotoxic reactive
oxygen species (ROS) by a PS under light irradiation.® Currently,
a few potent PSs such as porphyrins,* phthalocyanines,®
perylene,® cholin derivatives’ are commonly used in
photodynamic therapy. They are suitable PSs due to their light
absorption in the visible range of spectrum, but early generation
of these molecules has obvious drawbacks such as low tissue
selectivity, low sensitizing efficiency, low solubility, high
systemic toxicity, etc. Therefore, the development of new PS that
targets the abnormal cells selectively and generates cytotoxic
ROS efficiently is one of the current strategies that are being
explored.

Conjugation of porphyrin with cancer cell recognizing
biomolecules is an active area receiving much attention,
especially the use of biological active sugar motifs as a conjugate.
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Previous studies described the roles of saccharides in cell
recognition, with porphyrin-saccharide derivatives exhibiting
much higher binding affinity to human cancer cell lines than their
non-saccharide counterparts®®®, with the sugar moieties
enhancing uptake by cancer cells. Intelligbly, such
glycoconjugate porphyrin is thus a potential avenue for targeted
photosensitizers towards tumor cells.® In this work, we aim to
develop a new series of sugar-porphyrin conjugates and
investigate their potential phototoxicity, cellular localization
studies, and in vitro apoptotic activities.

Results and Discussion
Rational Design of Glycofused Porphyrins as PSs.

Porphyrin derivatives are commonly used PSs due to their light
absorption in the visible range of the spectrum and efficient
phototoxicity towards cancer cells."* In the past decade, great
efforts have been made to search for more efficient
photosensitizing molecules by modification of the porphyrin core
and peripheral structure of phthalocyanines. Not surprisingly,
tumor-recognizing elements, such as monoclonal antibodies have
also been extensively explored to gain tissue selectivity and
reduce systemic toxicity. Synthesis of sugar-porphyrin conjugates
were reported sporadically, but in most cases, the biologically
active sugars were included into the peripheral structures with a
linker between sugar moiety and the photosensitizing core
structure (such as Fig. 1, structure A). Van Nostrum and
coworkers demonstrated the peripheral and axial substitution of
phthalocyanines with solketal protected sugar groups (Fig. 1,
structure B) facilitates an increased cellular uptake of cancer
cells.> The solketal group was thought to act as a targeted
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micelle, resulting in a higher intracellular concentration of the PS
and a concomitant increase in photodynamic effect. This

Fig. 1. Rational design of new glycofused porphyrin photosensitizers. A,
reported photosensitizing porphyrins, R = various groups including
sugars; B, glycoconjugated phthalocyanines; C, tolyporphyrin A; D,
glycofused porphyrins in this study.

25 biocompatible sugar unit is used to enhance the cellular uptake
through over-expressed glucose transporters in cancer cells.”® The
isopropylidene  protecting group renders the compound
metabolically stable and increase the cell availability of
phthalocyanine conjugate that can be cleaved in vivo to form

w0 hydrophilic free hydroxyl units.* The molecular design in this
study was also inspired by a naturally occurring sugar-porphyrin
conjugate, tolylporphyrin A™® (Fig. 1, structure C). It has a C,
symmetric structural skeleton and the sugar moieties are directly
linked to porphyrin. This structural skeleton has the ability to

s reverse the multidrug resistance (MDR) tumor cells.**® This
suggests that conjugating pattern of sugar moieties with
porphyrin core also plays an important role for their biological
activity. Based on all above and our experience in carbohydrate
chemistry and molecular design,'® we designed the glycofused

40 porphyrins as shown in Fig. 1D. In structure D, two para meso
positions of porphyrin structure were elegantly fused with the Cg
of isopropylidene protected galactose, and the other two para
meso postions of the porphyrin structure were still decorated with
aryl substitutions (3-11). The potential efficacy of our design is

s also strongly supported by Banfi and coworkers” work.* They
showed that diaryl porphyrin derivatives are more effective than
corresponding tetraaryl porphyrin derivatives in inducing
photodynamic cell elimination of human colon adenocarcinoma
cells. In addition, two para meso positions of porphyrin structure

so were incorporated with similar sugar units, giving us tetrasugar
porphyrin (12). We decided to choose galactose as a model sugar
because Griegel and co-workers'’ recognized that human
retinoblastoma cells express sugar receptors that exhibits a
preferential affinity for galactose residues and renders easy

ss assimilation.

