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ABSTRACT: Protein cages have been utilized as templates in
the development of biomaterials. Here we report protein
engineering of the ferritin (Fr) cage for encapsulating carbon
monoxide releasing molecules (CORMs) and release of CO
gas which serves as a cell signaling molecule. The protein cages
enable us to increase the half-life for CO release, providing a
release rate that is 18-fold slower than the rate of a typical
CORM, Ru(CO);Cl(glycinate) (CORM-3). Moreover, the
uptake ratio of the composite is about 4-fold greater than that
of CORM-3. We found that these effects enhance the
activation of nuclear factor kB 10-fold higher than CORM-3.
The protein cage of Fr thus provides the basis for new
CORMs that can be used for in vitro cell research.

B INTRODUCTION

Protein cages composed of multimeric protein assemblies have
been used for development of biomaterials."~* Metal complexes
and nanoparticles are encapsulated within the inner cavities in
restricted numbers, coordination structures, and size distribu-
tions.>* These composites can function as catalytlc, magnetic,
and photonic materials for biomedical applications.>* Recently,
many researchers have been applying these effects in develop-
ment of drug delivery systems because the activities and
stabilities of the materials can be retained within the cage after
delivery into living cells.”~** For example, Douglas and co-
workers utilized the ferritin protein cage as a carrier of iron
oxide nanoparticles in efforts to deliver iron oxide to living
cells."> Metal complexes such as cisplatin (a chemotherapeutic
agent) and Gd complexes (MRI imaging reagents) have been
encapsulated in Fr and delivered into living cells.*’ A zinc
phthalocyanine encapsulated cowpa chlorotic mottle virus was
synthesized for use in photodynamic therapy.” Further
development of protein cages with metal complexes is required
not only for fundamental research but also for applications in
biomedical sciences.

Organometallic complexes have recently attracted attention
as biomedical reagents, such as metal-based drugs and imaging
materials in living cells."> ' Metal carbonyl complexes known
as carbon monoxide releasing molecules (CORMs) have been
utilized to deliver carbon monoxide (CO) to living cells.'” !
This exogenous CO acts as an intracellular signaling molecule
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to produce cytoprotective effects that counteract inflammation,
proliferation, and apoptosis.lg’20 Motterlini and co-workers
developed useful CO therapeutic tools with [Ru(CO);CL],
(CORM-2) and Ru(CO);Cl(glycinate) (CORM-3) which can
release CO into mammalian cells.”” Many organic ligands have
been synthesized to modulate the CO release properties
because CO is expected to be released from the complexes by a
ligand exchange reaction with intracellular electron-donating
molecules such as glutathione.22 However, the fast degradation
and relatively poor uptake ratio of CORM:s into living cells have
prevented them from being used in investigations involving CO
delivery.'”"” Because of the problems encountered with
delivery of CO into cells using CORM, it is difficult to clearly
define the effects of CO in signaling pathways.”*~** Significant
re-engineering of CORM carriers is needed to overcome these
problems. Romio and co-workers reported CORMs based on
protein—Ru(CO), composites.”*** However, delivery of these
molecules to living cells has not been achieved.**** Although a
fast ligand exchange reaction and cytotoxicity were suppressed
by encapsulating CORM-3 within micelle compounds,
sufficient delivery of CO has not been addressed by this
system.”> We recognized that the Fr protein cage provides the
possibility to resolve both of these problems simultaneously
because a previous report showed that Fr has the capability to
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encapsulate metal nanoparticles that would reduce their
cytotoxicity.” In addition, Fr undergoes cell surface receptor-
mediated endocytosis, which would improve uptake ratio of
metal nanoparticles.” Therefore, we chose to investigate
whether Fr can be used as an intracellular CORM delivery
carrier.

Here we describe the preparation of composites of ferritin
(Fr) with CORM (Fr-CORM) and the use of these composites
in investigations of intracellular CO releasing properties (Figure
1). Fr includes 24 subunits and has an outer diameter of 12 nm
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Figure 1. CO releasing protein cage for induction of intracellular
signaling. Crystal structure of apo-ferritin: (a) the whole structure with
24-mer, (b) the cross section drawing of the inner cavity (PDB code
1DAT), (c) schematic representation of recombinant L-chain apo-
ferritin from horse liver (apo-rHLFr) with Ru carbonyl complexes
(RuCO-apo-rHLFr (1)). [Ru(CO),;ClL], (CORM-2) is incorporated
into the apo-rHLFr cage, then bound to amino acid residues exposed
on the interior surface with the appropriate coordination structure. (d)
Endocytic uptake of 1 and NF-kB activation in HEK293/kB-Fluc cell
by the CO release. The composite can penetrate into living cells with
endocytosis, then release CO gas to activate NF-xB.

