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‡Faculty of Chemistry, University of Warsaw, Pasteura 1, PL02093 Warsaw, Poland
§Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Pawinśkiego 5a, PL02106 Warsaw, Poland
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ABSTRACT: While quantum dots (QDs) are useful as fluorescent labels,
their application in biosciences is limited due to the stability and
hydrophobicity of their surface. In this study, we tested two types of
proteins for use as a cover for spherical QDs, composed of cadmium
selenide. Pumilio homology domain (Puf), which is mostly α-helical, and
leucine-rich repeat (LRR) domain, which is rich in β-sheets, were selected
to determine if there is a preference for one of these secondary structure
types for nanoparticle covers. The protein sequences were optimized to
improve their interaction with the surface of QDs. The solubilization of the
apoproteins and their assembly with nanoparticles required the application
of a detergent, which was removed in subsequent steps. Finally, only the
Puf-based cover was successful enough as a QD hydrophilic cover. We
showed that a single polypeptide dimer of Puf, PufPuf, can form a cover.
We characterized the size and fluorescent properties of the obtained
QD:protein assemblies. We showed that the secondary structure of the Puf proteins was not destroyed upon contact with the
QDs. We demonstrated that these assemblies do not promote the formation of reactive oxygen species during illumination of
the nanoparticles. The data represent advances in the effort to obtain a stable biocompatible cover for QDs.

■ INTRODUCTION

Colloidal quantum dots (QDs) are quasi-spherical nano-
particles with unique fluorescent properties. Currently, they are
widely used in several scientific areas, such as medical and life
sciences. They are composed of a semiconductor core [e.g.,
cadmium selenide (CdSe), cadmium telluride (CdTe), or
cadmium sulfide (CdS)], an optional semiconductor shell [e.g.,
zinc sulfide (ZnS)], and an organic passivating crystal surface
cover. Although QDs were first identified in materials sciences
and electronics,1 they are now broadly known in life
sciences.2,3 While many potential applications in medicine
have been identified, none have yet been commercially
successful.4−7 For medicine and life science applications,

QDs may be covered with antibodies or proteins. These
additional surface layers may be added to direct QDs to their
potential target/therapeutic sites, such as specific organs of the
body, the interior of cells, and specific organelles. For this type
of application, a QD cover built from long protein chains, as
discussed in this paper, may provide additional advantages.
Although QDs are potent fluorophores with a high

fluorescence quantum yield, large Stokes shift, and size-tunable
emission maximum, their application in a water environment is
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restricted by their stability and potential toxicity.8−13 The
toxicity of QDs is related mainly to the stability of their organic
cover, which protects the core from the removal of Cd ions (or
other ions). The ion loss causes defects in the formation of the
QD surface and fluorescence bleaching. An organic cover is
added to QDs during synthesis, and it is necessary to protect
nanoparticles from aggregation.1 Often, the first cover is
composed of hydrophobic hydrocarbons with a functional
group (e.g., phosphine, thiol) on one end of the chain. For
example, trioctylphosphine (TOP) and trioctylphosphine
oxide (TOPO) are used to obtain CdSe and CdSe/ZnS
QDs. A phosphine group allows an organic molecule to bind to
the nanoparticle atoms. For QDs intended for use in a water
environment, the cover must be hydrophilic; this can be
realized by oxidation of the hydrophobic cover of hydro-
carbons to carboxylic acids or by the substitution of
hydrophobic molecules with hydrophilic molecules, such as
mercaptopropionic acid or L-cysteine.14 In most cases, the final
cover consists of multiple small molecules. The hydrophilic
groups should be charged to prevent aggregation. A carboxylic
group or an amine group is also used to enhance the
functionalization of the QD, for example, its attachment to
antibodies.3,15

However, a cover composed of dozens of small molecules
can result in the easy loss of individual molecules, followed by
the formation of defects on the QD surface. New types of
covers may broaden the applications of QDs. In most
strategies, there is only one type of functional group available
on a QD surface (e.g., a carboxylic group), which reduces the
number of groups that can be coupled to it [here, e.g., amino
groups by a reaction using 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC)]. While this is sufficient
for most applications, it may be beneficial to have multiple
options. When a protein is used as a QD cover, carboxylic and
amine groups are available, but it is also possible to introduce a
more complex binding site (e.g., targeting a tetracysteine motif
with biarsenical probes or addressing HisTag by Cy3NTA19).
With one protein working as a QD cover, it is also possible to
add a second protein domain that has a different function, for
example, being an epitope that can be recognized by specific
cell receptors. This may not allow us to simplify the
preparation and lead to the ability to control the stoichiometry
of nanohybrids.
Recently, we showed the successful use of membrane