Synthesis of Glycofused Porphyrins.

Among the various resources from which a porphyrin ring can

be constructed, the acid-catalyzed condensation of
dipyrrylmethane units with aryl aldehydes represents a widely
e used route, which we have exploited to obtain meso bis-
glycosylated diarylporphyrins in this study. This approach
takes advantage of the accessibility of homochiral dinuclear
C-glycosyl dipyrrylmethane unit by a protocol involving the
direct condensation of sugar aldehyde with pyrrole (Scheme
es 1). Thus, the condensation of 1,2:3,4-di-O-isopropylidene-a-
D-galacto-hexadialdo-1,5-pyranose (1) with pyrrole (1:5 molar
ratio) and 0.1 equiv of BF3Et,0 was effected in
dichloromethane at room temperature. The reaction was
completed within 1 h, after quenching with NaHCO5(aq) and
w0 flash chromatography, the dipyrrylmethane sugar unit was
obtained in 65% isolated yield. With significant quantity of
dipyromethane sugar in hand, we proceeded to construct the
macrocycle. The condensation of the 1,2:3,4-di-O-
isopropylidene-5,5-dipyrryl-6-deoxy-a-D-galactopyranose (2)
75 with various aromatic aldehydes and sugar aldehyde (1) was
performed according to the procedures developed by
Casiraghi and coworkers.'® The porphyrin-ring construction
was carried out by using various aldehydes with dipyrryl
methane (2) and BF3 Et,0 in dry dichloromethane under argon
atmosphere. The porphyrinogen intermediate was then
oxidized by DDQ and further purification by flash
chromatography yielded porphyrins 3-12 ranging from yields
of 5% to 16% (Scheme 1). All the compounds are highly
soluble in common organic solvents and deprotection of the
ss isopropylidene group was not performed due to the instability
of the compounds even under slightly acidic condition.

8
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3R=Ph

4R =2,6-OMePh
5R = 4-OMePh

6 R = 4-SMePh

7R =4-OCF,

8R = C4Fg

9 R =4-CIPh

10 R = 4-NO,Ph

11 R =thiophen-3-yl
12 R = sugar

1. BF3.Et,0
CH,Cl,

2.DDQ

Scheme 1. Expedited synthesis of glycofused porphyrin conjugates.
Characterization and Spectral Properties.

