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Background: Hybrid complexes of proteins and colloidal semiconductor nanocrystals (quantum dots, QDs) are of
increasing interest in various fields of biochemistry and biomedicine, for instance for biolabeling or drug trans-
port. The usefulness of protein-QD complexes for such applications is dependent on the binding specificity
and strength of the components. Often the binding properties of these components are difficult and time con-
suming to assess.

Methods: In this work we characterized the interaction between recombinant light harvesting chlorophyll a/b
complex (LHCII) and CdTe/CdSe/ZnS QDs by using ultracentrifugation and fluorescence resonance energy trans-
fer (FRET) assay experiments. Ultracentrifugation was employed as a fast method to compare the binding
strength between different protein tags and the QDs. Furthermore the LHCII:QD stoichiometry was determined
by separating the protein-QD hybrid complexes from unbound LHCII via ultracentrifugation through a sucrose
cushion.

Results: One trimeric LHCII was found to be bound per QD. Binding constants were evaluated by FRET assays of
protein derivatives carrying different affinity tags. A new tetra-cysteine motif interacted more strongly
(K, = 4.9 + 1.9 nM~ ') with the nanoparticles as compared to a hexahistidine tag (Hiss tag) (K, ~ 1 nM™ ).
Conclusion: Relative binding affinities and binding stoichiometries of hybrid complexes from LHCII and quantum
dots were identified via fast ultracentrifugation, and binding constants were determined via FRET assays.
General significance: The combination of rapid centrifugation and fluorescence-based titration will be useful to

assess the binding strength between different types of nanoparticles and a broad range of proteins.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Colloidal semiconductor nanocrystals or quantum dots (QDs) are
widely used for labeling biological components [1-3]. The advantages
of QDs compared to fluorescent dyes include their high photostability
and their tunable, size dependent absorption and fluorescence emission
bands. Their strong fluorescence makes them excellent candidates for
fluorescence resonance energy transfer (FRET) studies for example
with fluorescent-dye labeled biomaterials [4-6]. As a further advantage,
QD-protein (or peptide) conjugates often form spontaneously and sev-
eral strategies have been described for this self-assembly. Poly histidine
tags chelate metal ions on the surface of ZnS-coated core/shell QDs
[7-11]. A strong affinity to ZnS surfaces was also observed with peptides
containing multiple repeats of cysteine pairs [12]. Furthermore, electro-
static interactions between charged ligands on QD surfaces and protein
domains [13,14] or membrane surfaces [15] carrying the opposite
charges have been employed for complex formation.
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If QDs are to be applied as protein labels, it is helpful to know the
QD-protein stoichiometry or to establish strategies to make hybrid
complexes at defined ratios. Hybrid complexes of QDs and polyhistidine-
tagged proteins at different stoichiometries were separated by gel electro-
phoresis [10]. This method has also been used in combination with
Western blotting, to approximate the average stoichiometries of anti-
body conjugated QDs [16]. The protein-QD stoichiometry in hybrid
complexes has been (roughly) estimated by analytical ultracentrifuga-
tion [17]. In another approach the formation of protein-QD assemblies
ata 1:1 ratio was revealed by atomic force microscopy [18]. All methods
have in common that they are rather complex and/or can give only a
rough estimate of the QD-protein stoichiometry.

Here we present a very simple and fast method to assess different
protein affinity tags with regard to their efficiency in promoting
QD-protein binding and to average QD-protein stoichiometries. By
using rapid ultracentrifugation, QD-protein complexes were sepa-
rated from unbound protein. FRET assays were used to estimate the
binding constants of different binding tags.

In the experiments described here, type-1l CdTe/CdSe/ZnS QDs were
used that were functionalized with dihydrolipoic acid (DHLA) for
water-solubility. The protein component to be bound to QDs was re-
combinant light harvesting complex Il (LHCII), reconstituted in vitro
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from its bacterially expressed apoprotein and plant pigments (14 chlo-
rophyll and 4 carotenoid molecules per protein) [19]. The recombinant
nature of the protein opens up the possibility of introducing different
affinity tags for comparison, without altering the protein structure
otherwise. The chlorophylls bound to LHCII are endogenous fluorophores
that can be used to monitor protein binding to QDs by serving as accep-
tors of the QD excitation energy [14].

