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Peptide-Labeled Quantum Dots for Imaging GPCRs in Whole Cells and as Single
Molecules
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We report a robust and practical method for the preparation of water-soluble luminescent quantum dots (QDs)
selectively coupled through an amine or thiol linkage to peptide ligands targeted to G-protein coupling receptors
(GPCRs) and demonstrate their utility in whole-cell and single-molecule imaging. We utilized a low molecular
weight (~1200 Da) diblock copolymer with acrylic acids as hydrophilic segments and amido-octyl side chains as
hydrophobic segments for facile encapsulation of QDs (QD 595 and QD 514) in aqueous solutions. As proof of
principle, these QDs were targeted to the human melanocortin receptor (hMCR) by chemoselectively coupling
the polymer-coated QDs to either a hexapeptide analagrmielanocyte stimulating hormone or to the highly
potent MT-Il ligand containing a unique amine. To label QDs with ligands lacking orthogonal amines, the diblock
copolymers were readily modified with water-soluble trioxa-tridecanediamine to incorporate freely available amine
functionalities. The amine-functionalized QDs underwent facile reaction with the bifunctional linker-NHS
maleimide, allowing for covalent coupling to GPCR-targeted ligands modified with unique cysteines. We
demonstrate the utility of these maleimide-functionalized QDs by covalent conjugation to a highly potent Deltorphin-
Il analog that allowed for selective cell-surface and single-molecule imaging of the héwopioid receptor
(hDOR).

INTRODUCTION carboxylic acid provides solubility. This method is simple, but
. the stability of the QDs in water is decreasedl)(and the
Semiconductor nanocrystals, also called quantum dots (QDS),tig|ation leads to eventual dissolution of the nanocrystals,
have received considerable attention due to their novel eleCtrO”'Cresulting in the release of heavy atoms into solutids).(
and optical properties that are desirable for applications in ppqqnhojipid 13), polypeptide {4), bovine serum albumirl),
biological imaging -3). Th_elr broad abso_rpt!on spectra, as 54 gjlica L2 have also been used as capping agents but
weli_ alls their narrl(()w _{and S|_zt()el-tutnable _(—;:mlsl?lon.?, by ?Itegng potentially lack simple and reliable methods for further bio-
particle size, make it possible to excite all colors of QDs conjugation to the targeting ligand for cell-surface imaging

\?\l&lgﬁgﬁ%:tsg\timt: ;:trsfitrl]glveerllghtT?}Zulgcne f?lrotr(;]:ﬂ“n?ifé(;ggnt applications. Alternatively, amphiphilic di- and triblock copoly-
P P gp mers for encapsulating QDs via a spontaneous self-assembly

lifetime of QDs (36G-100 ns) also allow for imaging of living process 16, 17) allow one to circumvent these potential

cells with minimal interference from background autofluores- drawbacks whil intaining the photolumi .
cence, while their resistance to photobleaching makes themraWbacks while maintaining the photoluminescent properties
useful for continuous monitoring of biological processés ( ggghue gignl?)?(lail.a%??:?gggrilsZJII;IQg(]:r\i,tvig:jlr-sir?wluglr?ar?[Dl\j’otsrt]e
These emerging probes can potentially aid in refining existing repértged methogs for OBligand conjugation);re gchievéd by
methods for drug targeting and in facilitating studies in basic precoupling the QDs with antibodies or streptavidin, followed

blcgogy ©, 6).t llic chemistry h ided theti th by addition of hapten- or biotin-modified ligands. However,
rganometaliic cnemistry has provioed synthetic pathways nonspecific interactions between the antibody or streptavidin

to robust, monodisperse, highly emissive nanomaterials, SUChwith cell-surface targets are possible. Furthermore, both antibod-
as CdSe nanocrystals capped with ZnS shells. However, for.

biological imaging it remains challenging to choose appropriate ies and streptavidin s_|gn|f|cantly Increase the size of the__QD
organic coating agents to generate water-soluble QDs tha,[complex 50 nm), which could potentially affect accessibility

maintain high luminescent quantum yields and stability. Ligand to crowded cell-surface location$§, 19) and also interfere with

exchange is the most common method for generating water- receptor dynamics. . )

soluble QDs; for example, simple thiol-containing molecules,  Though QDs are now commercially available, few robust

such as mercaptoacetic acid, have been used to replacditerature methods have been reported for covalently conjugating
hydrophobic TOPO (trioctylphosphine oxide) coatings on the Peptide and peptidomimetic ligands to QDs. In a recent study,
surface of CdSe/ZnS nanoparticles—(0). In this case, the ~ Schmidt and co-workers synthesized a small peptide ligand

mercapto group thiolates the nanocrystal surface, while the (RGD) with an added cysteine, which was directly used to coat
bare quantum dot surfaces together with mercaptoacetic acid

(20). However, the thiol coating may possibly lead to QD
dissolution, as previously discussed. In more recent work,
Rosenthal and co-workers coupled angiotensin Il to carboxylic
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Figure 1. Synthesis of water-soluble QDs with associated ligand conjugation chemistry. (a) Carboxylic acid functionalized QDs for conjugation
to ligands through EDAC coupling. (b) Amine-functionalized QDs for conjugation to thiol-containing ligands through bifunctional cross-linkers.

where the amines are important for bioactivity. Thus, it still followed by addition of 200 mL of acetone under stirring to
remains challenging to optimize the chemistry as well as the precipitate NaCl. After filtration, the acetone was removed from
process for generating water-soluble polymer-coated QDs thatthe filtrate by vacuum. The crude product was redissolved with
allow for facile covalent coupling to peptidic ligands that 20 mL of water, frozen, and lyophilized. 4.5 g of white poly-
maintain their bioactivity. (acrylic acid) solid was collected.

