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Abstract: Site-specific chemical labeling utilizing small fluorescent molecules is a
powerful and attractive technique for in vivo and in vitro analysis of cellular proteins,
which can circumvent some problems in genetic encoding labeling by large fluorescent
proteins. In particular, affinity labeling based on metal-chelation, advantageous due to the
high selectivity/simplicity and the small tag-size, is promising, as well as enzymatic
covalent labeling, thereby a variety of novel methods have been studied in recent years.
This review describes the advances in chemical labeling of proteins, especially highlighting
the metal-chelation methodology.
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1. Introduction

Protein labeling with fluorescent molecules that allows the sensing and visualizing of protein
dynamics, localization, and protein-protein interactions, is an invaluable technique to understand
protein functions and networks in living cells. Genetic encoding of fluorescent proteins (FPs) such as
green fluorescent protein (GFP) is the most popular technique for protein labeling because of some
important advantages, including high labeling specificity and simplicity [1-3]. Unfortunately, however,
the molecular sizes of FPs (i.e. 27 kDa for GFP) are large enough to potentially interfere with the
structure or function of the protein to which they are fused [4, 5], resulting in recent efforts to develop
new techniques concerning selective labeling of protein based on smaller chemical compounds.

Selective chemical labeling is generally achieved by site-specific binding between a tag fused with
a protein of interest (POI) and a small fluorescent compound, although some different approaches, such
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as incorporation of unnatural amino acids based on suppressor tRNA technology [6], have also been
reported. In the general chemical labeling, a protein or peptide tag, whose size is small relative to the
FPs, is utilized in order to reduce the potential interferences with the POI. From a binding mechanisms
standpoint, most chemical labeling techniques can be classified into major two categories; enzymatic
labeling and affinity labeling. The former includes the acyl carrier protein/phosphopantetheine
transferase (ACP/PPTase) [7], Q-tag/transglutaminase (TGase) [8], biotin acceptor peptide/biotin ligase
(AP/Bir A) [9], farnesylation motif/protein farnesyltransferase (PFTase) [10], aldehyde
tag/formylglycine-generating enzyme [11], human O°-alkylguanine transferase (hAGT) [12, 13], and
mutated prokaryotic dehalogenase (HaloTag™) methods [14]. On the other hand, the latter includes
noncovalent methods utilizing dihydrofolate reductase (DHFR) [15, 16] and Phe36Val mutant of
FK506-binding protein 12 (FKBP12(F36V)) [17], as well as metal-chelation methods.

Protein labeling based on a specific chelation has some remarkable features, including (i) simplicity
in labeling procedures, (ii) high selective and stable labeling based on metal-chelation, and (iii)
applicability to various site-specific labeling (N-termini, C-termini, and internal sites). Due to these
important advantages, metal-chelation labeling represents one of the most powerful and attractive
methods in protein labeling, as well as enzymatic labeling [18-22]. In this review, the strategies and
recent advances in fluorescent labeling of proteins were described, especially focusing on the metal-
chelation methodology [Scheme 1(a)-(d)].

2. Tetracysteine-tag system
2.1. Pioneering of the tetracysteine/biarsenical system

The tetracysteine/biarsenical system was reported as the prototype for the specific fluorescent
chemical labeling based on metal-chelation by Tsien’s group in 1998 [23]. Biarsenical dyes such as
4°,5’-bis(1,3,2-dithioarsolan-2-yl)fluorescein (F1AsH, also denoted as FIAsH-EDT,, Figure 1(a)) bind
specifically with a short peptide sequence called the tetracysteine motif (CCPGCC, some important
improvements have also been accomplished, see section 2.3) with high affinity [23, 24]. Thus, POI
that is expressed with the motif can be site-specifically labeled with the small biarsenical dyes [Scheme
I(a)]. An excess of 1,2-ethanedithiol (EDT) is simultaneously introduced with the fluorescent dye in
order to minimize non-specific binding and toxicity. Notably, the biarsenical dyes are membrane-
permeable and do not require complicated procedures such as microinjection. Furthermore, the
biarsenical dyes are non-fluorescent until they bind to form covalent complexes with the corresponding
motif, reducing a background noise in fluorescent measurements. After the development of green-
fluorescent FIASH (Aex = 508 nm, Ay = 528 nm), several derivatives including red-fluorescent ReAsH
(Aex = 593 nm, Ay = 608 nm, Figure 1(b)) and blue-fluorescent CHoXAsH (Aex = 380 nm, Ay = 430
nm, Figure 1(c)) were also reported [24]. The simultaneous use of such biarsenical dyes extends the
availability of the functional molecules in biological applications [25].