2. Experimental section
2.1. LHCII variants

Recombinant LHCII was reconstituted from a bacterially expressed
protein and plant pigments. Wild type (wt) Lhcb1*2 (AB80) from
Pisum sativum [20] and its derivatives were used, one with an additional
hexahistidyl (Hisg) tag at the C-terminus (wt-h) [21] and another one
lacking 11 amino acids at the N-terminus (AN11) [22]. The derivatives
AN11-h [23] and h-AN11 exhibit the same amino acid sequence as
AN11 but contain a C-terminal and an N-terminal Hisg tag, respectively,
whereas the LHCII derivative h-AN11-h contains both an N- and a
C-terminal Hisg tag. The plasmids coding for h-AN11 and for h-AN11-h
were constructed by PCR using the plasmids coding for AN11 and
AN11-h, respectively, and primers introducing an N-terminal Hisg tag.
The derivative Z8-AN11 consists of the same amino acid sequence as
AN11 but contains, at its N terminus, a ZnS specific binding tag called
78 [24]. The LHCII variant 4-Cys consists of the same amino acid
sequence as the wild type LHCII except of a tetra-cysteine motif
(Cys-Cys-Pro-Gly-Cys-Cys) between amino acids 8 and 9. Both the
Z8 and the 4-Cys were produced as described for h-AN11 and h-AN11-
h. A scheme of the used LHCII variants is presented in Fig. 1.

2.2. Preparation of recombinant LHCII trimers

The proteins were expressed in Escherichia coli as described earlier
[22]. Total pigment extract, chlorophylls a and b, and carotenoids were
isolated from pea thylakoids [25]. LHCII apoproteins were reconstituted
with pigments to form monomeric LHCII by the detergent exchange
method [19], and trimerization was carried out by affinity chromatogra-
phy for Hisg tag-containing LHCII versions [26] or by trimerization in
liposomes according to [23] for LHCII versions without Hisg tag.

For separating monomers and trimers and for removing unbound
pigments and unfolded protein, the reconstituted complexes were
ultracentrifuged through a sucrose density gradient as described earlier
[27] but with a modified buffer (50 mM sodium-phosphate, pH 8.5,
0.1% (w/v) dodecyl-maltoside, 0.6 M sucrose). The trimer band was
extracted from the sucrose gradient after centrifugation and its spectro-
scopic properties were checked by absorption, fluorescence, and CD
measurements [22]. The recombinant LHCII complexes contained per
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Fig. 1. Schematic sketch of the different LHCII variants used in this work. N and C denote
the N and C termini of the proteins. The arrow marked 11 indicates position 11 in the poly-
peptide chain. The boxed-in segments represent QD-binding affinity tags as explained in
the text. The series of “+” designates the N-proximal cluster of positive charges in the
wt LHCII protein.

two lutein molecules about 14 chlorophylls, one neoxanthin and
substoichiometric amounts of violaxanthin [28].

2.3. Synthesis of water-soluble CdTe/CdSe/ZnS quantum dots

Type-II [29-31] CdTe/CdSe/ZnS quantum dots were synthetized as
described elsewhere [23]. The QDs were transferred from toluene into
the aqueous phase by ligand exchange reaction with dihydrolipoic
acid (DHLA). The concentration of the QDs was taken to correspond to
that of the CdTe cores before shell growth, assuming there were no
decomposition and no new nucleation of CdTe cores during shell
growth. The phase transfer yield was close to 100%.

2.4. Assembly of LHCII and QDs

For titrating LHCII binding to QDs, both components were mixed on
ice with tris-(2-carboxyethyl) phosphine (TCEP, 2 mM) and buffer
(50 mM sodium-phosphate, pH 8.5, 0.1% (w/v) dodecyl-maltoside,
0.6 M sucrose) to a final volume of 50 pl (centrifugation experiments)
or 500 pl (FRET experiments). The QD concentration was kept constant
at0.2 uM (centrifugation experiments) or at 15 nM (FRET experiments)
whereas the concentration of the LHCII trimer varied to arrive at molar
ratios between 0.5 and 5. The mixtures were incubated for 90 min on
ice.

