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A metal carbonyl-protein needle composite designed for
intracellular CO delivery to modulate NF-k B activityt

Hiroshi Inaba,® Nusrat J. M. Sanghamitra,” Kenta Fujita,® Takeya Sho,® Takahiro Kuchimaru,®
Susumu Kitagawa,**° Shinae Kizaka-Kondoh® and Takafumi Ueno*™°

Carbon monoxide (CO) has been recognized as a messenger for signal transduction in living cells and tissues. For
intracellular CO delivery, several metal carbonyl complexes have been used as CO-releasing molecules (CO-RMs). To
improve the properties of CO-RMs, such as the stability and the CO release rate, ligands and carriers of the metal
complexes have been exploited. Here we report the development of an efficient intracellular CO delivery system using a
protein scaffold. We used a protein needle reconstructed from gene product 5 of bacteriophage T4, which has high cellular
permeability and stability. When ruthenium carbonyl complexes are conjugated to the needle using a His-tag triad at the
C-terminus, the resulting composite has a signicantly higher cellular uptake efficiency of Ru carbonyl and a 12-fold
prolonged CO release rate relative to Ru(CO);Cl(glycinate), a widely used CO-RM. We demonstrate that CO delivered by
the composite activates the transcriptional factor nuclear factor-kappaB (NF-kB), which in turn, leads to significant
induction of expression of its target genes, HO1, NQO1, and /L6 through generation of reactive oxygen species (ROS). The
signaling pathway is distinct from that of tumor necrosis factor (TNF)-a-induced activation of NF-kB. The protein needle-
based CO-RM can be exploited to elucidate biological functions of CO and used in the development of protein-based

organometallic tools for modulation of cellular signaling.

Introduction

Carbon monoxide (CO) serves as a versatile signaling molecule
in anti-inflammatory, anti-proliferative, and anti-apoptotic
cellular processes.'™ Since the localization and levels of CO are
critical in these signaling processes, metal carbonyl complexes
known as CO-releasing molecules (CO-RMs) have been
developed to deliver CO into living cells in a safe fashion.'*>*®
Examples of such CO-RMs include [Ru(CO);Cl,], (CORM-2)
and Ru(CO);Cl(glycinate) (CORM-3). CO-RMs with various
ligands have been synthesized to modulate their CO-releasing
properties.! To improve the stability and pharmacokinetic
properties of CO-RMs, incorporation of CO-RMs into
carriers such as micelles,

macromolecular proteins,

nanoparticles, and dendrimers has been exploited.>'"’

However, the low cellular permeability and low stability of the
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carrier molecules remain problematic. A carrier that can
stabilize CO-RMs and improve their cellular uptake is required
to advance our understanding of intracellular CO signaling
mechanisms.

Proteins are promising CO-RM carriers because they can
stabilize the of organometallic

compounds in a cellular environment.’> Although protein-
4,012

coordination  structures

Ru(CO), composites have been reporte these composites
have poor cellular uptake efficiency. Proteins with high cell
permeability will be useful for more efficient CO delivery.
Thus, we used a -helical protein needle (3-PN) to address this
requirement.'® B-PN is a robust molecular needle reconstructed
from the triple-stranded (-helix motif of gene product 5, a cell
membrane-puncturing protein 5 of bacteriophage T4 (Fig. 1a).'®
We have reported that 3-PN efficiently penetrates living cells
via an endocytosis-independent pathway.'® During the uptake
process, the needle
decomposition or aggregation. The B-PN’s cell-penetrating

structure is maintained without
activity has been utilized for intracellular delivery of the
exogenous proteins.’’ The results prompted us to investigate
this robust cell-penetrating protein needle as a carrier for CO-
RMs.

Here we report the development of an efficient CO delivery
system using (-PN to elucidate signaling of intracellular CO
which is involved in activation of nuclear factor-kappaB (NF-
kB), a transcriptional factor (Fig. 1b). NF-xB, which is a key
transcriptional regulator of a variety of genes including pro-
inflammatory and antiapoptoticgenes, is considered one of the
therapeutic targets of co* co gas, CORM-2 and CORM-3
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show the cytoprotective effects by modulating NF-kB activity
and subsequent gene expression.”?>' Although activation of
NF-kB under normal physiological conditions is also important