and an inner diameter of 8 nm (Figure la and Figure 1b). > Fr
can enter the cell via an endocytic pathway through a specific
cell surface receptor. " In past studies, we succeeded in
encapsulating organometallic complexes into the Fr cage to
provide composites with high stability and large accumulation
numbers of organometallic complexes.” 26739 Catalytic reactivity
of the complexes was controlled by specific amino acid
replacements within the cage.”*?” Fr-CORM composites are
expected to be delivered into the cells while retaining their
original carbonyl coordination structures within the cage. We
found that the composites activate nuclear factor kB (NF-xB)
which plays an important role in expression of cellular proteins
via a signaling pathway that is regulated by CO.>" The use of Fr
as a CORM carrier provides a new gas delivery system based on
protein cages.

B RESULTS

A composite of recombinant L-chain apo-ferritin from horse
liver (apo-rHLFr) with Ru carbonyl complexes (RuCO-apo-
rHLFr (1)) was prepared by adding a DMF solution of
[Ru(CO);ClL,], (CORM-2) to a buffer solution of apo-rHLFr
(50 mM Tris/HCI (pH 8.0), 0.15 M NaCl). A crystal structure
of 1 was refined to 2.00 A resolution. There are 72 Ru binding
sites of Ru atoms identified at accumulation centers and 3-fold
axis channels (Figure 2a and Figure 2b).2°7%° The Ru atoms at
the 3-fold axis channel have less occupancy than at the
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Figure 2. X-ray crystal structure of RuCO-apo-rHLFr (1): the whole
structure consisting of the 24 protein monomers (a) and the monomer
structure with Ru binding sites (b). The Ru coordination structures at
the accumulation center (c), the 3-fold axis channel (d), and His132
site (e). Ru, Cd, O atoms of water molecules are shown as green,
orange, red spheres, respectively. Anomalous difference Fourier maps
at 4.00 indicates the positions of Ru atoms shown as pink. The 2IF,| —
IF.| electron density maps at 1.00 are colored in gray.

accumulation center. At the accumulation center, an anomalous
peak corresponding to a Ru atom (Rul) was observed (Figure
2¢). It coordinates to Oe of Glu4$ and Sy of Cys48 with bond
lengths of 2.33 and 2.70 A, respectively (Figure 2c). The CO
ligands (CO1 and CO2) are coordinated to the Rul atom with
bond distances of 1.80 and 2.10 A, respectively. These distances
of Rul—0O, Rul-S, Rul—Cl, and Rul—C2 bonds are in the
typical range of Ru carbonyl complexes (Figure 2¢).”>*>** The

C1—Ru—C2 angle of 94.6° suggests that two carbonyl moieties
are coordinated in a cis-Ru(CO), structure to the Rul.***?
These results indicate that the cis-Ru(CO), structure is retained
within the apo-rHLFr cage. The coordination structures of the
CO ligands were confirmed by attenuated total reflectance
infrared (ATR-IR) spectroscopy. Two peaks of carbonyl
stretching frequencies were observed at 2038 and 1956 cm™,
which were assigned to the cis-Ru(CO), structure (Table
1).2>** At the 3-fold axis channel, the Ru2 atom was found to
be coordinated to Ne of His114 and Oe of E130 with distances
of 2.46 and 2.54 A, respectively (Figure 2d). The Ru3 atom was

Table 1. Carbonyl Stretching Frequencies of Fr-CORM
Composites and CORM-3“

composite wavenumber, cm™!
RuCO-apo-rHLFr (1) 2038, 1956
RuCO-apo-E45C/C48A-rHLFr (2) 2045, 1972
RuCO-apo-R52C-rHLFr (3) 2040, 1960

CORM-3 2137, 2072, 2058

“Measured by ATR-IR spectroscopy. Fr-CORM composites were
dissolved in 50 mM Tris/HCI buffer (pH 8.0), and CORM-3 was
dissolved in water.
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found to be bound to Ne of His132 at a distance of 2.30 A
(Figure 2e). An anomalous peak of a Cd atom (Cdl) was
confirmed to be located at the same position as that in apo-
rHLFr.** The occupancy values of Ru2 and Ru3 atoms were
lower (0.4 and 0.3, respectively) than that of Rul (0.8). This is
one of the reasons why the number of Ru atoms estimated by
the ICP-MS and BCA assay (48 + 2) differs from that of the
crystal structure (72) as reported previously for Pd-apo-
rHLFr.>*%

