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ABSTRACT: Quantum dots (QD) are powerful labels for
probing diffusion and interaction dynamics of proteins on the
single molecule level in living cells. Protein cross-linking due to
multifunctional QD strongly affects these properties. This
becomes particularly critical when labeling interaction partners
with QDs for interrogating the dynamics of complexes. We
have here implemented a generic method for QD mono-
functionalization based on electrostatic repulsion of a highly
negatively charged peptide carrier. On the basis of this method,
monobiotinylated QDs were prepared with high yield as confirmed by single molecule assays. These QDs were successfully
employed for probing the assembly and diffusion dynamics of binary and ternary cytokine−receptor complexes on the surface of
living cells by dual color single QD tracking. Thus, sequential and dynamic recruitment of the type I interferon receptor subunits
by the ligand could be observed.

Transport and communication across the plasma mem-
brane require the assembly of membrane proteins into

functional entities. Submicroscopic compartmentation caused
by an interplay of the cortical actin skeleton, lipid phase
separation, and protein−protein interactions have been shown
to result into a complex and highly dynamic lateral organization
of proteins within the plasma membrane of mammalian
cells.1−3 Single molecule imaging techniques have contributed
tremendously to unraveling the dynamic organization of
proteins and lipids in the plasma membrane as they allow
tracking the motion of individual proteins with very high spatial
and temporal resolution.3−6 However, exploring the contribu-
tion of protein−protein interactions to membrane micro-
compartmentation requires tools for reliably identifying and
tracking individual membrane protein complexes. Owing to
their high brightness and photostability, quantum dots (QD)
and other fluorescent nanoparticles are frequently used for
labeling of proteins and lipids, thus enabling to follow
individual species in living cells over extended time
periods.7−16 While tracking of cell surface proteins labeled
with QDs is well established, only very few successful studies
have been reported, which involve systematic interrogation of
protein complex formation.3,17 Conjugation of target proteins
with QDs in a 1:1 stoichiometry is an important prerequisite in
order to ensure minimum bias of diffusion and interaction
dynamics. This is particularly critical for probing protein
complexes with both interaction partners labeled by a QD. In
this case, the interaction dynamics could be affected by
multivalent binding and ultimately could induce particle
aggregation. Moreover, efficient QD conjugation to target
proteins on the cell surface is required for achieving a high
degree of labeling with minimum non-specific background in
order to ensure a significant probability that both interaction

partners within a complex carry a QD. While various selective
and orthogonal functionalization strategies for nanoparticle
targeting have been reported,9,12,18−25 control of the degree of
functionalization remains challenging and often requires
demanding purification methods.26−28 For this purpose, gel
electrophoresis and anion exchange and affinity chromatog-
raphy have been successfully applied.26,28−32 These techniques,
however, require relatively small and highly monodisperse QDs,
while surface coatings providing good biocompatibility often
render QD relatively large with a rather heterogeneous
distribution of sizes and charges. Moreover, statistic function-
alization followed by purification not only increases complexity
of the procedure but also reduces the overall yield.
We have recently observed that the reaction of maleimide-

functionalized QDs with a thiol-functionalized tris-nitrilotri-
acetic acid (tris-NTA) moiety could be tuned toward a 1:1
functionalization ratio by coupling at low ionic strength at
neutral pH.33 Under these conditions, tris-NTA has a net
charge of −6. We attributed QD monofunctionalization to a
reduction of the reaction rate constant due to the increase in
electrostatic repulsion upon coupling of the first tris-NTA
moiety. Thus, reaction with a nonfunctionalized QD is more
probable than with a QD carrying a tris-NTA moiety, steering
the reaction toward monofunctionalization. Here, we have
explored direct QD monofunctionalization by coupling
negatively charged peptides carrying a biotin moiety. The
rapid, quasi-irreversible interaction of biotin-streptavidin is
ideally suitable for probing the degree of functionalization on
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the single particle level and moreover ensures efficient protein
labeling on the cell surface as required for probing interactions
on level of individual complexes. Different peptide sequences
were tested, varying in the number (6 and 10 glutamic acid
residues) as well as the density of negative charges, and
compared to a noncharged, biotinylated control peptide
(Figure 1a). By means of a cysteine residue, these peptides

were coupled to commercially available, polymer-coated QD
functionalized with amine groups (∼30−40/QD) via mal-
eimidopropionic acid-N-hydroxysuccinimide as a heterobifunc-
tional cross-linker (Figure 1b). These QDs have a diameter of
∼23 nm with a relatively broad distribution.33 The degree of
QD functionalization was characterized in detail, and
monofunctionalized QD were used for labeling site-specifically

