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Structural and mechanistic characterization of proteins by
fluorescence resonance energy transfer (FRET)1,2 requires the
ability to incorporate fluorescent probes at specific, defined sites.2

For proteins that do not contain cysteine residues, site-specific
fluorescent labeling can be accomplished by use of site-directed
mutagenesis to introduce a cysteine residue at the site of interest,
followed by cysteine-specific chemical modification to incorporate
the fluorescent probe.2 However, for proteins that contain cysteine
residues (most proteins with MW> 50 kDa), site-specific
fluorescent labeling is difficult. Three strategies have been
reported: (i) intein-mediated labeling (“expressed protein liga-
tion”),3 (ii) oxidation-mediated labeling,4 and (iii) trivalent-arsenic-
mediated labeling.5 The first two strategies are limited to labeling
of protein termini and do not permit in situ labeling (i.e., direct
labeling of proteins in cuvettes, gels, blots, or biological
samplesswithout the need for a subsequent purification step);
the third strategy currently is limited to a single fluorochrome.

Here, we report a strategy that permits labeling of termini or
internal sites, that permits in situ labeling, and that is compatible
with a range of fluorochromes with different spectroscopic and
photophysical properties. Our strategy involves use of the
“hexahistidine tag”6,7,8s i.e., the amino acid sequence His6s to
target site-specific fluorescent labeling. The hexahistidine tag is
known to interact tightly with transition-metal complexes, includ-
ing Ni2+:nitrilotriacetic acid (Ni2+:NTA).6-8 The hexahistidine tag
can be introduced at protein termini or internal sites by using
standard molecular-biology procedures6 and is widely used in
molecular-biology research for affinity-chromatography-based
protein purification [with (Ni2+:NTA)-agarose]6 and protein
immobilization [with (Ni2+:NTA)-coated surfaces].6,7

We hypothesized that the hexahistidine tag should interact
tightly with (Ni2+:NTA)n-fluorochrome conjugates and thus should
be able to mediate site-specific fluorescent labeling (Figure 1).
We further hypothesized, based on molecular modeling, that the
hexahistidine tag should be able to interact with up to two Ni2+:
NTA moieties without steric hindrance. To test these hypotheses,
we prepared and analyzed (Ni2+:NTA)1-fluorochrome conjugates
and (Ni2+:NTA)2-fluorochrome conjugates. We synthesized de-
rivatives of the widely used cyanine fluorochromes Cy3 and Cy52,9

having one pendant Ni2+:NTA- moiety [(Ni2+:NTA)1-Cy3 and
(Ni2+:NTA)1-Cy5; 1a and 1b in Figure 1a] or two pendant
Ni2+:NTA- moieties [(Ni2+:NTA)2-Cy3 and (Ni2+:NTA)2-Cy5;
2a and 2b in Figure 1b] by reaction of mono- and bis-
succinimidyl-ester derivatives of Cy3 and Cy59 with N-(5-amino-
1-carboxypentyl)iminodiacetic acid,10 followed by reaction with
NiCl2 (Figure 1a,b; Table 1).

Fluorescence anisotropy experiments11,12establish that1a and
1b exhibit relatively low affinity for the hexahistidine tag (KD g
10 µM; Figure 2).11
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Figure 1. (Ni2+:NTA)n derivatives of cyanine fluorochromes. (a)
Synthesis of (Ni2+-NTA)1-Cy3 (1a) and (Ni2+-NTA)1-Cy5 (1b). (b)
Synthesis of (Ni2+-NTA)2-Cy3 (2a) and (Ni2+-NTA)2-Cy5 (2b). (c)
Schematic representation of the mode of interaction of2a or 2b with the
hexahistidine tag.

Table 1. Spectroscopic Properties of Fluorochrome Conjugatesa

fluorochrome λmax,exc(nm) λmax,em(nm) quantum yield (Q)

1a 550 562 0.05
1b 648 667 0.08
2a 552 565 0.04
2b 650 668 0.05

a Ni2+-free analogues of2aand2b exhibit identicalλmax,excandλmax,em

and 3.8-fold higherQ (with the higherQ presumably reflecting the
unavailability of nonradiative decay pathways involving Ni2+ unoc-
cupied d orbitals).
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Fluorescence anisotropy experiments11,12 establish that, in
contrast,2a and2b exhibit high affinity for the hexahistidine tag
(KD ) 1.0 µM for 2a; KD ) 0.4 µM for 2b; Figure 3). Thus,
titration of 2a or 2b with a protein having a hexahistidine tag
(CAP-His6; C-terminally hexahistidine-tagged derivative of the
transcriptional activator CAP13) results in a large, saturable
increase in fluorescence anisotropy (Figure 3, filled symbols).
The interaction is specific (specificity>95%; Figure 3). Thus,
titration of 2a or 2b with an otherwise-identical protein lacking
a hexahistidine tag (CAP) results in little or no increase in
fluorescence anisotropy (Figure 3, open symbols).