signaling pathways involving CO, as

2223

indicated by
investigations using CO gas, the effect of intracellularly-
delivered CO has not been elucidated using the previously
employed CO-RMs. We constructed a CO-releasing protein
needle with the aim of evaluating intracellular signaling of CO
involving activation of NF-kB. The CO-releasing protein
needle was constructed by conjugation of Ru(CO), fragments to
a hexahistidine fragment (His-tag) at the C-terminus (B-
PN_Ru). B-PN_Ru has a significantly higher cellular uptake
efficiency of Ru carbonyl and a 12-fold prolonged CO release
rate compared to CORM-3. The intracellular CO delivered by
B-PN_Ru activates NF-kB by generation of reactive oxygen
species (ROS) under conditions where CORM-3 has no effect.
The activation of NF-kB significantly leads to expression of its
target genes HOI, NQOI and IL6. The gene expression is not
induced by tumor necrosis factor (TNF)-a which activates NF-
kB by a ROS-independent pathway. Thus, we demonstrate that
intracellular CO is responsible for the efficient therapeutic
response through modulation of the ROS-mediated NF-«xB
activation. The Ru carbonyl-protein needle composite can serve
as an efficient and convenient CO delivery system for
elucidation of CO functions and it is expected to also be useful
for therapeutic applications.
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Fig. 1 A Ru carbonyl-protein needle composite for modulation of
activation of nuclear factor-kappaB (NF-kB). (a) Structure of the f3-
helical protein needle (B-PN) derived from X-ray crystallography.18
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The B-helical domain and the triads of His-tags at the C-termini are
shown in green and red, respectively. (b) Schematic drawing of
penetration of the Ru carbonyl protein needle (3-PN_Ru) into the
cell and activation of NF-kB. B-PN_Ru is internalized into cells with
a significantly higher efficiency than CORM-3 and releases CO to
activate NF-kB, resulting in the expression of the target mRNAs.

Results and discussion

Design and synthesis of the Ru carbonyl-protein needle
composite

To incorporate Ru(CO), moieties into B-PN, triads of His-tags,
each including six histidines at the both end of 3-PN were used
(Fig. 1a). It has been reported that a reaction between a His
residue of lysozyme and CORM-3 results in introduction of a
Ru(CO), moiety into lysozyme.'"' The presently designed
system has a triad of His-tags in order to obtain even more
stable ligation to Ru carbonyls in order to retain Ru
coordination on B-PN after release of CO.* The B-PN with
Ru(CO), (B-PN_Ru) was prepared by reaction of the His-tags
of B-PN with CORM-2 (Fig. 2a). Ru carbonyls are expected to
coordinate the His-tag of P-PN selectively because B-PN is
histidine-free except for the His-tag (see experimental section).
A methanol solution of CORM-2 (6 equivalents) was added to
B-PN (5.0 uM) in 20 mM Tris/HCI pH 8.0. After stirring for 3 h
at 25°C, the mixture was purified with Sephadex G-25
equilibrated with 0.1 M sodium phosphate pH 7.0. As a
negative control, an “inactivated,” carbonyl-free (-PN Ru
composite (B-PN_iRu) was synthesized by the same procedure
as for B-PN_Ru except that Ru(DMSO),Cl, was used instead
of CORM-2. The numbers of Ru atoms of B-PN_Ru and -
PN_iRu, determined by inductively coupled plasma mass
spectroscopy (ICP-MS) and the bicinchoninic acid (BCA)
protein assay, were found to be 6.4 and 6.0, respectively. The
sizes of B-PN_Ru and B-PN_iRu determined by dynamic light
scattering are 10.7 + 1.9 and 9.1 £ 1.7 nm, respectively (Fig.
S1). The values are similar to that of f-PN (10 nm),"
that the
modifications.

showing
needle structures were maintained after the
The attenuated total reflectance (ATR)-IR
spectrum of B-PN_Ru has two characteristic bands in the
carbonyl vibration region at 2031 cm™ and 1955 cm™, which
originate from the previously reported cis-Ru(CO), fragment
(Fig. 2b, solid line).“’33 B-PN_iRu has no specific peaks in this
region (Fig. 2b, dashed line). The MALDI-TOF mass spectrum
of the monomer of B-PN_Ru (14966 Da) indicates a mass
increment of 164 Da compared to the monomer of 3-PN (14802
Da), which is assigned to Ru(CO), (caled. 157 Da) (Fig. 2c).
Since B-PN is formed by head-to-head dimerization of the
the result indicates that three Ru(CO),
fragments are linked to the His-tags of the C-termini of 3-PN.

