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Ni—nitrilotriacetic acid-modified quantum dots as a site-specific labeling
agent of histidine-tagged proteins in live cellsy
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Ni—nitrilotriacetic acid (NTA) functionalized CdSe/ZnS quan-
tum dots (QDs) were exploited as a site-specific labeling agent of
histidine-tagged biomolecules in live cells; the QDs were found to
be water-soluble, aggregation free and stable for several months.

Labeling of proteins with various chromophores is fundamen-
tal for the elucidation of the structure and localization of
proteins in vitro and in live cells. In this context, the develop-
ment of a selective and sensitive method using simple chemical
interactions to overcome the limitation caused by conven-
tional antibody-based protein labeling has been an important
subject for related areas. In addition, the need for more
efficient fluorophores has been continuously raised to mini-
mize photobleaching and overlapping problems of organic
dyes.

Semiconductor quantum dots (QDs) have emerged as useful
and alternative materials for labeling biomolecules because of
their unique optical advantages including photostability, nar-
row emission bands, broad excitation spectra, and accessibility
to versatile functionalization allowing for site-specific target-
ing.'?

In this study, we used the highly selective and simple
chemical interaction of Ni-nitrilotriacetate (Ni-NTA) com-
plex with oligohistidine (Kg' ~ 107'%). The Ni-NTA moiety
has been used extensively for purification, surface immobiliza-
tion, and in vitro detection of recombinant histidine-tagged
proteins.>* In particular, organic fluorescent dyes or gold
nanoparticles linked to the Ni-NTA complex have shown
potential for tracking biological events by specific binding to
His-tagged proteins.’ Although there are a variety of strategies
for labeling proteins with conventional organic fluorescent
dyes, from practical point of view, such approaches to visua-

lize specific proteins have been limited by rapid
photobleaching®® or the lack of availability of a detection
device.*?

Here, we report for the first time a simple and efficient
method using Ni-NTA conjugated CdSe/ZnS QDs (referred
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to as “QDs” hereafter) for site-specific and stable non-cova-
lent fluorescence labeling of histidine-tagged proteins in live
cells (Fig. 1).

Scheme 1 illustrates the synthetic route to the Ni-NTA
QDs. First, thiolated NTA ligand 2 was synthesized using a
previously reported method with slight modifications.** Then,
amino-PEG coated QDs (545 nm Ay, See ESIT for TEM
image) 1 were treated with sulfo-SMCC, a hetero-bifunctional
crosslinker, at room temperature for 1 h followed by the
removal of the excess reagent by membrane filtration. The
resulting retentate was re-dissolved in phosphate buffered
saline (PBS, pH 7.4, 50 mM PB, 150 mM NaCl) and reacted
with ligand 2 in DMSO. After vigorous stirring at ambient
temperature for 2 h, the reaction mixture was purified using
membrane filtration to obtain NTA-modified QDs 3, which
were then treated to form the Ni complex by reacting with an
excess of NiCl,-6H,0. Finally, unreacted Ni2* was removed
by extensive washing with water yielding pure Ni-NTA mod-
ified QDs 4. Each QD nanoparticle contains about 15 Ni—
NTA complexes on the surface as determined by inductively
coupled plasma mass spectrometry (ICP-MS) analysis. Non-
specific binding of Ni** ions on the surface of QDs 1 was
negligible even after prolonged incubation with NiCl,-6H,O.
Non-specific electrostatic interaction of ligand 2 with the
amine groups on QDs 1 can be minimized by maintaining
the basic reaction solution. The quantum yield (QY) of the
initial QDs remained unchanged after the conjugation and Ni
complexation steps, although some reports have described that
the QY is significantly reduced due to non-radiative energy
transfer following metal ion complexation.’® Alternatively,
another type of NTA modified-QD was also successfully
prepared via a ligand exchange reaction of trioctylphosphine
oxide (TOPO) capped CdSe/ZnS nanoparticles with ligand 2
(see ESIt).S

To explore the site-specific interaction of Ni-NTA modified
QDs with oligohistidine-tagged proteins, a cell-mimic system

Fig. 1 Ni-NTA modified quantum dots interact selectively with
histidine-tagged membrane proteins in live cells.
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Scheme 1 Ni—-NTA conjugation to amino-PEG coated QDs. Condi-
tions: (i) sulfo-SMCC in borate buffer (pH 8.4), rt, 1 h; (ii) ligand 2 in
DMSO, PBS buffer (pH 7.4), rt, 2 h; (iii) NiCl,-6H,O, rt, 30 min; sulfo-
SMCC = sulfosuccinimidyl 4- N-maleimidomethyl cyclohexane-1-car-
boxylate.

was constructed using agarose beads (AB, 45-180 pm in
diameter).” The peptide-functionalized beads, with two gly-
cines (G) and six histidines (H) (AB-G2H6), were used to
mimic cells expressing 6 x His on the membrane. AB-GSHG2,
representing cells with a natural amino acid composition on
the membrane, was used as a negative control. Both ABs were
incubated with Ni-NTA QDs at room temperature for 15 min
and the unbound QDs were washed out with 10 mM PBS. The
fluorescence images were obtained using a fluorescence micro-
scope.