Meanwhile, some limitations in the biarsenical system have also been pointed out. For example, a
considerable affinity for monothiols requires troublesome wash processes, furthermore, the background
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Scheme 1. Strategies for the selective chemical labeling of proteins with small fluorescent
molecules based on metal-chelation: (a) tetracysteine/biarsenical system, (b)
oligohistidine/nickel-complex system, (c) oligo-aspartate/zinc-complex system, (d)

lanthanide-binding tag system
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Figure 1. Biarsenical dyes: (a) FIAsH, (b) ReAsH, (c) CHoXAsH, (d) BArNile, (e)
F2F1AsH, (f) F4FIAsH, (g) AsCy3, (h) CrAsH, (i) SplAsHs (SplAsH-MANT, SplAsH-
Dansyl, SplAsH-DEAC, SplAsH-ROX, SplAsH-Alexa594)
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fluorescence is not fully eliminated in spite of an excess addition of EDT and the extensive washing in
some cases [26]. In oxidizing environments, a specific labeling would be difficult since the reduced
form of tetracysteine motif seems to be easily converted into the oxidized form. Yet, the
tetracysteine/biarsenical system is the most mature labeling technique with outstanding features, and
therefore, has already contributed to studies concerning cellular biology [27-30].

2.2. Various biarsenical dyes

Since the first report on FIAsH dye by Tsien ef al., a variety of biarsenical dyes have been reported
by other groups. Umezawa et al. synthesized a nile red-based biarsenical dye, 9-amino-6,8-bis(1,3,2-
dithioarsolan-2-yl)-5H-benzo[a]phenoxazin-5-one, called BArNile-EDT, (bisarsenical nile red
analogue, bis-EDT adduct, Figure 1(d)) [31]. A 9-amino analogue of nile red was selected in order to
avoid potential interference in tag recognition. Since the 9-amino analogue of nile red is environment-
sensitive like nile red, the fluorescence spectra of BArNile would be highly influenced by changes in
its molecular environment. Based on this expectation, the group applied the probe to tetracysteine-
fused calmodulin (CaM), which is a Ca*"-binding protein that exposes hydrophobic domains depending
on the Ca™" concentration, and successfully imaged the conformational change upon Ca®" increase in
living cells.

In order to improve the fluorescent character of FIAsH, Jares-Erijman et al. developed two FIAsH
derivatives, difluorinated F2F1AsH [Figure 1(e)] and tetrafluorinated F4FIAsH [Figure 1(f)] [32]. In
comparison to FIAsH, F2F1AsH shows higher absorbance, larger Stokes shift, higher quantum yield,
higher photostability (50-fold), and reduced pH dependence. On the other hand, the emission of
F4F1AsH exists in a region intermediate to that of FIAsH and ReAsH, allowing a new color and
excellent luminosity. These two derivatives can work as an excellent pair for fluorescence resonance
energy transfer (FRET) (F2F1AsH; Aups = 500 nm, Aem = 522 nm, FAFIASH; Aaps = 528 nm, Aey = 544
nm) with a large Ry value (Ro; Forster critical distance for 50 % FRET efficiency).

In FIAsH and their derivatives, the conserved interatomic distance (~6 A) between the two arsenic
moieties complicates the selective labeling of multiple proteins with different reporters. To conquer
the difficulties, Mayer et al. designed and synthesized a new Cy3-based biarsenical dye, AsCy3 [Figure
1(2)] [33]. The large interatomic distance between the two arsenics in AsCy3 (~14.5 A) enables a
high-affinity binding (Kq = 80 + 10 nM, in the presence of 100 uM EDT) with Cy3TAG
(CCKAEAACC). The absorbance spectrum is insensitive to the binding, while the fluorescence
spectrum (Aem = 568 nm) is red-shifted (Aem = 576 nm) with a 6-fold increase in the fluorescence
quantum yield (0.28). Compared to FIAsH and ReAsH, AsCy3 shows superior photostability and a
minimal environmental sensitivity. AsCy3 provides a FRET partner to FIAsH because the fluorescence
spectrum of FIAsH overlaps with the absorption spectrum of AsCy3. In the report, the utility of
FlAsH/AsCy3 pair for monitoring protein-protein interactions was experimentally demonstrated
utilizing CaM and CaM-binding peptide.