Herein, we present a practical method for generating water- B, 2.16 g of poly(acrylic acid) solid (0.03 mol of carboxylic
soluble QDs and the necessary chemistry for covalently coupling acid) and 2.85 g of 1-ethyl-3-(3-dimethylaminopropyl)carbo-
the QDs with G-protein couple receptor (GPCR) targeted ligands diimide hydrochloride (EDAC, 0.015 mol) were transferred into
(Figure 1). GPCRs constitute a large and diverse family of 3 100 mL round-bottom flask. 20 mL of DMF was added to
proteins whose primary function is to transduce extracellular dissolve the mixture. About 1.6 mL of octylamine (0.0096 mol)
stimuli into intracellular signals. Since 50% of pharmaceuticals was added dropwise into the reaction flask. The clear solution
target GPCRs, new methods for imaging GPCRs at cell surfacesyyas stirred overnight under argon. TLC (gE/CH:OH = 7:1,
are of much interest. As proof of principle, we chose to target Ry, iaminey= 0.55, Riproducyy = 0.24) was used to monitor the
the QDs to the human melanocortin ahpioid receptors. We  reaction. When the reaction was complete, DMF was removed
demonstrate the feasibility of QD514 conjugatedotdISH by vacuum, and the residue was mixed with 10 mL of acetone
analogs that effectively image melanocortin receptors overex- and transferred into a centrifuge tube. 25 mL of water was
pressed on HEK293 cells. We also demonstrate that QDS added, and the gummy precipitated product was separated by
conjugated to Deltrophin-Il analogs can be utilized for selec- centrifugation (3000 rpm for 5 min) and washed with water
tively imagingd-opioid receptors on cell surfaces and for single- (25 mL x 3). The solid product was dissolved in 40 mL of

molecule imaging. ethyl acetate (gentle heating 480 °C was applied), and a
tetramethylammonium hydroxide (6.4 g in 25 mL water)
EXPERIMENTAL PROCEDURES solution was added to the polymer solution and stirred for 10

Instruments. QD absorbance was recorded by a Beckman min, before being transferred into a separation funnel. The
DU520 instrument. Fluorescence spectra were recorded on ayellowish aqueous layer was isolated in a centrifugation tube
PTI fluorimeter (814 photomultiplier detection system and LPS- and acidified y 1 N HCI to pH 2. The precipitate was separated
220B power supply)!H NMR spectra were recorded on a by centrifugation and washed with@ (15 mL x 2). The sticky
Bruker DRX-500 instrument. solid was redissolved in ethanol, at which point the ethanol was

General. All Fmoc-protected amino acids, BOP, HOBt, and removed under vacuum and 1.63 g of the yellow solid OPA
Rink-amide resin used for peptide synthesis were purchasedwas collected (45 5% of the carboxylic acids were converted
from Novabiochem. Boc-AEEEA (Boc-11-amino-3,6,9-triox- to octyl amide)."H NMR (d-CH3;OH): ¢ 0.85-0.92 (m, 3H),
aundecanoic acid) was purchased from Peptides International 1.20-1.35 (m, 10H), 1.461.55 (m, 2H), 1.551.95 (m, 3.2H),
Bare QDs were synthesized using published methads qr 2.05-2.50 (m, 2.4H), 2.953.28 (m, 2H).
purchased from Evident Technology. All other chemicals were  Synthesis of Amine-PEG-Modified Polymer (APOPA) A.
purchased from Aldrich. Peptides were purified by reverse-phaseSynthesis of Mono-Boc-Protected 4,7,10-trioxatridecanediamine.
HPLC (Varian) using a C18 column (Vydac.) 80 g of 4,7,10-trioxatridicanediamine (0.364 mol) was dissolved

Synthesis of Octylamine-Modified Poyacrylic Acid (OPA). in 250 mL dichloromethane in a 500 mL round-bottom flask.
A. 10 mL of a poly(acrylic acid) sodium salt solution (MW 3.2 g oft-Boc anhydride (0.0147 mol) was dissolved in 20 mL
~1200, 45 wt % in water) was acidified by 5 mL of 12 N HCI, of dichloromethane and added dropwise to the diamine solution
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Scheme 1. Processing QDs with Water-Soluble Amphiphilic A. The final aqueous QD stock solution was stored &C4
Shells QD concentration was determined by the absorption at 496 nm

_ CHCL,  Me,N*OH (e = 50000 M1 cm™) based on the first excitation state of
_Polymer

