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a b s t r a c t
Quantum dots emerge as an attractive alternative to small molecule ﬂuorophores as ﬂuorescent tags for
in vivo cell labeling and imaging. This communication presents a method for speciﬁc labeling of live cells
using quantum dots. The labeling is mediated by HaloTag protein expressed at the cell surface which
forms a stable covalent adduct with its ligand (HaloTag ligand). The labeling can be performed in one single step with quantum dot conjugates that are functionalized with HaloTag ligand, or in two steps with
biotinylated HaloTag ligand ﬁrst and followed by streptavidin coated quantum dots. Live cell ﬂuorescence
imaging indicates that the labeling is speciﬁc and takes place at the cell surface. This HaloTag proteinmediated cell labeling method should facilitate the application of quantum dots for live cell imaging.
Ó 2008 Elsevier Inc. All rights reserved.

Fluorescence imaging of proteins in vivo opens up a window
into the cellular protein biochemistry, enabling direct visualization
of protein dynamics, localization, and interactions in single living
cells [1]. Most of current labeling strategies employ either green
ﬂuorescent protein (GFP) and its color variants or small organic
ﬂuorophores that are chemically introduced to the target proteins
[2–8]. While each ﬂuorescent tag possesses its own advantages,
both share the same shortcoming for long-term imaging, that is,
low photostability. Recent advance in the nanotechnology has generated a powerful addition to the labeling arsenal, which is semiconductor nanocrystallites (also known as quantum dots, QDs).
Semiconductor QDs are a class of new material intermediate between small molecules and bulk size materials, and possess unique
electrical and optical properties due to the quantum conﬁnement
effect [9]. They have broad absorption and narrow emission spectra, large extinct coefﬁcients, high photostability, and long ﬂuorescence lifetime. Their ﬂuorescent emission is dependent on the size
of the nanoparticles—larger size produces longer emission wavelength [10]. All these potential advantages make quantum dots
attractive as a ﬂuorescent tag for biological applications such as
in vitro assay detection and in vivo cell labeling and imaging
[11–16]. For these biological applications, QDs are often coated
with biocompatible molecules such as phospholipids [17], amphiphilic polymers [18], peptides [19–20], or nucleic acids [21], followed by further functionalization with biorecognition molecules
* Corresponding author. Fax: + 1 650 736 7925.
E-mail address: jrao@stanford.edu (J. Rao).
1
Present address: Department of Medicinal Chemistry, School of Pharmacy, China
Pharmaceutical University, Nanjing, Jiangsu, China.
0006-291X/$ - see front matter Ó 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2008.07.004

such as receptor-binding ligands antibody to label speciﬁc proteins. For example, antibody conjugated QDs have been applied
to label multiple cellular targets in ﬁxed samples [22], and to image xenografted prostate tumors in vivo [18]. Streptavidin conjugated QDs have allowed the visualization of dynamics of
neuroreceptors in cultured neurons [23]. Quantum dots conjugated
with bioluminescent proteins can emit light via bioluminescence
resonance energy transfer without external light excitation, and
have been applied to in vivo animal imaging [24]. This communication presents a general method for labeling surface proteins in
live cells with QDs based on a genetically engineered hydrolase
as the mediator.
Our labeling strategy utilizes an engineered bacterial enzyme,
haloalkane dehalogenase—the HaloTag protein (HTP) [25]. The native HTP is a monomeric protein (MW  33 KDa) that cleaves carbon halogen bonds in aliphatic halogenated compounds [26]. Upon
the nucleophilic attack to Asp106 in the enzyme by the chloroalkane, an ester bond is formed between the HaloTag ligand and
the protein (Scheme 1). HTP contains a critical mutation in the catalytic triad (His272 to Phe) so that the formed ester bond between
HTP and HaloTag ligand cannot be further hydrolyzed (Scheme 1).
