J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Light-Activated Protein Inhibition through Photoinduced Electron
Transfer of a Ruthenium(ll)—Cobalt(lll) Bimetallic Complex

Robert J. Holbrook, "* David J. Weinberg,T Mark D. Peterson,” Emily A. Weiss,” and Thomas J. Meade* ™

TDepartment of Chemistry, Northwestern University, Evanston, Illinois 60208, United States

iDepartment of Molecular Biosciences, Neurobiology, and Radiology, Northwestern University, Evanston, Illinois 60208, United

States

© Supporting Information

ABSTRACT: We describe a mechanism of light activation
that initiates protein inhibitory action of a biologically inert
Co(IIT) Schiff base (Co(IIl)-sb) complex. Photoinduced
electron transfer (PET) occurs from a Ru(Il) bipyridal
complex to a covalently attached Co(IIl) complex and is
gated by conformational changes that occur in tens of
nanoseconds. Reduction of the Co(Ill)-sb by PET initiates
displacement of the inert axial imidazole ligands, promoting
coordination to active site histidines of a-thrombin. Upon
exposure to 455 nm light, the rate of ligand exchange with 4-
methylimidazole, a histidine mimic, increases by approximately
S-fold, as observed by NMR spectroscopy. Similarly, the rate of
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a-thrombin inhibition increases over 5-fold upon irradiation. These results convey a strategy for light activation of inorganic
therapeutic agents through PET utilizing redox-active metal centers.

B INTRODUCTION

The field of metals in medicine has cultivated the use of
coordination complexes in the clinic."* Since the development
of platinum antitumor agents, such as Cisplatin, research has
focused on utilizing metal—protein binding interactions to
manipulate biological processes and mitigate disease pro-
gression. Through exploitation of geometry, coordination
number, and redox state of transition metal complexes,
metal—protein interactions can be precisely tuned to bind
and disrupt the active site of target proteins.” In addition, the
unique properties of transition metal complexes can be used to
facilitate the activation of inert complexes in prodrug
strategies.“_6

A promising strategy for controlling the spatial and temporal
selectivity of a metal-based therapeutic is to activate the
prodrug with light.”® The excited state properties of transition
metal complexes allow the use of light as an external and
orthogonal stimulus to trigger prodrug activation. For example,
Turro et al. and Glazer et al. have developed ruthenium
photochemotherapeutic agents that undergo photoinduced
ligand dissociation to covalently bind DNA and/or release
organic chemotherapeutic drugs.”~'> The excited states of these
photochemotherapeutic agents are designed to undergo
thermal population from a *MLCT (metal-to-ligand charge
transfer) state to low-lying 6* ligand field states that promote
ligand dissociation." Upon the release of the ligand, the metal
center is available to coordinate to DNA. These studies have
shown that light can be utilized to exploit the coordination

-4 ACS Publications  © 2015 American Chemical Society

3379

dynamics through the excited state properties of metal-based
therapeutics for prodrug strategies.

Cobalt(III) Schiff base (Co(III)-sb) complexes of the
equatorial tetradentate ligand bis(acetylacetone)ethyl-
enediimine [acacen] have been extensively studied for their
potent protein inhibition activity.'* Co(III)-sb complexes have
been shown to covalently bind active site histidine residues of
zinc-dependent proteins through dissociative axial ligand
exchange and consequently disrupt protein structure and
function."® This robust mechanism has enabled inhibition of
a wide array of zinc-dependent proteins, including thermolysin,
a-thrombin, and matrix metalloproteinase—Z.16_18 Furthermore,
selective inhibition of zinc finger transcription factors SP1, Cij,
and snail has been achieved through incorporation of
biomolecular targeting moieties.'? >