The CO release properties of Ru carbonyl complexes can be
modulated by coordination of ligands with different electronic
properties because poor electron donors are expected to
decrease the binding strength of CO ligands to Ru atom
through back-donation.'”'® ® On the basis of the crystal
structure, apo-E45C/C48A-rHLFr and apo-R52C-rHLFr mu-
tants were utilized to modulate the Ru—CO coordination by
alteration of the electron donor character of cysteine and
histidine residues.”® The composites RuCO-apo-E45C/C48A-
rHLFr (2) and RuCO-apo-RS2C-tHLFr (3) were prepared
under the same conditions used for 1 (see Supporting
Information).

Crystal structures of RuCO-apo-E45C/C48A-rHLFr (2) and
RuCO-apo-R52C-rHLFr (3) were refined to 1.92 and 1.82 A
resolution, respectively. The structure of 2 showed 96
anomalous electron densities within the cage (Figure 3a).
The Ru atoms were found to be located at the accumulation
center and the 3-fold axis channel (Figure 3b). The number of
binding sites is different from the value estimated by ICP-MS
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Figure 3. X-ray crystal structures of RuCO-apo-E45C/C48A-rHLFr
(2) and RuCO-apo-RS2C-rHLFr (3): the whole structure of 2 (a) and
3 (d), the monomer protein structure with Ru binding sites for 2 (b)
and 3 (e), and the Ru coordination structures at the accumulation
center of the monomer protein for 2 (c) and 3 (f). Coordinated Ru
atoms are shown as green spheres. Anomalous difference Fourier maps
at 4.00 indicate the positions of Ru atoms shown as pink. The 2IF,| — |
F electron density maps at 1.00 are colored in gray. His173 was
replaced with Ala residues because of the disordered electron densities
of the side chains.

and BCA assay (53 + S Ru). The occupancies of the Ru atoms
at the accumulation center (Ru4, 0.8; RuS, 0.7) were found to
be higher than that of the 3-fold axis channel and the His132
site (0.5 and 0.4) (Figure 3c). A thiolate-bridged dinuclear Ru
cluster was formed at the accumulation center with a Ru4—Ru$
bond length of 2.71 A and a Ru4—S—RuS$ bond angle of 74.9°
as previously reported.>” The Ru atoms were found to be
coordinated to the bridged Sy atom of Cys48 and the Ne atoms
of His49 and His173, although the electron density of His173
was too low to fit to the model as observed in Ru(p-cymene)-
apo-rHLFr composite.”® At the 3-fold axis channel and His132,
the Ru atoms were found to be bound to apo-E45C/C48A-
rHLFr in a manner similar to that of 1 (Figure 2d, Table S2).
Two peaks arising from the CO stretching frequencies of 2
were observed at 2045 and 1972 cm™' (Table 1), although
there were no electron density assignable to CO ligands in the
crystal structure. These results suggest that 2 has cis-Ru(CO),
coordination structure similar to the coordination structure
observed for 1 (Table 1).

The apo-R52C-rHLFr mutant was utilized to promote S,S-
bidentate ligation at the accumulation center. A crystal structure
of 3 showed 48 anomalous peaks corresponding to two Ru
atoms (Ru6 and Ru?7) at all of the accumulation centers within
the cage (Figure 3d and Figure 3e). This accumulation number
is essentially identical to the value estimated using the ICP-MS
and BCA assay (45 + 3). The occupancies of the Ru atoms
were 0.7 and 0.7 for Ru6 and Ru7, respectively.

Ru6 and Ru7 were found to be bound to the Oe atom of
Glu4S and the Sy atom of CysS52, respectively, by a bridging
ligation of Cys48 with appropriate distances (Figure 3f, Table
$2).% The cis-Ru(CO), coordination within 3 is presumed to
arise from the CO stretching frequencies of 3 (2040, 1960
cm™") which are the same as the stretching frequencies for 1
and 2 (Table 1). There were no anomalous peaks at the 3-fold
axis channel of 3. The structure is different from that of 1 and 2
at the site. The reason will be clarified by further investigation.