trimer structures,

The mass increment was not observed after the reaction
between B-PN with no His-tag [B-PN(AHis-tag)] and CORM-2
(Fig. S2). Thus, the cis-Ru(CO), fragments were successfully
introduced at both of the C-termini of 3-PN with ligation to the
triad of His-tags.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2  Construction and characterization of B-PN_Ru. (a)

Conjugation of the Ru(CO), fragments to 3-PN in a reaction of a His-
tag and CORM-2 (construction of B-PN_Ru). (b) ATR-IR spectra of -
PN_Ru (solid line) and B-PN_iRu (dashed line) in 0.1 M sodium
phosphate pH 7.0. The pair of CO stretching vibrations of B-PN_Ru
is assigned to the cis-Ru(CO), fragment (L = ligand). (c) MALDI-TOF
mass spectra of the monomers of -PN (black), B-PN_Ru (red), and
B-PN_Ru after reaction with Na,S,0,4 (blue). In the reaction, B-
PN_Ru (4.0 uM) was added to Na,S,04 (20 mM) in 0.1 M sodium
phosphate pH 7.0 and the mixture was stirred at 25°C for 2 h.

CO release properties

The release of CO from B-PN_Ru was assessed by measuring
the conversion of deoxymyoglobin (deoxy-Mb) to
carbonmonoxy-myoglobin (MbCO) in 10 mM PBS in the
presence of 6.9 mM Na,S,0,4 under an Ar atmosphere.8 The
amount of released CO per Ru carbonyl equivalent was plotted
over time and was found to follow pseudo first order kinetics
(Fig. S3a and S3b).>* The total amount of released CO per Ru
carbonyl (equivalent of CO) and half-life time (¢#,,) of release

This journal is © The Royal Society of Chemistry 20xx
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of CO from Ru carbonyl were calculated from the fitted curves.
The total amount of released CO from B-PN_Ru is 0.16 + 0.01
equiv per Ru carbonyl. The ¢, of CO release of f-PN_Ru is
26.2 + 0.15 min, which is 12-fold longer relative to that of
CORM-3 (2.2 min) evaluated under the similar conditions.'
The slow release of CO suggests that the triad of his-tags
provides stability to the cis-Ru(CO), structure at both ends of
B-PN_Ru. It has been indicated that Na,S,0,4, which is used in
the Mb assay, is implicated in triggering CO release from CO-
RMs. 3% To evaluate whether CO is released from the B-
PN_Ru by with Na,S,04, a MALDI-TOF
measurement was carried out after addition of Na,S,0,4 to B-

reaction

PN_Ru. A new peak was identified and assigned to the species
formed by addition of a Ru(S,0,) fragment to B-PN (Fig. 2c).
This indicates that CO is released from B-PN_Ru by the
reaction with Na,S,0,4 even in the absence of Mb. Endogenous
thiol compounds such as glutathione and cysteine, which are
abundant in cytoplasm at millimolar concentrations, are
expected to trigger the intracellular CO release from CO-
RMs.'** The Mb assay was carried out in the presence of 5
mM glutathione and 150 mM KCI to mimic the intracellular
environment (Table S1). The amount of released CO from -
PN_Ru and CORM-3 decreased under the condition. The result
corresponds to the previous study showing that glutathione
decreased the amount of released CO compared to Na,S,0,.
Oxy-hemoglobin (oxy-Hb) was used to assess CO release from
B-PN_Ru in the absence of Na,S,0,>° After incubation of
oxy-Hb with B-PN_Ru for 90 min, there was no significant
change in spectrum of oxy-Hb, indicating that CO is not
released from B-PN_Ru in the absence of Na,S,0, (Fig. S3c).
These results suggest that B-PN_Ru will release CO after
uptake into cells by reaction with endogenous glutathione and
cysteine.

Cellular uptake analysis

Cellular uptake of B-PN_Ru was confirmed by confocal
microscopy for f-PN_Ru modified with the green fluorescence
dye ATTOS520 (see supporting
fluorescence was observed in HEK293 cells after incubation

information).  Green
with the needle for 12 h, indicating that internalization of -
PN_Ru occurs even after modification of the Ru(CO), moiety
(Fig. S4). Intracellular CO release from B-PN_Ru was
confirmed by using CO Probe 1 (COP-1), which selectively
reacts with CO to produce a fluorescent product.’’
HEK?293/xB-Fluc cells, which were established to monitor NF-
kB activity by a luciferase reporter assay according to
previously reported method,”® were incubated with B-PN_Ru
for 60 min. These cells were then treated with COP-1 for 30
min. As shown in Fig. 3a and 3b and quantified in Fig. 3c, an
obvious increase in intracellular green fluorescence was
observed in the B-PN_Ru treated cells. The results show that
B-PN_Ru can release CO in the cells within 60 min. The
cellular uptake efficiency of B-PN_Ru into HEK293/xB-Fluc
cells was determined according to the previously reported
method.'®!* After incubation of the cells with B-PN_Ru for 24
h, the cells were collected and lysed. The concentration of Ru