2.5. Ultracentrifugation experiments

Ultracentrifugation experiments have been carried out with a
Beckmann Airfuge (rotor: A-110, Beckman Instruments, Munich). The
LHCII-QD samples (see Section 2.4) were placed on top of a 130 pl
sucrose cushion (1 M sucrose, 50 mM sodium-phosphate, pH 8.5, 0.1%
(w/v) dodecyl-maltoside) and centrifuged at 190,000 g for 20 min at
RT. Then 50 pl of the bottom fraction (with the LHCII-QD pellet) and
subsequently 130 pl of the supernatant above the cushion (only LHCII)
each were made up to a final volume of 500 pl in the same buffer con-
taining 2 mM TCEP. The samples with the pellet fractions were sonified
for 3 min in a bath sonifier (Bandelin, Germany) to suspend the LHCII-
QD pellet completely. For determining the LHCII amounts in each sam-
ple absorption spectra were recorded.

2.6. Spectroscopic characterization of QDs, LHCII, and hybrid complexes

UV-vis absorption spectra were measured at RT by using an
Omega-20 spectrometer (Bruins Instruments) or a V550 UV-vis
spectrophotometer (Jasco, Germany). The concentration of LHCII
was determined by using an extinction coefficient of €(670 nm) =
1,638,000 mol~' L cm™ ' [32].

Photoluminescence (PL) spectra were recorded with a Fluoromax-2
spectrometer (Jobin Yvon, Germany). Spectra were corrected for the
wavelength-dependent sensitivity of the fluorometer. The QDs fluores-
cence quantum yields were estimated by comparing their fluorescence
intensity with that of LHCII solutions possessing the same optical densi-
ty at the excitation wavelength. The LHCII fluorescence quantum yield
was determined to be 0.2 as described earlier [28]. For energy transfer
calculations, emission spectra of LHCII-QD adducts were fitted by a
sum of the individual emission spectra of LHCII and QDs, and the fitted
individual spectra were integrated [23].

3. Results and discussion

3.1. Ultracentrifugation experiments are useful for comparing the binding
strengths of QD-binding protein tags

For comparing the affinities of different QD-binding protein tags,
several LHCII variants (Fig. 1) were generated and mixed with QDs.
In this work, type-II CdSe/CdTe/ZnS core-shell QDs coated with
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dihydrolipoic acid (DHLA) were used. Wild type LHCII (wt, Fig. 1) binds
to QDs via electrostatic interactions between a cluster of positive
charges in the protein's N-terminal domain and the negative charges
of the DHLA coating on the QD surface. Additionally it has been shown
that a C-terminally introduced Hisg tag interacts with Zn?>* ions
exposed on the QD surface. An LHCII variant lacking the positive charges
and containing no additional Hisg tag showed no interaction with the
nanoparticles [14,23]. In the present work, two additional QD-binding
protein tags were tested and compared to the Hisg tag and the
positive-charge cluster. The Z8 peptide sequence, which was de-
scribed to bind to ZnS surfaces with a relatively high affinity [24] was
N-terminally attached to an LHCII version lacking the positive
charges in this domain (Z8-AN11, Fig. 1). Furthermore, an LHCII
version was created with a tetra-cysteine motif (CCPGCC) within
the N-terminal domain (4-Cys, Fig. 1). Numerous different ligands
have been bound to the ZnS surface of QDs via their sulfhydryl
groups [33,34] including the DHLA coating the QDs used in the
present work [35].

