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Abstract

We have synthesized and characterized four octahedral polypyridyl d® metal complexes bearing
the 5,6-epoxy-5,6-dihydro-[1,10]phenanthroline ligand (L1) as cysteine specific labeling reagents.
The proposed synthetic pathways allow the preparation of the metal complexes containing Re(l),
Ru(ll), Os(I1) and Ir(I11) while preserving the epoxide functionality. The complexes were
characterized by 1H and 13C NMR, mass spectrometry, UV-visible and luminescence
spectroscopies as well as cyclic voltammetry. As proof of concept, a set of non-native single
cysteine P450 BM3 heme domain mutants previously developed in our laboratory was used to
study the labeling reaction. We demonstrate that the proposed labels can selectively react, often in
high yield, with cysteine residues of the protein via the nucleophilic thiol ring opening of the
epoxide moiety. In addition, under basic conditions, subsequent loss of a water molecule led to the
aromatization of the phenanthroline ring on the protein-bound label compounds, as observed by
mass spectrometry and luminescence measurements.

Keywords

biomolecule labeling; sulfhydryl specific; polypyridyl d® metal complexes; 5,6-epoxy-5,6-
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1. Introduction

The detection of proteins and other biological macromolecules using luminescent materials
has enabled important advances in the life sciences and continues to be a major area of
investigation both in vitro and in vivo. A wide variety of luminescent materials are already
available including organic molecules,[1] inorganic complexes,[2, 3] biological
fluorophores,[4, 5] and emerging nanomaterials such as quantum dots.[6] Of these
candidates, octahedral polypyridyl d® metal complexes containing Re(l), Ru(l1), Os(1),
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Ir(111) have been of interest due to their photostability, tunability, large Stokes’ shifts, and
long-lived excited states.[7] Bioconjugation of d® metal complexes to proteins permits their
luminescence detection,[3] but also the study of protein structure-function relationships and
protein folding dynamics,[8] and has enabled the study of photoinduced electron transfer in
proteins.[9, 10] Over the last few decades, the extensive work on photoinduced electron
transfer has also led to the use of some of these metal complexes to drive enzymatic
processes upon light-excitation.[11-13]

In general, covalent attachment of the luminescent labels is often desired in bioconjugation
over non-covalent interactions, as those are much weaker and more sensitive to pH and salt
concentration.[14] The covalent attachment has taken advantage of the reactivity of amino
acid residues such as histidine, lysine, and cysteine.[15, 16] Among them, the selective
covalent attachment to cysteine residues is advantageous due to the nucleophilicity of their
side chain and their lower natural abundance.[17] Such properties have motivated the
development of sulfhydryl-specific labeling reagents, which have been primarily achieved
via the introduction of reactive maleimide,[18, 19] bromoalkyl,[10] and iodoacetamide[20]
substituents onto the luminescent compounds. Our own laboratory has taken advantage of
the iodoacetamide functionality in Ru(ll)-diimine complexes to covalently attach these
photosensitizers to cysteine residues of P450 BM3 heme domain enzymes and generate
efficient light-activated biocatalysts capable of selective C-H functionalization upon visible
light irradiation.[12, 13, 21, 22] However, the introduction of the aforementioned reactive
functionality onto polypyridyl ligands (e.g. bipyridine or phenanthroline) has often required
several synthetic steps in the ligand preparation and have limited their general applications.

Herein, we report a facile and versatile methodology for the thiol-specific labeling of
proteins with various d® metal complexes in high yield (65-90%). This approach takes
advantage of the epoxide functionality on the 5,6-epoxy-5,6-dihydro-[1,10]phenanthroline
ligand (L1) and its susceptibility to ring opening by strong nucleophiles such as the cysteine
sulfyhydryl group.[23-26] We synthesized and characterized four metal complexes (1-4)
containing the L1 ligand and the d® metals Re(1), Ru(ll), Os(I1) and Ir(111), respectively (See
Scheme 1). The use of these complexes in labeling a set of P450 BM3 mutants with different
non-native single cysteine residues was then investigated as proof of concept for the
methodology.

