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The luminescence sensing of histidine and histidine-rich
proteins plays a pivotal role in biochemistry and molecular
biology, in particular when both temporal and spatial
resolution are required. An abnormal level of histidine-rich
proteins is an indicator for many diseases, such as advanced
liver cirrhosis,'**) AIDS ' renal disease,'! asthma,! pul-
monary disorders,'” thrombotic disorders,"* and malaria."®
Some analyses of histidine and histidine-rich proteins have
been developed in conjunction with immunoassay® and
colorimetric detection methods.”! The most commonly used
method for the detection of histidine and histidine-rich
proteins in biological samples is chromatography, which is
usually performed through the combination of an effective
separation technique, such as thin-layer chromatography, gas
chromatography, or HPLC, followed by UV/Vis or fluores-
cence spectroscopy.?™ The use of high-performance capil-
lary electrophoresis with a derivation reagent has also been
reported.” However, the aforementioned methods are gen-
erally tedious, laborious, and, most importantly, expensive for
routine detection in a biochemistry laboratory.

Although numerous studies have dealt with the detection
of histidine or histidine-rich proteins, studies on the use of
luminescent probes for this purpose remain sparse.l’! Notable
examples include research by Fabbrizzi and co-workers, who
developed competitive noncovalent fluorescence turn-on
probes for histidine in the form of dizinc(II) or dicopper(II)
macrocyclic complexes, which recognize histidine through the
formation of an imidazolate bridge between the two dizinc(1T)
or dicopper(II) centers;* however, the resulting noncovalent
ensemble may be less stable than a covalently linking sensory
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system, and the complexity of the synthetic process makes it
difficult to implement in a convenient manner.

Photoluminescent iridium(IIT) complexes have emerged
as a topical area of interest in inorganic photochemistry!*! and
phosphorescent materials for optoelectronic® and lumines-
cence signaling applications.®! Significant changes in the
photophysical behavior and emission properties of iridium-
(IIT) complexes may be induced by the presence of biomol-
ecules. Luminescent transition-metal complexes for protein
staining, such as the luminescent ruthenium complex known
as SYPRO Ruby dye, have been reported previously.”
However, despite its high sensitivity and its broad dynamic
range, the use of SYPRO Ruby dye is limited, as it is sold only
as a formulated solution; therefore, it is not possible to
optimize the dye for a particular electrophoresis protocol and
protein. In this context, the luminescent cyclometalated
iridium(II) solvent complex [Ir(ppy).(solv),]* (1; ppy=2-
phenylpyridine, solv=H,0 or CH;CN) has received partic-
ular attention for the following reasons: 1) [Ir(ppy),(OH,),]",
which contains weakly bound solvent ligands, may bind
covalently to amino acids/proteins through a ligand substitu-
tion reaction with the OH, ligand; 2) an intriguing solvent/
media dependence of the emission properties of [Ir(ppy),-
(OH,),]" has been observed; 3) [Ir(ppy).,(OH,),]" can be
synthesized conveniently and rapidly; 4) the use of organic
solvents is not required for the optimal sensing of amino
acids/proteins with [Ir(ppy),(OH,),]", and the iridium com-
plex is readily soluble and stable in aqueous staining solutions.
In this study, [Ir(ppy);] (2) was also prepared for comparative
studies, as its binding with proteins was expected to be largely
hydrophobic in nature. Herein, we describe the luminescent
switch-on probe [Ir(ppy),(solv),]* (1) for histidine/histidine-
rich proteins and demonstrate its utility in protein staining.

The Ir™ complexes 1-CF;SO; and 2 (Figure 1a) were
prepared according to a previously reported method.®” The
structure of 1-ClO, was established by X-ray crystallography
and is depicted in Figure 1b, and the crystal-packing diagrams
are given in the Supporting Information. The metal-ligand
bonding parameters for 1-ClO, are comparable to those
reported previously for cyclometalated iridium(III) com-
plexes.[”

The complex 1-CF;SO; (50 um) is weakly emissive in
phosphate buffered saline (PBS). In the presence of histidine
(His), 1-CF;SO; exhibits an intense emission at 1,,,, = 505 nm,
the intensity of which reaches saturation level at [His]/[Ir] > 4
(Figure 2a). A plot of I/, versus [His]/[1-CF;SO;] ({ and [, are
emission intensities with and without His) shows an up-to-
180-fold intensity enhancement at ratios [His]/[1-CF;SO;] >
4:1. The luminescence response of 1-CF;SOj; to various other
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Figure 1. a) Structures of 1-CF;SO; and 2. b) X-ray crystal structure of
the cation of 1 (from crystals of the ClO,™ salt). OTf=trifluorometha-
nesulfonyl.

natural amino acids was also investigated. No significant
changes in the emission of 1-CF;SO; were observed upon the
addition of natural amino acids (Figure 2b). Competition
experiments were carried out in the presence of His, as well as
in a mixture containing His and 10 equivalents of another
natural amino acid. No significant difference in luminescence
intensity from that observed in the presence of only His was
found in these experiments. This result indicates that
1-CF;SO; displays high selectivity for His.