Soots

The same process was repeated for coating QD595

- CHCl, - 595 nm) with OPA. Twice the amount of OPA (100 mg) was
—’ used because of the larger size of QD595 (5 nm) compared to
h QD514 (3.2 nm). After dialysis, 2 mL of OPA-coated QD595
Clear Mixture was collected. (Concentrations were determined by absorbance
at 586 nm, based on the first excitation state of QD595 (
| 400000 Mt cm™1). Primary amine modified QD514 and

H,0 QD595 were prepared using a similar protocol (Scheme 1), but

starting with the amine-PEG-modified polymer, APOPA.
NAP-10 l Peptide Synthesis and PurificationAll ligands (NDP, MT-
Filtration II, Deltorphin-ll (lle—lle), and CCK; see Figure 2) were

—> synthesized by solid-phase peptide synthesis using a standard

fluorenylmethoxycarbonyl (Fmoc) strategy starting with Rink

over 4 h with stirring. After the addition, the solution was stired @mide resin 24). The cyclization reaction of MT-Il was
overnight. The solution was reduced to 150 mL under vacuum Performed according to the method reported by Hruby et al.
and extracted with water (300 mik 6) to remove excess (29 in 2002. Boc-AEEEA (PEG linker) was coupled at the
diamine. The organic layer was dried over 8@, and the N-termmal of norleucine bef.ore.deprotectlon of glutamic acid
dichloromethane was removed under vacuum. About 2.54 g of @d lysine, followed by cyclization.

mono-Boc-protected 4,7,10-trixoatridicanediamine (oily pre-  The final peptides were cleaved from the resin and all
cipitate) was collected (yield 54%% NMR (CDCl): 6 1.45 protecting groups were removed by cleavage cocktail (100 mg
(s, 9H), 1.74 (m, 4H), 2.80 (t, 2H), 3.22 (m, 2H), 3-:52.67 of peptide resin was treated with 1 mL of cocktail) composed
(m, 12H). of TFA and scavengers (81.5% TFA, 5%® 5% thioanisole,

B. Synthesis of Amine-PEG-Modified Triblock Copolymer. 5% phenol, 2.5% ethanedithiol, and 1% triisopropylsilane) for
383 mg of the octylamine-modified poly(acrylic acid) (OPA, 4 h at room temperature. The solution was filtered and
~0.2 mmol) and 190 mg of EDAC (1 mmol) were dissolved in precipitated by transferring into a centrifuge tube containing
6 mL DMF in a 25 mL round-bottom flask, and the solution precooled ether. After centrifugation ang 3vashes with fresh
was stirred for 10 min. 128 mg of mono-Boc-protected 4,7,- ether, the white solid was collected and lyophilized to yield
10-trioxatridecanediamine (0.4 mmol) dissolved in 1 mL DMF crude product. The crude peptides were purified by reverse-
was added into the reaction flask. The solution was stirred phase HPLC (Varian) using a C18 column (Vydac). Peptides
overnight, and the Kaiser tesP3) was used to monitor the  were purified with a linear gradient of 20% to 80% acetonitrile
reaction. When the Kaiser test indicated no free amine in containing 0.1% TFA at a flow rate of 8 mL/min, for 50 min.
solution, DMF was removed by vacuum and the residue was The purified peptides were reinjected on reverse-phase HPLC
transferred into a centrifuge tube, which contained 20 mL of and found to be>95% pure. The&' value of each product was
H,0O. The precipitated product was isolated by centrifugation determined by a C18 column with a linear gradient of 20% to
(3500 rpm for 8 min) and washed with 5 mL of,8. The 80% actonitrile containing 0.1% TFA at a flow rate of 1 mL/
product was redissolved in 3 mL of ethanol, which was min for 20 min.

sybsequently removed by vacuum. 8 mL of 50% TFA in AEEEA-Nle-Glu-Hisf)Phe-Arg-Trp-NH (NDP a-MSH Ana-
dichloromethane was added to the container to dissolve thejogue) Mass spectroscopy (ESI): observed 886.5 (calculated
residue and remove the Boc group. After a short reaction time, 886.5).k' = 0.64.

the solvent was removed by vacuum. The crude oily product 7 (a-MSH Analogue)Mass spectroscopy (ESI): ob-
was redissolved with 2 mL of ethyl acetate, and the solution ¢ored 1171.5 (calculated 1171.8)= 0.84.

was added dropwise into a centrifuge tube, which contained 30 Tyr-(0)Ala-Phe-Glu-lle-lle-Gly-Gly-(PEG)-Cys-Gly-NH

mL of cold ether. The solid product was separated by centrifu- .
; : - (Deltorphin Il Analogue) Mass spectroscopy (ESI): observed
gation (3500 rpm for 5 min) and washed with 20 mL of ether. 1345.5 (calculated 1346.8). = 0.95.

After drying, 120 mg of yellowish solid APOPA was obtained
(12—14% of carboxylic acids were converted to amide-PEG- AEEEA-Asp-Tyr-N-MeNle-Gly-Trp-N-MeNle-Asp-Phe NH
amine).’H NMR (CDCl): 6 0.80-0.95 (m, 3H), 1.021.39 (CCK-—B Ligand).Mass spectroscopy (ESI): observed 1244.3
(m, 10H), 1.39-1.60 (m, 2H), 1.66-2.15 (m, 3.1H), 2.15 (calculated 1244.8k' = 1.50.

