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A peptide release system using a photo-cleavable
linker in a cell array format for cell-toxicity analysis

Takashi Kakiyama'>, Kenji Usuil*3>, Kin-ya Tomizaki*, Masayasu Mie?, Eiry Kobatake?

and Hisakazu Miharal

We constructed a novel peptide-array format system for cellular toxicity analysis. In this system, a peptide was immobilized on
a conventional 96-well plate bottom via a photo-cleavable linker. Once UV light irradiated the desired wells, the peptide was
released from the bottom. As a result, the cytotoxic behavior of the peptide could be monitored. Immobilization and light-
irradiation conditions were optimized. The immobilized peptide showed no cytotoxicity; therefore, the cells could be

cultured on the peptide-immobilizing plate from the beginning of the experiment. Cell-toxicity assays with this system for
three cell types were performed. All cell types showed ~25% lowering of viability with the photo-released 5-(and-6)-
carboxytetramethylrhodamine (TMR)-GKLAKLAKKLAKLAKKLAKLAKGC (TMR-KLA-C) peptide compared with the non-coated
plate. This relative toxicity nearly corresponded to that of ~10pum TMR-KLA-C in solution, and we found that the released
peptide concentration per well was ~ 10 pm at 60 min irradiation. Throughout this study, we successfully immobilized peptides
via the photo-cleavable linker, released them by UV irradiation spatiotemporally and conducted the cell-toxicity assay. This
study implies that the peptide photo-releasing array system will allow the realization of high-throughput cell arrays for cellomics

analyses and cell-based phenotypic drug screenings.

Polymer Journal (2013) 45, 535-539; doi:10.1038/pj.2013.20; published online 27 February 2013

Keywords: cell microarray; cytotoxicity; peptide microarray; photo-cleavage linker

INTRODUCTION

After the elucidation of genome sequences in various organisms,
significant advances in ‘omics’ studies have opened up cellomics
research based on cell-based phenotypic assays! for studying vital
cellular phenomena.>® To analyze the phenotypic consequences of
mammalian cells with chemical stimulants including drugs,
systematic cell-based assays in a high-throughput screening format
are increasingly indispensable. Cell microarrays provide an attractive
solution, as they offer more than a simple miniaturization and
mechanization of conventional equipment. From this point of view,
we have constructed peptide microarrays composed of various
secondary structures,*® and have initially applied the designed
peptide arrays to protein-analysis systems.!®1* We then began to
explore the designed peptide arrays for use in cell microarrays. In our
cell array technique, the obtained cellular response patterns upon
stimulation with library peptides were regarded as ‘cell fingerprints’,

which revealed how peptide properties affect a particular cell type.!
In addition, by applying statistical analyses, such as hierarchical
clustering analysis, to cell fingerprints, high-confidence correlations
between cell types and biological functions were elucidated based
primarily upon peptide charge and hydrophobicity data.

As is done for the development of protein microarray technology,®
we are currently focusing on development of a more practical
array format!'®! and on achievement of a more detailed detection
and analysis method for use in cellular research. Consequently, in
this study we attempted to construct a peptide photo-release
system for cytotoxicity analysis (Figure la). Initially, a peptide is
immobilized on a commercially available plastic culture plate bottom
via a photo-cleavable linker. For the toxicity assay, UV light
irradiation on the desired wells in a 96-well plate releases the peptide
from the plate bottom. After the irradiation and release of the
peptide, the cytotoxic behavior of the peptide can be monitored.
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Figure 1 (a) Scheme of the peptide photo-release array system for the cytotoxicity assay. (b) Structure of the photo-cleavable linker (M-linker). (c) Sequence

of the TMR-GKLAKLAKKLAKLAKKLAKLAKGC (TMR-KLA-C) peptide.