A non-specific binding to membranes and hydrophobic pockets of proteins, also increases the
fluorescence of FIAsH. Although such background fluorescence can be decreased by prebinding with
other dyes, an appropriate modification that renders FIAsH less hydrophobic would also reduce this
undesirable binding. From this point of view, Mayer et al. selected carboxy-FIAsH (CrAsH, Figure
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1(h)), which had formerly been synthesized by Tsien’s group [24], and investigated the performance of
the dye in terms of the specific binding [34]. As a result, it was confirmed that CrAsH exhibits lower
non-specific binding to a hydrophobic protein than FIAsH although the affinity of CrAsH with
tetracysteine sequence (Kq =407 = 11 nM) is one order of magnitude weaker than FIAsH.

Color variations of biarsenical dyes are expected to promote the widespread use of the powerful
labeling techinique based on tetracysteine/biarsenical system. Although several biarsenical dyes were
reported, simultaneous structural requirements for both fluorescence and the rigid display of arsenic
atoms strictly limit the range of fluorophores. Furthermore, the scope of compatible dyes is both
narrow and difficult to predict, as found from the report that biarsenical rhodamines are nonfluorescent,
even when bound to a tetracysteine motif [24]. Miller et al. developed a general strategy that
overcomes the problems so as to show the recruitment of any fluorophore to a tetracysteine motif [35].
The strategy is based on a modular approach, wherein the biarsenical targeting moiety is separated
from the fluorophore in order to remove any restriction on its structure. The fluorescein-based targeting
moiety called SplAsH (Spiro/actam Arsenical Hairpin binder, Figure 1(i)), which maintains the
planarity of the xanthene ring and shows no inherent fluorescence, is conveniently attached with a
variety of fluorophores. Based on this strategy, various SplAsH dyes, including SplAsH-MANT
(MANT; N-methylanthranilate), SplAsH-Dansyl, SplAsH-DEAC (DEAC; diethylamino-coumarin),
SplAsH-ROX (X-rhodamine), and SplAsH-Alexa594 were synthesized. Such SplAsH dyes are still
fluorescent in the absence of tetracysteine motif, whereas the fluorescence of unbound FlAsH is
strongly quenched. The advantage that any molecule such as fluorescent sensors and caged
fluorophores can be attached to SplAsH platform by the same strategy is also attractive.

2.3. Improvement of tetracysteine tag

In the earliest design, Tsien ef al. used a-helical tetracysteine tag, in which the four cysteines were
located at the i, i+1, i+4, and i+5 positions of the helix, so that the four thiol groups would form a
parallelogram on one side of the helix and thus geometrically fit the biarsenical dye
(WEAAAREACCRECCARA was used as a model peptide for in vitro study) [23]. The group
subsequently reported that CCPGCC peptide (called PG-tag, for simplicity here), in which helix-
breaking proline and glycine between the dicysteine pairs were inserted, enhanced the affinity,
suggesting that the preferred peptide conformation is a hairpin rather than o-helix [24]. To find more
sophisticated peptide sequences, they utilized mammalian cell-based library afterward [36]. In the
approach, residues surrounding the tetracysteine motif were randomized and fused to GFP, retrovirally
transduced into cells and iteratively sorted using fluorescence-activated cell sorting (FACS) for high
FRET from GFP to ReAsH with increasing dithiols. The selected sequences, HRWCCPGCCKTF and
FLNCCPGCCMEP, exhibited higher fluorescence quantum yield and excellent dithiol resistance.