scaffold proteins (MSPs) when substituting a hydrophobic
cover for a hydrophilic cover in CdSe QDs.20 These
nanocrystals, with a diameter of a few nanometers, were
made from CdSe, and they were covered with an organic shell
composed of TOPO and its derivatives. In the present study,
we used CdSe QDs with a diameter of about 3 nm and an
emission maximum of 553 nm. The entire procedure, briefly
summarized in Figure 1, required a step with detergent to
ensure the transient solubilization of the QDs and the
stabilization of the MSPs. Several detergents were suitable
for that function; however, n-octylglucoside was considered to
be the most effective one. In the final steps, the detergents
were removed by dialysis and gel filtration. The obtained
QD:MSP conjugates were monomers (one QD and two to
three MSP chains), which were stable for several days. The
fluorescent properties of QDs, namely, their emission and
extinction spectra, were preserved. However, their quantum
yield was decreased; this could be the result of a simple change
in a QD surface neighborhood or just the partial lack of a

cover. MSPs are derivatives of apolipoprotein A (Figure 1B),
and they were first elaborated to support the formation of lipid
nanodiscs in vitro.21,22 Based on the known organization of
these proteins in nanodiscs, we proposed that the MSPs
encircled the QD sphere, forming a belt. Consequently, they
might not be optimal for forming an effective coat on a
spherical nanoparticle.
In this study, we addressed whether it is possible to obtain a

protein that better adapts to a spherical surface. To the best of
our knowledge, there are no natural proteins that are directly
able to form a cover for this type of structure that has a sphere
with a diameter of a few nanometers. There are basket-like
proteins, for example, lipocalins,23 but these domains bind
ligands that are less than 1 nm in diameter. Thus, the type of
protein we are looking for must be designed, but designing it
from scratch and then improving it, for example, by the
random mutation of such a huge structure, are difficult, if not
impossible. Therefore, we need more clues for optimal protein
elaboration. Toward that end, we addressed the first crucial
question: is there a preference for an α-helix motif or a β-sheet
motif for proteins that form QD covers? We applied a protein
de novo design strategy, namely, in silico mutation, to improve
two proteinsa protein with an α-helical structure and a
protein with a β-sheet layerwhich are similar in shape, size,
and hydrophobic pattern but differ in the composition of their
secondary structure.
A protein design is a process, which, at first, allowed us to

obtain a protein with the desired structure and function.24−28

Ideally, the design might be created from scratch, with no
homology to existing structures. In our approach, due to the

Figure 1. Crystal structures (colored by Kyte and Doolittle16

hydrophobicity scale: red, basic; brown, acidic; green, polar-
noncharged; blue, hydrophobic) of the template proteins considered
in the present study: (A) Puf domain (PDB: 3k5q),17 (B)
apolipoprotein A1 (PDB: 2a01),18 and (C) LRR domain (PDB:
4fmz). (D) Schematic representation of the experiment. Solubilization
of hydrophobic QD (CdSe in TOPO) leads to QD in detergent
(SDS) micelles or a mixed SDS/TOPO cover. For simplicity, TOPO
and SDS were only presented circumferentially; in reality, they cover a
sphere. After mixing with Puf, MSP, or LRR, respectively, the
QD:protein assemblies were formed. Partial or complete coverage is
possible for both Puf and LRR, here presented in two possible
projections with two Puf/LRR chains colored in red and violet. The
orientation of the protein chains over a sphere are hypothetical based
on the crystal structures of Puf/LRR and the known organization of
the MSPs in the nanodiscs.

ACS Omega Article

DOI: 10.1021/acsomega.9b00505
ACS Omega 2019, 4, 13086−13099

13087

http://dx.doi.org/10.1021/acsomega.9b00505


computational restraints caused by large structures, we had to
base the design of known templates. We selected two motifs,
the Puf domain and LRR domain, and then we introduced a
mutation to improve their fit to the surface of the QDs. Figure
1A,C presents the crystal structures of the selected
representatives of the Puf and LRR families. Both protein
templates are broad ribbon-like structures known, at least from
their crystal structures, to form a shape that might resemble a
basket with an internal diameter suitable for accommodating
QDs. It is also important to note that the selected proteins are
already structural repeats, and it is highly probable that further
extension of the motifs will also work. The Puf domain (Figure
1D) is typical for RNA- and DNA-binding proteins, and in
nature, it adapts (e.g., to a cleft in the DNA double helix). This
motif contains two layers of α-helices. Some proteins have
several Puf domain repeats. The LRR domain (Figure 1C) is
found in many proteins; it is responsible for forming protein−
protein contacts between immunoglobulins and their targets
and proteins that are involved in cell adhesion and
cytoskeleton formation.29−31 The LRR domain also consists
of two layers; however, one layer is a row of β-sheets
(internal), and the other layer is a row of α-helices.
One may intuitively expect that the β-sheet layer would be