We have chosen the [4-(1-aminoethyl)-2-methoxy-5-nitrophenoxy]-
butanoic acid derivative’™?3 as a photo-cleavage linker (Figure 1b).
This photo linker can be cleaved by irradiation of 365 nm UV light,
which has been proven to be harmless to cells.>»?> This system has
some advantages as follows: (1) the peptide release can be time-
controlled because light can be irradiated at any time; (2) the peptide
release can be site-controlled because light can be irradiated at any
position within the micrometer range, offering a single-cell assay; and
(3) light irradiation is a relatively easier and cheaper method than
other methods, including use of a chemolabile linker.26

Here we describe the construction of a novel cell array format using
the peptide photo-release system. Initially, we optimized the peptide-
immobilization methods and conditions, such as poly-L-lysine mole-
cular weights (m.w.) for coating the bottom of wells, the immobiliza-
tion time and the UV irradiation time for the release. Next, the
cellular viability assay was conducted, revealing the peptide cytotoxi-
city. This study implies that the peptide photo-releasing array system
will allow realization of high-throughput cell or single-cell arrays not
only for cytotoxicity analyses but also for other cell-phenotypic
analyses and screenings.

EXPERIMENTAL PROCEDURE

General remarks

All chemicals and solvents were of reagent or high-performance liquid
chromatography grade and were used without further purification. High-
performance liquid chromatography was performed on the Hitachi L7000
(Hitachi High-Technologies, Tokyo, Japan) or the Shimadzu LC2010C systems
(Shimadzu, Kyoto, Japan), using a Wakosil 5C18 or a YMC-Pack ODS-A
(4.6 x 150 mm; YMC, Kyoto, Japan) for analysis, and a YMC ODS A323
(10 x 250 mm) for preparative purification, with a linear gradient of acetoni-
trile/0.1% trifluoroacetic acid at a flow rate of 1 mlmin~"! for analyses and
3mimin~! for preparative separation, respectively. Matrix-assisted laser
desorption—ionization time-of-flight mass spectrometry was measured on a
Shimadzu KOMPACT MALDI III, with 3,5-dimethoxy-4-hydroxycinnamic
acid as a matrix. Amino acid analysis was carried out using a Wakopak WS-
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PTC column (4 x 200 mm; Wako Pure Chemical Industries, Osaka, Japan)
after hydrolysis in 6 m HCI at 110 °C for 24h in a sealed tube, followed by
phenyl isothiocyanate labeling.

Synthesis of TMR-KLA-C peptide

The 5-(and-6)-carboxytetramethylrhodamine (TMR)-GKLAKLAKKLAKLA
KKLAKLAKGC (TMR-KLA-C) peptide (Figure 1c) was synthesized on
NovaSyn TGR resin (Merck Japan, Tokyo, Japan) by manual synthesis with
Fmoc chemistry.?’ Side-chain protections were as follows: t-butyloxycarbonyl
for Lys and trityl for Cys. Initially, the Fmoc-peptide sequence was synthesized
with Fmoc-AA-OH (3 eq.) by the HBTU [2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate]-HOBt (1-hydroxy benzotriazole
monohydrate) method. After the assembly of peptide sequences, the TMR
moiety was introduced using TMR (2 eq.) with HBTU (2 eq.), HOBt (2 eq.)
and diisopropylethylamine (4 eq.) for 60 min. The peptide with a fluorescent
probe was cleaved from the resin, and side-chain protections were removed
with trifluoroacetic acid/H,O/triisopropylsilane (95/2.5/2.5, vol/vol) at room
temperature for 1h. The peptide was precipitated by the addition of
diethylether and collected by centrifugation. The peptide was purified by
reverse-phase high-performance liquid chromatography, and was characterized
by matrix-assisted laser desorption—ionization time-of-flight mass spectro-
metry and amino acid analysis. The lyophilized peptide was dissolved every
time before use. To estimate the concentration of the solution, the TMR
absorbance of a diluted solution of peptides was measured in 20 mm Tris—HCl
containing 6 M guanidine hydrochloride (pH 7.0).

Synthesis of photo-cleavable linker (M-linker)peptide

A photo-cleavable (M-linker) peptide (Figure 1b) was synthesized on 2-
chlorotrityl chloride resin (Merck) by manual synthesis with Fmoc chemistry.?’
Initially, Fmoc-Gly-OH (0.5 eq.) was coupled to the resin with
diisopropylethylamine (2.5 eq.) in dried dichloromethane (DCM)/N,N-
dimethylformamide (DMF; 5/4, vol/vol) using a round-bottom flask
equipped with calcium chloride for 60min. After the reaction, unreacted
moieties on the resins were capped by methanol (~5% of the reaction
volume) for 15min. Next, the resins were transferred to a peptide synthesis
tube and washed with DCM, methanol and DCM/DMF (1/1, vol/vol).