Basically, the application of biarsenical dyes is limited by the availability of a single PG-tag,
inhibiting the differential labeling of coexpressed proteins. To conquer the drawback, Squier et al. used
a peptide library so as to identify an alternate binding tag (CCKACC, KA-tag) [37]. The KA-tag shows
a similar brightness to PG-tag upon complex formation, but exhibits different rates and affinities that
allow the differential labeling by FIAsH and ReAsH. Utilizing these tags simultaneously, a specific
labeling of two subunits of RNA polymerase in cellular lysates was accomplished.
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In the strategies for searching short hairpin tetracysteine tags described so far, the overall design of
the tags was fixed, namely, the separation between the vicinal cysteine pairs was constrained to two
residues. Mayer et al. proposed a new strategy to identify optimal binding tags for biarsenical dyes
based on a proteomic approach [38]. After finding fluorescent bands on SDS-PAGE gels of FIAsH-
labeled Eschrerichia coli lysate, other than those arising from the tetracysteine-tagged protein, a
prospecting approach was used to find improved protein tags. Based on this approach, two naturally
occurring tags, (GCCGGSGNDAGGCCGG, S peptide) and (GCCGGHGHDHGHEHGGEGCCGQG,
E peptide), having better properties than those of existing designed tag sequences, were identified from
Shewanella oneidensis MR-1 and E.coli K-12, respectively. Both peptides have substantially the same
binding affinities for FIAsH as existing PG-tags, however, S peptide was concluded to be more
promising because it was essentially brighter in complex formation and did not form intermolecular
cross-linking that limits the current biological application of PG-tag.

2.4. New generation of biarsenicals with unique functions

Recent advances in biarsenical dyes led to the appearance of a new type of biarsenical for further
applications. Tsien ef al. developed Calcium Green FIAsH (CaGF, Figure 2), which comprises a FIAsH
moiety and a BAPTA-like chelator (BAPTA; 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N -tetraacetic
acid), for precisely localized fast detection of intracellular Ca*" [39]. The selective binding of CaGF
with Ca®" results in 10-fold more fluorescence increase with a Ky of ~100 uM, < 1-ms kinetics, and
good Mg rejection. The Ca*" waves through gap junctions were monitored in real time using CaGF
in Hela cells expressing tetracysteine-tagged connexin 43. Total internal reflection microscopy (TIRF-
M) of CaGF-labeled calcium channels displayed fast-rising depolarization-induced Ca" transient.
While these transient decayed slowly with moderate Ca*" buffering, the CaGF signals decayed as
rapidly as the calcium currents with high Ca®" buffering, indicating that CaGF can monitor highly
localized and rapid Ca®" dynamics.

CO, COy

CaGF
Figure 2. Biarsenical Ca”" indicator (CaGF)
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3. His-tag system
3.1. Development and applications of oligohistidine/nickel-complex system

An oligohistidine sequence ((His),, » > 6, in general) called His-tag is known to interact robustly
with transition-metal complexes, including nitrilotriacetic acid (NTA) complex of Ni*", thereby the
sequence is widely used for purification of expressed proteins by affinity chromatography. The
selective interaction between His-tag and the metal complexes is also applicable for site-specific
fluorescent labeling of proteins. This strategy has important and unique advantages, including the
compatibility to the large library of existing His-tagged proteins.

In 2001, Ebright et al. reported derivatives of Cy3 (Aex ~ 550 nm, Ay ~ 565 nm) and Cy5S (Aex ~ 650
nm, Aem ~ 670 nm), having one and two pendant of NTA-Ni*" for specific labeling of His-tagged
proteins [40]. Two NTA-Ni** pendant derivatives, (Niz+:NTA)2—Cy3 and (Ni2+:NTA)2—Cy5 [Figure
3(a)], having higher affinity than one pendant derivatives, were separately applied to FRET-based
distance measurements for fluorescein-labeled, His-tagged DNA-protein complex. At the same period,
but individually, Katayama et al. developed NTA-FITC (Aex ~ 495 nm, Aep ~ 520 nm, Figure 3(b)) and
applied its Ni*" complex to the detection of His-tagged protein on a nitrocellulose membrane [41].