HaloTag ligands labeled with small organic dyes such as coumarin
and ﬂuorescein have been developed for in vivo labeling of target
proteins. We have previously demonstrated this technology for
speciﬁc bioconjugation of bioluminescent proteins to quantum
dots [27]. In this work, we genetically fused the HTP to a cell membrane anchoring domain to present HTP extracelluarlly for the QD
labeling. The labeling can be performed in one single step with QDs
conjugates that are functionalized with HaloTag ligand, or in a
two-step procedure with biotinylated HaloTag ligand ﬁrst and
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Scheme 1. Schematic representation of the design of the HaloTag protein-mediated labeling of membrane protein in living cells with quantum dots.

with phosphomolybdic acid. 1H NMR spectra were measured on a
Varian INOVA 400 magnetic resonance spectrometer. Data for 1H
NMR spectra are reported as follows: chemical shifts are reported
as d in units of parts per million (ppm) relative to chloroform-d (d
7.26, s) and Methanol-d4 (d 4.87, s); multiplicities are reported as
follows: s (singlet), d (doublet), t (triplet), q (quartet), dd (doublet
of doublets), m (multiplet), or br (broadened); coupling constants
are reported as a J value in Hertz (Hz); the number of protons (n)
for a given resonance is indicated nH, and is based on spectral integration values. EI-MS spectrometric analyses were performed at
the Mass Spectrometry Facility of Stanford University, California.
Synthesis of biotinylated HaloLigands 1 and 2. HaloTag ligands 1
and 2 are prepared according to Scheme 2.

followed by streptavidin coated QDs. Live cell ﬂuorescence imaging
indicates that the labeling is speciﬁc and takes place at the cell surface. This HaloTag protein-mediated cell labeling method should
facilitate the application of quantum dots for live cell imaging.
Materials and methods
General methods and chemicals. Unless otherwise stated, all reagents and solvents were obtained from commercial sources and
used without puriﬁcation. Water was deionized by passing
through a Milli-Q water ﬁltration system. Analytical TLC was performed with 0.25 mm silica gel 60F plates with ﬂuorescent indicator (254 nm). Plates were visualized by ultraviolet light or stained
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Scheme 2. Synthesis of biotinylated HaloLigands 1 and 2. Reagents and conditions: (a) Boc2O, EtOH, 0 °C -r.t.; (b) NaH, DMF, 0 °C; then 1-chloro-6-iodohexane, r.t.; (c) TFA,
CH2Cl2, r.t. then K2CO3, MeOH; (d) 6 or 7, TBTU, HOBt, DMF, r.t; then 5; (e) piperidine, CH2Cl2, r.t; (f) biotin-NHS, DIPEA, DMF.
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3: To a solution of 2-(2-aminoethoxy)ethanol (1.05 g, 10 mmol)
in anhydrous EtOH (20 mL) at 0 °C was added Boc2O (2.2 g,
10 mmol). After stirring at room temperature for 2 h, the reaction
mixture was diluted with CH2Cl2, washed with brine and the organic layer was dried over Na2SO4. The solvent was removed to
get the residue 3 as colorless oil (2.05 g, 100%), which was used
for the next step without further puriﬁcation. 1HNMR: (400 MHz,
CDCl3) d 5.07 (br, 1H), 3.74 (m, 2H), 3.60 (m, 4H), 3.33 (m, 2H),
2.69 (m, 1H), 1.45 (s, 9H).
4: Under argon, to a solution of 3 (1.0 g, 5.0 mmol) in anhydrous
DMF (5 mL) at 0 °C was added 80% of NaH (192 mg, 6.0 mmol).
After stirring at 0 °C for 30 min, 1-chloro-6-iodohexane (1.5 g,
6.1 mmol) was added to the reaction mixture. After 4 h the reaction was quenched with 1 N of HCl, and extracted with CH2Cl2.