The *H and 3C NMR spectra of 1,2:3,4-di-O-isopropylidene-5,5-
0 dipyrryl-6-deoxy-o-D-galactopyranose (2) displayed distinct
peaks for the pyrrole methyne proton and proton owing to the
diastereotopicity of the two pyrrole units attached at the
homochiral sugar fragment. The porphyrin conjugates 3-12 were
subjected to various spectral analyses, including 'H NMR, *C
os NMR, mass spectrometry, UV-Vis, and IR spectroscopy. All the
compounds are homogeneous and have reliable spectral values.
From the *H NMR spectra of all the porphyrin compounds, it was
observed that the ring system is highly conjugated and aromatic.
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In general, the protons at the following positions are responsible
for the signals in the indicated regions of the spectra (Fig. 1S): (a)
pyrrole 3, p-protons (10.5 and 8.5 ppm), (b) meso phenyls and
other aromatic protons (8.5 to 7.0 ppm), (c) sugar C-5' protons
(7.7 to 6.8 ppm), (d) sugar C-1' anomeric proton (6.5 to 6 ppm),
(e) other protons on the sugar legs (5.5 to 4.5 ppm), (e) four
different methyl groups present in the isopropylidene groups (2.0
to 1.0 ppm), () characteristic NH proton (-2 to -3 ppm). The data
suggest a minute chemical shift to the more deshielded region for
10 the sugar methylenic proton as compared to the expected shift
because it is directly linked with highly conjugated aromatic
system. The diaryl sugar porphyrin (3-11) displayed two types of
B.5-pyrrole protons and five signals effect from sugar methylenic
protons, thereby proving the presence of C, symmetry. Also, the
15 integral value of the methylenic proton sugar unit illustrates a
highly C, symmetric nature of the compounds. In contrast,
compound 12 showed eight pyrrole S, p’-protons as a singlet and
all the methylene protons of four sugars displayed only five
signals which emphasizes the presence of D, symmetry. High
resolution mass spectra (HRMS) gave molecular weights which
are those expected for the corresponding (M+H)* formula and it
is in good agreement (within 0.5 ppm) with the theoretical values
(Table 1). In the UV-Vis spectra, the Soret bands at 403-419 nm
and four Q bands at 500-620 nm showed the characteristic of a
porphyrin ring (Table 1). For most of the electron donating
substituents, the Soret bands were significantly red-shifted
compared to the reference porphyrin compound 3. In the Q-band
region, similar spectral variation were obtained for all electron
withdrawing substituents compared to the reference porphyrin
compound 3.
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Table 1. UV & HRMS data of sugar-porphyrin conjugate.

HRMS (ESI): m/z

Compd  UV-visible spectrum: Ama nm (log €) (M+H) * (Calcd)

3 406 (4.478), 516 (4.136), 549 (3.749), 919.3948
589 (3.672), 644 (3.549) (919.3918)

4 419 (4.506), 518 (3.577), 550 (3.103), 1009.3619
590 (3.106), 645 (2.811). (1009.3620)

5 416 (4.480), 516 (3.453), 548 (3.051), 919.3138
590 (2.979), 644 (2.723) (987.3139)

6 414 (4.540), 518 (4.282), 550 (3.817), 1011.3665
591(3.796), 640 (3.30) (1011.3673)

; 414 (4.494), 518 (3.514), 550 (3.412), 979.4128
590 (3.160), 646 (2.890) (979.4129)

8 412 (4.533), 516 (4.205), 546 (3.607) 1039.4347
590 (3.768), 644 (3.526) (1039.4341)

9 403 (4.538), 516 (4.211), 550 (3.827), 1087.3545
591(3.757), 645 (3.487) (1087.3564)

10 405 (4.521), 513 (4.163), 543 (3.422), 1099.2979
586 (3.701), 640 (3.163) (1099.2976)

1 412 (4.501), 518 (3.767), 550 (3.480), 931.3044
591 (3.329), 646 (3.089). (931.3047)

1 406 (4.519), 519 (4.017), 552 (3.381), 1223.5266
591(3.591), 646(3.437) (1223.5288)

Cellular Phototoxicity.

The light dose-dependent phototoxicity of the photosensitizers
was investigated in two different human cancer cell lines, HeLa
35 and HCT116 by MTS assay at a concentration of 1 uM. Among
the ten compounds studied, four compounds (5, 6, 11, and 12)
have shown the phototoxic effects in both cancer cell lines (Fig.
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Fig. 2. Dose-response curve obtained with compounds 5, 6, 11, and 12 in
HeLa (A) and HCT116 (B) cells. Cells were photosensitized with 1 uM of

40 each compound and the light dose was varied as indicated. Viability was
assessed by MTS assay.

Cmpd. 5

Cmpd. 6

45

Cmpd. 11 Cmpd. 12

50

55 Fig. 3. Cellular uptake. HelLa cells were treated with 1 pM of each
compound for 24 h, rinsed, and fixed with 3.7% PFA. Fluorescence
images were taken under identical conditions. Compound 12 is
preferentially taken up by HeLa cells over compounds 5, 6, and 11.