His-tag/NTA system is also useful for in vivo labeling. Vogel et al. investigated the structure of
cell-surface SHT; serotonin receptor bearing His-tag, based on FRET measurements utilizing NTA-
Ni2+-chr0mophores [Figure 3(c)] [42]. Three chromophores, namely, QSY7 and QSY9 having large
extinction coefficients, and fluorogenic tetraethyl rhodamine, were selected, and these chromophore-
appended NTA-Ni*" complexes (NTA-I, NTA-II, and NTA-Rho) were used as FRET acceptors. In the
experiments, Hisjo-sequence bearing higher affinity than Hise-sequence was also utilized.

The use of paramagnetic Ni*', as a binding medium between fluorophore-NTA and His-tag, shows
a decrease in the inherent fluorescence of the fluorophore, leading to the limitation of the fluorescent
labeling based on Ni**-chelation technique for biological applications. Lippard et al. reported that the
fluorescence of NTA-DCF (DCF; 2°,7’-dichlorofluorescein, Figure 3(d)) is not significantly influenced
by a chelation with Ni*" (NTA-DCF; ® = 0.78, NTA-DCF-Ni*" complex; ® = 0.72) [43]. Using the
complex, extracellular proteins bearing His-tag was selectively labeled.

3.2. Multivalent chelator system

One of the most serious limitations in His-tag/NTA-Ni*" system is the relatively low affinity (Kq
values generally lie in the 1-20 uM range) between His-tag and NTA-Ni* complex, and this nature
probably disturbs stable labeling and imaging. As expected from the results shown in Cy-NTA-Ni*"
complexes [40], the number of NTA-Ni*" moiety has a significant effect on the entire stability between
a fluorescent-NTA-Ni*" complex and His-tag. Piehler er al. synthesized supramolecular entities
containing 1-4 NTA moieties and a fluorescein (mono-NTA-Fluo, bis-NTA-Fluo, tris-NTA-Fluo, and
tetrakis-NTA-Fluo, Figure 4(a)-(d)), and characterized their interaction with His-tag (His¢ and His;o-
sequences) [44]. Analytical size exclusion chromatography showed that the binding stability increases
substantially with increasing number of NTA moieties. An increase in stability of the multivalent
chelator heads/His-tag complexes by four orders of magnitude compared to that of mono-NTA was



Sensors 2008, 8 1012

(a)
0 0
NH HN
0 (Ni2*:NTA),-Cy3, n= 1 0
oy (Ni?*:NTA),-Cy5, n = 2 o
@) \’\TN N\ﬁ/\fo
oM L (NiZ*:NTA),-Cy L Ni-&
o0 o o7 o

NTA-QSY7-Ni?*, R=H
NTA-QSY9-Ni?*, R= SO3H

NTA-FITC-Ni%* NTA-QSY-Ni%* NTA-DCF-Ni?*

Figure 3. Fluorophore or chromophore-conjugated NTA-Ni*" complexes: (a)
(Ni*":NTA),-Cy, (b) NTA-FITC-Ni*", (¢) NTA-QSY-Ni**, (d) NTA-DCF-Ni*



Sensors 2008, 8 1013

The ol Tt
N<0 o~ =N N<"S0
0 o: 0
0 o) 0
NH HN
o) o)
O~ _NH
LC
X
o O CO2  his-NTA-Fluo
0 0 .
(c) O\_ /O‘ O:\»Q' O
\,’/ O N
Ni' ) o N
o~ N O
j )
5 [N Nj
o OCN N
>—\ vo \ O  tris-NTA-Fluo
O N
/\\‘\ O
/_ \O_
o)

0
(@) O{% H
| N

) ®) i

tetrakis-NTA-Fluo 0 O\\*N ‘ O N,/O 0
N N Yad
CO, o



Sensors 2008, 8 1014

S
FEW646 -0 0G488-OEG

Figure 4. Fluorophore-conjugated multivalent NTA-Ni*" complexes: (a) mono-NTA-
Fluo, (b) bis-NTA-Fluo, (c) tris-NTA-Fluo, (d) tetrakis-NTA-Fluo, (e) tris-NTAs for
multicolor fluorescent detection (OG488tris—NTA, AT565tris—NTA, FEW646tris—NTA, 0G488-
OEGtris-NTA)