J. Name., 2013, 00, 1-3 | 3



Malecular BioSystems

atoms in the cell lysate was determined using ICP-MS. The
uptake efficiency was calculated by comparing the amount of
Ru atoms used in the assay and the amount of Ru atoms in the
cell lysate (see Methods). The uptake efficiency value of Ru
atoms of f-PN_Ru measured after 24 h was found to be 1.4%.
In contrast, uptake of CORM-3 at the same Ru concentration
for B-PN_Ru (10 uM) was not detected by ICP-MS. This
suggests that B-PN_Ru delivers Ru carbonyl with significantly
higher uptake efficiency than CORM-3. The uptake efficiency
of B-PN_Ru is about 20-fold higher than that of the protein
cage of ferritin (Fr) and Ru(CO), composites (Fr-CO-RM
composites).'” The MTT assay was performed to assess cell
viability after a 25 h period of incubation with §-PN_Ru (Fig.
S5). The cell viability of HEK293/kxB-Fluc cells in the presence
of 10 and 20 uM Ru carbonyl of B-PN_Ru is not altered
relative to that of untreated cells. These results indicate that 3-
PN_Ru and its byproduct after CO liberation are non-toxic to
the cells. Thus, B-PN_Ru can conveniently deliver CO into
living cells without cytotoxicity.

NF-B activity

The effect of B-PN_Ru on NF-«kB activity was assessed using
HEK293/xB-Fluc cells, which express firefly luciferase in
response to NF-kB activation.'”*® We observed activation of
NF-kB in HEK293/kB-Fluc cells upon addition of tumor
necrosis factor (TNF-a) in a concentration- and time-dependent
manner (Fig. S6). After pre-incubation of HEK293/kB-Fluc
cells with -PN_Ru, f-PN_iRu or CORM-3 for 1 h, the cells
were additionally incubated for 24 h. The significant increase in
bioluminescence intensity induced by f-PN_Ru indicates that
CO released from PB-PN_Ru activates NF-kB because
carbonyl-free B-PN_iRu has no effect on NF-kB activity (Fig.
4a). It was found that CORM-3 and one of the Fr-CO-RM
(RuCOreapo-E45C/C48A-rHLFr)

composites have no

significant effect on the NF-kB activation (Fig. 4a and S7).10

a b

o

3.0

251 [

2.0

Fluorescence intensity (fold)
(6]

0 T
B-PN_Ru

Control

Fig. 3 Detection of intracellular CO using CO Probe 1 (COP-1).
Confocal fluorescence (top) and bright field (bottom) images of
HEK293/xB-Fluc cells incubated with (a) B-PN_Ru (40 uM Ru
carbonyl) for 60 min, and then 1 uM COP-1 for 30 min, (b) 1 uM
COP-1 for 30 min, at 37°C under 5% CO, (Control) (scale bars, 20
um). (c) Quantification of fluorescence intensity per cell area.
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Thus, B-PN_Ru can activate NF-xB as a result of the
cooperative effects provided by high cell permeability and
sustained CO release. Fig. 4b shows the bioluminescence
intensities measured after 12- and 24-h incubation periods upon
addition of B-PN_Ru (1, 10, and 20 uM). B-PN_Ru activates
NF-xB
incubation periods, showing that a specific level of intracellular

in a concentration-dependent manner during the

CO is critical to initiate activation of NF-kB.
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Fig. 4 Effect of CO release of B-PN_Ru on NF-kB activity. (a) Effect
of B-PN_Ru, B-PN_iRu, and CORM-3 (10 uM Ru ions) on NF-kB
activity after a 24 h incubation period. (b) Concentration
dependence of B-PN_Ru (1, 10, and 20 uM Ru carbonyl) on NF-kB
activity. TNF-a (0.3 ng/mL) was used as a positive control. In each
experiment, HEK293/kB-Fluc cells were pre-incubated with (-
PN_Ru, B-PN_iRu, or CORM-3 for 1 h. Subsequently, the cells were
cultured for 12 and 24 h. The NF-kB activity was assessed by
monitoring changes in the bioluminescence intensity as a result of
luciferase activity. The data show the subtracted bioluminescence
intensity of the cells that were treated with each sample from that
of the negative control cells treated with buffer (0.1 M sodium
phosphate pH 7.0). *P < 0.05 compared to the negative control cells

This journal is © The Royal Society of Chemistry 20xx
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at each incubation time point. Each experiment was performed
three times and the data represent mean + SEM.