The CO release properties of all of the Fr-CORM
composites were evaluated using the myoglobin (Mb) assay
in 10 mM PBS buffer (pH 7.4) in the presence of dithionite (7
mM) under Ar atmosphere (Table 2).!”'® Conversion from
deoxy-Mb to carbonmonoxy-Mb (MbCO) was calculated by
following the previous procedure.”” The CO release amount
and half-life (t,,) were determined by fitting to first-order
kinetics (Figure S1).

The amount of CO released from 1 per Ru was 0.08 + 0.02,
with a half-life (¢,/,) of 36.8 + 0.3 min. The ¢, value is 18-fold

Table 2. Number of CO Equivalents Liberated Per Mole of
Ru Atom and Half-Life (t,,,) for CO Release from Fr-CORM
Composites and CORM-3“

equivalents of CO

composite per Ru t;/5, min
RuCO-apo-rHLFr (1) 0.08 + 0.02 36.8 0.3
RuCO-apo-E45C/C48A-rHLFr (2) 0.16 + 0.04 355 +03
RuCO-apo-RS2C-rHLFr (3) 0.08 + 0.02 36.7 + 0.4
CORM-3 0.61 + 0.03 22+ 04

“All Fr-CORM composites and CORM-3 were added to the Mb
solution (10 mM PBS buffer (pH 7.4)) containing dithionite (7 mM)
under Ar atmosphere. Conversion of Mb to MbCO was traced using a
UV—vis spectrometer. After the calculation of the equivalents of CO/
Ru, t;,, was determined by fitting to first-order kinetics. All
determinations were carried out at least in triplicate.
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longer than that of CORM-3. The released amount of CO is 8-
fold lower than that of CORM-3. The decrease comes from the
stability of the cis-Ru(CO), complex as described previously.**
The 2-fold increase of the amount of CO was confirmed for 2
compared to the value of 1 with almost the same t,,, value
(0.16 = 0.04, 35.5 + 0.3 min). The CO release properties of 3
are comparable to the values of 1. Gel permeation
chromatography (GPC) experiments showed that the whole
structure of 2 was retained after incubation with dithionite for
100 min in the absence of Mb (Figure S2). In the Mb assay, an
excess amount of dithionite was thought to be a trigger of CO
release.”® To confirm the mechanism, oxyhemoglobin (oxy-Hb)
was used for CO release assay as previously reported.*® In the
absence of dithionite, there was no change in the spectra of oxy-
Hb reacted with 2 for 100 min (Figure S3). Thus, dithionite
can induce the CO release without any influence on the cage
structure of 2.

Cellular uptake of L-chain Fr is known to occur via receptor-
mediated endocytosis.>® Uptake of Fr-CORM composites into
HEK293/kB-Fluc cells was observed by confocal microscopy
for 1 modified with ATTO (ATTO-1) (see Experimental
Section and Figure S4). The cage structure of rHLFr was
retained in the cellular environment because GPC experiments
revealed that the ATTO-1 composite showed a peak assigned
to the whole Fr cage after the cellular incubation for 12 h
(Figure SS). The uptake ratio of Ru atoms into the cells was
determined by inductively coupled plasma mass spectrometry
(ICP-MS) (Figure 4). HEK293/kB-Fluc cells incubated with
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Figure 4. Uptake efliciency of Ru atoms of Fr-CORM composites and
CORM-3. Each sample was incubated for 12 h with HEK293/kB-Fluc
cells at 37 °C under 5% CO,. The final concentration of Ru atoms
added into the cell of Fr-CORM composites was 10 uM except for
CORM-3 (200 pM) because the content of CORM-3 was not
detected at the same concentration for 1—3 (10 uM) because of the
low uptake ability of CORM-3.The concentrations of cellular uptake
Ru atoms were measured by ICP-MS. The average values of three
wells for each sample are shown in this figure.

each Fr-CORM composite or CORM-3 for 12 h were collected
as a pellet after removing excess Ru compounds in the medium.
The cell pellet was lysed with 10% Tween 20 to measure the
concentration of Ru in the cell lysate by ICP-MS (see
Experimental Section).** The uptake ratios determined for 1,
2, 3, and CORM-3 were 0.058%, 0.058%, 0.063%, and 0.018%,
respectively. Intracellular CO release from 2 was observed by
using CO probe 1(COP-1) with confocal microscopy (Figure
S6). 12 could release CO inside the HEK293/xB-Fluc cells the
same as for CORM-3.