The Fmoc group was removed by 20% piperidine in DCM/DMF
(1/1, vol/vol) for 15min. After removal of Fmoc, the resins were washed
with DCM/DMF (1/1, vol/vol) and diethylether. Fmoc-2-(2-aminoethoxy)
ethoxy acetic acid, Fmoc-4-[4-(1-aminoethyl)-2-methoxy-5-nitrophenoxy]-
butanoic acid and maleinimidopropionic acid were coupled by the HBTU-
HOBt method as previously described. The peptide was cleaved from the resin
with acetic acid/trifluoroethanol/dichloromethane (1/1/8, vol/vol) at room
temperature for 2 h. After removal of the resins, the addition of hexane to the
peptide solution and evaporation of the solvent were repeated three to five
times. MilliQ reverse osmosis-purified water (Merck) was then added to the
evaporated sample, and the peptide solution was lyophilized.

Immobilization of the peptides

The M-linker C terminus was activated using N-hydroxysuccinimide (10 eq.)
and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (10 eq.) in 100 ul DMF
(2h). Next, 5pl of the activated M-linker solution and 10 pl of poly-1-lysine
hydrobromide (PLK, m.w.=15-30, 75-150 and 150-300kDa) in a HEPES
buffer (50mm  2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic  acid
(HEPES), 250 mm NaCl, pH 7) were added to a mixed solution of 95pul of
DMF and 90l of the HEPES buffer, and the solution was incubated for
30 min. The TMR-KLA-C peptide in the HEPES buffer was then added to the
reaction buffer, and the reaction solution was incubated for 30 min to obtain a
peptide-M-linker—PLK conjugate (final molar ratio of the reactive species: —
NH, of PLK/M-linker/TMR-KLA-C=3.5/1/2, for example, [PLK]=0.10
mgml~!, [M-linker] =0.14 mm, [TMR-KLA-C]=0.27 mm). Finally, 300 pl
of the HEPES buffer was added to the conjugate solution (total 500 ul), and
50l of the solution was dispensed into a well of a 96-well culture plate
(Falcon, BD Biosciences, San Jose, CA, USA) for immobilization and incubated
for 4, 24 or 30 h. After immobilization, the well was washed with 200 pl each of
phosphate-buffered saline (Gibco, Tokyo, Japan) and MilliQ water and was air-
dried on a clean bench.

Peptide photo-release and quantitative determination

of the released peptide concentration

An aliquot of 100 pl of MilliQ water was added to the peptide-immobilized wells
in a 96-well plate. Then, UV light was irradiated from 20 cm above (irradiation
area: 5 wellsx5 wells) using a UV-spot light source (Photocure 200, Hamamatsu
Photonics, Hamamatsu, Japan) with a band-pass filter (362%30nm) and
condenser lens (Photocure 200 series, E5147-06) for obtaining homogeneous
UV irradiation. After irradiation, the peptide-released solution from the wells
was collected, then a guanidine buffer (20 mm Tris-HCI containing 6 M guanidine
hydrochloride (pH 7)) was added to the wells for washing and the buffer was
collected (final volume 1ml). The released peptide concentrations were
determined by measuring the TMR absorbance of the collected peptides.

Cell-toxicity assay with the peptide photo-release system

The cells (2 x 10% cells per well) were seeded in 100ul media (Dulbecco’s
modified Eagle’s medium supplemented with 1% fetal bovine serum (BioWest,
Nuaillé, France)) per well of the peptide-immobilizing plate. After overnight
culture, the media were removed and the cells were gently washed three times
with the assay media (5 g Dulbecco’s modified Eagle’s medium powder (Sigma-
Aldrich, Tokyo, Japan) and 1.85g NaHCO; (Wako Pure Chemical Industries)
in 500ml MilliQ that was filtered with a 0.45pm syringe filter). Next,
100 Uml~! penicillin (Sigma-Aldrich) and 100 ugml~! streptomycin (Sigma-
Aldrich) were added to the filtered solution. After adding 100 ul of the assay
media, UV light was irradiated from 20cm above using the UV-spot light
source with a band-pass filter (362 +30nm) and a condenser lens at 37 °C.
After irradiation, the cells were incubated for 2h at 37°C in a 5% CO,
environment. The cells were then incubated with 5 pl of Cell Counting Kit-8
(Dojindo Laboratories, Kumamoto, Japan) solution for 4 h. The absorbance at
450nm was measured using a Benchmark Multiplate Reader (Bio-Rad
Laboratories, Tokyo, Japan) at 30 °C. The difference in absorbance between
the control and TMR-KLA-C peptide-treated samples was calculated to
determine the degree of viability associated with each cell. The relative viability
was calculated by dividing the absorbance of tested cells by that of control cells
incubated without an immobilized peptide (non-coating) and with light
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irradiation (60 min) under normal growth conditions (assuming that 100%
viability = 0% toxicity).