The organic layer was washed with brine and dried over Na2SO4
and then evaporated. The residue was puriﬁed by ﬂash column
on silica gel to afford 0.9 g (56%) of 4 as colorless oil. 1H NMR:
(400 MHz, CDCl3) d 5.07 (br, 1H), 3.64–3.50 (m, 8H), 3.47(t,
J = 6.8 Hz, 3H), 3.36–3.28 (m, 2H), 1.82–1.74 (m, 2H), 1.66–1.57
(m, 2H), 1.50–1.34 (m, 4H), 1.45 (s, 9 H). EI-MS: m/z 324.2
[M+1]+; calc. 323.2.
5: Compound 4 (650 mg, 2.0 mmol) was dissolved in 4 mL of
CH2Cl2 and treated with TFA (1.0 mL) at room temperature for
2 h. The solvent was removed and the residue was treated with
anhydrous K2CO3 (550 mg, 4.0 mmol) in MeOH (5 mL). The mixture
was ﬁltered and the ﬁltrate was concentrated to give amine 5
(406 mg, 91%) as colorless oil. 1H NMR: (400 MHz, CDCl3) d 3.95–
3.40 (m, 8H), 3.10–2.80 (m, 2H), 1.82–1.74 (m, 2H), 1.65–1.56 (m,
2H), 1.50–1.32 (m, 4H). EI-MS: m/z 223.8 [M+1]+; calc. 223.1.
8: To a mixture of 6 (200 mg, 0.5 mmol), TBTU (160 mg,
0.5 mmol) and HOBt (80 mg, 0.6 mmol) in 3.0 mL of anhydrous
CH2Cl2 was added DIPEA (175 lL, 1.0 mmol) at room temperature.
The reaction mixture was stirred for 5 min and then 5 (130 mg,
0.6 mmol) was added. After stirring for 1 h, the reaction mixture
was quenched with saturated NH4Cl and extracted with EtOAc.
The organic layer was washed with brine, dried over Na2SO4 and
evaporated. The residue was puriﬁed by ﬂash column on silica
gel to get 250 mg (83%) of 8 as colorless oil. 1H NMR: (400 MHz,
CDCl3) d 7.76 (d, J = 7.6 Hz, 1H), 7.61 (d, J = 7.2 Hz, 1H), 7.42–7.36
(m, 2H), 7.34–7.27 (m, 2H), 6.63 (br, 1H), 5.78 (br, 1H), 4.43 (d,
J = 6.8 Hz, 2H), 4.24–4.21 (m, 2H), 3.73 (t, J = 6.4 Hz, 2H), 3.66–
3.40 (m, 20H), 2.45 (t, J = 6.4 Hz, 2H), 1.80–1.72 (m, 2H), 1.64–
1.54 (m, 2H), 1.48–1.30 (m, 4H). EI-MS: m/z 605.3 [M+1]+; calc.
604.3.
9: To a mixture of compound 6 (130 mg, 0.25 mmol), TBTU
(80 mg, 0.25 mmol) and HOBt (40 mg, 0.3 mmol) in 1.5 mL of
anhydrous CH2Cl2 was added DIPEA (100 lL, 0.6 mmol) at room
temperature. The reaction mixture was stirred for 5 min and then
5 (70 mg, 0.31 mmol) was added. After stirring for 1 h, the reaction
mixture was quenched with saturated NH4Cl and extracted with
EtOAc. The organic layer was washed with brine, dried over Na2SO4
and evaporated. The residue was puriﬁed by ﬂash column on silica
gel to afford 140 mg (76%) of 9 as colorless oil. 1H NMR: (400 MHz,
CDCl3) d 7.76 (d, J = 7.2 Hz, 1H), 7.61 (d, J = 7.2 Hz, 1H), 7.41–7.37
(m, 2H), 7.34–7.29 (m, 2H), 6.64 (br, 1H), 5.56 (br, 1H), 4.40 (m,
2H), 4.24–4.22 (m, 2H), 3.72 (t, J = 6.0 Hz, 2H), 3.66–3.40 (m,
34H), 2.45 (t, J = 6.0 Hz, 2 H), 1.80–1.72 (m, 2H), 1.62–1.54 (m,
2H), 1.50–1.30 (m, 4H). EI-MS: m/z 767.5 [M+1]+; calc. 766.4.