The eftect of CO released from the Fr-CORM composites on
NF-kB activity was evaluated in HEK293/kB-Fluc cells which
were modified for a luciferase assay because CO gas is known
to activate NF-kB in the presence of tumor necrosis factor o
(TNF-a).* The cells were stimulated with 1.0 ng/mL TNF-a
after preincubation with the Fr-CORM composites for 1 h, and
then they were incubated for 12 h. 1 and 3 were found to be
capable of activating NF-kB with ~4-fold increase compared to
CORM-3 as shown in Figure S. The activation of NF-kB by 2
was ~2.5-fold higher relative to 1 and 3.
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Figure S. Bioluminescence intensity of luciferase reporter assay for
evaluating the NF-«B activity of HEK293/kB-Fluc cells. The cells were
preincubated for 1 h at 37 °C with 1, 2, 3, and CORM-3. After the
incubation, cells were stimulated by 1.0 ng/mL TNF-a, and then the
cells were cultured for 12 h: (%) P < 0.05 vs 0.1 M Na phosphate
buffer added cells. All the data show subtracted bioluminescence
intensity of the samples from that of the 0.1 M sodium phosphate
buffer (pH 7.0) added cells. The experiments were performed three
times, and the data represent the mean + SEM.

In addition, 2 showed a concentration dependence of the
activation, while CORM-3 did not have the same tendency
(Figure S7a). A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay indicated that the Fr-CORM
composites were not cytotoxic for HEK293/kB-Fluc cells
(Figure S8).

B DISCUSSION

The results suggest that the Fr cage is a suitable CORM carrier
for use in investigations of NF-kB activation by CO because of
higher activation ability of the composites compared with
reported CORMs. We expect that the activation of NF-kB is
enhanced by three factors described below.

The first major factor enhancing activation of NF-kB is the
extension of the half-life of CO release from each of the
composites. The values are about 18-fold longer than that of
CORM-3 regardless of the number of CO molecules released
from the composites (Table 1). The cis-Ru(CO), structure of
each of the Fr-CORM composites is an important factor
providing slow release as previously mentioned for a HEWL-
CORM composite.”>** The proposed mechanism of release of
CO from ruthenium carbonyl complexes is expected to include
a ligand exchange reaction with dithionite under the conditions
of the Mb assay.’® In living cells, the reaction is thought to
proceed by using intracellular electron donor ligands such as
glutathione or cysteine which are present in the cytoplasm at
millimolar concentrations.”> Accessibility of the intracellular
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ligands into the Fr cage is limited by the requirement of
penetration through the 3-fold axis channels.** Thus, the slow
release of CO from Fr-CORM observed with the Mb assay is
expected to occur in HEK293/kB-Fluc cells. 2 showed
concentration dependence for NF-kB activation (Figure S7a).
However, CORM-3 did not show the same tendency. These
results suggest that the slow CO release is more crucial for the
activation by CO than uptake ratio of CORM s into living cells.

The second factor contributing to enhancement of activation
of NF-kB is the increase of the amount of CO released from
RuCO in apo-rHLFr (Figure 4). This effect was achieved by
construction of a dinuclear RuCO structure at the accumulation
center of 2. The composite can release twice the amount of CO
of 1 and 3 (Table 1). The dinuclear coordination structure in 2
is retained by ligation of Cys4S, His49, and His173, due to the
high flexibility of His173 at the C-terminus.”® ATR-IR data
show that the poor electron donor characteristics of His49 and
His173 cause weaker back-donation to CO ligands bound to
the Ru atoms than Glu45 or Cys52 in 1 or 3 (Table 1).** It is
expected that the coordination structures are retained in living
cells because the Fr cage structure is stable in living cells as
shown in Figure S5. These results suggest that the amount of
CO released from the Fr-CORM composites in living cells can
be increased by introducing His coordination within the Fr
cage.

The uptake ratio of the Fr cage is the third advantage as a
CORM carrier. Cellular uptake of Fr is known to occur via
receptor-mediated endocytosis.** The uptake ratio of micelle
CORM (0.02%) is almost comparable with that of CORM-3,
although the specific uptake mechanism has not been identified
for micelle CORM and CORM-3.>* The previously reported
hen egg white lysozyme (HEWL)-CORM composite did not
activate NF-kB because of less uptake ratio (Figure S7b).”>* It
is revealed that CORM: s in the Fr cages are able to deliver large
amounts of CO into the cell with slow release rate to activate
NF-«B.