The dependency of Co(III)-sb induced protein inhibition on
the axial ligands can be utilized for the development of prodrug
strategies.”> Since inhibition activity is dependent on axial
ligand exchange, the potency of a Co(III)-sb protein inhibitor
can be tuned by selection of the axial ligand.**** Selective
enzyme inhibition occurs when the axial coordination sites are
occupied by either labile amine or sterically hindered 2-
methylimidazole ligands. Conversely, Co(III)-sb complexes
with substitutionally inert axial ligands, such as N-heterocycles
[i.e., imidazole (Im) or 4-methylimidazole (4-MeIlm)], are poor
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Figure 1. From excitation of Ru(Il)-bpy at 455 nm light, the Ru(II)-bpy/Co(III)-sb bimetallic complex undergoes intramolecular PET from a
*Ru(II)-bpy *MLCT state to Co(IIT)-sb (1). PET forms the charge separated Ru(III)-bpy/Co(II)-sb species and promotes axial ligand dissociation
(1*). Oxidation back to Co(III) provides an active Co(III)-sb complex with open axial coordination sites to bind essential histidine residues of a-

thrombin (L = Im or His).

protein inhibitors. The axial ligand Im provides an inert protein
inhibitor that can be subsequently activated.

Previously, our research has focused on redox activation of
the inert Co(Ill)-sb complex, Co(acacen)(Im),, through
photoinduced electron transfer (PET) from PbS quantum
dots (QDs).*® By irradiation at the energy of the first exitonic
absorption of PbS QDs (900 nm), reduction of Co(III)-sb to
Co(II)-sb is achieved through PET. Upon reduction to Co(II),
axial ligand reactivity increases due to the electron’s occupying
the antibonding d,> orbital.*® Charge recombination back to
Co(III) provides the active complex for protein inhibition.
Although this mechanism was successful for increasing the axial
ligand reactivity of Co(Il)-sb with near-infrared light, our
particular nanoparticle system was not biocompatible due to
the lack of solubility in aqueous solution.

Here, we describe a molecular approach toward the
activation of Co(III)-sb protein inhibition using a covalently
attached Ru(II) bipyridyl (Ru(II)-bpy) complex to overcome
our previous limitations regarding water solubility and
biocompatibility (Figure 1). Following photoexcitation of
Ru(Il)-bpy at 455 nm, this Ru(Il)-bpy/Co(IIl)-sb bimetallic
complex undergoes intramolecular PET from the *Ru(II)-bpy
SMLCT state to Co(III)-sb (1). The PET process forms the
Ru(IIT)-bpy/Co(II)-sb species and promotes axial ligand
dissociation (1*). The subsequent charge recombination
oxidizes the Co(II) metal center back to Co(III) and provides
an active Co(III)-sb complex with open axial coordination sites

to bind essential histidine residues for protein inhibition
(Figure 1). The Ru(II)-bpy/Co(IlI)-sb system successfully
undergoes light-activated inhibition of a-thrombin, an enzyme
implicated in the coagulation cascade. Ultimately, this study
demonstrates the feasibility of this redox-activated prodrug
strategy.

B RESULTS AND DISCUSSION

The Ru(Il)-bpy/Co(Ill)-sb bimetallic complex (1) was
synthesized using an amine-functionalized 2,2'-bipyridine and
coordinated to the cis-bis(bpy)Ru(Il) dichloride complex to
form 1a, with a '"MLCT absorption band maximums at 455 nm
(see Supporting Information). The pendent bipyridine of
Ru(II)-bpy was subsequently peptide coupled to the carboxy-
functionalized Co(III)-sb derivative, Co(III)-sb acid, to form
complex 1 (Figure 2). Co(Ill)-sb acid was synthesized and
characterized according to literature procedures.”’ The tris-
(2,2-bipyridine)ruthenium(II) [Ru(bpy);] derivatives were
selected for their stability and well characterized oxidative
quenching behavior of the *"MLCT state.””*® The lowest energy
absorption band maximum of Co(III)-sb acid occurs at 410 nm,
and the MLCT absorption band structure of la centered
around 455 nm is unperturbed by conjugation to Co(III)-sb
acid (see the Supporting Information). We conclude that there
is only weak coupling of the two metal centers, and irradiation
at 455 nm leads to the selective excitation of the Ru(II)-bpy
moiety of 1.
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1a; RR =-H,-H 1, R,R =-H,-H
2a; R,R'=-Me,-H 2: R,R' =-Me,-H
3a; R,R’ = -Me,-Me 3; R,R' = -Me,-Me

Figure 2. Structure of Ru(II)-bpy/Co(III)-sb bimetallic complexes, 1,
2, and 3, and their respective Ru(Il)-bpy precursor, 1a, 2a, and 3a. The
pendent bipyridine of each Ru(II)-bpy derivative was subsequently
peptide coupled to the carboxy-functionalized Co(IIl)-sb derivative,
Co(1II)-sb acid, to form complex 1, 2, and 3.