2. A and B) while the rest six compounds showed marginal

s phototoxicity (data not shown). In addition, those compounds
exhibited a minor dark cytotoxicity in both cell lines, which
maintained more than 90% of survival rate. On the other hand,
the control cells irradiated in the absence of the photosensitizer
were found to be negligible in cell death. These results suggest

es that the electron donating substituents present in the para position
of the phenyl group, especially p- methoxy (5) and p-thiomethoxy

This journal is © The Royal Society of Chemistry [year]
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(6), enhance phototoxicity, compared with the electron
withdrawing groups (pentafluro, p-chloro and p-nitro, 8-10) and
simple phenyl substituent (3). Similarly, 3-thiopheneyl group
present in compound 11 showed good activity due to its electron
s donating nature. In contrast, the methoxy group present at ortho
position of the phenyl ring of compound 4 and trifluromethoxy at
para position of the phenyl ring of compound 7 did not show any
activity. However, phenyl group replaced by sugar unit called
tetra-sugar porphyrin (12) conjugates exhibited quite reasonable
10 phototoxicity. These results further supported that the cancer cells
are sensitive to the photosensitizers. The amount of the
photosensitizers taken up by the cells was determined by
fluorescence microscopy after 24 h treatment. As shown in Fig. 3,
compounds 5 and 6 were poorly internalized by HelLa cells
15 compared with compounds 11 and 12. Thus, the extent of uptake
of the conjugates is dependent upon the nature of the sugar
component and the electron donating nature of the substituent
attached at meso position of the porphyrin ring. The cellular
uptake of conjugates 12 was 3-8 times higher than that of
20 porphyrin 5, 6 & 11 at all time points studied under the same
testing condition. It has been postulated that isopropyledine-
protected sugar groups from the porphyrin residues play an
important role in facilitating cellular uptake, probably through
deprotection of soloketal group and may contribute to the
2s formation of free hydroxyl group due to the acidic environment
of cancer cells.*

Subcellular Localization.

The precise phototoxic effect of compound 12 was evaluated by

examining its subcellular localization in Hela cells. To this end,
%0 its fluorescence pattern was monitored with the organelle-specific

fluorescent probes LysoTracker-Red and MitoTracker-Deep Red

Cmpd.12

LysoTracker

Merge

Cmpd.12 MitoTracker

Fig. 4. Intracellular localization of compounds. Subcellular localization of
compound 12 determined by confocal laser scanning microscopy. HeLa
cells treated with compound 12 were loaded with specific probes for

35 lysosomes and mitochondria. Compound 12 (green) is shown in the left
panels, LysoTracker or MitoTracker (Red) is shown in the middle panels,
and an overlay of compound 12 with LysoTracker or MitoTracker
(yellow) is shown in the right panels

by fluorescence microscopy, which target lysosomes and
4 mitochondria, respectively. As shown in Fig. 4, compound 12 is
primarily localized in lysosomes. In addition, the subcellular
localization was also examined in HCT116 cells, showing the
similar pattern as seen in Hela cells (data not shown). Turk and
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coworkers reported that apoptosis can be induced by selectively
lysosome, through the cleavage by papain-like
cathepsins independent of caspase activation.”® Several
cathepsins were shown to cleave Bid and assist cytochrome ¢
release from mitochondria in the presence of Bid in vitro,
indicating their redundant roles. However, we cannot exclude the
possibility that lysosomal proteases can also activate apoptosis
other than Bid-mediated apoptotic pathways, prompting us to
check the underlying molecular mechanism of the novel PDT
compound.

Studies on PDT Induced Apoptotic Cell Death.

In order to delineate cell death mechanism? in response to the
treatment of compound 12, standard apoptotic assays were
performed. As shown in Fig. 5, a majority of the non-illuminated
cells appeared annexin V-negative section, whereas 80% of the
illuminated HeLa cell population was annexin V-positive.