2. Experimental

2.1. Material and reagents

All reagents used in this work were of analytical grade and purchased from Thermo Fisher
Scientific and Sigma-Aldrich. The complexes Ru(bpy),Cl,,[27] Os(bpy),Cl>,[28]
Re(CO)3CI(L1),[29] and [Ir(ppy)2Cl]2[30] (bpy = 2,2"-bipyridine and ppy = 2-
phenylpyridine) were prepared following reported procedures. The ligand 5,6-epoxy-5,6-
dihydro-[1,10]phenanthroline was purchased from Sigma-Aldrich and could alternatively be
synthesized from 1,10-phenanthroline and bleach.[26] 5-(2-aminoethanesulfanyl)-1,10-
phenanthroline (L2) was synthesized as reported earlier.[25]
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2.2. Instruments and methods

Accurate electrospray ionization mass spectrometry (ESI-MS) data was obtained from an
Agilent 6520 Quadrupole Time-of-Flight LC/MS instrument. 1H and 13C NMR were
recorded on a Varian 400 MHz NMR spectrometer. UV-visible (UV-vis) spectra were
recorded on a Cary 60 UV-vis spectrophotometer and luminescence data on a Varian Cary
Eclipse fluorescence spectrophotometer. Quantum yields in acetonitrile solution at 25 °C
were determined using Ru(bpy)s2* as a reference (¢, = 0.061, Aey = 455 nm) using the
equation:

where | is the integral of the emission spectrum, A is the absorbance at the excitation
wavelength, Ru is the reference Ru(bpy)s2* and M denotes the metal complexes 1-4.

2.3. Cyclic Voltammetry

Cyclic voltammograms were obtained on a Pine Wavenow potentiostat instrument in a
single-compartment three-electrode cell with a glassy carbon working electrode, Ag/AgCl
reference electrode, and platinum wire auxillary electrode. The supporting electrolyte was
0.1 M tetrabutylammonium hexafluorophosphate and dry acetonitrile was used as the
solvent. Solutions were degassed with N, prior to measurements and the voltage was swept
at 100 mV/s. Potentials were calibrated using the ferrocene/ferrocenium (Fc/Fc*) couple as a
reference and were reported vs. Fc/Fc* with a measured Eq»(Fc/Fct) of 0.55 V vs. Ag/
AgCI.

2.4. Synthesis of the metal complexes 1-4

[Re(L1)(CO)3(py)](PFg) (1)—Re(L1)(CO)3CI (32.3 mg, 0.06 mmol) and AgBF,4 (12.3
mg, 0.06 mmol) were stirred at 50 °C in anhydrous dimethylformamide (DMF) for 3 hours
in the dark. Then, 1 mL of dry pyridine (py) was added and the reaction continued for 3 hrs.
The solvent was then removed under vacuum and the desired product isolated upon the
addition of saturated aqueous KPFg. The pale yellow solid was filtered and washed with
water and diethylether. Yield: 33.7 mg (96 %). ESI-MS m/z = 546.0466 [M*] (calculated:
546.0463). 1H NMR (400 MHz, acetone-dg) & ppm 5.04 (L1-Hs 6, s, 2H), 7.47 (py-Hs, t,
2H), 7.98 (py-Hy, t, 1H), 8.13 (L1-Hs g, d, 2H), 8.59 (py-Hy, d, 2H), 8.83 (L1-H; 9, d, 2H),
9.54 (L1-Ha 7, d, 2H). 13C NMR 8 ppm 55.0, 55.2 (Cepoxide)