Vacuum

2.55 (m, 1.4H), 2.783.00 (m, 1.1H), 3.63.4 (m, 2.9H), 3.5 Preparation of NDP—QD514.1.1 mL of 5uM OPA-coated
3.88 (m, 3.3H). QD514 (5.5 nmol) was mixed with 10L of EDAC solution
Process for Coating QD with Amphiphilic Polymer Shell (0.05 mg/l) and stirred for 10 min. 17@L of 6.4 mM NDP-

(Scheme 1). 50 mg of the OPA was dissolved in 4 mL of o-MSH stock solution (concentration was determined by
dichloromethane. Tetramethylammonium hydroxide (25 wt % absorption at 280 nnmi8 M guanidine) was added to the coated
in methanol) was used to adjust pH to 10. 3000f 0.12 mM QD514 solution with stirring. The pH was adjusted te&with
bare QD514 in toluenelfm = 514 nm, Evident) were added to  25% tetramethylammonium hydroxide in methanol, and the
the solution and stirred for several minutes, at which time the Kaiser test was used to monitor reaction progress. After 6 h,
solvent was removed under vacuum. The solid was redissolvedthe Kaiser test showed no free amine in solution, and the solution
in 500 uL of water and loaded onto a NAP-10 column was loaded on a NAP-10 column and eluted with buffer A. The
(Amersham Biosciences). Phosphate buffer A (10 mM, pH 7.35) fluorescent fractions+1.5 mL) were collected and dialyzed in
was used to elute the QDs. Fluorescent fractions were combineda MWCO 3500 dialysis cassette against 500 mL of buffer A.
(~2 mL) and further filtered through a 0.48n Acrodisc syringe After 10 h, fresh buffer was used for another 10 h dialysis. The
filter. The filtrate was dialyzed overnight in a Slide-A-Lyzer final NDP—QD514 conjugate solution was®/ as determined
dialysis cassette (MWCO 7000, Pierce) against 400 mL of buffer by the absorption at 496 nm, described above.
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Figure 2. Structures of the GPCR-targeting ligands investigated.
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Preparation of MT-II —QD595 and MT-Il —QD514. 500 the surface-initiated atom transfer radical polymerization (ATRP)
uL of 1.1 uM OPA-coated QD595 (0.55 nmol) was mixed with (27, 28). A 5-nm-thick polyacrylamide brush was prepared on
20 uL of 2.8 mM MT-II (56 nmol) solution (concentration was the coverslip according to the same procedure previously
determined by absorption at 280 nm8 M guanidine) in 80 reported R9). The lipid bilayer of 1-palmitoyl-2-oleoysn
uL of 0.1 M pH 9.2 sodium bicarbonate buffer. Under stirring, glycero-3-phosphocholine (POPC) with cholesterot10%)
20 uL of EDAC solution (40 mM) was added, and another 20 was formed on the polyacrylamide-modified coverslip surface
uL was added after 2 h. The Kaiser test was used to monitor using a standard vesicle fusion proced@® 80). The isolation
the reaction. When the reaction was over @4h), the solution and purification procedure of hDOR was as described previously
was filtered with a 0.4mm Acrodisc followed by dialysisina (29, 31). The receptor has a His tag and myc epitope on its C
MWCO 10 000 dialysis cassette against 400 ml2 of buffer terminus, and is solubilized in buffered 1% dodefyb-

A. Finally, ~1.7 mL of 0.2uM of the MT-11—QD595 conjugate maltoside solution. The hDOR solution was added into the
solution was collected in which the ratio of MT-1l to QD595 is  buffer on the lipid membrane described above. This dilution of
about 100:1. The same procedure was used to conjugate MT-IlhDOR suspension allowed hDOR to be incorporated into the

to OPA-coated QD514. lipid bilayer. The lipid membrane was rinsed multiple times,
Preparation of Deltorphin-Il —QD595 and Deltorphin-Il — then 50 mM phosphate buffer (0.5 M NaCl, pH 7.5) was added.
QD514.2.5 mg ofN-(8-maleimidopropyloxyl)succinimide ester Single-Molecule Fluorescence ImagingSingle-molecule

was dissolved in 1 mL DMSO to obtain a 10 mM cross-linker fluorescence imaging of the ligand binding was achieved by
stock solution. 0.6 mg Deltorphin-II (ltelle) was dissolved in ~ using a highly sensitive CCD camera coupled to an argon ion
200 uL H,0 to obtan a 2 mMd-opioid ligand stock solution laser as an excitation source. The microscope (TE2000-U,
(concentration was determined by the DTNB test based on theNikon) was designed for total internal reflection fluorescence
free thiol concentratior2)). 120uL of APOPA-coated QD595  imaging. For the excitation of the QDs, the blue line of the