Figure 1. (a,b) QD functionalization controlled by electrostatic repulsion. (a) Biotinylated peptides used for QD functionalization. (b) Coupling
reaction on the surface of commercially available QDs functionalized with amine groups. After reaction with the heterobifunctional crosslinker
maleimidopropionic acid-N-hydroxysuccinimide (I), biotinylated peptides were coupled through their cysteine residues (II). (c) Two-step assembly
of the type I interferon receptor complex as suggested by in vitro studies.39

Figure 2. Ensemble characterization of biotin peptide functionalized QDs. (a) Agarose gel electrophoresis of QDs before functionalization (NH2),
after reaction with maleimidopropionic acid-N-hydroxysuccinimide (Mal), and after coupling of BT-E6 at low and at high ionic strength (IS),
respectively. (b) Average number of streptavidin binding sites determined by analytical SEC.
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biotinylated proteins on the cell surface in a 1:1 stoichiometry
via bifunctional streptavidin (bSAV)27 for probing the
dynamics of type I interferon (IFN) receptor assembly in the
plasma membrane (Figure 1c).
QD functionalization was monitored by gel electrophoresis

(Figure 2a and Supplementary Figure 1). For all negatively
charged peptides, a small shift in the electrophoretic mobility
was observed upon coupling at low ionic strength, which was
much stronger upon coupling at high ionic strength. These
results supported our hypothesis that electrostatic repulsion can
control the degree of QD functionalization. The average
number of biotin moieties on QDs was quantified by analytical
size exclusion chromatography (SEC). To this end, function-
alized QD605 (10 nM) were incubated with a large excess (500
nM) of monovalent streptavidin34 labeled with ATTO647N
(AT647NmSAV). Co-elution of AT647NmSAV with QD605
functionalized with biotinylated peptides was observed
(Supplementary Figure 2). In contrast, QD605 functionalized
with tris-NTA showed negligible binding of AT647NmSAV,
confirming specific AT647NmSAV capturing by biotin moieties
on the QD surface. The AT647NmSAV:QD605 ratio was
calculated from the peak signals at 350 nm (QD605) and
650 nm (AT647NmSAV) (Figure 2b). For BT-E6 coupled at low
ionic strength, an average number of 0.86 ± 0.08 streptavidin
binding sites per QD was determined, corroborating self-
controlled monofunctionalization of a highly negatively charged
ligand. For BT-E10, an even lower number of streptavidin
binding sites per QD was observed under these coupling
conditions. Thus, 10 negative charges seem to reduce the
reaction rate constant to a level at which coupling to

nonfunctionalized QD (which are also slightly negatively
charged) is no longer efficient. In contrast, the peptide BT-
EEG3 yielded a similar number of streptavidin binding sites as
the control peptide, suggesting a critical role of charge density
for controlling nanoparticle functionalization by electrostatic
steering.
Functionalization of QD with biotin was further charac-

terized by real-time solid phase binding assays using reflectance
interference detection. To this end, His-tagged bSAV34 was
immobilized on a poly(ethylene glycol) (PEG) polymer brush
surface functionalized with tris-NTA, which was loaded with
Ni(II) ions.35,36 A typical binding assays including streptavidin
immobilization, QD binding and elution with imidazole is
shown in Supplementary Figure 3. Specific binding of QDs
functionalized with BT-E6 to immobilized streptavidin was
observed (Supplementary Figure 3b). QDs functionalized with
BT-EEG3 showed faster binding and a lower binding
amplitude, which can be explained by their higher degree of
functionalization. Multivalent binding was probed by monitor-
ing the dissociation kinetics during injection of imidazole
(Supplementary Figure 3c). Strikingly, the dissociation kinetics
of BT-E6-functionalized QD (0.11 ± 0.02 s−1) was only slightly
decreased compared to the dissociation kinetics of streptavidin
alone (0.14 ± 0.02 s−1). In contrast, significantly slower
dissociation was observed for BT-EEG3-functionalized QD
(0.065 ± 0.01 s−1). This decreased rate constant can be
explained by cross-linking of two or more streptavidin
molecules, which are immobilized on the surface with very
high density (∼50% of a monolayer). Thus, these binding