We analyzed the binding of 1 with histidine by electro-
spray-ionization positive-ion mass spectrometry. After the
incubation of histidine with 1 (m/z 501.1) for 5h at 20°C, a
new major peak was observed (Figure3b). This peak,
centered at m/z 656.1, corresponds to the covalent attachment
of one histidine molecule (m/z 155) to 1. No mass change was
recorded for 1 upon incubation with alanine, which does not
contain an imidazole functional group, under similar reaction
conditions (Figure 3¢). These findings, together with the
results for the luminescence response of 1-CF;SO; to various
natural amino acids, suggests that the luminescent cyclo-
metalated iridium(III) solvent complex 1-CF;SO; may spe-
cifically recognize histidine through covalent attachment to
the imidazole moiety of histidine rather than to the carbox-
ylate group of other natural amino acids.

The luminescence response of 1-CF;SO; to proteins with a
relatively high abundance of histidine residues, such as bovine
serum albumin (BSA), was also investigated. In the presence
of BSA, 1-CF;SO; exhibits an intense emission at A=
505 nm, the intensity of which reaches saturation level at
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Figure 2. a) Emission spectra of 1-CF;SO; (50 um) in PBS buffer with
increasing concentrations of [His]/[Ir] (0—4.0) at 20.0°C. b) Emission

spectra of 1-CF;SO; (50 um) in PBS buffer with various natural amino
acids (200 um) at 20.0°C.

[BSA])/[Ir] > 100 (Figure 4). A plot of I/l, versus [BSA]/[1-
CF;SO;] (I and I, are emission intensities with and without
BSA) shows an up-to-800-fold intensity enhancement at
ratios [BSA]/[1] >100:1. No enhancement in emission inten-
sity was recorded for 2 in a similar emission-titration study
with BSA.

Common spectrophotometric methods, such as the Brad-
ford," bicinchoninic acid (BCA),"” and Lowry™™ methods,
have been used extensively for protein quantification. How-
ever, these in-solution methods are restricted by the presence
of interfering substances, including metal ions, sodium
dodecyl sulfate (SDS), and ethylenediaminetetraacetic acid
(EDTA). Fluorometric protein assays, which are generally
more sensitive, have been reported.'"! The luminescence
response of 1-CF;SO; to various nonprotein substances, such
as inorganic salts (sodium chloride, sodium acetate, sodium
phosphate, cobalt chloride, zinc chloride, calcium chloride),
the chelating agent EDTA, and detergents (SDS, Triton
X-100) was also examined. All tests were performed with
BSA (5 mm) mixed with 1-CF;SO; (50 um) in the presence of
an excess amount of the foreign substance. A less than 5%
change in luminescence intensity was observed upon the
addition of the foreign substance. These results revealed that
the response of 1-CF;SO; to BSA was not affected by
nonprotein substances present in excess.

Solid-phase protein assays and gel electrophoresis provide
good alternatives to avoid interfering substances.'”) With the
protein immobilized on a solid surface, such as a nitro-
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Figure 3. Electrospray-ionization positive-ion mass spectra of a) com-

plex 1, b) reaction mixture of complex 1 and histidine, and c) reaction
mixture of complex 1 and alanine.

cellulose membrane, or the protein electrophoresized on a
gel, interfering substances can be washed away. Thus, we
examined the staining of a series of proteins in sodium
dodecyl sulfate—polyacrylamide gels (SDS-PAGE) with the
luminescent iridium(IIT) complex 1-CF;SO;. A mixture of
commercially available protein markers was used for the
experiments. Figure 5 shows an emissive image of a gel
containing electrophoresized protein markers (total protein
per lane: 0.8-400 ng) after staining with 1-CF;SO; (1.2 mg/
20 mL) for 10 min. The lowest quantity of the protein mixture
detected after staining with 1-CF;SO; was 1.5 ng (lane I in
Figure 5).