Cmpd.12 Cmpd. 12
Control without light with light
: ey A
2.21% i 4.79% 17.71%
3.97% N 1 25.16% B} 64.51%

e o |
ALiH FLLH FLIH

Fig. 5. Compound 12 with PDT induces apoptotic cell death in HelLa
cells. HeLa cells were treated with or without 1 pM compound 12 for 24
h and were illuminated with 50 W halogen lamp (0.2 kd/cm?). After 24 h,
cells were co-stained with fluorescent annexin V and propidium iodide
and then examined for apoptosis by flow cytometry.

Studies about Nuclear Condensation and Fragmentation.

Similar results were obtained from the nuclear condensation and
fragmentation analysis. The significant nuclear fragmentation
occurred 24 h after light exposure with compound 12 in HelLa
cells (Fig. 6). In contrast, cells treated with compound 12 without
illumination did not exhibit significant changes in nuclear
fragmentation analyses (Fig. 6).

DAPI Cmpd. 12 Merge

Without
light

With
light

Fig. 6. Compound 12 with PDT induces apoptotic cell death in HelLa
cells. Nuclear condensation or fragmentation, one of typical apoptotic
features, was assessed by nuclei staining with DAPI after cells were
treated with or without 1 M compound 12 with PDT. Images were
visualized using a fluorescent microscope and captured with a CCD
camera. Arrow indicates normal nuclei.
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Studies on PARP Cleavage.

Based on our experience,?? next, we also checked poly (ADP-
ribose) polymerase (PARP) cleavage after compound treatment.
PARP is a DNA repair enzyme whose expression is triggered by
DNA strand breaks, and one of caspase-3 targets. If cells undergo
apoptosis, PARP with 113 kD peptide is cleaved into 24 and 89
kD polypeptides by active caspase-3. We found that the treatment
with compound 12 resulted in a cleavage of 113 kD PARP to 85
kD in HeLa cells, which was most dramatic in cells at 24 h after
treatment with PDT (Fig. 7). The results were consistent with the
phototoxicity effect of compound 12. Taken together, our data
suggest that apoptosis induced by the treatment of compound 12
was via caspase-dependent apoptotic pathway in cancer cells.

Cmpd. 12  afterirradiation (h)

C D 0 24

= PARP
m= Cleaved PARP

TR aesmn e awemn Actin

Fig. 7. Compound 12 with PDT induces apoptotic cell death in HelLa
cells. Cells were treated with or without 1 piM compound 12 for 24 h and
illuminated, and 24 h after irradiation, cells were collected and lysed. The
supernatant of the lysate was applied to immunoblotting to detect PARP
cleavage. C, untreated cells; D, cells incubated with compound 12 without
irradiation; 0 and 24, designate time points of cell harvest after irradiation
(0.2 kd/icm?).

Conclusions

A series of glycofused porphyrin derivatives with C, and D,
symmetry, 3-12 have been designed and efficiently prepared.
Their structures were fully confirmed by spectroscopic
techniques, and their spectral properties were well characterized.
The derivatives 5, 6, 11, and 12 showed significant cellular
uptake and photocytotoxicity in HelLa cells and HCT116 cells,
respectively at a concentration of 1 pM. In particular, the tetra-
glycofused structure 12 exhibited the highest cellular uptake and
photocytotoxicity.  Unlike the reported sugar-porphyrin
conjugates, which normally localize in mitochondria or
endoplasmic reticulum, the unique glycofused pophyrins we
designed in this study were dominantly localized in lysosomes.
Sugar moieties in our molecules should take credit for the
enhanced cellular uptake and also for the lysosome localization.
The measurement of the dual flurorescence of annexin V-FITC/PI
by flow cytometry revealed that the cell death was caused by
apoptosis. Further PARP cleavage study suggested that apoptosis
induced by the treatment of compound 12 was via caspase-
dependent apoptotic pathway in cancer cells. The in vivo PDT
efficacy of compound 12 is under investigation in our laboratory.
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