Figure 3. Stoichiometry of biotin functionalization probed by single molecule imaging. (a) Conjugation of biotin-functionalized QD with BT-Dy647
via bSAV. (b) Merged TIRFM image of BT‑E6QD605 (green) and BT-Dy647 (red). White circles highlight co-localized signals from both channels
(scale bar: 2 μm). (c) Photobleaching step-counting analysis of co-localized spots in the Dy647 channel for BT‑E6QD605-bSAV/BT-Dy647 complex
obtained from 127 traces. (d) Particle intensity histogram analysis of individual particles detected in the Dy647 channel from the BT‑E6QD605-bSAV/
BT-Dy647 complex.
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experiments confirmed that QD functionalized with BT-E6
were mostly monofunctional.
These binding assays, however, probed the average degree of

functionalization within the ensemble and thus did not provide
detailed information how the biotin moieties were distributed
on the single QD level. We employed single molecule imaging
for determining the stoichiometry of streptavidin binding on
individual QDs.27 For this purpose, BT‑E6QD605 was reacted
with bSAV, which was prepared without a His-tag27,34 in order
to avoid direct binding to the QD surface. Subsequently, the
free biotin binding sites of the surface-bound streptavidin were
reacted with biotinylated Dy647 (BT-Dy647, Figure 3a).
After purification by SEC (Supplementary Figure 4), these

QDs were adsorbed onto the surface of a coverslip, and the
fluorescence from the QD and the attached dye was recorded
by time-lapse dual color single molecule imaging. A typical
image from such an experiment is shown in Figure 3b. The true
QD−protein complexes were rigorously discriminated from
randomly co-localized pairs by analysis co-localization beyond
the diffraction limit (Supplementary Figure 5). This analysis
revealed that ∼80% of the BT‑E6QD605 co-localized with BT-
Dy647 with a proximity of <50 nm, confirming a high degree of
QD functionalization on the single particle level. The number
of BT-Dy647 bound to BT‑E6QD605 was evaluated by a
fluorescence intensity distribution analysis (Figure 3d).
Strikingly, this analysis revealed that 90% of the QD were
monofunctional. We also analyzed the stoichiometry by
photobleaching the attached Dy647 (Figure 3c),27 which
corroborated monofunctionalization of >90%. Using commer-
cial SAv instead of bSAv in theses assays yielded a distribution
of 1−3 biotin binding sites (Supplementary Figure 6), thus
confirming a high degree of monobiotinylation. These analyses
clearly demonstrate that coupling under conditions of strong
electrostatic repulsion not only yields a low average
functionalization but also efficiently steers the stoichiometry
toward QD monofunctionalization. Taking into account losses
during preparation (∼60%), the overall yield of monofunctional
QD was ∼34%.
We employed these monobiotinylated QDs for exploring

assembly and dynamics of protein complexes on the surface of
living cells. As a model system, the interaction of the type I
interferon (IFN) receptor subunits IFNAR1 and IFNAR2 with
its ligand IFNα2 was employed. IFNα2 binds IFNAR2 with a

KD of ∼5 nM, while its binding affinity toward IFNAR1 is
∼1000-fold lower.36 For probing complex formation between
IFNα2 and IFNAR2 on the cell surface, we generated HeLa
cells stably expressing IFNAR2 fused to an N-terminal acceptor
peptide (AP) tag for enzymatic biotinylation.10 These cells
express IFNAR2 at a cell surface concentration of ∼2
molecules/μm2 as determined by binding of dye-labeled
IFNα2 (Supporting Methods). This cell surface concentration
is only slightly above the physiological expression level (0.1−1
molecules/μm2).37 Binding of BT‑E6QD605 to these cells was
observed only after biotinylation and binding of bSAV (Videos
1 and 2 in Supporting Information, Supplementary Figure 7),
confirming the specificity of labeling in living cells. A similar
degree of cell surface labeling was observed compared to
labeling with AT647NmSAV (Video 3 in Supporting Informa-
tion). By comparison with dye-labeled IFNα2 binding, labeling
of ∼30% of cell surface IFNAR2 was estimated. IFNα2 fused to
an N-terminal His-tag was labeled with monofunctional
tris‑NTAQD655 as described before.33 These have been
previously shown to bind highly specifically to cells expressing
IFNAR2.33 Binding of QD655-labeled IFNα2 (IFNα2-QD655)
to IFNAR2 labeled with QD605 was monitored by dual-color
time-lapse experiments (Video 4 in Supporting Information)
and analyzed by tracking and localization microscopy
(TALM)38 (Figure 4a). For both channels, localization of
individual QD was possible with a localization precision <25
nm (Supplementary Figure 8). By comparison with the
IFNAR2 expression level of these cells (see above) an overall
fraction of ∼30% occupancy with QD655-labeled IFNα2 was
estimated. Co-localization of QD605 and QD655 was
detectable at several sites in the obtained super-resolution
image, indicating complex formation between QD605-labeled
IFNAR2 and QD655-labeled IFNα2 (Figure 4a,b). Formation
of such complexes was confirmed by co-locomotion analysis
(Video 5 in Supporting Information and Figure 4c), which was
analyzed by tracking co-localized molecules over multiple
frames. Thus, randomly co-localized QDs are eliminated as
these are not spatially correlated over multiple frames. The
fraction of complexes obtained after filtering for co-locomotion
of at least 6 frames was 8.0 ± 1%, which is close to the 9% as
expected for a labeling degree of 30% for both interaction
partners.