[Ru(bpy)2(L1)](PFg)2 (2)—Compound 2 was prepared following a reported procedure.
[31] Briefly, 31.0 mg (0.06 mmol) of cis-Ru(bpy),Cl, and 14.0 mg of L1 (0.07 mmol) were
refluxed in EtOH/water (75/25) for 3 hours in the dark. After removal of the solvent and
addition of a saturated solution of KPFg, the desired product (41 mg, 75% yield) was
obtained as an orange powder by vacuum filtration. ESI-MS m/z = 305.0539 [M2*]
(calculated: 305.0527) 1H NMR (400 MHz, acetone-dg) § ppm 5.11 (L1-Hs g, s, 2H), 7.40
(bpy-Hs,t, 1H), 7.46-7.53 (bpy-Hs 5 5, m, 3H), 7.57 (L1-Hg, dd, 1H), 7.64 (L1-H3, dd, 1H),
7.85 (L1-Hg, d, 1H), 8.01-8.09 (bpy-Hg 6 ¢/ 67, M, 4 H), 8.14 (L1-H,, d, 1H), 8.17-8.22
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(bpy-Ha 4,4 4, M, 4H), 8.55 (L1-H7, d, 1H), 8.57 (L1-Hg, d, 1H), 8.87-8.81 (H3 333, M,
4H). 13C NMR & ppm 55.3, 55.4 (Cepoxide)-

[Os(bpy)2(L1)](PFg)2 (3)—This complex was synthesized following the same procedure
described for 2. A solution of EtOH/water (75/25) containing 10.0 mg of L1 (0.05 mmol)
and 26.0 mg of Os(bpy),Cl, (0.04 mmol) was refluxed for 3 hours in the dark. The desired
product was isolated as a green solid after addition of a saturated KPFg solution. Yield: 55%
ESI-MS m/z = 350.0811 [M2*] (calculated: 350.0812); IH NMR (400 MHz, acetone-dg) &
ppm 5.10 (L1-Hs g s, 2H), 7.39 (bpy-Hs, t, 1H) 7.47-7.53 (bpy-Hs 5/ 57, m, 3H), 7.55 (L1-
Hg, dd, 1H), 7.63 (L1-H3, dd, 1H), 7.87 (L1-Hg, d, 1H), 7.90-7.98 (bpy-Hg 6 ¢, M, 3H),
7.98-8.05 (bpy—H6,4,4,4/,4/, m, 5H), 8.10 (Ll-Hz, d, lH), 8.36 (Ll-H4’7, d, ZH) 8.74-8.84
(bpy-H3 33,3, m, 4 H); 13C NMR & ppm 55.2, 55.4 (Cepoxide)-

[Ir(ppy)2(L1)](PFg) (4)—Ir(ppy)2Cly (127.7 mg, 0.22 mmol) was refluxed with a small
excess of L1 (57.2 mg, 0.29 mmol) in 20 mL of 1:1 DCM/MeOH in the dark for 3 hrs. The
reaction mixture was then concentrated by rotary evaporation and the desired product was
precipitated by the addition of a saturated aqueous KPFg solution. A pale yellow solid was
collected by vacuum filtration and washed with water and diethyl ether and dried under
vacuum. Yield: 187.0 mg (93%). ESI-MS m/z = 697.1580 [M*] (calculated: 697.1578) 1H
NMR (400 MHz, acetone-dg) & ppm 5.10 (L1-Hs g, d, 2H), 6.33 (ppy-Hg g, t, 2H), 6.91
(ppy-Hs 5, t, 2H), 6.98-7.09 (ppy-Hs' 55, m, 3H), 7.15 (ppy-Hs/, t, 1H), 7.66 (ppy-He, d,
1H), 7.77-7.97 (ppy-H3z 3 47 4’ 6, L1-H3 g, m, 7H), 8.05 (L1-Hp, d, 1H), 8.14 (L1-Hg, d, 1H),
8.21 (ppy-Ha 4, t, 2H), 8.64 (L1-Ha 7, d, 2H); 13C NMR 8 ppm 55.0,55.2 (Cepoxide)-

[Ru(bpy)2(L2)](PFg)> (2a)—The complex 2a was prepared from two different synthetic
routes.

Method A: By reacting compound 2 with a slight excess of 2-aminoethanethiol,
dihydrochloride (cysteamine) under the same labeling reaction conditions used for the
label protein (see below).