B CONCLUSIONS

We constructed Fr-CORM as new CORMs with proteins. The
composites can serve as useful tools for activating NF-«xB
compared to CORM-3. The advantage of Fr as a CORM carrier
is provided by (1) slow release of CO, (2) modulation of
appropriate coordination structure of CORM in the cage, and
(3) high uptake ratio into living cells. All three factors are
modulated by protein engineering of Fr. The detailed
mechanism of NF-kB activation is being further investigated
with efficient CO delivery using the Fr cages. Thus, Fr-CORM
can be applied as chemical tools to conduct extensive research
on CO gas biology for clinical applications.

B EXPERIMENTAL SECTION

Materials. All reagents were purchased from commercial suppliers
and used without further purification. Ru(CO);Cl(glycinate) (CORM-
3) and CO probe 1 (COP-1) were prepared as described
previously.”>*" Recombinant L-chain apo-Fr from horse liver
(rHLFr) was prepared in NovaBlue competent cells (Novagen)
transformed with the expression vector pMK2 kindly supplied by Prof.
Ichiro Yamashita. The culture and purification of the protein was
performed according to a previous report.*® Apo-R52C-rHLFr and
apo-E45C/C48A-rHLFr mutants were prepared using a Stratagene
Quikchange MultiSite kit.*® The HEWL-CORM composite was
synthesized following the previous report.>> Sperm whale myoglobin
which was used for myoglobin (Mb) assay was expressed and purified
according to the reported procedure.* DMEM (Sigma, D5796) cell

culture medium containing 5% FBS, 1.8 mM L-glutamine, 0.9 mM
sodium pyruvate, 0.1% sodium bicarbonate, 1% MEM nonessential
amino acid solution (Sigma, M7145), 90 U/mL penicillin, and 90 pg/
mL streptomycin was used for cell culture.

Preparation of RuCO-apo-rHLFr (1). A DMF solution of
[Ru(CO),CL], (CORM-2) (2.9 mM, 500 uL) was added to a buffer
solution of recombinant L-chain apo-Fr from horse liver (apo-rHLFr,
S uM, 10 mL in S0 mM Tris/HCl (pH 8.0), 0.15 M NaCl). The
reaction mixture was incubated for 1 h at 50 °C. After the reaction, the
solution was dialyzed against S0 mM Tris/HCl (pH 8.0), 0.15 M NaCl
overnight at 4 °C. 1 was purified by size exclusion column
chromatography (AKTA Design, Superdex G-200) equilibrated with
0.1 M sodium phosphate, pH 7.0. The concentrations of Ru atoms and
protein of 1 were determined by ICP-MS and BCA assay, respectively.
Same procedures were performed for RuCO-E45C/C48A-apo-rHLFr
(2) and RuCO-RS2C-apo-rHLFr (3).

Mb Assay. Mb assay was performed by the reported procedure.*’
All solutions for Mb assay were degassed by Ar bubbling for 30 min. 1
(180 uM Ru, 10 uL in 10 mM PBS buffer (pH 7.4)) was added to a
solution of deoxy-Mb (7 uM, 90 uL in 10 mM PBS buffer (pH 7.4))
containing sodium dithionite (7 mM). Absorbance from 250 to 700
nm was recorded every 2 min after addition of 1. Conversion of deoxy-
Mb to MbCO was calculated according to the reported procedure.””
The calculated data were fitted to first-order kinetics by using
Microsoft Excel Solver.*® The same assays and calculations for 1 were
performed for 2, 3, and CORM-3 except for the initial concentration
of CORM-3 (60 uM Ru, 10 uL in water) (Figure S1).

Reaction of 2 with Dithionite. 2 (120 uM Ru) was mixed with
dithionite (17.3 mM) in 10 mM PBS buffer (pH 7.4). After incubation
for 100 min at room temperature, excess dithionite was removed by a
desalting column (HiTrap Desalting, GE Healthcare). The solution
was used for GPC analysis (Figure S2).

Oxy-Hb Assay. The assay was performed following the previous
report.* Bovine blood Hb (Sigma) (20 M, in 10 mM PBS buffer
(pH 7.4)) was reduced with dithionite (17.3 mM, in 10 mM PBS
buffer (pH 7.4)). The mixture was purified by a desalting column
(HiTrap Desalting, GE Healthcare) to obtain oxy-Hb with no residual
dithionite. Oxy-Hb solution (6 4uM, 100 uL) was bubbled with CO gas
for S min to produce 100% Hb-CO. Oxy-Hb solution (6 yM, 100 uL)
was mixed with 2 (Ru 60 M, 10 uL) for 100 min. The absorbance
spectra from 400 to 650 nm of the solutions were measured by UV—
vis spectrometer (Figure S3).

