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Abstract

Coupling genetically encoded target sequences with specific and selective labeling strategies has
made it possible to utilize fluorescence spectroscopy in complex mixtures to investigate the structure,
function, and dynamics of proteins. Thus, there is a growing need for a repertoire of such labeling
approaches to deploy based on a given application and to utilize in combination with one another by
orthogonal reactivity. We have developed a simple approach to synthesize a fluorescent probe that
binds to a poly-histidine sequence. The amino group of cysteine was converted into nitrilotriacetate
to create a metal-chelating cysteine molecule, Cys-nitrilotriacetate. Two Cys-nitrilotriacetate
molecules were then cross-linked using dibromobimane to generate a fluorophore capable of binding
a His-tag on a protein, NTA,-BM. NTA»-BM is a potential fluorophore for selective tagging of
proteins in vivo.
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Selective labeling of proteins at defined positions provides a powerful tool to study their
structure—function behavior. Protein labeling approaches exploit the chemical reactivity of the
side chains of the amino acids and most often use amino-based or thiol-based chemistry.
Reactions with labeled proteins are typically monitored using fluorescence spectroscopy,
immunodetection, or mass spectrometry. One of the shortcomings of these methods is that
labeling is restricted to purified proteins and not appropriate in a mixture of other proteins or
in a cellular environment. Recently, there has been intensive effort to develop new probes to
site-specifically tag a protein of interest present in a complex biochemical environment. These
include the use of fusion constructs with fluorescent proteins (1,2), co-translational
introduction of unnatural amino acids or modified amino acids (3-5) or targeting small
molecule labels to specific sequences (5-11). The large size of fusion proteins may introduce
complexities and limit their use. Moreover, their complex spectral properties can complicate
data analysis, for example, distance measurements in fluorescence resonance energy transfer
(FRET)-based experiments (12). Incorporation of unnatural amino acids into a growing
polypeptide chain using suppressor tRNA technology or 4-base codon methods is one of the
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most efficient methods for selective labeling (13-15); however, the approach still remains
challenging in practice. Small molecule labeling to a target sequence present in the protein of
interest offers a clean and potentially straightforward method that can exploit the high affinity
and specificity of well-designed labels. The target sequence is generally incorporated into the
gene for the protein of interest. Metal affinity (9,10,16), intein-based semi-synthesis (11),
enzyme-mediated labeling such as using biotin ligase (17), and arsenical reagent-based labeling
of tetra-cysteine motifs (8,18) are a few of the methods introduced for specific small molecule
labeling of proteins.

Multivalent transition metal ions bind relatively tightly and specifically to a cluster of cysteine
and/or histidine residues in a protein through co-ordinate bonds (19,20). Such clusters of amino
acids occur rather rarely in proteins, thus providing high selectivity for the metal ion. Such
interactions have the advantage that co-ordinate bonds are strong, and in most cases these
interactions are completely reversible upon addition of a competing ligand. The simple
chemistry of many multivalent chelators enables synthesis of chelator molecules with different
functionalities. A few of the applications based on metal chelation include the use of ligands
like nitrilotriacetic acid (NTA) or imidodiacetic acid (IDA) together with metal ions-like nickel
and cobalt for protein purification (21,22), surface immobilization (16,23,24), and in vitro and
in vivo protein labeling and detection (9,25). NTA creates stable (K, > 1011), 1:1, octahedral
complexes with nickel, in which four of the co-ordination sites are saturated by oxygen and
nitrogen atoms from the chelator molecule, and the remaining two by water, which can be
easily substituted by the imidazole nitrogens from histidine side chains.

Previous reports using metal chelation-mediated protein labeling indicate that the affinity of
the poly-histidine tag (His-tag) for the Ni2* metal ion is dependent not only on the number of
histidine residues in the tag, but also on the number of NTA moieties in the probe (9,16). NTA
(or IDA) chelator 'heads' have usually been created using an amino group of glutamic acid
(26) or one of the free amino groups of lysine (21,27,28), leaving the remaining amino acid
functional groups for further modification.

A clever strategy for specific labeling of proteins carrying a widely used and versatile
genetically encoded tag is to link fluorescent dyes to nickel chelators that bind poly-histidine
tags. Several groups have recently described synthetic approaches to realize this strategy.
Linking a single fluorophore to multiple NTA groups has been achieved by using fluorophores
carrying multiple functionalities as in the case of (NTA),-Cy3/(NTA),-Cy5 (9), by coupling
two or four 'NTA synthons' by a dendrimer approach (16), or by adding three NTA groups to
the imino groups of a cyclic scaffold followed by addition of the fluorophore to a free amino
group on these multiple NTA head groups (16,29). These reports have provided a number of
routes to linking fluorophores to chelators for specific binding to His-tags. In all cases, the
NTA groups were coupled via a flexible linker, and significant synthetic effort was required
in most of these approaches.