better for building the desired sphere-wrapped shape since
there are many β-barrel proteins, including lipocalins, which
bind a ligand inside a protein basket,23 or toxins, which form
pores in the plasma membrane.32 A β-sheet is flatter, thinner,
and generally more flexible than an α-helix.33,34 However, an α-
helix motif is much easier to design, and it has much higher
environmental stability than a β-sheet motif.35,36 Our results
suggest that an α-helix structure may be used in future QD
covers, and their stability indicates that it will be more useful
than β-sheet-based designs. Since the QD geometry suggests
that two to three Puf molecules are needed for proper
coverage, we also tested the single-chain duplication of a Puf
protein, PufPuf. However, we found that such a simple
duplication does not improve the stability of the QD:protein
assemblies.

■ RESULTS
Purification Optimization and QD:Protein Assembly

Formation. The proteins used in the present study were
expressed in Escherichia coli. Upon expression in bacteria, both
the Puf and LRR proteins were found mainly in the inclusion
bodies in all the tested expression conditions. Thus, we
decided to purify the proteins under denaturing conditions.
The proteins were solubilized completely in 6 M guanidine
chloride. We tested refolding by dilution, also in the presence
of arginine, but only a small portion of the initial amount of
protein was soluble. Finally, we found that, to keep the Puf
proteins in the solution, we needed to add a detergent,
preferably sodium dodecyl sulfate (SDS). Consequently, we
decided to use SDS to solubilize the QDs. This detergent is
not easily removed by dialysis, and it is highly probable that
some molecules remained in the final QD:protein assembly but
in an amount that is not detectable by Fourier transform
infrared spectroscopy (FTIR) and that does not influence the
secondary structure of proteins. In the present study, pH 8.0
was used because it was more convenient and it corresponded
to the pH condition required for possible future applications in
in vitro and cell studies. However, QD:protein assemblies
could be obtained using a broad pH range (at least 6−9.5; see
the description provided in Figure S1, Supporting Informa-

tion). Hydrophobic CdSe QDs, with TOPO and its derivatives
as a cover and an emission maximum at 553 nm, were used in
the study. The QD:Puf and QD:PufPuf assemblies were stable
for at least 3 months when stored at 4 °C. The stability was
estimated from the absorption and emission spectra, which did
not change significantly. The QD:LRR preparation was much
less stable, as demonstrated by the appearance of a reddish
precipitate during storage at the same conditions.
In general, we observed that efficient assembly requires at

least 40 μM of protein (and a QD:protein ratio of at least 1:5)
when starting the QD:protein mixture. At a higher
concentration, the preparation had the same quality. In a
lower concentration (not shown), after dialysis, we observed a
lower ratio between the QD and the protein absorption and
emission. While it was still possible to obtain QD:protein
assemblies during the gel filtration, more free protein was
observed, and more QD was lost as a precipitate. However,
because the assembly process is not a simple binding−
unbinding event, it was not possible to analyze the changes in
the reaction equilibrium based on the protein concentration.
When the QD:Puf assembly or QD:PufPuf assembly was
formed, it could be diluted several times; moreover,
rechromatography of the fraction caused no changes except
for dilution (data not shown). Thus, although binding may
occur with a low on-rate constant, the off-rate constant may be
close to zero.

Size of the QD:Protein Assemblies. We performed gel
filtration to estimate the size of the QD:protein assemblies. As
a control, the same experiment was done on the refolded
apoproteins that were dialyzed from urea and SDS. As shown
in the example chromatograms presented in Figure 2, in all

cases, assemblies were formed between the QDs and proteins.
The QDs used in the study have radii of 1.43 nm, and
theoretically, they should be detectable on the column at
elution volumes at about 18−19 mL. However, an elution of
QDs alone is not shown because they manifest as a smear over
a column, or even as a stack to a column, as very large
aggregates. The formation of QD:protein assemblies was
characterized by the disappearance of the free protein elution
maximum and the appearance of peaks with a shorter elution