Activation of the Co(IlI)-sb complex through reduction
requires intramolecular PET from the *MLCT state of the
Ru(1l)-bpy complex (populated by photoexcitation and
subsequent intersystem crossing) to the Co(IIl)-sb complex.
Subsequent back electron transfer (BET) returns the complex
to its ground state (Scheme 1). Based on previously reported
reduction potentials of similar Ru(bpy); and Co(III)-sb
complexes and the AEy, of the *MLCT state of la, we
estimate, using the Rehm—Weller approximation, that the
driving force for the PET reaction for 1 is ~90 meV.***” In the
case of la and 1, the quantum yield of phosphorescence from
the parent Ru(II)-bpy complex, 1a, is reduced by 30% upon
covalent conjugation to Co(III)-sb in 1 (from 0.031 to 0.022);
see the Supporting Information. These observations are
consistent with the presence of an additional decay pathway
of the Ru(II)-bpy *MLCT: namely, PET to Co(III)-sb, in 1.

In order to determine the time scale of electron transfer
between the Ru(Il)-bpy and Co(IIl)-sb moieties of 1, we
measured the transient absorption (TA) spectra of 1a and 1 in
degassed 100 mM phosphate buffer at pH 7.4 at 1.64 X 107* M.
Figure 3A shows the TA spectrum of 1a after photoexcitation at
460 nm. The bleach at 460 nm corresponds to depopulation of
the 1a ground state; it recovers via repopulation of the ground
state from the MLCT state through phosphorescence (process
k, in Scheme 1).>**' We found the time constant for decay of
the MLCT state of 1a (470 ns) by fitting the kinetic trace at
465 nm (black, Figure 3B) with eq 1:

AOD = IRF-Ae™"/™ (1)

where OD is the observed optical density at the wavelength of
the ground state bleach (“GSB,” 465 nm), IRF is the
instrument response function, and A, is the amplitude of the
relaxation pathway with time constant 7..

In the case of the covalently bound Ru—Co complex (1), the
GSB reflects not only recovery from the *MLCT state but also
the ground state recovery from a convolution of the charge
transfer and recombination processes (processes kg and kgpr
in Scheme 1).>**' The bleach recovery dynamics of 1 are fit by
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a sum of two simple exponential functions with time constants
of 470 ns (A; = 0.73) and 38 ns (A, = 0.27), convoluted with
the IRF, eq 2,

AOD = IRF-(A;e™/% + A,e™/®) )

when 7, is fixed to the time constant for the recovery of the
Ru(II)-bpy GSB (470 ns). In order to differentiate the
respective influences of the ET and BET processes on the
GSB recovery of 1, we performed time correlated single photon
counting (TCSPC) measurements on 1 and la. The Ru(II)-
bpy emission dynamics reflect the population of the’MLCT
state and, therefore, are not influenced by charge recombination
(kggr).>* The details of this experimental setup are found in the
Supporting Information. Figure 3C shows the TCSPC traces
recorded at the emission maximum (615 nm) of 1 and la
following photoexcitation at 445 nm. We find that the *MLCT
emission dynamics align closely with the dynamics of the GSB
acquired from the TA experiments. The TCSPC trace of 1a fits
to a single exponential decay of 490 ns, while the emission
dynamics of 1 fits to eq 2 with time constants of 490 ns (A, =
0.50) and S0 ns (4, = 0.50).

The agreement between measurements and the fact that only
one time constant is required to account for both ET and BET
processes, which both must occur in order to fully recover the
GSB as observed in Figure 3B, support the following two
conclusions: (i) There exists some process which only enables
some fraction of the photoexcited Co—Ru complexes in
solution to relax via the charge transfer pathway on the tens
of nanoseconds time scale, while the remaining fraction decays
via phosphorescence. (ii) The 40—50 ns time constant does not
correspond to an intrinsic lifetime for ET or BET, but rather for
a conformational motion that brings the bimetallic complex
into a conformation in which these two processes can occur.
We therefore hypothesize that the char§e transfer dynamics are
the result of conformational gating.>>?