RESULTS AND DISCUSSION

We selected KLAKLAKKLAKLAKKLAKLAK (KLA) peptide as a
model peptide for achievement of this system (Figure 1c), because
it had previously shown a high degree of cell penetration and
cytotoxicity.”® We added Gly (as a linker) and Cys (for
immobilization) to the C terminus of the KLA sequence, and Gly
and TMR to the N terminus of the sequence for detection, resulting in
the sequence TMR-KLA-C. Using this peptide, optimization of the
immobilization method was initially conducted.

An outline of the immobilization method is as follows: Initially, a
photo linker (Figure 1b) was activated as succinimidyl ester for 2 h,
and the activated ester was coupled with poly-L-lysine (PLK) for
30min. Next, the peptide was attached via the thiol of Cys in
sequence (Figure 1c) with the M-linker maleimide. Finally, the TMR-
KLA-C peptide-M-linker—PLK conjugate was immobilized on the 96-
well plastic bottom plate. First, we compared conditions, such as PLK
m.w. (15-30, 75-150 or 150-300kDa), PLK concentrations (from
0.010-0.20 mgml ~!) and immobilization times (4, 24 or 30h) for
method optimization. After immobilization of the TMR-KLA-C
peptide, the immobilized amounts were evaluated by TMR absor-
bance (570nm). As shown in Figure 2, the peptide appeared to be
immobilized more as the m.w. of PLK increased. This result implied
that higher m.w. PLKs were more efficiently attached to the plastic
plates, because loading peptides on PLK might influence the chemical
properties of PLKs, lowering the PLK affinity to the plastic plates.
Therefore, the peptide was well-immobilized using 150-300 kDa PLK,
and the optimal concentration of PLK was 0.10mgml~!. The
decrease of absorbance at 0.20mgml~!' may also be due to the
decreased ability of PLK to attach to the plastic plates by high peptide
loading. An incubation time of 30h was selected for further
experiments.

After selecting 0.10mgml~—! of 150-300kDa PLK and 30h
immobilization time as the conditions for the following experiments,
the light-irradiation time for peptide release was optimized. As shown
in Figure 3a, the peptide release increased as the irradiation time was
prolonged, and irradiation for more than 120min appeared to
produce saturation. Next, we studied the relative cell viability after
light irradiation. Human cervix carcinoma (HeLa) and mouse
embryonic fibroblast (10T1/2) cells were seeded at 2 x 10° cells per
well in 96-well culture plates. After overnight culture, UV light was
irradiated for 15, 30, 60 or 90min. The number of living cells
remaining after light irradiation was counted using the Cell Counting
Kit-8, which was previously optimized,’> and then the relative cell
viability associated with each peptide concentration was determined.
As shown in Figure 3b, more than 60 min of irradiation lowered the
viability (cytotoxicity) both for HeLa and 10T1/2 cells, although
365nm UV light was proven harmless to cells for up to 60 min. In
conjunction with these results, we concluded that the optimal
irradiation time for this system was 60 min.

Next, we studied the cytotoxicity of the free peptide (peptide
solution, not immobilized). HeLa and 10T1/2 cells were seeded at
1 x 103 cells per well in 96-well culture plates. After overnight culture,
various concentrations of peptide solution were applied to the wells,
and the cells were incubated for 2h at 37 °C. The number of living
cells remaining after peptide exposure was counted using the Cell
Counting Kit-8, and the relative cell viability associated with each
peptide concentration was determined. The TMR-KLA-C peptide
demonstrated dose-dependent cytotoxicity in the concentration range
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of 5-20 M (Supplementary Figure S1), although less than 5um of
peptide was harmless to the two cell types. This finding indicated that
more than 10 um of the released peptide with light irradiation might
be necessary for cell toxicity using the peptide-immobilized array.