Method B: The L2 ligand was synthesized from L1 and 2-aminoethanethiol,
dihydrochloride in sodium ethoxide/ethanol at 50 °C according to reported procedure.
[25] Once isolated as a yellow oil, L2 was reacted with cis-Ru(bpy)»Cl, in water/
ethanol for three hours and isolated as the PFg salt. The addition of a saturated aqueous
KPFg solution produced a red powder that was vacuum filtered and washed with water,
chloroform, and diethyl ether. ESI-MS m/z = 334.5631 [M2*] (calculated:

334.5623); 1H NMR (400 MHz, DMSO-dg) § ppm 3.00 (CHo, t, 2H), 3.29 (CH,, t, 2H),
7.33 (Ll-H3’8, dd, 2H), 7.51-7.63 (bpy-H5v5v5/,5/, m, 4H), 7.75-7.93 (bpy-Hglelefysf, m,
4H), 7.97-8.24 (bpy-Hg 4 4 4, L1-Hp 9, m, 6H), 8.29 (L1-Hg, s, 1H), 8.58-8.67 (L1-H7,
d, 1H), 8.75-8.92 (bpy-H3 3 3",3, L1-Ha, m, 5H)

2.5. Protein labeling using complexes 1-4

A DMF solution of the metal complexes 1-4 was added to single cysteine residue of the
P450 BM3 heme domain mutants in 100 mM Tris buffer pH = 8.2 and the reaction was
gently stirred for 3 hours following reaction conditions developed for the iodoacetamide

J Inorg Biochem. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Dwaraknath et al.

Page 5

derivatives.[12] After completion, centrifugal filtration was used to concentrate the reaction
mixture and a desalting column connected to an AKTA Purifier allowed for the removal of
excess label. Subsequently, unlabeled protein was separated from the labeled enzyme by
anion exchange chromatography using a HiTrap Q column with a stepwise elution gradient.
[12] Completion of the reaction could be assessed by ESI-MS. Typical yields for labeling
reactions range from 65 to 90% depending on the mutants and labels used. After mass
spectral deconvolution, the hybrid enzymes have experimental mass values as follows,
consistent with calculated values in parentheses: 54093.2 (54093.1) for K97C-1, 54093.3
(54093.2) for Q397C-1 and Q109C-1; 54157.2 (54157.2) for K97C-2, 54157.3 (54157.2) for
Q397C-2 and Q109C-2; 54247.3 (54247.2) for K97C-3, 54247.4 (54247.3) for Q397C-3
and Q109C-3; 54244.3 (54244.2) for K97C-4, 54244.2 (54244.3) for Q397C-4 and
Q109C-4. Addition of small aliquots of potassium carbonate (up to 25 molar eq.) leads to a
loss of a water molecule and the aromatization of the ligand on the protein-bound label
compounds as detected by mass spectrometry after deconvolution. No significant protein
degradation has been observed. The hybrid enzymes with the aromatized metal complexes
have experimental mass values as follows, consistent with calculated values in parentheses:
54075.2 (54075.1) for K97C-1a, 54075.3 (54075.2) for Q397C-1a and Q109C-1a; 54139.1
(54139.2) for K97C-2a, 54139.3 (54139.2) for Q397C-2a and Q109C-2a; 54229.2
(54229.2) for K97C-3a, 54229.3 (54229.3) for Q397C-3a and Q109C-3a; 54226.1
(54226.2) for K97C-4a, 54226.2 (54226.3) for Q397C-4a and Q109C-4a.

3. Results and discussion

3.1. Synthesis of the metal complexes 1-4

The complexes 1-4 shown in Scheme 1 could be readily synthesized from their chloro
precursors following established procedures. Briefly, a slight excess of the ligand L1 was
refluxed with the dichloro metal precursors Ru(bpy)»Cl,, Os(bpy).Cl,, and [Ir(ppy),Cl], to
afford 2—4, respectively. The complex 1 was prepared from Re(L1)(CO)3Cl via chloride
substitution using AgBF4 and pyridine. All of these complexes could be isolated as PFg salts
in high yield and purity. In some cases when further purification was required, the
complexes could be purified by column chromatography on alumina using dichloromethane/
methanol (95/5) as co-eluents. It is worth noting that the epoxide ring withstood the
synthesis and purification conditions. All of these metal complexes were characterized by
ESI-MS, 1H and 13C NMR, UV-vis and luminescence spectroscopies. In addition, their
redox properties were also investigated by cyclic voltammetry.