FRET experiments1,2,14-16 confirm that2a and2b exhibit high
affinity and high specificity for the hexahistidine tag (KD ) 0.9
µM for 2a; KD ) 0.3 µM for 2b; specificity >95%), establish
that the stoichiometry of interaction of2a and 2b with the
hexahistidine tag is 1:1, and establish that2a and2b are suitable
for use in FRET-based distance measurements (Figure 4). Thus,
titration of a fluorescein-labeled, hexahistidine-tagged DNA-
protein complex (DNAF-CAP-His6)17,18sbut not an otherwise-

identical fluorescein-labeled, nonhexahistidine-tagged DNA-
protein complex (DNAF-CAP)swith 2a or 2b results in large,
saturable fluoresceinf2aor fluoresceinf2b FRET (Figure 4b,c).
Titrations performed under stoichiometric-binding conditions
(titrations with a concentration of DNAF-CAP-His6 substantially
higher thanKD) indicate that saturation occurs at a 1.1((0.2):1
mole ratio of2a or 2b to hexahistidine [which corresponds to a
2.2((0.4):1 mole ratio of Ni2+:NTA- to hexahistidine; Figure
4d,e]. The measured efficiencies of FRET at saturation, together
with the measured Fo¨rster parameters, yield an estimate of 56((4)
Å for the fluorescein-2aor fluorescein-2b distance in the complex
(Figure 4b,c)15,16s an estimate in excellent agreement with the
distance of∼55 Å expected based on structural information
(Figure 4a).17,20,21

FRET experiments assessing distances within RNA polymerase
core enzyme (MW) 380 KDa) further confirm that2a and2b
are suitable for use in FRET-based distance measurements
(unpublished data).

We emphasize that the fluorescence anisotropy and FRET
experiments in Figures 3 and 4 involved use of in situ labelingsi.e.,
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(15)E ) Ro
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6 + R6), whereE is the efficiency of FRET,Ro is the
Förster parameter,16 andR is the donor-acceptor distance.1,2
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and thus interacts with two molecules of2a or 2b (Figure 4A). However,
because of the inverse-sixth-power dependence ofE on R,1,2,15 and the high
value of R for the fluorescein-distal molecule of2a or 2b (∼80 Å; Figure
4A), the contribution toE of the fluorescein-distal molecule of2a or 2b is
expected to be negligible (∼10% the contribution of the fluorescein-proximal
molecule of2a or 2b).

Figure 2. Specific interactions of1a and1b with hexahistidine-tagged
protein: fluorescence anisotropy experiments.11,12(a) Titration of1awith
CAP-His6 (filled circles; KD ) 10 µM) and control titration with CAP
(open circles;KD > 50 µM). (b) Titration of 1b with CAP-His6 (filled
triangles;KD ) 40 µM) and control titration with CAP (open triangles;
KD > 100 µM).

Figure 3. High-affinity, specific interactions of2a and 2b with
hexahistidine-tagged protein: fluorescence anisotropy experiments.11,12

(a) Titration of2awith CAP-His6 (filled circles;KD ) 1.0µM) and control
titration with CAP (open circles;KD > 50 µM). (b) Titration of 2b with
CAP-His6 (filled triangles;KD ) 0.4µM) and control titration with CAP
(open triangles;KD > 50 µM).

Figure 4. High-affinity, specific, stoichiometric interactions of2a and
2b with hexahistidine-tagged protein: FRET experiments.1,2,14-16 (a)
Modeled structure of the DNAF-CAP-His6 complex,17,20 showing the
position of the fluorescein of DNAF (circle), the position of the
hexahistidine tag of each CAP-His6 protomer (diamond), the distance
between the fluorescein and the hexahistidine tag of the proximal CAP-
His6 protomer (∼55 Å), and the distance between fluorescein and the
hexahistidine tag of the distal CAP-His6 protomer (∼80 Å).21 (b) Titration
of 5 nM DNAF-CAP-His6 with 2a (filled circles;KD ) 0.9 µM; R ) 58
Å21) and control titration of 5 nM DNAF-CAP with 2a (open circles;KD

> 50µM). (c) Titration of 5 nM DNAF-CAP-His6 with 2b (filled triangles;
KD ) 0.3 µM; R ) 53 Å21) and control titration of 5 nM DNAF-CAP
with 2b (open triangles;KD > 50 µM). (d) Stoichiometric titration of 2.6
µM DNAF-CAP-His6 with 2a. (e) Stoichiometric titration of 0.6µM
DNAF-CAP-His6 with 2b.
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direct labeling of the sample in the cuvette, without a subsequent
purification step. Use of in situ labeling permitted rapid, “mix-
and-read” assays. In addition, use of in situ labeling permitted
the donor-only and donor-plus-acceptor measurements required
for the FRET experiments to be performed on the same sample,
in the same cuvette, thereby eliminating important sources of
experimental error.

The strategy described here has important advantages, including
the following: (i) compatibility with widely used hexahistidine-
tag-based protein-purification and protein-immobilization systems,
(ii) applicability to the large library of existing hexahistidine-
tagged proteins, (iii) suitability for labeling of N-termini, C-
termini, and internal sites, (iv) suitability for use in in situ labeling,
and (v) suitability for use with cyanine fluorochromes having
different spectroscopic and photophysical properties [Cy3 and Cy5
(Figures 1-4); probably also Cy3.5, Cy5.5, and Cy79]. The size
of the label is comparable to sizes of widely used labels.2-5

Nevertheless, as with any labeling strategy,2-5 it is essential to
verify that incorporation of the label does not alter properties of
the protein under study. We note that, in principle, the strategy
described here also should be adaptable for detection of hexa-
histidine-tagged proteins in gels or blots, for staining of hexa-
histidine-tagged proteins in histological preparations, and for
staining and FRET measurements in living cells.
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