(2.8uM, 0.33 nmol) was mixed with 10L of the cross-linker argon ion laser (488 nm, 0.05 mW) was used. The green line
stock solution and incubated at room temperature for 1 h. The (514.5 nm, 0.26 mW) was used for Cy3 excitation. The laser
resultant clear solution was loaded on a NAP-10 column and beam was used to irradiate the sample in a total internal

eluted with buffer A. Fluorescent fractions-250 uL) were reflection mode via an oil-immersion 1@0TIRF objective (NA
collected and mixed with &L of the Deltorphin-Il (lle-Ile) 1.4, Nikon). A high-sensitivity CCD camera, PhotonMAX (512
stock solution (16 nmol) and 42L of buffer A. The mixture x 512 pixels, Princeton Instruments), was used to detect emitted

was equilibrated at room temperature for 1 h, at which time 3 fluorescence from the QDs or Cy3 dye after reduction of stray
uL of 100 mM p-mercaptoethanol was added to quench the light by the emission filter (595AF60, Omega Optical). The
unreacted maleimide. After 30 min, the reaction solution was fluorescence image was captured as a 500 frame movie, in which
filtered through a 0.4mM Acrodisc and dialyzed ina MWCO  the exposure (integration) time w& s for each frame.

10 000 dialysis cassette against 400 ml2 of buffer A. The

final 0.75uM Deltorphin-ll—QD595 solution was collected in  RESULTS AND DISCUSSION

which the maximal ratio of ligand/QD is about 50:1. A similar . .
procedure was used to conjugate Deltorphin-Il to APOPA-coated D€Sign and Syntheses of Polymer-Coated QDBor facile

D514. All OD or OD-ligand ugat trati encapsulation of QDs, we chose to synthesize amphiphilic
dQetermined gs des(gribelgzrg)osg.muga € concentrations were diblock (OPA) and triblock (APOPA) copolymers that would

. potentially impart solubility to the QDs in aqueous systems for
Ivm:anoc\:A)l/tcr)cr}(iaXm(ljster)i/ihC;gs gr:)vanrrgnleShrr:jm rrc_)undd #1'th biological imaging. In order to synthesize the block copolymers,
;g ﬁﬂfﬂ %zlsyciﬁee an?j permealgilri)feg 3vitha0 ?WZ 'I'er’itolgs)i-l\(l)v(l) we chose three (_Jlifferent commercially av_ailable poly(acrylic
. . . ) L .. acid) polymers with average molecular weights of 1200, 8000,
The cells were |ncubate(_j Wlth the primary antibodies (rabbit and 100 000. For each polymer, 40% of the free acids were
polyclonal) against thé-opioid receptor (Neuro[)nlcs, Northfield, transformed .to the hydrophobic 'octylamide groups such that
MN)horthr?‘lR E.RDI’ Fganqers, Nﬁ) iOl r;]at ZE ? Eefl_lfs wgre i the octyl chains would encapsulate and stabilize the QD while
washed three imes (. min eac ) inp losphaté bullered salin€y, o \,nmodified carboxylic acids would provide solubility in an
to remove unbound primary antibody. Since the MC4R antibody 6645 environment. The red QD 595 and green QD 514 were
recognized an epitope on the cell exterior, live cells also were o ated with the amphiphilic diblock polymers in dichlo-
|n<3[ybba:;[e(jf W'tg t?f's agt'gOdy (l@géml#l forf5 rgl? Waihed n i romethane and were subsequently purified by size exclusion
antibody-iree bu .er( >, > Min eac ), then fixe or subsequen chromatography (NAP-10 column) followed by dialysis (Scheme
processing. At this point, all fixed and permeabilized cells were 1y Nje and co-workers have recently utilized a similar strategy
incubated with secondary anti-rabbit 19G Iat_)eled with E'Ith(_EI‘ utilizing octylamine-modified triblock copolymer (MW 100 000,
CtySS(;]éCIf’fct’n Immld_noResearcrl!) or FITC (S|grtn%) fort 45|m|n 25% of the free carboxylic acid was derivatized) as the QD
at - Alter waso Ing, COVErsIps were mounted onto giass coating polymer. All three copolymers afforded soluble QDs.
S“d.%ls usrl]ng a 50% glr{certljllsg_llne_ SOl(uot'i(';]/ )CON?E;;";E the Notably, the low molecular weight diblock polymer (MW 1200)
antibleach agent paraphenylendiamine (0.1%). ey . ;
and Deltorphin-li(lle-lle)—QD595 were used for imaging provided the most reproducible coating for both the green and

o . ; red QDs, where the copolymer contain&6 acid units of which
(';’.'C“R or 9-opioid receptors as described in the results and 4O%Qare modified with%ct);lamine as evidenced by NMR. Both
iscussion section.