Ni—-NTA modified QDs were found to be specifically bound
to 6 x His-tagged agarose beads, as evidenced by the strong
fluorescence of AB-G2H6 (Fig. 2a) whereas practically no
fluorescence was detected for AB-GSHG2. (See ESIf) The
affinity of Ni-NTA QDs for 6 x His was further investigated
by measuring the photoluminescence (PL) of the AB-G2H6
incubated with various concentrations of QDs 4. Fig. 2¢ shows
the specific interaction between 6 x His on the agarose beads
and Ni-NTA modified QDs 4. Binding of an increasing
amount of Ni-NTA QDs 4 to AB-G2H6 resulted in a satur-
able sigmoidal increase of the fluorescence intensity with an
ECsy value of 71 nM, where ECs, is the concentration of
Ni-NTA QD that elicits the half-maximal response. In the
other control experiments the PL increases linearly with the
increase of QD concentration, indicating absence of any
specific interaction. Labeling was also fully reversed upon
the addition of 1 M imidazole solution, indicating the specific
interaction of the Ni—-NTA probes with 6 x His.” This is
confirmed by the absence of fluorescence upon addition of
NTA probes without Ni.

The site-specific labeling of Ni-NTA QDs 4 was subse-
quently investigated in live cells to visualize the SHT2C
serotonin receptor into which hexahistidine sequences were
genetically engineered at the extracellular NH, terminal as
shown in Fig. 1. After incubation of HEK-293 cells expressing
His-5SHT2C with 90 nM QDs 4 for 30 min, the images were

(c){ -

®  QD-NTA-NI and AB-G5HG2

QD-NTA-Ni and AB-G2HE

QD-NTA and AB-G2HE

204

0 20 40 60 80 100 120

[QD-NTA{N)] (nM)
Fig. 2 Fluorescence microscope image of Ni-NTA modified QDs
(545 nm) incubated with (a) G2H6-modified AB and (b) G5HG2-
modified AB (control). (c) PL intensity of G2H6-modified AB after
incubation with Ni-NTA modified QDs (red) and without Ni (green)
and 5SGH2G-modified AB with Ni-NTA modified QDs (blue).

obtained using a Zeiss LSM-5 live confocal microscope
(Fig. 3). Fig. 3 shows that the Ni-NTA QDs 4 can selectively
label His-5HT2C transfected HEK-293 cells (Fig. 3a). The
control reaction of Ni-NTA QDs 4 with wild-type HEK-293
cells showed a significantly low fluorescence signal (Fig. 3b).
The binding affinity of the Ni-NTA QDs was found to be
dependent on the QD probe concentration (Fig. 3c). Quanti-
tative image processing (ImageJ software) revealed that the
binding of QDs 4 to His-SHT2C transfected HEK-293 cells
resulted in a similar sigmoidal increase of the fluorescence
intensity, which confirmed a specific binding between the QD
probe and His-tagged protein. The ECso of QDs 4 in live cells
was determined to be 41.7 nM, which is quite similar to that
obtained in the cell-mimic bead system (71 nM). The addition
of QDs 4 to untransfected HEK-293 cells exhibited a negligible
effect and was found to follow a linear function which is
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Fig. 3 Confocal microscope images of (a) His-SHT2C transfected
HEK-293 cells incubated with Ni-NTA QDs and (b) untransfected
HEK-293 cells incubated with Ni-NTA QDs. (¢) Normalized PL
intensity of His-5SHT2C transfected HEK-293 cells (M), untransfected
HEK-293 cells (A) and transfected HEK-293 cells labelled with NTA
QDs (@®).
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indicative of non-specific interaction. These results clearly
show that Ni-NTA QDs can be used to determine the
topology and localization of specific proteins in living cells
without the need for fixation and/or permeabilization of the
cells. These Ni-NTA QDs exhibit unique advantages over the
conventional protein labeling: (i) quantitative binding and
stability, (ii) site-specificity, (iii) controllable linkage length,
(iv) reversible binding, (v) cost effectiveness, (vi) universality
because a type of Ni-NTA QDs can be used for any kind of
specific protein of interest, and (vii) non-toxicity as all the cells
studied in our experiment remained alive even after 24 h
incubation. More detailed cytotoxicity studies are under in-
vestigation for further in vivo imaging. We are currently
developing strategies to label intracellular proteins by using
cell membrane penetrating peptides and to switch on and off
the fluorescence signal of Ni-NTA QDs utilizing their rever-
sible labeling ability.

In conclusion, we have demonstrated the synthesis of
Ni-NTA modified QDs as a site-specific protein labeling
agent. The interesting property of such an interaction is that
it is virtually unaffected by high salt, non-ionic detergent or
highly denaturing conditions. These Ni-NTA modified QDs
are water-soluble, aggregation free, stable for several months,
and were found to be promising nanoprobes for histidine-
tagged proteins in live cells. Because of the extensive usage of
6 x His-tagged proteins in biological research, this system will
be a useful alternative for labeling histidine-tagged proteins.

This work was supported by the Korean Ministry of Science
and Technology (MOST).
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