We sought to design a simpler synthesis strategy to conjugate two NTA head groups to a
sensitive fluorogenic reporter group without the need for a flexible linker. Here, we report a
novel approach to synthesize a fluorophore for labeling proteins carrying poly-histidine tags
guided by metal affinity coupled with thiol chemistry. The primary amino group of cysteine
was used to generate an NTA, chelator head group, and two such modified cysteines were
linked to the reporter molecule, dibromobimane, using thiol-based chemistry. Details of the
straightforward chemistry used to generate the probe, along with the potential applications of
this probe for intramolecular FRET studies are discussed.
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Materials and Methods

Reagents and analysis

Synthesis

All solvents were of ACS or high-performance liquid chromatography (HPLC) grade and were
used directly without any further purification. H-Cys-(Trt)-OH and dibromobimane were
purchased from EMD Biosciences (La Jolla, CA, USA), and t-butyl bromoacetate and
diisopropylethamine (DIPEA) from Sigma (St. Louis, MO, USA). Lysozyme was obtained
from ICN Biomedicals (Aurora, OH, USA).

Purification of the products was carried out using column chromatography on silica gel (grade
60, 230-400 mesh; EMD Chemicals Inc., Gibbstown, NJ, USA) or by reverse phase (RP)-
HPLC on a preparative C18 column (22 x 250 mm, 10 pm, 300 A; Viydac, South-borough,
MA, USA). The purity of the products was assessed by thin layer chromatography (TLC) on
aluminum sheets precoated with silica gel 60 F-254 (EMD Chemicals Inc.) using ethyl acetate
(AcOEt):hexane (1:4, v/v) as the mobile phase (visualized using either a UV-lamp (Aqps = 254
nm) or ninhydrin exposure) and by RP-HPLC analysis on an analytical C18 column (4.6 x 150
mm, 5 um, 300 A; Vydac) using appropriate acetonitrile elution gradient. Mass spectra were
obtained using Esquire-LC lon trap mass spectrometer (Bruker Daltonics, Billerica, MA,
USA). NMR spectra were recorded using AVANCE 600 MHz instrument (Bruker Biospin,
Billerica, MA, USA).

N% N%-bis(t-butoxycarbonylmethyl)-S-trityl-.-cysteine (1)—About 3.64 g (10 mmol)
of H-Cys(Trt)-OH and 10.45 mL (60 mmol) of DIPEA were added to 50 mL N,N'-
dimethylformamide (DMF) and stirred at room temperature for 5 min. t-Butyl bromoacetate
(5.4 mL, 40 mmol) was next added in one portion, and stirring was continued for 30 min at
room temperature. The resulting yellowish solution was heated up to 40 °C overnight with
continuous stirring. One molar equivalent of t-butyl bromoacetate was then added, the
temperature was increased to 52 °C, and the reaction was continued for 6 h. VVolatile products
were removed under reduced pressure, and the crude product was purified using column
chromatography on silica gel (200 g). Pure monoalkylated and dialkylated products were eluted
with a hexane:AcOEt (5:1, v/v) solvent mixture at a flow rate of 1.5 mL/min. The appropriate
fractions were collected and evaporated yielding 2.34 g of dialkylated and 3.77 g of
monoalkylated products as thick oils. TLC: monoalkylated: R¢ = 0.32, dialkylated: R =

0.43. IH-NMR (p.p.m.; CDCly) for dialkylated product (1): 1.38 (s, 18H, t-BuO-), 2.47-2.50
(m, 1H, CP-H, Cys), 2.66-2.69 (m, 1H, CP-H, Cys), 3.38 (s, 4H, N-CH,-CO), 4.10-4.14 (m,
1H, C%H, Cys), 7.17-7.20 (m, 3H, Trt), 7.25-7.32 (m, 6H, Trt), 7.41-7.42 (m, 6H, Trt).