1: To a solution of 8 (61 mg, 0.10 mmol) in 1.5 mL of anhydrous
CH2Cl2 was added piperidine (300 lL) at room temperature. After
stirring for 1 h, the solvent was removed under reduced pressure
and the residue was dried in vacuum overnight. The resultant
amine was dissolved in DMF. To this solution was added DIPEA
(100 lL) and Biotin-NHS (50 mg, 0.15 mmol) at room temperature.
The reaction mixture was stirred overnight and diluted with EtOAc,
washed with brine, dried over Na2SO4 and evaporated. The residue
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was puriﬁed by ﬂash column on silica gel to get 22 mg (36%) of 1 as
a white solid. 1H NMR: (400 MHz, CD3OD) d 4.51–4.48 (m, 1H),
4.32–4.28 (m, 1H), 3.74 (t, J = 6.0 Hz, 1H), 3.62–3.52 (m, 14H),
3.49 (t, J = 6.0 Hz, 1H), 3.40–3.28 (m, 6H), 3.24–3.18 (m, 1H),
2.96–2.90 (m, 1H), 2.74–2.68 (m, 1H), 2.46 (m, J = 6.0 Hz, 1H),
2.22 (m, J = 7.2 Hz, 1H), 1.80–1.52 (m, 8H), 1.50–1.26 (m, 6H). EIMS: m/z 609.4 [M+1]+; calc. 608.3.
2: To a solution of 9 (78 mg, 0.10 mmol) in 1.5 mL of anhydrous
CH2Cl2 was added piperidine (300 lL) at room temperature. After
stirring for 1 h, the solvent was removed under reduced pressure
and the residue was dried in vacuum overnight. The resultant
amine was dissolved in DMF. To this solution was added DIPEA
(100 lL) and Biotin-NHS (50 mg, 0.15 mmol) at room temperature.
The reaction mixture was stirred overnight and diluted with EtOAc,
washed with brine, dried over Na2SO4 and evaporated. The residue
was puriﬁed by ﬂash column on silica gel to get 21 mg (27%) of 2 as
a white solid. 1H NMR: (400 MHz, CD3OD) d 4.51–4.46 (m, 1H),
4.32–4.28 (m, 1H), 3.72 (t, J = 6.4 Hz, 1H), 3.66–3.52 (m, 32H),
3.49 (t, J = 6.4 Hz, 1H), 3.38–3.34 (m, 4H), 3.32–3.29 (m, 2H),
3.24–3.18 (m, 1H), 2.96–2.90 (m, 1H), 2.71 (d, J = 12.8 Hz, 1H),
2.45 (t, J = 6.4 Hz, 2H), 2.22 (t, J = 7.2 Hz, 2H), 1.80–1.54 (m, 8H),
1.52–1.36 (m, 6H). EI-MS: m/z 785.4 [M+1]+; calc. 784.4.
Plasmid constructs. All mammalian expression vectors were constructed by standard cloning procedures. PCR ampliﬁcation was
done using Pfu ultra high-ﬁdelity DNA polymerase (Stratagene)
to avoid any undesired mutations. The gene encoded for the HaloTag protein without the stop codon was obtained by PCR from the
HaloTag pHT2 vector (Promega) with a BglII site straddling the initial methionine codon and a PstI site attached to the 30 end. The
PCR product was digested and ligated with a BglII/PstI digested
pDisplay plasmid (Invitrogen, Carlsbad, CA) to afford the plasmid
pmHT. That is included an N-terminal signal peptide, a C-terminal
PDGFR transmembrane domain and a stop codon. The CMV-null
plasmid was made from the pDsRed2-N1 vector (Clontech) after
removal of the DsRed cDNA as a control vector. The pEGFP-C1 plasmid (Clontech) was used as the transfection marker.