Relative affinities to QDs of the various binding tags were assessed
by a rapid ultracentrifugation assay. Mixtures of 0.3 uM QDs and
0.2 uM LHCII trimers were incubated for 90 min to ensure that the bind-
ing equilibrium was reached. In this work LHCII trimers have been used
throughout and therefore will be designated as LHCII for simplicity.
Measurements of the energy transfer efficiency from LHCII to QDs at
room temperature as a function of time revealed that most of the com-
plexes formed within seconds, and after 10-12 min the reaction was
completed (data not shown). The QDs with their LHCII ligands bound
were then centrifuged at 190,000 g through a sucrose cushion and,
thus, separated from unbound LHCII, which stayed on top of the sucrose
cushion (see Section 2.5). Both the QD pellet and the supernatant were
analyzed for their LHCII content by measuring chlorophyll absorption.
Assays were evaluated only if at least 80% of the total LHCII amount
applied was retrieved. Fig. 2 gives the percentages of the LHCIl amounts
that were found in the pellet. In the variant AN11 the wild type's cluster
of positive charges in its N-terminal domain has been deleted (see
Fig. 1). Containing no QD affinity tag, AN11 was used as a negative con-
trol and, as expected, did not appear in the QD pellet. Of the wild type
LHCII (wt) 40% was found in the pellet after centrifugation, whereas
around 60% of the LHCII variants containing one Hisg tag at the C or at
the N terminus (AN11-h and h-AN11, respectively, see Fig. 1) were
bound to QDs, indicating that the Hisg-tag mediated binding occurs
with higher affinity in comparison to the electrostatic interaction. Both
Hisg-tagged variants carry the same deletion in the N-terminal domain
as described for AN11, thus they do not interact with the negatively
charged DHLA. This is also true for the LHCII version Z8-AN11, which
carries the ZnS affinity tag, but only binds at very low amounts (4%) in
comparison to the other LHCII variants with binding tags. Of the LHCII
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Fig. 2. Binding experiments with QDs and LHCII variants carrying different affinity tags.
QDs (0.3 pM) were mixed with LHCII (0.2 pM) and centrifuged through a 1 M sucrose
cushion. The amount of QD-bound LHCII in the pellet fraction was assessed by absorption
measurements except h-AN11-h where the amount of non-bound LHCII in the super-
natant was quantitated spectrophotometrically. Error bars indicate standard devia-
tions from three measurements except for wt-h (four measurements) and 4-Cys
(10 measurements).

variant containing the tetra-cysteine-motif in the N-terminus (4-Cys)
70% was found in the pellet after centrifugation with the QDs. Thus,
the affinity of the tetra-cysteine motif to the ZnS surface of the QDs
appears to be higher than that of the Hisg tag. In contrast to the LHCII
versions listed before, wt-h and h-AN11-h (see Fig. 1) contain two bind-
ing tags, one at either end of the protein. Wt-h is a derivative of the wild
type carrying a Hisg-tag at the C-terminus and containing its native
N-proximal positive-charge cluster. With 60% found in the pellet
this version appears to bind more efficiently compared to wt and with
the same affinity as AN11-h. If the h-AN11-h was used in this centrifu-
gation experiment, 85% of the protein was bound to the QDs. The pellet
of these hybrid complexes was difficult to re-solubilize, thus the
amount of bound LHCII was calculated from the LHCII found in the
supernatant fraction. Both h-AN11-h and wt-h in principle are able to
crosslink two QDs (see Section 3.3 and Fig. S1 of the supporting
information).

In previous studies gel electrophoresis has been used as a method to
separate nanoparticle-bound proteins from unbound proteins [36] as
well as for a rough estimation of protein to nanoparticle stoichiometries
[37]. Gel electrophoresis allowed us to identify protein binding tags in
recombinant LHCII that mediate interaction with semiconductor
nanocrystals, i.e. the Hisg tag and a positive charge cluster that interacts
with negative charges on the surface of the crystals [ 14]. However, this
technique allowed only a very rough estimate of the binding strengths
of these affinity tags whereas the ultracentrifugation experiments pre-
sented in this paper detect much slighter differences in affinities (see
Fig.2). The limitation of the gel electrophoresis technique for measuring
affinities may be due to the fact that the binding equilibrium is constant-
ly disturbed as the QD-protein complexes migrate through the gel.
Ultracentrifugation of the QD-protein complexes through a sucrose
cushion is no equilibrium technique either. However, the equilibrium
is only disturbed during the presumably very fast passage of the com-
plexes through the cushion. This may explain why the percentage of
dissociated complexes detected by ultracentrifugation is larger than
expected on the basis of the binding constants measured but still re-
flects the relative binding strengths of the different protein tags to the
QD surface (see further discussion below).

A further benefit of the ultracentrifugation technique in comparison
to gel electrophoresis is that the LHCII-QD hybrid complexes are easily
accessible in the pellet. After separating the pellet from the supernatant
containing the unbound LHCII, the complexes can be suspended and
used for further experiments. The extraction of material from a gel is
much more difficult and laborious.