N% N9-bis(carboxymethyl)-.-cysteine [Cys(NTA),] (2)—The dialkylated product was
dissolved in 10 mL CH,Cls, 4.85 mL (32.7 mmol) of triisopropylsilane, 0.662 mL (7.9 mmol)
of ethane dithiol (EDT) and 25 mL trifluoroacetic acid (TFA) were added and the reaction
mixture was stirred at room temperature for 8 h. About 5 mL of TFA was added after 6 and 7
h of reaction progress. Solvents were next evaporated to dryness, and the residue was dissolved
in 100 mL 5% acetic acid and extracted 3 x 50 mL CHCI3. The aqueous phase was evaporated
to dryness, and the residue was redissolved in 25 mL water and lyophilized. After
lyophilization, 750 mg of a yellowish, sticky solid was obtained. It was dissolved in 40 mL
water and additionally washed with diethyl ether (3 x 20 mL). Aqueous phase was again
evaporated to dryness, redissolved in 5 mL water and lyophilized. RP-HPLC analysis revealed
presence of two main products. About 100 mg of crude mixture was next purified on preparative
RP-HPLC chromatography on C18 column. The second peak was found to correspond to the
desired product. Yield: 42%. IH-NMR (p.p.m.; D,0): 2.90-2.94 (m, 1H, CP-H, Cys), 3.00-
3.04 (m, 1H, CP-H, Cys), 3.79 (s, 4H, N-CH»-CO), 3.90 (t, J = 7.2 Hz, 1H, C%H, Cys).
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9,10-Dioxa-syn-{bis-[N% N%-bis(carboxymethyl)-.-cysteinyl]}-bimane BM-[Cys
(NTA)]2 (3)—About 0.1 mmol (23.8 mg) of Cys(NTA), was dissolved in 5 mL of acetonitrile
in the presence of 87.1 pL (0.5 mmol) DIPEA, and 3.5 mL of 10 mm dibromobimane solution
in acetonitrile was added dropwise (over 20 min) to the stirred reaction mixture protected
against light. The reaction was allowed to proceed at room temperature in the dark for 3 h.
Reaction progress was monitored by analytical RP-HPLC. After completion of the reaction (as
indicated by consumption of both substrates), the reaction mixture was evaporated to dryness,
redissolved in 5 mL 10% CH3CN/H»0 mixture and lyophilized. The crude reaction mixture
(yellow lyophilizate) was next purified by means of RP-HPLC on a preparative C18 column,
using the following gradient: 10-20% B/10 min, 20-35% B/60 min, 35-95% B/20 min; flow
8 mL/min. The appropriate fractions were collected, concentrated in vacuo and lyophilized,
yielding 7 mg of bimane derivative (BM)-[Cys(NTA)],. The purity of final product, as assessed
by RP-HPLC, was above 94%. 1H-NMR (D,0): 1.89 (s, 6H, CH3, BM), 3.02-3.05 (m, 2H,
CP-H, Cys), 3.11-3.14 (m, 2H, CP-H, Cys), 3.72 (s, 8H, N-CH»-CO), 3.82 (t, J = 7.2 Hz, 2H,
C®-H, Cys), 4.07 (s, 4H, S-CH,-BM).

To further purify the product, gel filtration chromatography on a Sephadex G-25 column (2.54
x 10 cm) was performed. About 5.36 mg of product was loaded on the column. Fractions were
eluted using water at flow rate of 0.5 mL/min. Fractions containing the desired products were
identified using UV-VIS and fluorescence measurements, combined and lyophilized yielding
2.44 mg of pure BM-Cys(NTA)s.

NTA»-BM—Nickel complexes of BM-[Cys(NTA)],, NTA,-BM, were prepared directly
before labeling reactions by addition of a 10-fold molar excess of NiSO4 to the aqueous solution
of dye and incubating the reaction at room temperature for 30 min.

Protein expression and purification

Cellular retinoic acid-binding protein I with a stabilizing mutation R131Q (CRABP | wt*)
(30), cloned in pET16b for the N-terminal (His)1g extension, His;g-CRABP | wt*, and in
pPET29b(+) for the C-terminal (His)g extension, CRABP | wt*-Hisg, were expressed in BL21
(DE3) cells. The split tetra-Cys CRABP | mutant, His;o-CRABP | St1-2*, was generated by
introducing the mutations T6C, K8C, H40C, and E42C using the QuikChange protocol
(Stratagene, La Jolla, CA, USA) using His10-CRABP | wt* as a template plasmid. All the
CRABP 1 proteins were purified from the soluble fraction of the cell extract on a Ni-NTA
column (Qiagen, Valencia, CA, USA) as described (31).

In vitro labeling of His-tagged proteins

Purified proteins carrying varying lengths of His-tag, cellular retinoic acid-binding protein I
with a N-terminal (His)10 extension (His;g-CRABP 1 wt*) and with a C-terminal (His)g
extension (CRABP | wt*-Hisg), T7 RNA polymerase with a N-terminal (His)g tag ((His)g-T7
RNA pol) (a gift from E. Esposito and C. Martin) and a protein component from prokaryotic
signal recognition particle with a C-terminal (His)g tag (Ffh-(His)g) (32). Lysozyme was used
as a control protein to check specificity of the probe for His-tag. The labeling reaction was
carried out with a 10-fold molar excess of NTA»-BM in 20 mm ammonium bicarbonate buffer,
pH 7.4, for 30 min at room temperature. In the case of (His)g-T7 RNA Pol and Ffh-(His)g, 10%
glycerol and 300 mw sodium chloride were required in the buffer for the stability of the proteins.
Excess of the unreacted probe was removed by desalting the reaction mixture on a PD10
desalting column (Amersham Biosciences, Piscataway, NJ, USA). Fractions obtained from the
desalting step (referred to as fractions henceforth) were analyzed by measuring absorbance at
280 nm for the protein content and at 385 nm for the presence of the dye. Fluorescence emission
spectra were measured on a PTI QM1 spectrofluorometer (Photon Technologies International,
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Lawrenceville, NJ, USA) with the excitation set at 280 or 385 nm. Steady-state fluorescence
anisotropy measurements were also made on the labeled protein fractions as described below.