In order to verify the role of conformational gating on the
observed charge transfer dynamics of 1, we added two and four
methyl groups to the bipyridines of the Ru(II) complex to form
Ru(1I)-dmb (2a) and Ru(II)-tmb (3a) (Figure 2). The methyl-
functionalized Ru(II) complexes 2a and 3a were conjugated to
Co(III)-sb acid to form 2 and 3, which increased the driving
force of the PET reaction from ~90 meV to ~240 and ~310
mV, respectively. Based on previous reports of reorganization
energies in Ru—Co bimetallic complexes capable of undergoing
PET, we estimate that, if the rate constant for GSB recovery
corresponds to the rate constant for the elementary PET
reaction, this substitution should increase this rate constant by
factors of 15 and 50 for 2 and 3, respectively, relative to that
measured for 1.°**” Fits to the dynamics of the GSB to eq 2 for
these compounds yield time constants of 300 and 33 ns for 2
and 256 and 28 ns for 3 (Table S1), where, in both fits, the
slower time constant is fixed to the phosphorescence decay
time constant of the corresponding unattached Ru(II)-bpy (i.e.,
that of 2a or 3a). The small changes in the fast component of
the GSB dynamics from that of 1 suggest that the rate of the
PET reaction is not dictated by the thermodynamic driving
force and therefore is not the rate of the elementary PET
reaction.

These findings support our hypothesis that the PET process
is conformationally gated such that both PET and BET occur
within the lifetime of the donor—acceptor encounter complex.
Conformationally gated electron transfer is observed in a
variety of donor—acceptor pairs ranging from protein®® and
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Scheme 1. Energy Level Diagram Showing the Photoinduced Processes of 1%
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“Photoexcitation at 460 nm populates the Ru(II)-bpy 'MLCT state and undergoes intersystem crossing (isc) to the MLCT state. Through TA
spectroscopy, both the native >*MLCT excited state decay (k,) and electron transfer (kgy) to the Co(IIl)-sb complex is observed for complex 1.
After ET, recovery of the ground state occurs through back electron transfer (kggy) from Co(II)-sb (k, = k, + k,,, where k, is phosphorescence and

k. is nonradiative decay).

DNA** systems to molecular dyads.*' Typically, donor—
acceptor pairs with short alkyl linkers (<3) in which
conformational motion gates the PET process will exhibit
nanosecond lifetimes for electron transfer,"** while longer
linkers, such as polypeptides, have been observed to have gated
electron transfer times in the tens of nanoseconds.** From
these previous studies, we attribute our conformationally gated
electron transfer to the flexible alkyl linker between the two
metal centers.

Light-Activated Axial Ligand Substitution. In order to
determine the effect of PET on Co(Ill)-sb axial ligand
reactivity, we investigated the rate of axial ligand substitution
of 1. Previous studies demonstrate that Co(acacen)(Im), in the
presence of equal equivalents of 4Melm results in a mixture of
three species: Co(acacen)(Im),, Co(acacen)(Im)(4Melm),
and Co(acacen)(4Melm), in relative abundances of 25%,
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50%, and 25%, respectively. Consequently, the reaction reaches
equilibrium with a distribution of 50% Co-Im and 50% Co-
4Melm bonds.** Furthermore, PET from PbS QDs was
previously observed to increase axial ligand substitution of
adsorbed Co(acacen)(Im), upon irradiation by 8-fold, relative
to the dark control.*®

The effect of PET on the Co(IIl)-sb axial ligand reactivity of
1 was determined by monitoring the rate of the ligand exchange
reaction in the dark and with irradiation for mixtures of 1,
excess Im, and excess 4Melm. We added equal equivalents of
4Melm (8 mM), as the competitive ligand, and Im (8 mM) to a
solution of 1 (2.5 mM) in 100 mM phosphate buffer at pH 7.4
and monitored the axial ligand substitution reaction by NMR
spectroscopy. In particular, the concentration of Co-Im bonds
decrease, while Co-4Melm bonds increase, to a final
equilibrium of 1:1 (Figure 4).