Signaling pathways

A high affinity of CO for different cellular heme proteins
results in up-regulation or down-regulation of levels of ROS.*¥
The generation of low-levels of ROS by CO is important and
tightly regulated to trigger adaptive responses and cell survival
by activation of transcriptional factors and protein kinases.*
Accordingly, the effect of B-PN_Ru on generation of ROS in
HEK?293/xB-Fluc cells was evaluated using the luminescence-
based ROS-detecting assay kit. B-PN_Ru induces generation of
ROS after 6-h to 12-h incubation periods while CORM-3 has
no effect (Fig. 5a). This indicates that intracellular CO
delivered by B-PN_Ru increases the level of ROS to activate
NF-kB. TNF-a was found to have less of an effect on
generation of ROS (Fig. 5a) although it can activate NF-xB
(Fig. S6). Thus, TNF-a induces a different signaling pathway
than B-PN_Ru in the activation of NF-kB. The generation of
ROS was found to be inhibited by B-PN_Ru after a 24-h
incubation period (Fig. 5a), indicating that a feedback pathway
is involved in regulating the amount of ROS. Quantitative
reverse transcription PCR (qRT)-PCR was performed to
examine whether B-PN_Ru influences mRNA expression of a
NF-kB target gene. HO-1 is expressed by stimuli including
oxidative stress and provides anti-oxidant and anti-
inflammatory effects via inhibition of NF-kB activation by
decreasing the amount of ROS.**’ NAD(P)H:quinone
oxidoreductase 1 (NQO1), which can be induced by CO and
oxidative stress,*' is implicated in detoxification of ROS
involved in the NF-kB activation pathway.*** Interleukin-6
(IL-6) is a typical inflammatory cytokine that is regulated via
the action of NF-kB.** The expression level of the mRNA was
found to be significantly increased by B-PN_Ru at 12 h
whereas B-PN_iRu, CORM-3 and TNF-a show less of an
effect (Fig. 5b). The activation of these genes by -PN_Ru was
not observed at 24 h (Fig. 5b). The result is consistent with the
decreased amount of ROS by B-PN_Ru at 24 h (Fig. 5a). Thus,
the ROS-mediated activation of NF-kB by B-PN_Ru can
efficiently induce gene expression in a manner distinct from
that of TNF-a in activation of NF-kB. The pathway of TNF-o.-
induced NF-kB activation shows less of an effect on generation

of ROS and gene expression (Fig. 5).

Discussion

Efficient CO delivery can be accomplished by coordination of
Ru(CO), to B-PN. B-PN retains the Ru(CO), moiety by
selectively binding to His-tag triads at the C-termini (Fig. la
and 2a). The coordination of the His-tag to the Ru carbonyls
can be accomplished while maintaining the cis-Ru(CO),
structure which provides sustained CO release as shown
previously.'® The longer #,,, value (26.2 min) of B-PN_Ru
relative to that of CORM-3 (2.2 min) is advantageous for CO
delivery to the intracellular targets. The chelation of the
Ru(CO), moiety by the His-tag triads effectively holds CO in
place and prevents ligand exchange with glutathione or

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Effect of B-PN_Ru and CORM-3 on signaling related to NF-kB
activation. (a) Generation of ROS. (b) Expression of mRNA. In each
experiment, HEK293/kB-Fluc cells were pre-incubated with (-
PN_Ru or CORM-3 (10 uM Ru carbonyl) for 1 h. TNF-a. (1.0 ng/mL)
was used for comparison. Subsequently the cells were cultured for
6, 12, and 24 h. The amount of ROS was determined by ROS-Glo
assay (Promega). Expressions levels of HO1, NQO1, and IL6 were
determined by QgRT-PCR. The expression of each gene was
the mRNA. The
bioluminescence intensity in ROS-Glo assay and the relative mRNA

normalized to level of p-actin relative
expression level of each gene were normalized at each time period
by using the negative control cells which were treated with buffer
(0.1 M sodium phosphate pH 7.0, normalized to 1.0). *P < 0.05
compared to the negative control cells. Each experiment was

performed three times and the data represent mean + SEM.