3.2. Ultracentrifugation experiments allow estimates of LHCII-QD
stoichiometries

For estimating the maximum number of LHCII-trimers that can be
bound to the surface of each nanoparticle, QDs at a constant concentra-
tion (0.2 uM) were incubated with increasing amounts of LHCIL The
LHCII version h-AN11 was used, carrying a single affinity tag (see
Fig. 1). The LHCII to QD ratios were varied between 0 (no LHCII), 0.5,
1, 2,4, 6 and 10. The samples were centrifuged through a sucrose cush-
ion and QD-bound and unbound LHCII in the pellet and the supernatant
fractions, respectively, was quantitated. When the pellet fraction was
removed, some carry-over of material in the supernatant could not be
avoided. To take this into account, control experiments were performed
for each LHCII concentration in which the QDs were omitted. In these
samples there was no pellet, and the amount of LHCII collected after tak-
ing out the bottom fraction was taken to be the carry-over and
subtracted from the LHCIl amount in the pellet fractions of the samples
containing QDs. The subtraction amounted to approximately 1% of the
applied LHCIL

With increasing LHCII:QD ratios, the amount of LHCII in the pellet
increased until it reached saturation between a four- and six-fold excess
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Fig. 3. Estimation of the maximum amount of LHCII trimers (h-AN11) bound per QD. A
constant concentration of QDs (0.2 M) was mixed with different concentrations of
LHCII-trimers (h-AN11) and was centrifuged through a 1 M sucrose cushion. The amount
of bound LHCII (pellet fraction) was assessed by absorption measurements. Data have
been corrected by the ‘carry-over fault’ (see text for details). Average (black points) and
standard deviation (black bar) are given of three independent measurements. A line to
guide the eye only is plotted through the data points.

of LHCII over QDs (Fig. 3). The amount of LHCII bound per QD never
exceeded 1 even at a 10-fold excess of LHCII in the mixture.

This result is consistent with our previous study using the same type of
LHCII-QD hybrid complexes [23]. In that study the energy transfer from
LHCII to QDs indicated that one LHCII per QD bound with high affinity
(association constant K, ~ 3 nM™!). If the excess amount of LHCII over
QDs was further increased, the energy transfer rose slightly, indicating
that a second LHCII can bind, albeit at a much lower affinity. In the present
experiments, the second, low-affinity binding LHCII is likely to dissociate
from its QD during their passage through the sucrose cushion.

3.3. FRET assays allow one to assess binding constants of protein-QD hybrid
complexes

The type-II QDs used in this work can serve as acceptors of the LHCII
excitation energy in a FRET type process. The energy transfer efficiency
of this donor-acceptor pair is within a range of 50%, depending on the
LHCII version [23]. Consequently, the LHCII donor fluorescence is
quenched by approximately 50% in the presence of QDs as an energy
acceptor, provided all of the LHCII is QD-bound, for instance by using a
saturating amount of QDs. At an equimolar stoichiometry between
LHCII and QDs, only a fraction of LHCII is bound to the energy acceptor,
consequently only a fraction of the donor fluorescence is quenched in
comparison to the maximum quenching in the LHCII-QD complex.
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This allows one to quantitate unbound and QD-bound LHCII in an
equilibrium situation. Examples of the spectral data from which this
quantitation was extracted are given in Fig. 4, presenting the 4-Cys
(A) and the Z8-AN11 (B) protein versions containing a high-affinity
and a low-affinity tag, respectively. LHCII binding to QDs was saturated
at a 5-fold molar excess of QDs (Fig. 3). Therefore, the LHCII spectra in
the absence of QDs (4-Cys and Z8-AN11 in Fig. 4) represent the situation
with no donor fluorescence quenching and the spectra with a 5-fold
excess of QDs [4-Cys 4+ QD (1:5) and Z8-AN11 + QD (1:5) in Fig. 4] rep-
resent maximum quenching. The strong QD emission peaking at about
750 nm, particularly at the 5-fold excess amount of QD over LHCII, is
largely due to the fact that the QDs are co-excited at the LHCII excitation
wavelength of 470 nm. However, as documented in our previous publi-
cation [23], the quenching of the donor fluorescence is accompanied by
an equivalent appearance of sensitized acceptor emission, corroborating
the notion that excitation energy transfer takes place as LHCII binds to
QD. To correct the LHCII fluorescence emission band from contributions
by QD emission in the 1:5 mixtures, the spectra were fitted to linear com-
binations of the individual emission spectra of LHCII and QDs [23], and
the LHCII components of these fits were plotted as 4-Cys fit (1:5) and
Z8-ANT11 fit (1:5) in Fig. 4. Binding at equimolar LHCII-QD stoichiome-
tries was performed at two concentrations, 1.5 nM and 15 nM, examples
for the latter being presented in Fig. 4. The comparison of 4-Cys fit (1:1)
to 4-Cys and 4-Cys fit (1:5) in Fig. 4A shows about 88% of the maximum
quenching at the 1:1 stoichiometry; therefore, 12% of the material stays
unbound under this condition. The same comparison for the low-
affinity situation in Fig. 4B reveals that in this case 25% of the maximum
quenching is observed for a 1:1 stoichiometry, and therefore, 75% of the
low-affinity binding LHCII stays unbound.