Isolation of HEK293/kB-Fluc Cells. HEK293, a human
embryonic kidney cell line, was purchased from the American Type
Culture Collection. HEK293/xB-Fluc cells were isolated from a colony
formed after transfection with pGL4/kB-luc2P plasmid by calcium
phosphate method. pGL4/kB-luc2P plasmid was constructed as
follows. First, pEF/HRE-luc2P was constructed by substituting the
Ncol-Xbal fragment encoding luciferase in pEF/HRE-Luc with the
Neol-Xbal fragment encoding luc2P of pGL4.32 (Promega).* Next,
pEF/kB-luc2P was constructed by substituting the XhoI-BglII fragment
containing HRE sequences in pEF/HRE-luc2P with five tandem
repeats of the NF-xB binding motif, which was prepared by annealing
the following oligonucleotides: 5-TCGAGGGGGACTTTCCGC-
TTGGGGACTTTCCGCTGGGGACTTTC-3', 5'-CGCTGGGG-
ACTTTCCGCTGGGGACTTTCCGCA-3’, §'-TCCCCAGCG-
GAAAGTCCCCAAGCGGAAAGTCCCCC-3', and §'-
ATS'SZTGCGGAAAGTCCCCAGCGGAAAGTCCCCAGCGGAAAG-
3.

Finally, Kpnl-EcoRI fragment containing xB-luc2P of pEF/kB-luc2P
was inserted into Kpnl and EcoRI sites of pGL4.32 to obtain pGL4/
kB-luc2P. The cells were cultured with Dulbecco’s modified Eagle
medium (Nacalai Tesque) supplemented with 5% fetal calf serum,
penicillin (100 units/mL), and streptomycin (100 ug/mL) at 37 °C.
Fluc reporter activity in HEK293/kB-Fluc cells in response to TNF-a
treatments is shown in Supporting Information Figure S8.

ATTO520 Modification of 1. A DMSO solution of ATT0S520-
NHS-ester (ATTO-TEC, 120 M) was added to an aqueous solution
of 1 (5§ uM in 0.1 M sodium phosphate (pH 7.0)). The mixture was
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stirred at 25 °C for 12 h under the dark. ATTO-1 was purified using
Sephadex G-25 equilibrated with 0.1 M sodium phosphate (pH 7.0).

Confocal Imaging. HEK293/kB-Fluc cells were seeded into
single-well glass-bottom dishes (1 X 10° cells/well) and incubated for
12 h at 37 °C under 5% CO,. ATTO-1 (30 uM, 10 uL in 0.1 M
sodium phosphate (pH 7.0)) was added to the cells and incubated for
6 h. After the washing of the excess amounts of ATTO-1 with 10 mM
PBS buffer (pH 7.4), the images were observed (excitation, 488 nm;
emission filter, 525/50) (Figure S4).

Cellular Uptake of Fr-CORM Composites and CORM-3. The
intracellular uptake amount of Ru atoms determined by ICP-MS is
described in a reported procedure.”> HEK293/kB-Fluc cells were
seeded in a six-well plate (2.0 X 10° cells/well) and incubated for 12 h
at 37 °C under 5% CO,. 1 (120 uM Ry, 100 yL in 0.1 M sodium
phosphate (pH 7.0)) or CORM-3 (120 yM Ru, 100 pL in sterilized
water) was added to the cultured cells in 1 mL of culture medium.
After incubation for 12 h, the cells were collected as pellet by
trypsinization and centrifugation. The pellet cells were washed with
sterilized 10 mM PBS (pH 7.4) and centrifuged to obtain cell pellets.
The pellets were lysed with 10% Tween 20 (50 uL). The
concentration of Ru atoms in the cell lysate was measured by ICP-
MS. The percentage of uptake was calculated from the amount of Ru
atoms in culture medium and in the cell lysates using the following
equation.

uptake ratio (%)
[find Ru in cell Iysate]

X volume of cell Iysate
= ‘ : x 100
[find Ru in medium] [find Ru in cell Iysate]

X volume of medium X volume of cell lysate
The same evaluations were done for 2, 3, and CORM-3.