o ] ) green and red QDs coated with this low molecular weight
For standard wide-field imaging, slides were mounted on the polymer were water-soluble and maintained high luminescence
stage of an Olympus IX-70 microscope equipped with 60  in aqueous solution. The absorption and emission spectra are
1.4 NA objective. lllumination was provided by a 100 W Hg  very similar compared with those of TOPO-coated commercial
lamp, and images were acquired using a liquid-cooled CCD QDs in toluene (Figure 3). We investigated whether these
camera (Roper Scientific) equipped with a Kodak CCD array coatings provide extended stability and observed no changes
(KAF1401E). in solubility or fluorescence ovea 6 month period (stored at 4
Single-Molecule Imaging: Incorporation of hDOR in °C). We also tested whether these coatings are stable to various
Lipid Bilayer. The lipid bilayer was formed on a fused silica pHs that may be found in different cellular environments and
coverslip surface covered by a thin polyacrylamide film. It is are also required in bioconjugation chemistries. We found that
possible to make a polymer brush of controlled thickness by the QDs are stable between pH 3.5 and pH 10.5. Thus, our
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of the amines with-Boc, while the free amine was coupled to
the polymer using EDAC followed by deprotection eBOC
with TFA to give the amino-modified OPAH NMR showed
25108 Pt that each polymer chain contained an average of six octyl chains
' ¥ , and two free amines. The new amino-amphiphilic polymer
- (APOPA) was utilized to successfully encapsulate the QDs
* utilizing the same protocol described for the diblock copolymer
(OPA) (Scheme 1). The properties of these amine-functionalized
APOPA-coated QDs were found to be very similar to the OPA-
coated QDs, with excellent water solubility, stability, and
luminescent properties. With both types of water-soluble QDs
in hand, we turned to applying them for ligand conjugation for
biological imaging.

Bioconjugation of Ligands to QDs for GPCR Imaging.In
order to showcase our bioconjugation chemistries and provide
useful biological reagents, we chose to target two different
G-protein-coupled receptors (GPCRs), the human melanocortin
receptor (hMCR) and the humahopioid receptor (hDOR).
Cell-surface receptors, particularly GPCRs, play a central role
in cellular signaling and are important targets for modern
pharmaceuticals3@). Hence, there is a continuing demand for
460 480 500 520 reliable methods to directly probe cellular localization, receptor

Wavelength (nm) density, and trafficking. As such, we chose ligands with high
affinity for the chosen GPCRs to allow for imaging with the
(b) 210° QD label. For hMCR targeting, we utilized two analogues of
o-melanocyte-simulating hormone-MSH), NDP and MT-II,
developed by Hruby and co-worker33( 34). NDP and MT-II
° (Figure 2) ligands were synthesized by standard solid-phase
° peptide synthesis and purified. The purified peptides were
°° directly conjugated to the OPA copolymer coated QD514 and
° QD595 by utilizing the water-soluble EDAC-coupling reagent.
° The carboxylic acids on the QD surface were activated with
° EDAC followed by addition of the amine-containing ligands
° to generate the QBa-MSH conjugate (Figure 1, route a). We
° also synthesized another potent ligand, Asp-NykeNle-Gly-
v o Trp-N-MeNle-Asp-Phe-NH (CCK—B), which has been shown
- to be a selective CCKB-type analogue with an g of 0.13

(a) 3102

2103

15102

Fluorescence

1104

5104

1.6 104

12104

Fluorescence

8104
nM (35) and conjugated this ligand to our soluble QDs using
the above-described methodology to yield CEB—QD514 and
CCK—B—QD595.

4105 In an effort to provide a general strategy for QD conjugation,

4 ;’; % we also considered the possibility that many peptide ligands
could contain two or more free amines and thus not allow for
selective conjugation to QDs. Alternatively, the N-terminal
i con e amine in the ligand could be important for biological activity,
540560 580 600 620 which would preclude the EDAC-mediated coupling reaction
Wavelength (nm) described above. Considering this situation, we prepared QDs
Figure 3. Photoluminescence of uncoated QDs and their GPIZfRand coated with amine functionalities (APOPA) that could be
L ; modified by a suitable bifunctional linker, where one end
tes. (All I lized taN of QD D514 . . . .
conjugates. (All samples are normalized tadil of QD) (2) Q provides an activated ester that can react with a free amine on

labeled ligands (gree®, Evidot QD514; red®>, NDP—QD514; blue § g >
O, MT-1l—QD514; cyanx, Deltorphin-li(lle—Ile); green+, CCK- the QD surface while the other end provides a maleimide that

B—QD514). (b) QD595 labeled ligands. (dark red Evidot QD595; can specifically react with a unique thiol that is engineered into
yellow O, MT-Il —QD595; redx, Deltorphin-li(lle—lle); magentat, a ligand. To demonstrate the feasibility of this approach, we

CCK-B—QD595). synthesized a highly potent Deltorphin-Il analog, TgjAla-

results provide a robust method for synthesizing stable water- Phe-Glu-lle-lle-Gly (Deltorphin-li(lle-lle)), developed by Sasa-
soluble QDs suitable for covalent labeling with any macromol- ki (36) to selectively target thé-opioid receptoriy = 67 pM). -
ecule containing free amines via EDAC-mediated amide bond We incorporated a short linker and a cysteine at the C-terminus
formation. of this ligand for facile conjugation at pH-8 to the maleimide-