Because of the equimolarity between QDs and LHCII, the partition
of bound vs. unbound material was the same in both cases. With this
information we were able to determine binding constants according
to the following equation

~17 _ [QD « LHCI
Iqm }W (1)

with [QD*LHCII] representing the concentration of LHCII-QD com-
plexes, [QD] and [LHCII] representing the concentrations of unbound
QDs and LHCII, respectively. The binding constants were calculated
from two independent measurements each at 15 nM and 1.5 nM con-
centrations. The mean values with standard deviations, obtained from
the four measurements for each of the differently tagged LHCII-QD
hybrid complexes are presented in Table 1.
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Fig. 4. LHCII variants transfer their energy to CdTe/CdSe/ZnS-DHLA QDs with different efficiencies. A) 4-Cys as example for LHCII with high affinity to QDs. B) Z8-AN11 as example for LHCII
with low affinity to QDs. Emission spectrum (excitation wavelength: 470 nm) of LHCII (15 nM) with and without QDs (solid gray line). The emission spectra at a 1:1 stoichiometry of
LHCII-QD complexes is shown as solid blue line and at a 1:5 ratio as solid black line, the latter representing saturating amounts of QDs. The spectra labeled “fit” (dashed lines) refer to
the LHCII components of mixed emission spectra in LHCII-QD mixtures (see text). All samples were measured in the same buffer.
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Table 1

The calculated binding constants with standard deviations of
different LHCII-QD hybrid complexes from FRET assay
experiments. Error margins given represent standard devia-
tion from four independent measurements (two from ex-
periments with LHCII-QD concentrations of 15 nM and

two of 1.5 nM).

LHCII variant K, [nM™1]
AN11 0.00

wt 0.18 & 0.10
AN11-h 0.81 4+ 0.21
h-AN11 222 +1.03
4-cys 490 + 1.94
Z8-AN11 0.08 & 0.05

As expected, no FRET was found in the control measurements with
AN11 and QDs [23]. Without any binding tags the LHCII did not interact
with the QDs and thus could not transfer its excitation energy to the
QDs. The FRET assays yielded a binding constant of 0.18 & 0.10 nM ™!
for wt-QD-hybrid complexes where binding occurs via the protein's
N-proximal cluster of positive charges (Table 1). In comparison the K,
values were significantly higher for hybrid complexes with LHCII
variants carrying a single Hisg tag, either on the C or the N terminus
(Ka (AN11-h) = 0.81 4+ 0.21 HM_1: K, (h-AN11) = 2.22 4+ 1.03 HM_]).
The slight difference between the affinities of the two Hisg tagged pro-
teins may be explained by the higher flexibility of the N compared to
the C terminus [38] facilitating its contact with the QD surface. The bind-
ing constants of protein—-QD hybrid complexes promoted by a single
Hisg tag in the protein sequence are consistent with data in the litera-
ture (K, = 1 nM~1) [11].

The LHCII version Z8-AN11 with its ZnS-specific affinity sequence
was only slightly quenched upon exposure to QDs. Its K, value
(K; = 0.08 4 0.05) was even smaller than that of wt. This is unexpect-
ed as the Z8 tag has been designed by directed evolution to bind tightly
to ZnS surfaces. Presumably, only a small part of the ZnS surface of the
QDs is exposed due to the DHLA coating added for water solubility.
Possibly the small sections of accessible ZnS surface are not sufficient
to serve as an “epitope” of the Z8 affinity peptide. The data obtained
here suggest that the Z8 tag, rather than interacting with the ZnS surface
of the QDs, binds via its two positive charges (two neighboring
arginines) in the Z8 sequence to the negative charges of the DHLA. Wt
exhibits a cluster of five positive charges [14] at the N terminus, which
may explain that the K, value of Z8-AN11 is smaller compared to that
of wt.