Cell lines, cell culture, and transfection protocols. COS7 cells (monkey kidney cell line) were grown in Dulbecco’s modiﬁed Eagle’s
medium supplemented with 10% fetal bovine serum at 37 °C and
5% CO2. Cells were transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.
Two-step labeling of living cell. COS7 cells were transfected with
0.6 lg of the pmHT or cmv-null plasmid along with 0.2 lg of pEGFP-C1 plasmid by lipofectamine 2000 (Invitrogen). Twenty four
hours after transfection, cells were reseeded into a 35-mm glass
bottom culture dish (MatTek, Ashland, MA). Twenty four hours
after reseeding cells were rinsed twice with Hanks’ balanced salt
solution (HBSS, Gibco). Cells were incubated with 50 lM of the biotinylated HaloTag ligand for 30 min at 37 °C, 5% CO2, and then labeled with the 5 nM of streptavidin-QD655 conjugate
(Invitrogen) in HBSS for 30 min at room temperature. The cells
were washed 5 times with HBSS before imaging on an Axiovert
200 M ﬂuorescence microscope (Zeiss) using a 40 oil-immersion
lens. QD655 (420/440 excitation, 660/40 emission, 470dcxr), and
EGFP (480/30 excitation, 535/40 emission, 505dclp) images were
collected and analyzed using MetaMorph Image analysis software
version 5.0 (Molecular Devices).
Direct labeling of living cell with QDs. The biotinylated HaloTag
ligand was mixed with the streptavidin coated QDs (sQD) at a ratio
of 50:1 in 10 mM phosphate buffer (pH 7.4) for 30 min at room
temperature, and free ligand was removed with three washes
using 10 K NanoSep ﬁlter (Pall) by centrifugation at 7000 rpm for
3 min at 4 °C. Final QD complex was collected with HBSS buffer
(pH 7.4) for the determination of the concentration. Cells were prepared using previous protocol for labeling. After rinsing twice with
HBSS, transfected cells were incubated with 20 nM of QD/HaloTag
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Fig. 1. A two-step labeling of a cell surface HaloTag protein in living cells with QDs. COS7 cells expressing membrane HaloTag protein (mHTP) and EGFP as a transfection
marker are incubated with (A) or without (B) HaloTag ligand 1 for 30 min at 37 °C; (C) COS7 cell expressing only EGFP are incubated with HaloTag ligand 1 for 30 min at 37 °C.
After washing, these cells are then labeled with 5 nM of sQD for 30 min at room temperature before imaging. QD signal is acquired with 100 ms exposure. Shown images are
overlaid frames of QD (red) and EGFP (green) ﬂuorescence of the same region. Scale bar, 50 lm. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

ligand conjugates for 30 min in 37 °C, 5% CO2. The incubation medium was removed and the cells were rinsed 5 times with HBSS before imaging.
Results and discussion
We ﬁrst cloned the HaloTag protein into a mammalian expression vector pDisplay that contains the platelet derived growth factor receptor (PDGFR) transmembrane domain at the C-terminus to
anchor the HTP on the cell membrane. A signal peptide from murine Ig j-chain was added to the N-terminus of the HTP to ensure
that it is presented on the extracellular side of the cell membrane
for labeling. The biotinylated HaloTag ligand 1 was prepared
according to Scheme 2, and used for the cell labeling study.