Next, we checked whether the immobilized peptide-coated plate
showed cytotoxicity. HeLa, 10T1/2 and African green monkey kidney
(COS7) cells were seeded at 2 x 10° cells per well in the TMR-KLA-C
immobilized plates. The cell viability assay was conducted using the
Cell Counting Kit-8. As shown in Supplementary Figure S2, the
immobilized TMR-KLA-C peptide was harmless to the three cells,
although the PLK-coating was remarkably cytotoxic to HeLa cells.
This result also implied that the peptide was completely and precisely
immobilized onto the plastic plate wells in this immobilization
procedure. It is noteworthy that the immobilized peptide showed
no cytotoxicity; therefore, cells could be cultured on the peptide-
immobilizing plate from the beginning of the experiment.

Finally, a cell-toxicity assay with this system for HeLa, 10T1/2
and COS7 cells was demonstrated. HeLa, 10T1/2 and COS7 cells
were seeded at 2 x 10% cells per well in the TMR-KLA-C-immobilized
plates. After overnight culture, UV light was irradiated for
60min, and the cells were incubated for 2h at 37°C. The cell
viability was examined using the Cell Counting Kit-8. As shown in
Figure 4, all the cells showed ~25% lowering of viability with the
TMR-KLA-C peptide after light irradiation when compared with the
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non-coated plate with light irradiation. These results nearly corre-
spond to the result of the free peptide solution assay at 10um
(Supplementary Figure S1). In addition, TMR-L8K6-C (TMR-
GLKKLLKLLKKLLKLGC-NH,)-immobilized plates were used for
demonstration of a lower toxic representative than the TMR-KLA-
C-immobilized plates. As shown in Supplementary Figure S3, TMR-
L8K6-C was nearly non-toxic as expected. This finding implied that
under this system, the cytotoxicity of peptides may vary depending on
their sequences. Consequently, we successfully immobilized the
peptide via the photo-cleavable linker and released the peptides by
UV irradiation spatiotemporally, allowing examination of the peptide
cytotoxicity in the three cell lines.

CONCLUSIONS

In this study, we constructed a novel peptide-array format system
with a photo-cleavage linker for cellular toxicity analysis. Initially, we
optimized the immobilization method and found that 0.10 mgml ~!
of 150-300kDa PLK with 30h immobilization was optimal for
coating the peptide to wells in a plastic culture 96-well plate. Next,
light-irradiation time for the peptide release was optimized, and
60 min irradiation was selected because it was proven to be harmless
to cells, although the released peptide increased as the irradiation time
was prolonged. We also found that the immobilized peptide had no
cytotoxicity. Consequently, cells could be cultivated on the peptide-
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10T1/2 and COS7 cells with the TMR-GKLAKLAKKLAKLAKKLAKLAKGC
(TMR-KLA-C). The relative viability was calculated by dividing the
absorbance of tested cells by that of control cells on non-coated wells with
light irradiation for 60 min (assuming that 100% viability = 0% toxicity).

coated plate from the beginning of the experiment. Finally, a cell-
toxicity assay with this system for HeLa, 10T1/2 and COS7 cells was
performed. All of the cells showed ~25% lowering of viability
(~75% viability) with the TMR-KLA-C peptide compared with the
non-coated plate (without the TMR-KLA-C peptide). In conclusion,
we successfully immobilized the peptide with PLK via the photo-
cleavable linker to commercially available culture plates and released
the peptide by UV irradiation at times and well locations chosen at
will. As a result, we conducted the cell-toxicity assay for HeLa, 10T1/2
and COS7 cells with the system. Under the current conditions, 60 min
of irradiation is rather long for using this system in practical
applications. Therefore, in the next study we will attempt to improve
light condensation and/or miniaturize the system using an optical
fiber or two-photon excitation fluorescence microscopy. With these
improvements, the novel array format can make the peptide array an
effective and high-throughput assay system for cellomics analyses and
cell-based phenotypic drug screenings.
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