observed, and the subnanomolar affinity was reached for tris-NTA. Fast reversibility of interaction
(switchability) under mild conditions (imidazole, EDTA) was preserved with the high affinity, is
noteworthy. After the success, the same group reported color variations of fluorescent tris-NTA,
utilizing Oregon Green 488 (°“*®tris-NTA), ATTO 565 (*"%tris-NTA), Cy5-analogue FEW S0387
(FEW*tris-NTA), and Oregon Green 488 with a long and flexible heptaethylene glycol spacer (°“**
OEGtris-NTA, Figure 4(e)) [45]. Fluorescence labeling by tris-NTA-Ni*" was applied for a protein
complex in solution and on surfaces. Because of the remarkable features, the multivalent strategy is
also useful for constructing high-performance sensors [46-49]. As other examples, Gierasch et al.
reported NTA2-BM (BM; dibromobimane) containing two NTA-Ni*" moieties, which was synthesized
based on a simple approach using thiol chemistry [50]. Meredith and Allbritton ef al. achieved stable
binding between NTA-Ni*" complex and His-tag, not by multivalent technique, but by photo-

crosslinking technique [51].
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3.3. New chelate compounds utilizing expanded tag or other metal ion

Recently, new chelate compounds that use a different tag or a metal ion were also reported. Soh et
al. proposed a novel strategy for ratiometric monitoring of proteins, utilizing dansyl-NTA-Ni*
complex [Figure 5(a)], a NTA-Ni*" complex conjugated with a field-sensitive dansyl fluorophore, and
His-Trp-tag, a peptide tag composed of a normal His-tag and a few adjacent tryptophans [52]. When
the dansyl-NTA-Ni*" complex is used for a target protein fused with His-Trp-tag, the complex
coordinates with the His-Trp-tag due to the affinity between the NTA-Ni*" moiety and the His-tag
moiety. Simultaneously, the aromatic dansyl group of the complex would associate with hydrophobic
tryptophans, and as a result, both an increase in fluorescence intensitiy and a blue shift in the
fluorescence spectrum are observed (Zbound/[free = 5.2, Aem.free = 491 NM, Aem pound = 538 nm, for HiseTrps-
tag). Using the complex, His-Trp-tagged RNase S’ and His-tagged RNase S’ were clearly identified
under light irradiation. The technique would be useful not only for protein monitoring but also one-pot
protein analysis without complicated B/F separation.

Although Ni*" is widely used as a mediator for combining a fluorescent ligand with His-tag
selectively, the heavy metal is harmful and tends to quench any nearby fluorohpores due to the
paramagnetism. Tsien et al. developed a novel chelating molecule, 2°,7’-bis(pyridyl-2-sulfonamido)-
4’,5’-dimethylfluorescein (histidine-zinc fluorescent in vivo tag, called HisZiFiT, Figure 5(b)) that
utilizes Zn**, which is ubiquitous in biological systems, nutritionally and physiologically essential,
diamagnetic, and redox-inert [53]. Since Zn>* is not a fluorescence quencher, the fluorophore of the
probe molecule participates directly in metal chelation, resulting in a more compact probe structure, as
well as excitation and emission wavelength shifts on Zn*t binding (Aex free = 515 nm, Aem free = 545 nim,
Aexpound = 334 nm, Aembound = 560 nm). The Ky value of HisZiFiT-Zn>" to His-tag (Hiss sequence) was
calculated to nearly 40 nM, which is comparable to bis-NTA ligands, and much lower than mono-NTA
ligands. It was successfully demonstrated that the labeling technique using HisZiFiT is helpful to
overcome a current controversy related to externalization of the stromal interaction molecule 1
(STIM1) upon depletion of Ca*" from the endoplasmic reticulum.