s 3236
cysteme.”™

B-PN_Ru has a higher uptake efficiency of Ru
carbonyl compared to CORM-3. The uptake efficiency of Ru
carbonyl of B-PN_Ru is expected to be significantly higher
than that of a CO-releasing micelle (similar as CORM-3)" and
RuCOeapo-E45C/C48 A-rHLFr (3-fold higher than CORM-3)."
The non-endocytic uptake of 3-PN is beneficial for intracellular
delivery with high efficiency compared to specific receptor-
mediated endocytosis of RuCOeapo-E45C/C48A-rHLFr.'""
Thus, B-PN_Ru is an efficient system for delivering high local
doses of CO into the intracellular environment because of the
high cell-permeability and sustained CO release provided by
retention of the Ru(CO), moiety on 3-PN.

The intracellular CO delivered by B-PN_Ru efficiently
induces expression of NF-kB target genes by ROS-mediated
activation of NF-xB. B-PN_Ru induces ROS production within

J. Name., 2013, 00, 1-3 | 5
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12 h (Fig. 5a), presumably by binding of the released CO to
intracellular heme proteins.***> The ROS-mediated activation
of NF-kB results in the expression of the target genes at 12 h
(Fig. 4b and 5b). Since continuous activation of NF-kB by
excess amounts of ROS causes cell damage,** it is expected
that production of ROS is attenuated at the 24 h time point by
the expressed NF-xB target genes such as HOI and NQO! (Fig.
5a).2%47 The attenuation of ROS production at 24 h inhibited
further activation of the target genes (Fig. 5a and 5b). CORM-3
induced NQO! expression only at 24 h (Fig. 5b). The effect
does not seem to be involved in ROS- and NF-kB-dependent
pathway (Fig. 4a and 5a). The opposite trend of 8-PN_Ru and
CORM-3 on NQOI expression implies that properties of CO-
RMs, such as CO release rate and amount of CO, affect
signaling pathways for induction of gene expression. In
comparison, TNF-a shows ROS-independent activation of NF-
KB, resulting in less of an effect on the expression of the target
genes (Fig. 4b and 5). Thus, modulation of amount of ROS by
intracellular CO can induce rapid and efficient expression of
the NF-xB target genes. It has been reported that CO gas
activates NF-kB by generation of ROS, resulting in the
the genes under normal
physiological conditions. However, RuCOr-apo-
E45C/C48A-rHLFT has no statistically significant effect on NF-
KB activity in the absence of TNF-a (Fig. S7), though
RuCOeapo-E45C/C48 A-rHLFr shows almost comparable ),
value of CO-release (35.5 min) to B-PN_Ru (26.2 min).'® The
comparison suggests that the cellular uptake property of CO-

expression of cytoprotective

2223

RMs such as uptake mechanism and efficiency is one of the
important factors to initiate the signaling pathway involving
activation of NF-kB.

Conclusions

In conclusion, the Ru carbonyl-protein needle composite
provides efficient intracellular delivery of CO to induce the NF-
kB signaling pathway. The protein needle conjugated to
Ru(CO), moieties retains high cellular permeability and
achieves sustained CO release. We demonstrated that CO
delivered by B-PN_Ru effectively modulates ROS-mediated
activation of NF-kB to induce expression of the target genes. It
is important to evaluate the intracellular binding sites of CO
released from B-PN_Ru for further design of CO-releasing
protein needles. Development of protein needle-based CO-RMs
will provide useful protein-based organometallic tools which
will lead to significant advances in elucidation of a number of
signaling pathways as well as significant advances in medical
applications.

Methods
Construction of protein needle-Ru composites

B-PN_Ru; A methanol solution of CORM-2 (30 uM) was
slowly added to an aqueous solution of B-PN (5.0 uM in 20
mM Tris/HCI pH 8.0) and the mixture (final concentration of
20% methanol) was gently stirred at 25°C for 3 h in the dark.
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B-PN_Ru was purified using Sephadex G-25 that was
equilibrated with 0.1 M sodium phosphate pH 7.0. The protein
recovery after the modification was 26%. UV/Vis: Ayax 280 nm
(e (uM-ecm™) = 171300). B-PN_iRu; A methanol solution of
Ru(DMSO),Cl, (60 uM) was slowly added to an aqueous
solution of B-PN (5.0 uM in 20 mM Tris/HCI pH 8.0) and the
mixture (final concentration of 20% methanol) was gently
stirred at 25°C for 3 h in the dark. B-PN_iRu was purified
using Sephadex G-25 that was equilibrated with 0.1 M sodium
phosphate pH 7.0. The protein recovery after the modification
was 25%. UV/Vis: Apnax 280 nm (e (uM™-cm™) = 170200).