The tetra cysteine motif (4-Cys) has the highest affinity to the QDs.
The calculated binding constant from FRET-experiments was 4.90 +
1.94 nM~ . To our knowledge this is the highest binding constant
which has been described for hybrid complexes of ZnS coated QDs
and proteins.

For the LHCII versions wt-h and h-AN11-h the calculation of binding
constants is less straight-forward because of the presence of two
binding tags. However, as expected, the combination of two Hisg tags
(h-AN11-h, K, = 4.58 + 1.84 nM~!) or a combination of one Hisg
tag and a tag binding electrostatically (wt-h, K, = 1.77 & 0.52 nM~ )
resulted in a higher apparent affinity to QDs than a single Hisg tag
(AN11-h, K; = 0.81 + 0.21). The FRET measurements showed that
the energy transfer from the LHCII to the QDs under saturation con-
ditions (high excess of QDs) was higher if the LHCII carried two bind-
ing tags (h-AN11-h with 77% energy transfer or wt-h with 64%
energy transfer) compared to the LHCII variant that has only one of
these tags (AN11-h with 52%, h-AN11 with 66% and wt with 41%
energy transfer). The ultracentrifugation technique is very useful to
assess LHCII-QD stoichiometries at saturating amounts of LHCII
(Fig. 3) but not suitable to do the same at an excess amount of QDs
since unbound QDs are collected in the pellet together with LHCII-QD
complexes.

However, it is highly unlikely that N- and C-terminal Hisg tags in an
LHCII trimer can interact simultaneously with one and the same QD. The
subunits of an LHCII trimer are oriented in parallel [39,40], thus, all N
termini point to one side of the complex and the C termini to the
other (see Fig. S1). The C termini are virtually immobile whereas the
N terminal domains have some but not unrestricted flexibility [38]. A
relatively high mobility has been shown for the first 14 amino acids
at the N termini of the wild type LHCIL In case of the LHCII version
h-AN11-h 11 amino acids in the N terminal domain were replaced
by a Hisg tag, leading to a potentially flexible tag of 9 amino acids.
If a contour length of 0.38 nm per amino acid is assumed [41], this
tag is able to span a maximum distance of 3.4 nm, which clearly is
too short to bridge the transmembrane domain of the LHCII with
approximately 4.2 nm (see sketch in Fig. S1, data were taken from
PDB structure (PDB ID: 2BHW)). For the LHCII version wt-h the
simultaneous interaction of N and C termini with the QD surface can-
not be rigorously excluded if the non-shortened N-terminal domain
is fully stretched out.

In principle, the centrifugation experiments described in Section 3.1
should also be suitable for determining binding constants. However the
data of these experiments are not numerically consistent with the bind-
ing constants measured by FRET. At the high concentration of reactants
used in the centrifugation experiments, the binding is expected to be
close to 100%. Interestingly, the amounts of the different LHCII versions
co-sedimenting with QDs correlate with the relative binding strengths.
A possible explanation is that during sedimentation dissociation kinet-
ics are measured. The lower the binding strength, the faster LHCII disso-
ciates from QDs when the complexes are taken out of their equilibrium
during their passage through the sucrose gradient. Consequently, less
LHCII is found in the pellet. Therefore, although ultracentrifugation can-
not be applied to actually measure binding constants, it commends itself
as a rapid technique not only for checking whether a protein (or some
other ligand) binds to QDs at all but also for comparing different ligands
with regard to their relative binding strengths.

4. Conclusions

In this study, various protein tags were compared with regard to
their affinity to core-shell quantum dots with a ZnS surface coated
with DHLA. A tetra-cysteine tag (Cys-Cys-Pro-Gly-Cys-Cys) bound sig-
nificantly more tightly than the often-employed Hisg tag. Binding con-
stants were measured by using energy transfer from QDs to the
protein as a monitor for complex formation. Rapid ultracentrifugation
through a sucrose cushion was introduced as a new technique for quick-
ly testing whether a protein binds at all to QDs, for assessing binding
stoichiometries, and even for comparing binding strengths of different
affinity sequences semi-quantitatively. Both techniques can be extend-
ed to a vast range of membrane proteins or water-soluble proteins and
even to other nanoparticle-binding ligands, provided they are fluores-
cent, either endogenously or by fluorescent labeling.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.11.025.
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