(a) (b)

o)
O _N
/I\\! O |
0-1{ "0
O dansyl-NTA-Ni2* HisZiFit-Zn2*

Figure 5. Chelate compounds utilizing expanded tag or other metal ion: (a) dansyl-NTA-
Ni** (for His-Trp-tag), (b) HisZiFit-Zn*" (comprising Zn*" mediator)
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4. D4-tag system
4.1. Selective protein labeling based on oligo-aspartate/zinc-complex system

Another peptide tag/artificial probe system, different from tetracysteine/biarsencal or His-tag/NTA
systems, was also reported. Hamachi et al. developed a protein labeling system composed of a oligo-
aspartate tag (D4 tag, (D4),, n = 1-3) and multinuclear Zn>" complexes (Zn(II)-DpaTyrs); FITC-
conjugated binuclear complex (Figure 6(a)) and FITC or Cy5-conjugated tetranuclear complexes
(Figure 6(b),(c)) [54]. Higher affinity was observed with increasing the number of Asp in D4 tag
(binding constants: D2; 7.1x10° M, D3; 6.3x10* M, D4; 6.9x10° M, D5; 8.6x10° M™' (comparable
to D4) for FITC-conjugated binuclear complex). In addition, the moderate binding affinity between
FITC-conjugated binuclear complex and D4-RNase (1.2 x 10* M) was significantly enhanced when
FITC-conjugated tetranuclear complex and RNase fused with a longer tag (D4-G-D4) were used
alternatively (1.8 x 10’ M™). Fluorescent labeling of muscarinic acetylcholine receptor (mlAChR) by
the tetranuclear complexes showed that the complexes did not interfere with the original activity of the
receptor or the evoked intracellular signaling.

4.2. Oligo-aspartate/zinc-complex system for ratiometric measurements

The oligo-aspartate/zinc-complex system is able to be expanded to ratiometric fluorescent detection
of proteins. Hamachi et al. synthesized a binuclear complex appended with pH-sensitive seminaphtho-
rhodafluor (SNARF, Figure 6(d)) [55]. The ratiometric emission change (Aem free = 586 NM, Aembound =
628 nm) was induced upon the binding with D4-tag due to the pKj, shift of the SNARF unit, as a result
of the electrostatic neutralization of the cationic binuclear complex. The detection system was also
applicable to a dual-emission sensing of D4-tagged RNase. The same group also reported a binuclear
complex bearing a pyrene [Figure 6(e)], which is known to display an excimer emission at around 480
nm that is more than 50 nm longer than a wavelength of the monomer emission [56]. Using D4-tag
containing two D4 sequences, two probe complexes bind to the D4-tag simultaneously so as to
decrease the emission at 378.5 nm and 407 nm derived from the monomer, and increase the emission at
472 nm derived from the excimer. The first and second binding of the binuclear complexes with the
D4-tag were calculated to be 6.1x10° M and 4.9x10° M, respectively, indicating that the second
binding was not considerably interfered by the first binding. The application to protein analysis
demonstrated the high selectivity of the complex toward the D4-tagged protein than other proteins.

4.3. Non-enzymatic covalent labeling utilizing affinity interaction and a reactive group

Irreversible covalent labeling is advantageous in terms of the allowance of clear analyses of proteins,
as well demonstrated by various enzyme-catalyzed labeling methods. Non-enzymatic covalent labeling
is attractive because of both non-requirement of a large enzyme or protein domain, and a wide
suitability of labeling reagents and reaction conditions, although such labeling methods with sufficient
selectivity have been less successful. Hamachi et al. recently reported a method for non-enzymatic
selective covalent labeling of tag-fused proteins with small molecules including fluorophores [57].
Binuclear Zn(II)-DpaTry bearing both a thiol-reactive N-a-chloroacetyl moiety and another functional
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Figure 6. Fluorophore-conjugated multinuclear Zn*" complexes (Zn(II)-DpaTyrs): (a)
FITC-binuclear Zn(II)-DpaTyr, (b) FITC-tetranuclear Zn(II)-DpaTyr, (c) Cy5-
tetranuclear Zn(II)-DpaTyr, (d) SNARF-binuclear Zn(II)-DpaTyr, (e) pyrene-binuclear
Zn(I1)-DpaTyr, (f) N-a-chloroacetyl-rhodamine-binuclear Zn(I1)-DpaTyr

group (fluorescent rhodamine unit, Figure 6(f), or azide-reactive propargyl unit) is selectively
associated and bound covalently with D4-tag peptide possessing one Cys group (Cys-Ala,-Asps),
which could be regarded as the expanded version of D4-tag, as like expanded His-tag described in 3.3.
Selective fluorescent labeling using the binuclear complex appending propargyl unit was achieved by
Huisgen reaction with coumarin azide. SDS-PAGE analysis showed that the selective and covalent
labeling of protein with Cys-appended D4 tag was accomplished in protein mixture and a crude lysate.
The system was further applied to the protein labeling inside E. coli cells.
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5. Lanthanide-binding tag system
5.1. Development and applications of lanthanide-binding tag system