Myoglobin (Mb) assay

The assay was carried out according to reported procedure.®'
All solutions were degassed by Ar bubbling for 30 min. -
PN_Ru (18 uM Ru carbonyl) was added to Mb (6.9 uM) in 10
mM PBS containing 6.9 mM Na,S,04. Absorbance of 250-700
nm was recorded every 1 min for a total of 100 min after the
addition of B-PN_Ru. Conversion of deoxy-Mb to MbCO was
calculated according to the reported procedure.'® The isosbestic
point at 552 nm was adjusted as an internal reference in all
spectra. Equivalent of CO per Ru carbonyl and half-life time
(t12) were determined by fitting to pseudo first order kinetics
using Excel and Solver (Fig. S3a and S3b).*

Oxy-hemoglobin (Oxy-Hb) assay

Bovine blood Hb (Sigma) (20 uM in 10 mM PBS) was reduced
with 17.3 mM Na,S,04. The mixture was purified by a
desalting column (HiTrap Desalting, GE Healthcare) to obtain
oxy-Hb with no residual Na,S,04. B-PN_Ru (12 uM Ru
carbonyl) was added to the oxy-Hb (5.0 uM). After 90 min
incubation, absorbance of 400-700 nm was recorded.

Cellular uptake analysis

The uptake analysis was carried out according to the reported
procedure.”> HEK293/kB-Fluc cells were seeded in a 6-well
plate (2.0 x 10° cells/well) and incubated in the presence of -
PN_Ru (10 uM Ru carbonyl) or CORM-3 (200 uM Ru
carbonyl) in 1 mL medium for 6, 12, or 24 h at 37°C under 5%
CO,. Thereafter the cells were collected by trypsinization and
centrifugation. The cells were washed with 1 x PBS and
centrifuged again to obtain cell pellets. The pellets were lysed
with 50 uL of 10% Tween 20 followed by centrifugation. The
concentration of Ru atoms of the cell lysate was determined by
ICP-MS. The percentage uptake was calculated from amount of
Ru atoms used in the assay and in the cell lysates using a
following equation.

[Ru in cell lysate] x Volume of cell lysate

Uptake (%) = x 100

[Ru used] x Volume of medium
where [Ru used] and [Ru in cell lysate] are the concentration of
Ru carbonyl used in the assay and Ru atoms in cell lysate,

respectively.

Construction of protein needle-ATTOS520 composites

This journal is © The Royal Society of Chemistry 20xx
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ATTO520-modified B-PN: A DMSO solution of ATTO520-
maleimide (ATTO-TEC, 90 uM) was added to an aqueous
solution of B-PN_GI8C (5.0 uM in 20 mM potassium
phosphate pH 7.0), and the mixture (final concentration of 5%
DMSO) was stirred at 25°C for 15 h in the dark. ATTO520-
modified B-PN was purified using Sephadex G-25 that was
equilibrated with 0.1 M sodium phosphate pH 7.0. MS
(MALDI-TOF): [B-PN_G18C monomer + ATTOS520-
maleimide]”, caled.: 15335; found: 15331. ATTO520-modified
B-PN_Ru: A methanol solution of CORM-2 (30 uM) was
slowly added to an aqueous solution of ATTO520-modified B-
PN (5.0 uM in 20 mM Tris/HCI, pH 8.0) and the mixture (final
concentration of 20% methanol) was gently stirred at 25°C for
3 h in the dark. ATTOS520-modified B-PN_Ru was purified
using Sephadex G-25 that was equilibrated with 0.1 M sodium
phosphate, pH 7.0.

Cellular uptake of protein needle-ATTO520 composites

HEK293 cells (2.0 x 10* cells) were plated onto single-well
glass-bottom dishes and cultured in medium at 37°C under 5%
CO, for 12 h. ATTO520-modified B-PN or ATTO520-modified
B-PN_Ru (0.83 uM) was added and incubated for 12 h.
medium was removed, and the cells were washed with 1 x PBS.
The nuclei were labeled with Hoechst 33342 (5 ug/mL)
(Invitrogen) by incubating the cells with the dye solution in
PBS for 15 min at 37°C under 5% CO,. The dye solution was
removed, and the cells were washed with 1 x PBS. Imaging
was performed in fresh cell culture medium. ATTOS520-
modified samples and Hoechst 33342 were excited with 488
nm and 405 nm and were observed through 525/50 and 450/50
emission filters, respectively.