3.2. 1H NMR Spectroscopy

The H NMR spectra of 1-4 are shown in Fig. 1 and are consistent with the proposed
structures. All spectra exhibit a characteristic resonance at 5.1 ppm corresponding to the
aliphatic epoxide protons, which also confirms the integrity of the 5,6-epoxy-5,6-dihydro-
[1,10]phenanthroline (L1) ligand in the metal complexes. Regarding the assignment of 1, the
coordinating pyridine gives rise to two sets of aromatic protons at 8.6 and 7.5 ppm,
respectively, in addition to the lone para hydrogen at 8.0 ppm, while the L1 ligand shows
three sets of methine resonances in the aromatic region besides the epoxide singlet at 5.1
ppm. The doubling of the peaks at 9.5 and 5.0 ppm likely indicates a mixture of two fac
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isomers with the epoxide cisand transto the axial pyridine, as seen in the parent Re(L1)
(CO)3Cl complex [29] (see Fig. S1). The reduced symmetry in the pseudo-octahedral
complexes 2, 3, and 4 leads to more complicated spectra with 22 overlapping methine
resonances in the aromatic region. Nonetheless, tentative assignments were made by
comparison to 1 and based on the wealth of data available on d® metal complexes. The two
doublets and the triplet of the L1 ligand in 1 were used to identify the corresponding protons
in 2 and 3. The remaining ancillary bipyridine protons were assigned in the order
H3>H;>Hg>Hs, as recently established.[32] As expected, varying the metal center from
Ru(11) to Os(11) results in only minor shifts between the 1H NMR spectra for 2 and 3.

The H NMR spectrum of complex 4 contains several high-field peaks consistent with the
anionic character of the ancillary phenylpyridine (ppy) ligands in the proposed structure.

3.3. Electronic Spectroscopy

The absorption and emission spectra of the metal complexes 1-4 exhibit typical intraligand
(IL) w-7* transitions in the UV region and broad metal-to-ligand charge transfer (MLCT)
bands in the visible range (see Fig. S2). Their photophysical properties are summarized in
Table 1 with their respective bipyridine analogs. Upon irradiation into the MLCT manifold,
all of the complexes exhibit intense luminescence under ambient conditions with quantum
yields typical for this class of compounds.[33] Phosphorescence emission from 2 and 3 have
been assigned to spin-forbidden SMLCT states, while a mixture of MLCT and IL 7t-*
transitions give rise to phosphorescence in 1 and 4. The broad, structureless emission bands
are consistent with their MLCT assignment (See Fig. S2).

3.4. Cyclic Voltammetry

We used cyclic voltammetry to investigate the redox potentials of the various d® metal
complexes. Cyclic voltammograms have been obtained for 1-4 and Ru(bpy)s2* as reference
in degassed acetonitrile using a standard electrochemical cell. As shown in Fig. 2, each
complex exhibits multiple quasi-reversible one-electron ligand-based reduction waves as
well as one metal-based oxidation. In addition, an irreversible reduction wave around —1.55
V vs Fc/Fc* for all complexes is consistent with the reduction of the epoxide moiety.[37]

The redox potentials, listed in Table 1, are typical for comparable d metal polypyridyl
complexes.[38] Three ligand-based reduction waves for 2 and 3 correspond to the successive
reduction of the three diimine ligands as also observed for the Ru(bpy)s2* complex. Only
two reduction waves are observed for 4 within the voltage range of the solvent. This reflects
the more negative reduction potentials for 2-phenylpyridine, owing to the greater electron
density on the phenylpyridine rings compared to the bipyridine ligand. The two reduction
waves for 1 likely correspond to the double reduction of the diimine ligand L1.