DOI: 10.1021/jacs.5b00342
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Figure 3. (A) Transient absorption spectra of 1.64 X 107 M 1a in 100
mM phosphate buffer at pH 7.4 in water following photoexcitation at
460 nm. The bleach at 460 nm corresponds to depletion of the Ru(II)-
bpy ground state. (B) Kinetic traces extracted from the TA spectrum
of the sample of 1a described in (A), and from the TA spectrum of the
covalently bound Co—Ru(II)-bpy complex, 1, at 465 nm. Red dashed
lines correspond to fits of the data as described in the text. (C) Time
correlated single photon counting (TCSPC) kinetic traces of Ru(II)-
bpy *MLCT emission of 7.0 X 107 M 1 and 1a in pH 7.4 100 mM
phosphate buffer following photoexcitation at 445 nm.

Photoactivation of 1 was performed by illuminating the
sample in an NMR tube with three 4-W LED lights that emit
455 nm light. The NMR spectrum of the reaction mixture was
acquired immediately following illumination for a single time
point. This method was repeated for each time point for 0, 5,
10, 15, 20, 25, and 30 min. With exposure to light, the final
equilibrium state of the axial ligand substitution reaction is
completed with a time constant of 4 min (Figure 4, red open
squares). This time constant was compared to that for 1 with
equal equivalents of Im and 4Melm, prepared under identical
conditions to the first sample, but monitored in the dark. For
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Figure 4. (A) Complex 1 in the presence of equal equivalents of
4Melm and Im results in a mixture of three species: Ru(II)-bpy/
Co(IlI)-sb(Im), (1), Ru(II)-bpy/Co(Co(III)-sb(Im)(4Melm), and
Ru(II)-bpy/Co(III)-sb(4Melm), in relative abundances of 25%, S0%,
and 25%, respectively. The ligand exchange reaction reaches an
equilibrium distribution of 50% Co-Im bonds and 50% Co-4Melm
bonds. (B) Abundance of imidazole bound to Co (“Co(Im)”) and
4Melm bound to Co “Co(4Melm)” (inset) within mixtures of 2.5 mM
1, 8 mM Im, and 8 mM 4Melm, where the reaction was monitored by
NMR in the dark (black solid) and under illumination (red open) with
three 4-W LED lights (4, = 455 nm). Intramolecular PET from the
photoexcited Ru(II)-bpy of 1 decreases the time constant for axial
ligand substitution from 22 to 4 min.

the dark control, the final equilibrium state for the axial ligand
substitution reaction is completed with a time constant of 22
min (Figure 4, black solid squares). This study demonstrates
that intramolecular PET from the Ru(II)-bpy to the Co(III)-sb
increases the rate of the axial ligand substitution of 1 with
4Melm by a factor of 5.5.

Light-Activated Inhibition of a-Thrombin. To inves-
tigate the use of 1 for light-activated protein inhibition, we
performed enzyme inhibition assays on human a-thrombin.
Thrombin is a serine protease that has been implicated in the
blood coagulation cascade as it converts ﬁbrmogen into fibrin,
which ultimately cross-links to form blood clots.*> Due to its
role in blood coagulation, inhibition of thrombin may help
prevent the reocclusion of coronary arterles after thrombolytic
therapy following a myocardial infarction.* Previously, we have
found Co(III)-sb complexes are potent irreversible inhibitors of
human a-thrombin activity via an axial ligand exchange

DOI: 10.1021/jacs.5b00342
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mechanism and provides an established enzyme system for
investigating light-activated strategies.'®'”

We prepared a stock solution of 100 uM of 1 with 4.0 units/
mL of human o-thrombin in 100 mM TRIS and 10 mM
sodium azide buffer at pH 7.4. The enzyme activity of a-
thrombin was monitored over time by diluting a 15 uL aliquot
of the stock solution for each time point to 1 mL of run buffer
(100 mM TRIS buffer at pH 7.4) and measuring the rate of
enzyme-catalyzed hydrolysis of 200 yM of the chromogenic
substrate, Sar-Pro-Arg-pNA (see Supporting Information). The
stock solution was kept either in the dark or under irradiation
with 455 nm light. Aliquots were taken from this stock to assay
the enzyme activity over time and evaluate the rate of inhibition
of a-thrombin by 1 (Figure S). Under dark conditions, the
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Figure S. Inhibition of a-thrombin (4.0 units/mL) by 1 (100 yM) in
100 mM TRIS and 10 mM sodium azide buffer at pH 7.4 was
monitored over time by enzyme activity in the dark (black) and under
illumination (red) with a 4-W LED light (4, = 455 nm). Enzyme
assays to determine enzyme activity were done in triplicate, and SEMs
are shown. Intramolecular PET from the photoexcited Ru(II)-bpy of 1
increases the k,,, of enzyme inhibition of a-thrombin from 6.8 X 1075