In many peptide ligands, the amino terminal and/or free functionalized amine-bearing QDs (Figure 1, route b). The
amines play an important role in ligand/receptor interactions. Peptide was conjugated to the QDs to yield Deltorphin-litile
For such ligands, the EDAC-mediated coupling to carboxylic !l€)—QD514 and Deltorphin-HQD595.
acid functionalized QDs is not feasible. Thus, we also synthe- Having all of the four different sets of GPCR ligan@D
sized amino functionality containing amphiphilic copolymers conjugates in hand, we compared them to the commercial QDs
as an alternate QD coating that can be further modified with in toluene. All the water-soluble ligand-modified QDs were
standard NHS containing bifunctional cross-linkers. We chose shown to maintain high photoluminescence in aqueous condi-
to functionalize the 40% octylamine modified poly(acrylic acid) tions (Figure 3). NDP-QD514 and Deltorphin-li(lle-lle)—
(OPA) with 4,7,10-trioxatridecanediamine. We protected one QD514 almost have the same fluorescence intensity as the bare

n e
u
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Figure 4. NDP—QD514 targeted hMC4R. (a) HEK293 cells incubated
with an MC4R specific antibody after cell fixation and permeabilization
showing the distribution of all expressed receptors. Arrows indicate
labeling at cell membranes. (b) HEK293 cells incubated with MC4R-
specific antibody prior to cell fixation showing the distribution of cell-
surface expressed receptors. (c) Live HEK293 cells lacking hMC4R
expression, incubated with T0M NDP—QD514 15 min prior to
imaging. (d) Live cells overexpressing the hMC4R, incubated wittf 10
M NDP—QD514. Scale bars 20 uM.

QD514. The fluorescence values of MT-IQD514, MT-1I—
QD595, and Deltorphin-li(lle lle)—QD595 decreased to about
one-third those of the bare QDs, but still high enough for
bioimaging because of the strong QD photoluminescence.
GPCR Imaging Utilizing QDs. Targeting hMC4R.The
utility of the EDAC coupling chemistry in generating ligand-
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probed with the receptor-specific antibody. This image shows
the distribution of all expressed receptor. However, this antibody
recognizes an extracellular epitope of the MC4R; therefore,
MCA4R-transfected HEK293 cells were also incubated with the
receptor-specific antibody prior to fixation. Figure 4B shows
the distribution of surface-expressed receptor. Control cells
without receptor do not show significant fluorescence under
either condition (data not shown). Having established that
hMCA4R was stably expressed, we turned to testing the selectivity
of NDP—QD514. HEK293 cells that either did not express
(Figure 4c) or expressed hMC4R (Figure 4d) were incubated
with NDP—QD514 (107 M). We clearly observe cell-surface
labeling by the NDP-QD514 of the HEK293 cells expressing
hMCA4R (Figure 4d) with almost no background labeling. These
results clearly show that our small ligand labeled water-soluble
QDs are easily comparable to commercial fluorescently labeled
antibody-based detection methods. Importantly, most receptor
antibodies are not raised against extracellular epitopes and
therefore do not label only the surface receptors, but rather show
the distribution of all receptors (functional or nonfunctional)
including those in subcellular compartments such as seen in
Figure 4A. Therefore, ligand-conjugated QDs provide an
important tool for specifically evaluating the functional receptor
complement on the cell surface.

Targeting hDORTo determine the utility of the APOPA
QDs functionalized with maleimides for conjugation with thiol-
bearing ligands, we tested the Deltorphin-Ii{Hge)—QD595
targeting to humard-opioid receptors (hDOR) expressed in
CHO cells (Figures 5 and 6). CHO cells with stably expressed
receptors were incubated with 0.75 nM Deltorphin-II{tie)—
QD595 for 1 min, washed, and subsequently imaged (Figure
5). The surface distribution of hDOR can be clearly observed.
Since Deltorphin-li(lle-lle) is a known agonist, it can activate
hDOR and therefore should be internalized. Cells expressing
hDOR were incubated for 1 min or 20 min with the Deltorphin-
lI(lle —1le)—QD595. Interestingly, after 1 min we only observed
cell-surface labeling, while at 20 min, we can directly observe

modified water-soluble QDs was evaluated. NDP-QD514 was receptor internalization. As shown in Figure 5, this agonist-
used to target overexpressed melanocortin 4 receptor (MC4R)Mediated activity is retained when the ligand is conjugated on

in HEK293 cells (Figure 4). An MC4R-specific antibody was

the QD. Control experiments show no cellular labeling or

used to validate receptor expression and determine the cellulareceptor internalization. Thus, these results not only show that
the amine-modified QDs are suitable for ligand conjugation and
cellular labeling of GPCRs but that they can also be internalized
in a receptor-dependent fashion.

distribution of MC4R for comparison with NDPQD514
mediated imaging. The distribution of total MC4R expression
is shown in Figure 4A where cells were permeabilzied then