3.5. Thiol-specific protein labeling

In our pursuit of light-driven selective C-H bond functionalization, we have developed a
library of hybrid P450 BM3 heme domain enzymes containing covalently attached Ru(ll)-
polypyridyl photosensitizers.[12, 13] The single labeling of the P450 BM3 enzymes at the
engineered cysteine residues using the iodoacetamide functionalized metal complexes was
unambiguously confirmed by ESI-MS and UV-vis and luminescence measurements.[13]

J Inorg Biochem. Author manuscript; available in PMC 2015 July 01.
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The position of the covalent attachment was also confirmed by chymotrypsin digest [13] and
x-ray crystallography.[21]

A set of previously characterized P450 BM3 heme domains, containing single non-native
surface exposed cysteine residues, namely K97C, Q109C and Q397C, was used to
investigate the bioconjugation of the metal complexes 1-4. Each protein was subjected to
the labeling reaction conditions with the various complexes, and the reaction was followed
by mass spectrometry (See Fig. S3). All of the metal complexes could covalently attach to
the various P450 BM3 mutants, according to Scheme 2A, via the opening of the epoxy ring
and the formation of a p-hydroxy cysteinyl adduct. Modest to high yield could be obtained
for the labeling reactions, ranging from 65 to 90% depending on the mutants and labels used
(See Fig. S3). As shown in Fig. 3 for the representative K97C protein, a mass spectral shift
is observed in the K97C-1 to K97C-4 series consistent with the covalent attachment of the
respective labels. In contrast, when a P450 BM3 mutant without any surface cysteine residue
[21] is exposed to the same labeling conditions, no covalent adduct could be detected (See
Fig. S3), establishing the selectivity of the labeling protocol for sulfhydryl groups vs. the
other amino acids present at the protein surface. In addition, the position of the covalent
attachment could also unambiguously be confirmed by chymotrypsin digestion of the
labeled protein as previously established[13] (See Fig. S4 for K97C-2).

For most of the studied P450 heme domains labeled with the complexes 1-4, only a single
mass adduct is observed corresponding to the f-hydroxy cysteinyl adduct (BM3-1 to -4,
Scheme 2). While similar f-hydroxy adducts have recently been characterized,[31, 39, 40]
the majority of examples investigating the ring opening of the L1 ligand with various
nucleophiles have usually observed the full aromatization of the phenanthroline.[25, 26]
Similarly, when we investigated the ring opening reaction in the model complex 2 using 2-
aminoethanethiol as nucleophile (See Scheme 2B), the sole compound detected and isolated
corresponds to the fully aromatized complex, Ru(bpy)(L2)2* (2a) with L2 = 5-(2-
aminoethanesulfanyl)-1,10-phenanthroline. The same compound 2a could also
independently be synthesized from Ru(bpy),Cl, and the L2 ligand prepared according to a
reported procedure[25] (see experimental section, Fig. S5 and Table S1). The central ring
aromatization in the reaction is thought to be promoted by the loss of a water molecule from
the ring-opened B-hydroxy sulfanyl intermediate.

Closer examination of the labeling of the Q397C mutant with the Ru(lIl) and Os(11)
complexes (2 and 3) reveals a second peak in the deconvoluted mass with a loss of 18 mass
units (see Fig. S6). This peak is attributed to the dehydration of the p-hydroxy cysteinyl
intermediate leading to the aromatization of the ligand on the protein-bound label
compounds (Q397C-2a and Q397C-3a). We suspected that the aromatization process in the
Q397C hybrid enzyme could be base assisted probably by a neighboring basic residue. In
the P450 BM3 heme domain crystal structure,[41] a lysine residue at the position 97 is in
close proximity to the labeled cysteine Q397C and is a likely candidate responsible for
promoting the base-assisted dehydration.

In order to resolve the heterogeneity in the labeling reaction for the Q397C protein, we
explored the use of a mild base to promote the complete aromatization. Addition of small
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1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Dwaraknath et al.

Page 8

aliquots of potassium carbonate to the Q397C-2 and -3 labeled proteins lead to the complete
dehydration and full aromatization of the central ring as detected by mass spectrometry
(Q397C-2a and -3a) (See experimental section and Fig. S6) without any noticeable protein
degradation. While the labeling of the Q397C with the Ir and Re complexes mainly afforded
the intermediate ring opened product (Q397C-1 and Q397C-4), complete conversion to the
aromatized adduct was similarly obtained upon addition of potassium carbonate.
Subsequently, all the previous labeled mutants (BM3-1 to -4) with the intermediate ring
opened compound could be driven to the thermodynamically favored aromatized
phenanthroline complex by the same approach (BM3-1a to -4a) (Fig. 3, dashed lines). These
observations reveal an exquisite control of the properties and reactivities of the 1-4
complexes.