Fluorescence anisotropy experiments

The affinity of the NTA,-BM probe for the His-tag (His;o-CRABP | wt* and CRABP | wt*-
Hisg) was determined using steady-state fluorescence anisotropy measurements. The reaction
mixture, 150 pL containing 50 nw of NTA-BM in 20 mm ammonium bicarbonate buffer, was
titrated with varying concentration (0-12 pw)of His;o-CRABP | and CRABP I-Hisg. Higher
protein concentration (>15 pwm) could not be used due to precipitation. Fluorescence anisotropy
was measured after 30 min of incubation on a PTI QM1 spectrofluorometer. Excitation and
emission wavelengths were set at 385 nm and 475 nm, respectively. Band widths used were
10 nm each. Anisotropy (R) was calculated using:

R=(l,y — Gly)/(Iyy +2G1,y),

where |y, and Iy are the fluorescence intensities with the excitation polarizer at a vertical
position and the emission polarizer at vertical and horizontal positions, respectively, and G
was calculated as the ratio of Iy to gy (33).

The anisotropy of the ligand in bound and free forms was used to calculate per cent of ligand
bound (% bound) using:

9% Bound=(R¢ — R)/(R¢ — Ry,),

where R is the observed anisotropy, and Ry, and R¢ are the anisotropy of the ligand in bound
and free form, respectively.

Data were then fit to obtain the dissociation constant using:

% Bound={(P.+L+Ky) — V[ (P+L+Kg)* — 4P, x L]}/2L,,

where P; and L are the starting total concentration of the protein and the ligand (NTA»-BM),
respectively, and Ky is the dissociation constant.

Labeling of bacterially expressed His-tagged protein in cell lysate

Escherichia coli BL21(DE3) cells expressing His-tagged proteins, Hisyp-CRABP | wt* and
CRABP | wt*-Hisg, were lysed using freeze-thaw and lysozyme followed by sonication (31).
The lysed cells were pelleted to remove the insoluble fraction. Protein present in the soluble
fraction (estimated to be 30-50 pm) was labeled with 100 pw NTA,-BM for 30 min at room
temperature. The labeled protein mixture was desalted on PD10 column to remove the
unreacted fluorophore, which showed fluorescence properties the same as the initial freshly
prepared reagent. Fluorescence emission spectra of the various fractions were measured for
the presence of BM using an excitation wavelength of 385 nm. BL21(DE3) cells were used as
a negative control.

Double labeling of CRABP | St1-2*

His1g-CRABP | St1-2* (23 pw), in 50 mm ammonium bicarbonate, pH 7.4, was labeled with

FIASH-EDT) (25 pw) at room temperature for about 4 h. The reaction mixture was divided into
two, and one of the aliquots was set up for labeling with NTA>-BM (100 p). The NTA,-BM
labeling reaction was also carried out at room temperature for 45 min. The single- and double-
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labeled proteins were desalted on a PD10 column to remove the excess of the fluorophores.
The fractions were monitored for the presence of the fluorophores by measuring fluorescence
emission spectra (Agx 385 nm for BM, and 508 nm for FIAsH). The doubly-labeled protein
fraction was further allowed to bind the 50 mw ammonium bicarbonate, pH 7.4, equilibrated
Ni-NTA resin for 10 min to remove the singly FIAsH-labeled protein. The unbound fraction
thus obtained was enriched in doubly-labeled protein. This protein was used further used for
limited trypsinolysis experiments. The His-tag present in the protein contains a trypsin cleavage
site and in a partial trypsinolysis, this results in the removal of the tag. Removal of the His-tag
was also verified by analyzing the undigested and the digested proteins on an SDS-PAGE.

Monitoring internalization of NTA>-BM in mammalian cells

HelLa cells cultured in minimum essential medium (MEM) containing 10% fetal calf serum,
100 U/mL of penicillin and 100 pug/mL of streptomyocin were used to test the cell permeability
of NTA2-BM. Cells were washed twice with 50 mw ammonium bicarbonate buffer
supplemented with 100 mw sodium chloride. Cells were treated with about 100 pm of NTA,-
BM at room temperature for 20 min. The cells were spun at 3000 rpm, further washed with
buffer, and used in fluorescence measurements. Untreated cells were prepared similarly and
used as a control. Fluorescence emission spectra probing for the presence of BM were carried
out as described above.