Evaluation of Intracellular Stability of Fr Cage. HEK293/xB-
Fluc cells were seeded into six-well plate (1 X 10° cells/well) with 1
mL of culture medium and incubated for 12 h at 37 °C under 5% CO,.
ATTO-1 (3 uM, 100 yL in 0.1 M sodium phosphate (pH 7.0)) was
added to the culture medium. After the incubation for 12 h, the cells
were collected as pellet by trypsinization and centrifugation. The pellet
cells were washed with sterilized 10 mM PBS (pH 7.4) twice and lysed
by 10% Tween 20 (S0 uL). The lysate was centrifuged to obtain a
supernatant solution. The solution was used for GPC analysis (Figure
SS).

Intracellular CO Imaging. HEK293/kB-Fluc cells were seeded
into single-well glass-bottom dishes (3 X 10* cells/well) with 100 uL
of phenol red-free medium and incubated for 48 h at 37 °C under 5%
CO,. 2 (200 uM or 1 mM Ry, 10 yL in 0.1 M sodium phosphate (pH
7.0)) was added to the culture medium and incubated for 60 min at 37
°C under 5% CO,. After the removal of the medium, 1 uM COP-1
was added to the plate. The cells were incubated for 30 min at 37 °C
under 5% CO, before imaging (excitation, 488 nm) (Figure S6).

Luciferase Assay. HEK293/kB- Fluc cells, which were applied in a
luciferase reporter assay system, were cultured in 96-well plate (1 X
10* cells/well) with 100 L of culture medium and incubated for 12 h
at 37 °C under 5% CO,. A solution of 1 (120 M [Ru], 10 yL in 0.1
M sodium phosphate pH 7.0) was added to the cultured cells, and
then the cells were incubated for 1 h. After the incubation, TNF-a (12
ng/mL, 10 L in 0.1 M sodium phosphate, pH 7.0) was added to
cultured cell and incubated for 12 h. Then the cells were treated with
reagents (Promega, ONE-Glo luciferase assay system) to measure the
luminescence corresponding to activity of NF-xB. The luminescence
from the cells were measured with a 96-well plate reader. Same assays
were performed for 2, 3 (120 gM [Ru], 10 yL in 0.1 M sodium
phosphate, pH 7.0), CORM-3 (120 uM [Ru], 10 uL in water), and
HEWL-CORM (120 uM [Ru], 10 yL in water) composites (Figure 5
and Figure S6).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bro-
mide (MTT) Assay. HEK293/kB-Fluc cells were seeded into 96-
well plate (1 X 10* cells/well) and incubated for 12 h at 37 °C under

5% CO,. A solution of 1 (120 uM Ru, 10 gL in 0.1 M sodium
phosphate (pH 7.0)) or CORM-3 (120 uM Ru, 10 L in sterilized
water) was added to the cultured cells. After incubation for 12 h, a
solution of MTT (Sigma, MS65S) (10 xL) was added to each well and
the cells were incubated for 4 h at 37 °C under 5% CO, to form
formazan crystal. The formazan crystals were dissolved with a solution
of DMSO (200 uL) after the removal of medium and washed with
sterilized PBS (pH 7.4). A peak absorbance at 570 nm of formazan
solution was measured using a 96-well plate reader (BIO-RAD, model
680 microplate reader). The same assay was performed for CORM-3
(Figure S7).

Statistical Analysis. Statistical analyses were carried out with a
Student’s t test. Values of P < 0.05 were considered statistically
significant.

Physical Measurements. Absorption spectra were recorded on a
UV-2400PC UV—vis spectrometer (Shimazu). ATR-IR measurements
were conducted using a FT-IR4200 instrument (JASCO). Ru
concentrations of Fr-CORM composites were determined by using
an ICP-MS (PerkinElmer, Elan DRC-e instrument). A standard curve
for Ru atom was obtained by using Ru standard solution (1 mg/mL
Ru in 5% HCI) (Acros Organics, 196251000). Gel permeation
chromatography (GPC) was carried out with a HPLC system and
columns (Asahipack GF-S1I0HQ, Shodex, Tokyo, Japan). Confocal
imaging was conducted using a AIR confocal laser scanning
microscope (Nikon). Luminescence measurements for luciferase
assay were conducted using a GloMax-Multi plate reader (Promega).
"H NMR (400 MHz) spectra were recorded with a Avance III (Bruker
Biospin). *C NMR (500 MHz) spectra were recorded with a Avance
III HD (Bruker Biospin). Fluorescence spectra were measured by
using a F-7000 (Hitachi).
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