The labeled proteins could be purified following the protocol developed previously [12] and
were characterized by UV-vis and luminescence spectroscopies (Fig. 4). CO binding studies
with the labeled purified proteins indicate that the labeled proteins are properly folded. In
addition, the UV-vis spectra display a Soret band at 418 nm typical for a six-coordinate low-
spin Fe(l11)-aquo heme thiolate coordination. The MLCT for the Ru(ll) and Os(I1)
complexes could be noted at 460 nm and 475 nm, respectively. In contrast, not much
contribution to the heme protein spectra could be detected for the Re and Ir labeled proteins
(K97C-1 and -4) likely due to the relatively low absorption coefficient of these complexes
compared to the heme Soret band. The emission of the various labeled enzyme matches the
emission of the respective d® metal complexes in the same buffered solution, consistent with
the successful covalent label attachment (see Fig. S2).

In addition, the synthesis of complex 2a allows to probe the effect of the introduction of the
electron withdrawing cysteamine group and the aromatization of the ring relative to the
parent complex 2. The complex 2a shows a 20 mV shift in the first redox potential as well as
a blue-shift in the MLCT absorption and emission (see Table S1). Conveniently, the shift in
the luminescence can also be used to determine the state of aromatization of the protein-
bound label compounds. As shown in Fig. 5, the 20 nm blue-shift observed in the model
complexes 2 and 2a is also noticeable in the various labeled proteins with the single adduct
(BM3-2) and the full aromatized complex (BM3-2a). This emission shift may find
interesting applications in differentiating between aromatized and p-hydroxy cysteinyl
labeled biomolecules.

4. Conclusion

The set of four d® metal complexes bearing the L1 ligand could be readily synthesized and
characterized. The complexes were selectively conjugated in high yield to cysteine residues
of P450 BM3 enzymes leading to a single B-hydroxy cysteinyl adduct that could be driven to
the fully aromatized phenanthroline ligand on the protein-bound complexes. The 5,6-
epoxy-5,6-dihydro-[1,10]phenanthroline ligand offer new approaches for the labeling of
cysteine residues. This methodology can easily be extended to various proteins containing
surface exposed sulhydryl residues.
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Abbreviations

bpy 2,2’-bipyridine

DMF dimethylformamide

ESI-MS electrospray mass spectrometry

Fc/Fc* ferrocene/ferrocenium couple

IL intraligand

L1 5,6-epoxy-5,6-dihydro-[1,10]phenanthroline ligand

L2 5-(2-aminoethanesulfanyl)-1,10-phenanthroline ligand

MLCT metal-to-ligand-charge transfer

ppy 2-phenylpyridine

py pyridine
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Fig. 1.
1H NMR spectra of the metal complexes 1-4 in acetone-dg,
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Fig. 2.

Cyclic Voltammograms for complexes 1-4 and Ru(bpy)s2* in acetonitrile using Fc/Fc* peak
centered at 0 V as reference (*: trace water).
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Deconvoluted mass spectra for the K97C protein labeled with various metal complexes
(K97C-1 to K97C-4). Dashed lines indicate the labeled proteins (K97C-1a to K97C-4a) with
aromatized phenanthroline ring on the protein-bound metal complexes after the addition of a

mild base and the loss of a water molecule.
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Fig. 4.
UV-vis and luminescence spectra for the K97C labeled proteins with metal complexes 1-4.
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Fig. 5.
Emission spectra of the labeled proteins, K97C-2 and K97C-2a, and the corresponding

metal complexes (2 and 2a) reflecting the blue-shift emission due to the aromatization of the
phenanthroline ligand and the presence of the thiol group.
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Schematic representation of the d® metal complexes 1-4 bearing the L1 ligand.
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EtONa/EtOH
e
2-aminoethanethiol

Scheme 2.
Synthetic routes for A) the covalent attachment of the complexes 1-4 to the various single

cysteine residues of P450 BM3 heme domain mutants and B) the fully aromatized model
compound 2a.
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