Figure 4. Co-localization and co-locomotion analysis for IFNα2 labeled with QD655 (red) bound to AP-IFNAR2 labeled with QD605 (green). (a)
TALM image rendered from individual QD655 and QD605 localized within 1000 consecutive frames. (b) Same ROI after filtering for co-localization
of QD655 and QD605 within 50 nm in each frame. Scale bar: 500 nm. (c) Trajectories obtained by tracking of QD655 (red), QD605 (green), and
QD655/QD605 co-localized within 100 nm for more than 15 consecutive steps (blue). The circles mark regions where individual complexes were
detected.
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As all nucleated human cells, HeLa cells express endogenous
IFNAR1 and IFNAR2. Thus, ternary complex assembly is
possible by simultaneous interaction of IFNα2 with IFNAR1
and IFNAR2. We have previously demonstrated in vitro that
QD-labeling of IFNα2 still allows efficient ternary complex
assembly.33 In order to further explore the mechanism of IFN-
receptor complex formation in living cells, we analyzed the
diffusion of different species on the plasma membrane by the
step-length analysis method (Supporting method and Supple-
mentary Figure 9). The diffusion constants obtained for the fast
mobile fraction are compared in Figure 5a. For QD605-labeled
IFNAR2, a diffusion constant of 0.061 ± 0.004 μm2 s−1 was
found, which is very similar to the diffusion constant observed
for IFNAR2 labeled with AT647NmSAV. This result confirms that
labeling with monofunctional QD does not significantly alter
the diffusion properties of a cell surface protein. Strikingly, a
significantly lower diffusion rate constant was observed for
IFNα2-QD655 bound to the cell surface (0.042 ± 0.005 μm2

s−1). The diffusion constant of IFNα2-QD655 co-locomoting
with IFNAR2 yielded the same diffusion constant. These results
suggest that IFNα2 binding reduces the diffusion constant of
IFNAR2, probably due to ternary complex formation by
simultaneous interaction with endogenous IFNAR1.
We therefore further explored ternary complex formation

with a cell line stably expressing IFNAR1 fused to an N-
terminal HaloTag, which was employed for site-specific
biotinylation. After labeling of biotinylated cell surface
IFNAR1 with BT‑E6QD605 via bSAV (Video 6), the interaction
with IFNα2-QD655 was probed by dual-color QD imaging.
Formation of ternary complexes was revealed by co-locomotion
analysis (Video 7). The diffusion constant of 0.038 ± 0.005
μm2/s obtained from the co-locomotion trajectories (Figure
5b) was in good agreement to the reduced diffusion constant
observed for IFNα2-QD655 bound to IFNAR2, corroborating
that indeed ternary complex formation was responsible for the
reduced diffusion constant. Slower diffusion of ternary
complexes could be explained either by the increase in friction
within the membrane due to cross-linking of the two
transmembrane receptor subunits, or by additional interactions
of the activated signaling complex. Interestingly, for IFNα2-
QD655 only, a similar diffusion constant (0.059 ± 0.005 μm2

s−1) was observed as for free IFNAR1 (0.056 ± 0.007 μm2s−1)

and IFNAR2 (see above). We also noticed a significant lower
fraction of co-locomotion events (3.2 ± 0.8%) compared to the
interaction between IFNα2 and IFNAR2. This result suggests
that the efficiency of ternary complex assembly is reduced when
simultaneously labeling IFNAR1 with QD and IFNAR2 with
IFNα2-QD. This could be ascribed to a reduction in the
binding affinity of IFNAR1 toward the IFNα2/IFNAR2
complex due to steric hindrance by QD labeling. Such further
reduced binding affinity of this low-affinity interaction could
shift the equilibrium between binary and ternary complexes.
Taken together, these observations support a dynamic 2-step
assembly of the ternary signaling complex as depicted in Figure
1, which may have important implications for regulating
signaling specificity.40 Indeed, by following individual com-
plexes over extended time periods, dissociation of individual
complexes could be observed (Figure 5c and Video 8 in
Supporting Information). Further studies of the dynamic
equilibrium between binary and ternary complexes by co-
locomotion analysis can be envisaged yet require orthogonal
labeling of both receptor subunits.
In conclusion, we have implemented a generic method for