Figure 5. Images of Deltorphin-li(lle-1le)—QD595 mediated targeting of huméropioid (hDOR) expressed CHO cells. Live cells were incubated
for 1 min with 0.75 nM QD-ligand. (a) Cells imaged after 1 min postincubation showing only surface labeling. (b) Cells imaged after incubating
for 20 min showing significant organization of Deltorphin-li(H#e)—QD595 distribution at or near cell surfaces. Scale bars agari(c) Image
is a magnification showing distribution in four cells, 15 min following the 1 min labeling period.
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Interestingly, QB-conjugate concentrations in the range 0:375
1.5 nM showed clear cellular labeling, even in the presence of
2000 500 nM of free Deltorphin-li(lle-lle) ligands (Figure 6a). These
data suggest that the multivalent or avidity effects increase the
binding of the labeled QDs which cannot be competed off by
the free ligand. In a second experiment, we envisioned that
adding free ligand prior to adding QD-conjugated ligand would
1000 possibly prevent QD binding. To test this, we added 500 nM
of free Deltorphin-Ii(lle-lle) ligand to the cells and incubated
for 5 min prior to adding the QB Deltorphin-(lle-lle). The
300 QD—Deltorphin-li(lle—lle) was added for 1 min followed by
washing the cells and imaging. As expected, incubation of cells
with 500 nM of free Deltorphin-Ii(lle-lle) prior to adding the
0 = - - QD—Deltorphin-li(lle—lle) prevented significant QD binding
QD L300 QDL QD 12000 as seen by the decrease in the average signal per pixel, from
~1350 to~300 (Figure 6b). The competition experiments taken
1400 together establish that the QD conjugates target the hDOR
specifically but with a much higher binding constant possibly
120 due to a strong multivalent effect, which may aid in visualizing
low copy number receptors. Future experiments will aim to
1) develop approaches for controlling and measuring ligand density
on QD surfaces as well as to systematically explore the utility
E00 of avidity effects.
600 Single-Molecule Detection of GPCR&ingle-molecule imag-
400
200

~
'

Average Counts per Pixel

ing has emerged as a particularly useful method for investigating
receptor localization and trafficking in live cells and in model
bilayers @7). QDs provide certain advantages over traditional
fluorophores due to their broad absorption spectra, tunable
emission, and resistance to photobleaching. In order to test the
suitability of our ligand-conjugated QDs for single-molecule

Average Counts per Pixel &

in- 1 00 Deltorphin-[I ; ; . -~
'm{u?f]".ﬁ%'ﬂ’;g'}, ) l.e-ll.:w)-gut:;% imaging studies, we chose the humaopioid receptor (hDOR)

a ,
+ 30 n Deltorphin-11{Tke-Tle) as a target. In these experiments, we directly compare the
Figure 6. Specificity of Deltorphin-li(lle-lle)—QD595 for hDOR on Deltorphin-li(lle—Ille)—QD595 conjugate to a Deltorphin-li(He
CHO cells. (a) In all experiments, 500 nM of free Deltorphin-Ili¢tle lle) ligand labeled with Cy3, a widely used fluorophore.

lle) was mixed with varying amounts of Deltorphin-II(#éle) —QD595 PP ; ; e
and added to hDOR-expressing CHO cells. (b) Deltorphin-Hlle)— Purified hDOR was incorporated into an artificial lipid bilayer

QD595 conjugate (1.5 nM) targeting hDOR on CHO cells in the formed on a fused silica coverslip modified by a thin 5-nm-
absence and presence of 500 nM of free ligand with prior incubation thick polyacrylamide brush. Single-molecule fluorescence was
for 5 min. Measurements are averaged on ten cells per image and fiverecorded with a total internal reflection fluorescence system,
independent images. by excitation with an argon ion laser at 488 nm for QDs and
514.5 nm for Cy3. Fluorescence images for hDOR binding for
In the above experiments, the average number of Deltorphin- both Deltorphin-li(lle-1le)—QD595 and Deltorphin-li(lle-
lI(lle —1le)/QD is ~200; thus, we expected that multivalent lle)—Cy3 were captured as a 500 frame movie, in which the
interaction (avidity effects) could possibly result in tighter exposure (integration) time \&& s for each frame. We observed
apparent binding constants for Deltorphin-II(Hée)—QD595 that both Deltorphin-li(lle-1le)—QD595 and Deltorphin-li(lle-
when compared to free Deltorphin-li(Héle). In a first set of Ile)—Cy3 had similar average residence times (bimodaR0
experiments, CHO cells overexpressing hDOR were incubateds and hundreds of seconds) on single hDORs (Figure 7). This
with 500 nM free Deltorphin-li(lle-lle) in the presence of  would at first appear to be in contradiction to the avidity effect

varying concentrations of the Deltorphin-lI(Hele)—QD595. observed at cell surfaces; however, in the single-molecule model
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Figure 7. Comparison of fluorescence intensity of Deltorphin-Ii{tikke) —QD595 (red) and Deltorphin-li(llelle)—Cy3 (black) in the presence of
hDOR in a lipid bilayer. (Fluorescence intensities after background subtraction.) Fluorescence is normalized at a laser power of 0.05 mW. The
one-step increase and decrease indicate one single-molecule event.
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comments. All ligand labeled and unlabeled water-soluble QDs
are freely available from the Ghosh lab for research purposes.

Supporting Information Available: Two movies showing
single-molecule GPCR binding events in the presence and
absence of inhibitors. This material is available free of charge
via the Internet at http://pubs.acs.org.
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