Results and Discussion

Oligonhistidine sequences, typically of six or 10 residues, are one of the most commonly used
affinity tags to aid protein purification. A His-tag is typically placed at the N- or C-termini of
the target protein and is non-interfering in most cases. Hence, these tags are attractive target
sequences for selective labeling of proteins, including potential applications in vivo. By analogy
to the use of chelated metal affinity chromatography for the purification of His-tagged proteins,
we have chosen to use metal chelation to incorporate a fluorophore to a protein of interest.

Previous efforts to use metal chelation to generate fluorophores that bind His-tags (9,10), had
the reporter group attached to the e-amino group of lysine, which creates a longer spacer arm
between the fluorophore and the attachment site. Using cysteine instead of lysine places the
fluorophore closer to the NTA head. In order to increase affinity we attached two NTA head
groups to a single fluorophore, thus narrowing our choice to thiol-based bifunctional cross-
linking fluorophores.

Kosower et al. introduced 9,10-dioxobimane in 1979 (34) as a highly fluorescent, low
molecular weight, neutral reagent. Its mono- and syn-dibromo derivatives show high reactivity
toward thiol groups (35) and are less reactive to other nucleophilic reagents (36). These
molecules are not fluorescent by themselves, but upon substitution form highly fluorescent
derivatives, making them very attractive reagents for both labeling (37,38) and cross-linking
(39-41). In addition, spectral properties of BM make it ideally suited for intramolecular FRET
with fluorescein and its close analogues. As BM derivatives are also membrane permeable
(34), they can be used in double fluorescent labeling of proteins in vivo, for example, as
potential donors or acceptors for FRET studies. Thus, dibromobimane was used to cross-link
two Cys-NTA groups to yield the fluorescent His-tag labeling fluorophore, NTA,-BM.

Synthesis and stability of NTA,-BM

We originally intended to generate the NTA group by exhaustive N-alkylation of the amino
groups of cystine followed by the disulphide bond reduction coupled with the fluorophore
addition. However, this design was unsuccessful due to the difficulty of disulfide reduction
even with the use of a combination of reductants. Additionally, we observed incomplete
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alkylation of both amino groups of cystine, presumably because of steric hindrance and/or
electrostatic repulsion between the carboxylate groups. We therefore decided to use a protected
derivative of cysteine and bromoacetic acid. Straightforward bis-alkylation of the a-amino
group of S-trityl-protected cysteine generated the NTA head group of the probe. The use of t-
butyl bromoacetate for the alkylation reaction allowed removal of the protecting groups in a
single step (Scheme 1). Deprotected Cys-NTA showed some tendency to decompose with time,
even when stored at low temperature as an oil obtained after lyophilization, and hence, was
used within a few days of synthesis to generate the final fluorophore. Application of anhydrous
conditions limited the scope of side reactions (e.g. hydrolysis of dibromobimane), resulting in
areasonable yield and purity of the final product. RP-HPLC analysis of the purified compound
along with TH-NMR analysis, as described in Materials and Methods, confirmed the synthesis
of the desired product at each stage. The analysis of the final product indicated the presence
of some contaminants that could not be easily removed by RP-HPLC. In our initial protein
labeling experiments with this product, separation of the excess fluorophore from the labeled
protein using a Sephadex G25 matrix indicated separation of two different types of small
molecules with one of the species eluting only after a column volume. Further application of
the free fluorophore on the Sephadex G25 column resulted in a clear separation of the
contaminant molecule from the desired fluorophore (Figure 1A). We assume that non-specific
interaction between the matrix and the impurity is the basis of the separation process. Therefore,
the final purification was carried out on a Sephadex G25 column. The purity of the final product
was >95% and was also confirmed based on the differences in spectroscopic properties of the
compounds, higher absorbance at 385 nm and lower fluorescence of the desired product relative
to the impurity, and the ability of only the desired product to bind nickel (Figure 1). Formation
of the active fluorophore by Ni2* co-ordination was monitored by quenching of BM
fluorescence. Addition of Ni2* ions causes the BM fluorescence to decrease by nearly 60%
[cf. areported 75% decrease in the fluorescence intensity of Cy5-NTA conjugates (9)]. Steady-
state anisotropy measurements of the probe in the absence and presence of Ni2* yielded
anisotropy values of 0.006 and 0.065, respectively. An increase in the anisotropy of the probe
upon Ni2* co-ordination indicates formation of a more rigid complex due to cross-linking of
two NTA groups. Mass spectrometry of the final product also confirmed its purity and the
presence of a single metal ion per NTA group.