app
to 3.8 X 107*s7L,

pseudo-first-order rate constant (kapp) for enzyme inhibition

was found to be 6.8 X 107 s\, Upon irradiation with 455 nm
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These studies demonstrate that intramolecular PET from
Ru(II)-bpy to the Co(III)-SB of 1 increases the rate of enzyme
inhibition of a-thrombin by a factor of 5.6 under these
conditions. Complex 1 is a water-soluble, biocompatible
prodrug that utilizes a new mechanism for light-activated
protein inhibition.

B CONCLUSION

We have shown that selective photoexcitation of Ru(II)-bpy of
1 increases the axial ligand reactivity of Co(III)-sb. The rate of
axial ligand substitution of Im with 4Melm, a His mimic, occurs
more than five times faster relative to dark conditions. Through
PET, axial ligand reactivity of Co(IIl)-sb can be controlled
using light. Similarly, photoexcitation of 1 increases the rate of
inhibition of a-thrombin relative to dark conditions by a factor
of 5.6. We propose that the mechanism is intramolecular
electron transfer from Ru(II)-bpy to Co(IIl)-sb, given that (i)
previous studies have shown the displacement of the axial
ligands is a consequence of reduction of Co(IlI) to Co(II)
through a PET process for this family of Co(III)-sb
comple){es,23’26 (i) electron transfer from the 3MLCT state
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of Ru(II)-bpy to Co(IlI) is energetically favorable by ~90 meV,
while energy transfer is not thermodynamically possible, and
(iii) the presence of both Ru(Il) and Co(IIl) is required for
electron transfer to occur, while the bimolecular electron
transfer between Ru(bpy); and Co(acacen)(Im), was not
observed in similar conditions.

The conformationally gated electron transfer observed for
1-3 is attributed to the flexible alkyl linker between the two
metal centers. These studies show further structural develop-
ment is required to increase the efficiency of the electron
transfer process for light activation. Due to the similarity in the
electron transfer kinetics, 1 was selected for further evaluation
as a light-activated protein inhibitor. We investigated the effect
of irradiation on the axial ligand substitution of Co(III)-sb
through NMR spectroscopy, similar to our previously studied
QD system.”® The time constant for axial ligand exchange of 1
with the histidine mimic, 4Melm, of 4 min is a 30%
improvement from the QD system with a rate of 5.5 min.
Although these systems utilize different photosensitizers, the
similarity in enhancement of axial ligand exchange upon
irradiation shows the versatility of this light-activated
strategy—as long as the thermodynamic requirements for
PET are met, redox activation of the Co metal center increases
the axial ligand reactivity. Furthermore, the water solubility of 1
allows the evaluation for light-activated protein inhibition. Our
measured enhancement of k,,, for enzyme inhibition of a-
thrombin by 1 from 6.8 X 10~ to 3.8 X 107* s™' shows the
increase in axial ligand reactivity upon irradiation facilitates an
increase in the rate of protein inhibition.

Our results offer a new method for light activation of a
bimetallic Ru(II)—Co(IlI)-sb protein inhibitor via 455 nm
excitation and provide a platform for the development of
inorganic therapeutic agents that can be activated by
cooperative redox-binding ligation. Our studies show that
mechanisms of the described phenomena are applicable in
biologically relevant conditions and provide the light activation
of protein inhibition. Furthermore, we show synthetic attach-
ment of Ru(Il)-bpy and Co(II)-sb is required for PET to
occur. Additionally, our studies reveal that thermodynamics of
the PET reaction is limited by the conformation of the
bimetallic construct. In order to increase the efficiency of the
PET reaction and improve subsequent activation, structural
modification between the donor—acceptor pair will be required.
Future work will focus on refining the system to enhance the
efficiency of the electron transfer process through modification
of the linker and supramolecular constructs.

B ASSOCIATED CONTENT
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Experimental details and additional electron transfer-related
calculations. This material is available free of charge via the
Internet at http://pubs.acs.org.
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