Conventional protein-staining methods include colloidal-
gold staining, colloidal-silver staining, Coomassie Blue stain-
ing, Ponceau S staining, pyrogallol red molybdate staining,
India-ink staining, and double-metal-chelate (DMC) stai-
ning.[**41-181 Many of these methods, however, involve time-
consuming procedures and multiple reagents. The most
frequently used and commercially available Coomassie
Brilliant Blue (CBB)!'” stain requires a long time for
destaining (overnight): Staining for 30 min followed by
destaining for 24 h led to a significant reduction in back-
ground staining and hence consequently improved band
contrast. A destaining step was not required for 1-CF;SO;,
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Figure 4. a) Emission spectra of 1-CF;SO; (50 um) in PBS buffer with
[BSA]/[I"]=0 and [BSA]/[Ir]=100 at 20.0°C. b) Photographs of
1-CF;SO; in the absence and in the presence of BSA.
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Figure 5. Emissive SDS-PAGE analysis of a commercially available
mixture of protein markers with 1-CF;SO; (1.2 mg/20 mL) as the
detection stain (staining time: (10£1) min).

and there was no increase in signal intensity after destaining
for 24 h. Methods based on commercially available SYPRO
Ruby dyes!” require 7% acetic acid in the staining solution.
The presence of acetic acid is problematic during electro-
blotting, electroelution, and measurements of enzyme activ-
ity. In contrast, 1-CF;SO; does not require the use of organic
solvents for optimal staining of proteins and is readily soluble
and stable in aqueous staining solutions. Finally, the staining
procedure with 1-CF;SO; is rapid and simple, requires
minimal labor, and enables the detection of as little as
1.5 ng of a poly(amino acid) per band. This sensitivity is in
many cases equal to that of silver staining methods;!!”!
however, the procedure with 1-CF;SOj; is much less hazardous
and much less expensive.
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To obtain more information on the linear dynamic range
of 1-CF;SO;, we performed an experiment with 1-CF;SO;
with a total protein amount ranging from 1200 to 0.01 ng. The
linear dynamic range of 1-CF;SO; staining extends from 0.1 to
1000 ng (R value =0.9998). Extended linear response is a
property of the utmost importance for comparisons of protein
expression in analyses with 2-D gels and peptide-mass
fingerprinting (PMF).

The complex 1-CF;SO; can also be used to distinguish
histidine-rich biomolecules, such as histidine-rich proteins,
through a detectable luminescence response in a buffered
solution or SDS-PAGE gel. To minimize the response that
originates from other amino acid sequences, the isoelectric
point (pI), the protein structure, and the presence of certain
side chains, $-lactamase tagged with six His residues and non-
His-tagged f-lactamase were used in the present study. The
His-tagged f-lactamase could be detected in a gel or in
solution on the basis of a strong luminescence signal after
incubation with 1-CF;SO; for 10 min. The non-His-tagged
B-lactamase showed much weaker luminescence (Figure 6).
This property may be useful for keeping track of histidine-rich
proteins during nickel-column purification.

We next demonstrated the utility of 1-CF;SOj; as a staining
reagent for the detection of a mixture of proteins in a Western
blot. A protein mixture (ca. 0.5 mg) was subjected to Western
blot analysis followed by staining with 1-CF;SO; (1.2 mg/
20 mL) for 10 min (see the Supporting Information). The

a) non-His- tagged
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6 x His- tagged
protein with 1

——

protein markers
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protein with 1

6 x His- tagged
protein with 1

Figure 6. a) Emissive SDS-PAGE analysis of 6 x His-tagged B-lactamase
and non-His-tagged P-lactamase with 1-CF;SO; (1.2 mg/20 mL) as the
detection stain (staining time: (10£1) min). b) Photographs of
1-CF;SO; in the presence of 6x His-tagged f3-lactamase and non-His-
tagged P-lactamase.
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result showed that the detection of proteins with 1-CF;SO;
can also be applied to Western blot analysis.

In summary, the new luminescent switch-on probe
1-CF;SO; exhibits a 180-fold increase in the intensity of
photoluminescence at A,,,=505nm and features excellent
selectivity for histidine over other natural amino acids.
Moreover, we have developed this cyclometalated iridium-
(IIT) solvent complex, which has been used previously as a
catalyst or catalyst precursor in homogeneous photoreduc-
tion, photoelectrochemical reduction, and electrochemical
reduction, as a stain for proteins in SDS-PAGE gel. In terms
of detection sensitivity, linear dynamic range, and staining
time, 1-CF;SO; is comparable to SYPRO Ruby stains. The
staining time for 1-CF;SOj; is 10 min; no destaining step and
no organic solvents are required. Given the fact that the
emission properties of [Ir(ppy),(solv),]* can be modified
through auxiliary ligand(s), we envision further improvement
in protein detection through the rational molecular design of
luminescent iridium(IIT) complexes.
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