Intracellular CO Imaging

HEK293/kB-Fluc cells (3.0 x 10* cells) were plated onto
single-well glass-bottom dishes and cultured in medium at 37°C
under 5% CO, for 72 h. After removal of the medium, -
PN_Ru or CORM-3 (40 uM Ru carbonyl) in fresh medium was
added and incubated for 60 min. The medium was removed,
and 1 uM COP-1 in phenol red-free medium (Sigma, D5921)
was added. The cells were incubated for 30 min at 37°C under
5% CO,. The cells were excited with 488 nm and observed
through 525/50 emission filter. Fluorescence intensity per cell
area was measured by ImageJ software from the fluorescence
images.48

MTT assay

HEK?293/kB-Fluc cells (1.0 x 10* cells) were seeded in a 96-
well plate and incubated with B-PN_Ru or CORM-3 in
medium for 25 h in at 37°C under 5% CO,. Thereafter, 10 uL
of MTT solution (Sigma, M5655) was added to each well and
incubated for 4 h at 37°C under 5% CO,. After removal of the
solution and washing with PBS, 200 uL of DMSO was added.
The cells were lysed, and formazan crystals were solubilized by
pipetting. Then, the OD at 570 nm was measured using 96-well
microplate reader.

This journal is © The Royal Society of Chemistry 20xx
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NF-xB reporter assay

HEK?293/kB-Fluc cells (1.0 x 10* cells) were seeded in a 96-
well plate. -PN_Ru, B-PN_iRu, or CORM-3 (1, 10, or 20 uM
Ru) were added to the wells and the cells were cultured for 1 h.
TNF-a (0.3 ng/mL) was added to the cells that were pretreated
with the buffer (0.1 M sodium phosphate pH 7.0) for 1 h. Then
the plates were incubated for 12 or 24 h. At the end of the
culture periods, the cells were harvested and lysed with 50 uL
lysis buffer. Luciferase activity of cell lysates was measured
using the Luciferase Assay Kit (Promega) as described
previously.*®

ROS Measurement

HEK?293/kB-Fluc cells (1.0 x 10* cells) were cultured in a 96-
well plate with 100 uL of medium without phenol red (Sigma,
D5921) and incubated for 12 h at 37°C under 5% CO,. B-
PN_Ru or CORM-3 were added to each well at 10 uM Ru
carbonyl and the cells were cultured for 1 h. TNF-a (1.0
ng/mL) was added to the cells that were pretreated with the
buffer (0.1 M sodium phosphate pH 7.0) for 1 h. The cells were
incubated for further 6-24 h. Then, the cells were treated with
reagents (Promega G8820, ROS-Glo™ H,0, Assay) and
luminescence was measured.

Quantitative RT-PCR

HEK?293/kB-Fluc cells (2.0 x 10 cells) were seeded in 6-well
plates. -PN_Ru or CORM-3 were added to each well at 10
uM Ru carbonyl and the cells were cultured for 1 h. TNF-a
(1.0 ng/mL) was added to the cells that were pretreated with the
buffer (0.1 M sodium phosphate pH 7.0) for 1 h. Then the
plates were incubated for 12 or 24 h. Total RNA was extracted
from the cells with RNeasy Plus Mini (Qiagen, Valencia, CA,
USA) and reversely transcribed using ReverTra Ace-o-™ kit
(Toyobo, Tokyo, Japan). Quantitative RT-PCR was carried out
with SYBR Thunderbird (Toyobo) using following primers:
Actb forward 5’-ccaaccgcgagaagatga-3’, Actb reverse 5°-

ccagaggcgtacagggatag-3°, HOI forward 5’-
ggcagagggtgatagaagagg-3°, HOI reverse 5’-
agctcctgcaactcctcaaa-3’, NQOI1 forward 5’-
atgtatgacaaaggacccttce-3°, NQOI reverse 5’-
tccettgecagagagtacatgg-3°, L6 forward 5’-

caggagcccagctatgaact-3°, /L6 reverse 5’-gaaggcagcaggcaacac-
3.

Statistical analysis

Statistical analyses included the Student’s t test. Values of P <
0.05 were considered statistically significant.
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