NTA,-BM is stable when stored at low temperature (4 °C) in the solid state for at least a few
months. In contrast, HPLC analysis of the compound that was stored in aqueous solution at
room temperature for 2 weeks revealed significant (>50%) decomposition, indicating that the
half-life is <2 weeks under these conditions. Decomposition of the dye was further stimulated
in the presence of nickel ions. Nonetheless, HPLC analysis of the Ni2*-~NTA,-BM complex
indicated that it was stable for a couple of hours, and our typical incubation time required for
labeling was less than an hour. We suggest that the active fluorophore should be prepared fresh
by the addition of NiSO4 to an aqueous solution of NTA>-BM. In contrast to many highly
fluorescent probes, NTA,-BM is water-soluble, a desirable feature for labeling biomolecules.
A less bulky ester such as the methyl group in comparison with the t-butyl ester used in our
approach might improve the yield of dialkylated product; however, the additional deprotection
step would result in similar final yields.

NTA,-BM binds site-specifically to His-tagged proteins

Five different proteins carrying varying lengths of His-tag either at their N- or C-termini (listed
in Materials and Methods), along with non-His-tagged lysozyme as a control, were used to
establish specific labeling of the protein at oligohistidine sequences. Nickel ion concentration
was restricted to a fivefold molar excess over the NTA concentration, as excess metal ion
resulted in precipitation of some of the test proteins. Moreover, in order to avoid precipitation
of the Ni* ion itself, we used a carbonate-containing buffer, as NiCOg is the most soluble of
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the Ni2* salts. Hence, all of our labeling experiments were carried out in ammonium
bicarbonate buffer including salt and glycerol if required. The first level of labeling specificity
was evident upon inspection of fluorescence of fractions obtained from desalting the labeling
reaction mixture under a UV-transilluminator and more quantitatively from the absorbance
profile (Figure 2). Bimane absorbance (at 385 nm) was observed along with protein absorbance
(at 280 nm) in all the early fractions eluted in the void volume of the desalting column,
indicating presence of BM on the protein. In the case of lysozyme, fractions containing protein
did not have BM absorbance, indicative of no labeling of the non-His-tagged protein.

Labeled protein fractions were further subjected to fluorescence measurements to assess
NTA,-BM binding. For each of our test proteins, binding of the probe to the His-tag resulted
in a 3-5 nm blue shift in the BM fluorescence (to a maximum emission wavelength of 470 nm)
compared with the free probe, and this shift could be used as an indication of binding (Figure
3). An increase in the fluorescence anisotropy (R) of BM in the fractions containing proteins
from R = 0.065 for the free probe to R = 0.34 for the bound probe accompanied the attachment
of the fluorophore to the protein. In order to confirm that the probe attachment on the protein
was metal ion-mediated, the labeling reaction was carried out in the absence of the Ni%* ion,
i.e. with the metal ion-free probe. Absorbance and fluorescence analysis showed no labeling,
indicating the absence of any non-specific interaction of the probe with the protein (data not
shown). NTA,-BM also formed a similar complex with Co?* ion and bound to the His-tagged
protein as a Co?* complex. Addition of ethylenediaminetetraacetic acid easily reversed the
binding of NTA,-BM to the protein as reported by the decrease in the anisotropy of the probe
(data not shown). Mass spectral analysis of the NTA,-BM-labeled protein using either ESI-
MS or MALDI was unsuccessful due to dissociation of the dye from the protein.

Specificity of NTA,-BM binding to a His-tag was also demonstrated by labeling His-tagged

proteins expressed in the soluble fraction of cell lysate. The blue shift observed upon labeling
protein in cell lysate was comparable with that seen in the in vitro labeling reactions (Figure

3B).

The affinity of NTA,-BM for a His-tag

The significant difference in the anisotropy of the free versus the bound probe was used to
determine the affinity of NTA,-BM for (His)g and (His)1q tags using His;o-CRABP | wt* and
CRABP | wt*-Hisg as test proteins. The affinity of the probe was observed to be in the
micromolar range with a K4 of 5 v for the deca-histidine tag (Figure 4) and a Ky of nearly 40
uwm for the hexa-histidine tag. Good agreement between the data and the fit also supports the
assumption of 1:1 stoichiometry of the probe to the protein used in the data analysis. In the
case of hexa-histidine-tagged protein, the measurements could not be made with higher protein
concentration because of precipitation, and hence the observed Ky value represents an
approximate affinity.