QD monofunctionalization, which is based on controlling the
reaction rates by electrostatic repulsion of a negatively charged
carrier peptide. Single molecule assays established for the first
time that monofunctionalization under these conditions was
achieved directly, i.e., without the need for further purification.
Systematic variation of the electrostatic properties of the carrier
peptide and the coupling conditions corroborated the key role
of the number and the density of charges for controlling
reactivity. Since the carrier peptide can be functionalized with
other biochemical substrates for specific protein targeting, this
approach can be readily extended for orthogonal cell surface
labeling. A high degree of protein labeling was achieved with
these QDs on the surface of living cells, which is of critical
importance for visualizing and analyzing protein−protein
interactions on the single molecule level. These QDs proved
to be suitable for interrogating diffusion and interaction
dynamics of ligand−receptor complexes in the plasma
membrane of living cells.

■ METHODS
Procedures for QD monofunctionalization and characterization are
provided in the Supporting Information.

Figure 5. Dynamics of individual protein complexes in the plasma membrane of living cells. (a) Diffusion constants of IFNAR2/BT‑E6QD605
(green), IFNα2/tris‑NTAQD655 (red) bound to the cell surface receptor and the IFNα2/IFNAR2 complex (blue) identified by cotracking (N = 18,
***P < 10−4). For comparison, the diffusion constant obtained for IFNAR2 labeled via monofunctional streptavidin is shown (gray). (b) Diffusion
constants of IFNAR1 labeled with BT‑E6QD605 (green), IFNα2 labeled with tris‑NTAQD655 (red), and their complex (blue) as identified by
cotracking (N = 12, **P < 10−2). (c) Tracking of IFNAR2-bound IFNα2/ tris‑NTAQD655 interacting with IFNAR1/BT‑E6QD605 reveals dissociation
of the ternary complex in plane of the membrane (IFNAR1, green; IFNα2, red; cotrajectory, blue).
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Protein Labeling with Monofunctional QDs. Site-specific
biotinylation of AP-tagged cell surface protein was carried out
according to literature procedure.10 Site-specific biotinylation of
Halo-tagged cell surface protein was carried out according to
manufacturer’s instruction (Promega). After surface protein bio-
tinylation, the cells were incubated with 500 nM His-tag free bSAV27

at RT for 10 min, followed by washing three times with PBS-BSA.
Subsequently, 20 nM BT‑E6QD605 in PBS-BSA was added and
incubated for 10 min. The cells were then washed with MEM medium
containing 10% FBS for three times. Immediately after the
BT‑E6QD605 labeling, 20 nM IFNα2 freshly labeled with TrisNTAQD655
was added and incubated for 20 min. The cell sample was then washed
three times with medium to remove unbound QDs before imaging
experiments. Labeling specificity was confirmed by binding of
BT‑E6QD605 to biotinylated AP-IFNAR2 without prior incubation of
bSAV. The cell was incubated with IFNα2-QD655 as a positive
control for AP-IFNAR2 expression and cell surface accessibility.
Dual-Color Single QD Tracking. Single molecule imaging in a

TIRFM was carried out with the same setup used for single molecule
binding experiments. However, both QD605 and QD655 were excited
with the 488 nm laser, and the fluorescence from both channels was
collected simultaneously on the same camera chip by means of an
image splitter (Dual View, Photometrics). Typical time series of
1000−20,000 frames were recorded at 30 Hz. In order to reduce
photooxidation of QDs, an oxygen scavenging system containing 0.5
mg mL−1 glucose oxidase, 40 mg mL−1 catalase, and 5% w/v glucose
was added. Under these conditions, no significant photooxidation of
QD was observed within the experiment time (∼10 min of continuous
illumination). For all dual-color single molecule fluorescence imaging,
channels was calibrated by imaging fluorescent microbeads (Tetra-
Speck microspheres 0.1 μm, T7279, Invitrogen), which was used for
calculating a transformation matrix. After channel alignment based on
the transformation matrix, the deviation between the channels was
below 15 nm.
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