COS7 cells were cotransfected with the membrane HTP expression construct (mHTP) and an EGFP plasmid. As a transfection marker, EGFP ﬂuorescence veriﬁed the successful transfection of
mHTP. We ﬁrst performed a two-step labeling procedure, in which
cells were labeled ﬁrst with the biotinylated HaloTag ligand, followed by the binding to the streptavidin coated QD655
(sQD655). Unbound HaloTag ligand and QDs were washed out at
each step. As expected, cells transfected with both mHTP and EGFP
displayed the red ﬂuorescence from the sQD655 on the membrane
and green ﬂuorescence in the cytosol (Fig. 1A). Confocal imaging
conﬁrmed that the QDs were present on the cell membrane (Supporting Figure S1). As a control, when the biotinylated HaloTag ligand 1 was not present in the ﬁrst labeling step, cells only
displayed the green ﬂuorescence from EGFP (Fig. 1B), suggesting
that sQD655 did not bind to the transfected cells non-speciﬁcally.
When COS7 cells were transfected only EGFP, the two-step labeling
resulted in little labeling by the QDs (Fig. 1C), further supporting
the HaloTag protein-mediated cell labeling is speciﬁc.
This label was stable and allowed long-term imaging of labeled
cells. We followed the labeled cells with ﬂuorescence microscopic
imaging at room temperature over 4 h and the signals remained
essentially intact (Supporting Figure S2A). When the temperature
was increased to 37 °C, endocytosis began to occur as seen from
the punctuate QD ﬂuorescence pattern inside cells (Supporting Figure S2B).
We next attempted a direct one-step labeling by ﬁrst mixing
sQD655 with the HaloTag ligand 1 to make the HaloTag ligand presenting QDs. The resulting QD conjugates tended to aggregate at
the cell surface during the incubation. We thus synthesized the
HaloTag ligand 2 with three more ethylene glycol units (Scheme
2), which was more water soluble than ligand 1. At the same concentration (50 lM) in the two-step labeling procedure, ligand 2 resulted in a better labeling efﬁciency and higher QD ﬂuorescence.

The biotinylated HaloTag ligand 2 was mixed with sQD655 at a
ratio of 0:1, 5:1, 10:1 and 50:1 to make QD conjugates with a different density of HaloTag ligands. These conjugates were incubated
with COS7 cells expressed mHTP and EGFP. The QD conjugate with
a high ligand density (50:1) showed successful speciﬁc labeling of
membrane HTP, and the QD ﬂuorescence correlated well with the
EGFP signal in transfected cells (Fig. 2A). The QD conjugate with a
low ligand density (5:1) displayed little detected QD ﬂuorescence
in comparison with the control without the HaloTag ligand
(Fig. 2B). The QD conjugate with a medium ligand density (10:1)
showed detectable QD ﬂuorescence but lower than that from the
high ligand density construct. This result demonstrates the feasibility of one-step direct labeling of HTP proteins in living cells,
and also indicates the importance of the ligand density on the
labeling efﬁciency. The similar density-dependent activity has also
been observed with other QD nanoprobes [28].
In summary, this communication presents a method for speciﬁc
labeling of live cells using quantum dots. The labeling is mediated
by the HaloTag protein expressed at the cell surface which forms a
stable covalent adduct with its ligand (HaloTag ligand). We have
demonstrated that the labeling can be performed in one single step
with quantum dot conjugates presented with the HaloTag ligand.
The density of the ligand on the conjugate has been found to be
important to the labeling efﬁciency. This labeling can also proceed
in two steps with an incubation of the biotinylated HaloTag ligand,
followed by the binding of streptavidin coated quantum dots. In
each case, ﬂuorescence imaging indicates that the labeling is spe-

Fig. 2. Direct labeling of a cell surface halo tag protein in living cells. COS7 cells
expressing mHTP and EGFP as transfection marker are labeled with (A) or without
(B) 20 nM of streptavidin coated QD conjugates with the HaloTag ligand 2 for
30 min at 37 °C. QD signal is acquired with 500 ms exposure. Shown images are
overlaid frames of QD (red) and EGFP (green) ﬂuorescence of the same region. Scale
bar, 50 lm. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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ciﬁc and takes place at the cell surface. This HaloTag protein-mediated cell labeling method should facilitate the application of quantum dots for live cell imaging.
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