Although the apparent affinity of NTA,-BM is in the micromolar range, probe binding to the
His-tag is quite kinetically stable. The protein labeled with NTA,-BM can be stored at 4 °C
for at least a week as indicated by the lack of change in its fluorescence spectrum. We also
assessed the extent of dissociation of the fluorophore over time using a Ni-NTA agarose matrix
in a competition-based assay. NTA,-BM-labeled His;g-CRABP | cannot bind the Ni-NTA
group on the agarose affinity matrix and elutes in the unbound fraction. We checked the BM
fluorescence of the eluate after three rounds of binding the same labeled protein to the Ni-NTA
resin and found little change, indicating minimal dye dissociation. In a control experiment, a
similar concentration of unlabeled protein applied to the Ni-NTA resin was >90% retained on
the resin. In the case of the unlabeled protein, tryptophan fluorescence was used as a measure
to calculate the binding efficiency. Thus, fluorophore binding cannot be competed by the Ni-
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NTA matrix, arguing for high kinetic stability of the fluorophore attachment to the protein
(data not shown).

The Ni2*-NTA co-ordination complex has four of the six ligand-binding sites of the Ni2* ion
occupied by the NTA molecule with the remaining two sites filled by two water molecules.
The affinity of Ni2* for the NTA molecule is lowered by a few orders of magnitude when the
water molecules are replaced with the nitrogens of the histidine side chains of the His-tag. The
affinity of a (His)g-tagged protein for Ni-NTA matrix is reported to be 10713 v (22). However,
all reports, including our study, indicate that the metal chelation-based fluorophores have
micromolar affinity for a His-tag. This difference in the affinity is likely due to the "Velchro
effect’, i.e. ahigh local effective concentration of the Ni-NTA head groups on the NTA-agarose
beads. Additionally, the orientation of the histidine side chains on a His-tag on a protein may
not be optimal. As the His-tag is a part of a large and charged macromolecule, steric effects
could also play a role in reducing the ability of the probe to approach the histidine residues
optimally. Therefore, the affinity of the NTA-based fluorophore might be improved by
optimizing the geometry of the histidine residues, for instance by using a His-tag with
alternating histidine residues (42) or increasing the length of the His-tag. Nevertheless, the
selectivity in the labeling, even in a complex mixture such as cell lysate, along with the
reversibility of binding, make it a promising candidate for both in vitro and in vivo studies.

a FRET donor to fluorescein-based acceptors

In vitro double-labeling experiments were carried out using NTA,-BM as a donor and
fluorescein or FIAsSH-EDT>, as an acceptor fluorophore in order to test the usefulness of
NTA,-BM in FRET measurements. His-tagged CRABP | mutants carrying a tetra-Cys motif
(Cys-Cys-X-X-Cys-Cys) either at the C-terminus or internally in one of the loops (omega-
loop) could not be efficiently labeled with FIASH-EDT if they were first labeled with NTA,-
BM. Interchanging the order of modification and carrying out labeling of the protein first with
FIAsH-EDT> and later with NTA,-BM resulted in a decrease in the FIAsH fluorescence,
indicating that the NTA,-BM partially displaced the bound FIAsH as a result of its higher
affinity for the tetra-Cys motif. However, we have designed a CRABP | mutant carrying two
cysteines on strand 1 (T6C and K8C) and two cysteines on strand 2 (H40C and E42C) such
that in the native protein the four cysteine residues are in close proximity to form a ‘split' FIAsH-
binding tetra-Cys motif (unpublished data), referred to as His;p-CRABP | St1-2*. Presumably
because of the lower affinity of the split tetra-Cys motif for the NTA,-BM label, this protein
could be doubly labeled with both fluorophores. In this case, energy transfer from BM to FIAsH
was indicated by comparing the FIAsH fluorescence of the protein with only FIAsH labeling
with that of the doubly-labeled protein upon excitation at 385 nm, the Ay, for BM excitation
(Figure 5). Both proteins exhibit a similar FIAsH fluorescence when FIAsH is directly excited
at 508 nm. Energy transfer was further confirmed by a restoration of the BM fluorescence upon
cleavage of the protein by partial trypsinolysis (Figure 5). Compatibility in double-labeling
protein with NTA»-BM and fluorescein was also verified by labeling a single cysteine mutant
of another test protein (the E. coli protein Ffh, harboring a His-tag and a Ser366 to Cys
mutation), with NTA,-BM followed by labeling with fluoroscein iodoacetamide (data not
shown). It should also be noted that the use of any metal chelation-based fluorophores is
restricted to proteins that are not affected by the presence of metal ions as, for example, proteins
rich in cysteines tend to precipitate in the presence of metal ion. Presence of excess of thiol-
based reducing agents can also lead to precipitation and hence should be avoided.