Lanthanides display several appealing properties such as long-lived luminescence emissions, which
are ideal for time-resolved fluorescent measurements, under appropriate conditions in the presence of a
sensitizing chromophore. Imperiali et al. proposed lanthanide-binding tag (LBT) system for protein
labeling. Based on 14-mer peptide reported by Szabo et al. [58], the group searched alternative peptide
sequences utilizing a split-and-pool library, and subsequently optimized the position of Cys residues,
resulting to find a peptide sequence (ACADYNKDGWYEELECAA), which has a 40-fold higher
affinity for Tb>" (K3 = 220 nM) and exhibits significantly brighter luminescence intensity compared to
an existing reference peptide (GDYNADGWIEFEEL, Ky = 9.3 uM) [59]. Tb**-loaded LBT fusion
proteins was selectively detected in complex solution mixtures, as well as in SDS-PAGE gels. Using
the strategy of solid-phase split-and-pool combinatorial peptide synthesis, the same group subsequently
found cysteine-free peptides that bind Tb*" with higher affinity (YIDTNNDGWYEGDELLA (K4 = 57
nM) [60], FIDTNNDGWIEGDELLLEEG (K4 = 19 nM) [61]). The origin of the enhanced
luminescence of the LBT and its selectivity and high affinity for Tb*" was investigated from the crystal
structure and time-resolved luminescence measurements [62].

The availability of LBT has also been demonstrated. Imperiali et al. investigated binding
interactions between the SH2 domains of Src and Crk kinase genetically encoded with an LBT, and
phosphorylated and non-phosphorylated peptides chemically labeled with BODIPY fluorophores,
based on luminescence resonance energy transfer (LRET) [63]. The LRET between the protein-bound
Tb>" (LRET donor) and the BODIPY fluorohore (LRET acceptor) showed the specific recognition of
the SH2 domain and the peptide binding partner. LBT also accomplished significant alignment of a
fusion protein in a magnetic field in the presence of stoichiometric lanthanide ion, and the alignment
provided residual dipolar couplings of a magnitude that can be accurately measured by simple methods
[64].

5.2. Double-lanthanide-binding tag

In LBT techniques, the increase in the number of bound lanthanides is expected to improve the
capabilities for some applications. Imperiali et al. developed a double-LBT (dLBT), which
concatenates two lanthanide-binding motifs, utilizing a well-characterized single-LBT sequence [65].
The ubiquitin construct fused with dLBT (GPGYIDTNNDGWIEGDELYIDTNNDGWIEGDELLA)
showed 3-fold greater luminescence intensity upon lanthanide binding. NMR studies on the dLBT-
tagged ubiquitin demonstrated that not only the improved photophysical properties, but also the
remarkably increased efficiency of the tag in mediating alignment between the lanthanide ions and
protein. In the accompanying paper [66], dLBT was applied for the crystallographic structure
determination of protein by the single-wavelength anomalous diffraction method.
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6. Conclusions

In this review, advances in techniques for fluorescent labeling of proteins were described,
highlighting on the metal-chelation methodology, a kind of affinity labeling. The metal-chelation
technique is applicable for a simple and selective labeling based on a small peptide tag, thereby it is
regarded as one of the most useful techniques for protein labeling, as well as enzymatic labeling
technique. Since the first report on FIAsH by Tsien’s group, an increasing number of researchers have
energetically developed new selective chemical labeling of proteins with small fluorescent molecules.
After this, not only fluorescent labeling methods, having higher affinity and simplicity based on
smaller tags, but also fluorescent probes, with more unique or sophisticated functions like CaGF, would
be enthusiastically developed. For example, we recently reported a protein probe that can switch the
fluorescence states by irradiation of light [67]. A variety of methods, developed so far and from now
on, for chemical labeling of proteins with small functional molecules, would be highly expected to
contribute to the studies on of protein biochemistry in living cells.
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