The NTA head (10) and BM are both membrane permeable, and therefore it can be expected
that NTA,-BM will most likely be internalized into mammalian cells. Indeed, fluorescence
measurements of HeLa cells treated with NTA,-BM clearly indicated presence of the
fluorophore inside the cells (Figure 6).
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Conclusions and Future Directions

Using the a-amino group of cysteine as a template for synthesis of an NTA 'head' and side
chain thiol groups for reaction with dibromobimane yielded a new, smaller, neutral, and
economical fluorescent reagent, NTA,-BM, with affinities toward His-tags comparable with
similar fluorophores built from lysine residues previously reported in the literature (9,16,29).
The dye enters rapidly (<20 min) into mammalian cells. Thus, NTA,-BM can be used for in
vivo labeling of proteins expressed with a His-tag. We expect that extracellularly disposed His-
tags on surface proteins would be labeled very rapidly upon treatment of cells with dye, and
that this dye, like others reported previously (10,29), could be used for labeling of surface
receptors, although rapid dye removal would be necessary to minimize background
fluorescence from intracellular dye. Our in vitro double-labeling experiments with FIAsH-
EDT, suggest that NTA,-BM can complement FIAsH labeling in vivo as well as be used for
intramolecular FRET experiments. However, it should be noted that use of EDT in the in
vivo FIAsH-labeling experiments to reduce background fluorescence is not desirable in
combination with any Ni2* chelation-based labeling as EDT can form a co-ordination complex
with Ni2* ions. This limitation can most likely be overcome by using excess nickel ions.
Furthermore, one could extrapolate the strategy described here to incorporate various other
fluorophores with higher quantum yields such as Cy5-bis-C5-maleimide (43), bis-[(N-
iodoacetyl) piperazinyl]sulfonerhodamine, or BODIPY® (Invitrogen Corp., Carlsbad, CA,
USA) FL bis-(methyleneiodoacetamide). Another application of the new reagent could be to
develop more economical His-tag staining reagents for gel chromatography. The NTA, dye
offers higher affinity than comparable fluorophores linked via a single NTA head (16,27).
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Figure 1.

Purification of NTA»-BM on a PD10 column. (A) Absorbance profile at 385 nm for the various
fractions collected from the PD10 column during final step of purification of NTA»-BM. The
peaks corresponding to (1) and (I1) represent the desired product and the contaminant,
respectively. (B) Fluorescence of the corresponding fractions, as shown in (A), on a UV-
transilluminator.
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Figure 2.

Specificity of NTA,-BM labeling of a His-tag. Absorbance profile of desalted fractions of
NTA,-BM-labeled lysozyme (circle), NTA,-BM-labeled His;g-CRABP | wt* (triangle), and
free NTA,-BM (square). Filled and open circles represent the protein absorbance at 280 nm
and bimane absorbance at 385 nm, respectively.
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Figure 3.

Fluorescence spectra of NTA,-BM-labeled His-tagged proteins in vitro (A) and in cell lysate
(B). (A) Labeling proteins with varying lengths of His-tag: (His)19-CRABP | wt* (dashed-
dotted line), (His)s-T7 RNA pol (dashed line), and (His)o-CRABP | mutant (dotted line), with
NTA,-BM resulted in a blue shift of nearly 5 nm in the bimane fluorescence compared with
that of free NTA,-BM (solid line). (B) The soluble fraction of cells expressing His;g-CRABP
| wt* and CRABP | wt*-Hisg was used for labeling with NTA,-BM as described in Materials
and Methods section. BL21(DE3) cells were treated in a similar fashion as a control to assess
background labeling. Labeling of the protein was also accompanied by a blue shift of nearly
5 nm compared with fluorescence of free fluorophore in cell lysate.
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Figure 4.

Determination of the dissociation constant (Ky) using fluorescence anisotropy measurements.
Affinity of the probe for a Hisyo-tag was estimated using CRABP | wt* protein. The error bar
represents the standard error between two independent measurements at each concentration of
the protein. Data were fit as described in Materials and Methods section, yielding a Kq of 5.0

Hm.
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FRET between NTA,-BM and FIAsH. (A) Fluorescence emission spectra of His;o-CRABP |
St1-2* either FIAsH-labeled (dashed line) or doubly labeled (with both FIASH-EDT, and
NTA,-BM; solid line). An increase in the FIAsH fluorescence in the doubly-labeled protein
arises from energy transfer from donor, bimane, to acceptor, FIAsH. (B) Subjecting the doubly-
labeled protein to trypsinolysis resulted in an increase in the bimane (donor) fluorescence of
the trypsin-treated protein compared with that of the untreated protein due to the loss of the

acceptor.
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Fluorescence emission spectra of untreated (dashed line) and NTA,-BM-treated (solid line)
HelLa cells. Bimane fluorescence indicates that NTA,-BM is permeable to the mammalian cell
membrane.
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Scheme 1.

Synthesis of NTA,-BM. Trityl-protected cysteine was alkylated to generate Cys-NTA (1) and
two of the deprotected molecules (2) were cross-linked by reaction of dibromobimane with
free sulfhydryl groups to yield the final fluorophore, NTA»-BM (3).
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