Figure 2. Examples of the elution profiles (gel filtration on Superose
6) of the QD:protein assemblies (followed at 280 and 540 nm) and of
the dialyzed apoproteins (followed at 280 nm). (A) QD:Puf, (B)
QD:PufPuf, and (C) QD:LRR.
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volume, corresponding to higher Stokes radii: For the QD:Puf
assembly, the approximate radii were about 9.7 nm versus 6.4
nm for the apoproteins. For the QD:PufPuf assembly, the
apoprotein radii were 10.3 nm versus 6.8 nm, and for the
QD:LRR assembly, the apoprotein radii were 8.6 nm versus 3.4
nm. Those species have aligned 280 and 540 nm absorption
maxima, which are expected for species containing QDs and
proteins. The Stokes radii were calculated on the basis of
control run of standards (see the Experimental Section). For
the preparation with a higher amount of protein, some peaks of
the free proteins, not bound with QDs, were also found (not
shown). In some preparations (see Figure 2B,C), higher-mass
species corresponding to higher-mass aggregates, eluting at the
column void volume (about 7 mL), were present. The number
of aggregates was higher for the LRR domain. For QD:Puf and
QD:PufPuf, the amount varied between the preparations. We
also observed that longer dialysis resulted in a decrease in the
amount of aggregates (data not shown), which suggests that
some reorganization occurs during that process. We also tested
this procedure with the P1D1 protein from the MSP group, for
which we already described the formation of the QD:protein
conjugates. The results obtained for the QD solubilized with
SDS (data not shown) were similar to those shown for the
other detergents.
We also analyzed the size of the QD:protein assemblies

using fluorescence correlation spectroscopy (FCS). This
method shows an average radius of fluorescent molecules in
the solution, but it is free of the gel filtration artifacts induced
by the interaction with beads. Table 1 presents the

hydrodynamic radii of the species obtained during preparation
of the QD:protein assemblies, calculated on the basis of the
Einstein−Stokes equation. After dialysis, the calculated radii
were longer than the radii of the QDs in SDS. Aggregates were
also present, which, for the QD:LRR assemblies, render precise
calculation impossible. After gel filtration, QD:LRR fractions
were immeasurable. For other proteins, the monomer-related
fractions were free from aggregates, and the calculated radii
were shorter than the radii measured directly after dialysis. The
QD:P1D1 radius was even shorter than the radius of the QD in
SDS. This finding corresponds to the results obtained in the
previous study,20 and it is most probably caused by the large
micelles of the QD:SDS or the partial aggregation of the QDs
in SDS.

Similar results were obtained for preliminary tests using
CdSe/ZnS QDs (data not shown). However, the main
problem was the initial solubilization of the CdSe/ZnS QDs,
which resulted in a much lower yield of final preparation.
Therefore, in subsequent procedures, only CdSe QDs were
used.

Electrophoretic Behavior of the QD:Protein Assem-
blies: An Indication of Size and Stability. The behavior
and stability of the QD:protein assemblies were tested using
agarose electrophoresis. Figure 3 presents the separation,

visualized by the fluorescence of the QDs. The QDs without
protein moved faster due to their shorter radius and, possibly,
the higher charge provided by the negatively charged SDS
molecules. Some of the QDs were stacked in a well, possibly
because of losing their SDS micelles. When the protein was
present in the assembly, the electrophoretic mobility was lower
than that of the free QDs. QD:Puf and QD:PufPuf moved by
comparable distances, while P1D1 was faster than QD:Puf but
slower than the free QDs. QD:LRR was mostly stacked in a
well. Only a small amount of QD:LRR was moving through the
gel.
The difference in electrophoretic mobility corresponded

(although not directly proportionally) to the zeta (ζ) potential
measured for the QDs solubilized in SDS and the QD:protein
assemblies (see Figure S2, Supporting Information). The ζ
value for the QDs in SDS was at least twice that for the
QD:protein assemblies. The specific values of the QD:protein
assemblies differed depending on the protein that was used.
The value was higher for QD:Puf than for QD:PufPuf, which
indicates that the organization of those two proteins on the
nanoparticle surface was different. The potential of SDS:QDs
(−44.4 mV) was higher than that measured before for SDS-
modified CdSe (−57.6 mV8). However, in that studies, QDs
were much bigger (178 nm) and measured in different buffer
conditions, which may influence the measurement. The
protein cover of QDs results in an increase in ζ to values
corresponding to CdSe QDs with nonionic organic ligands.8

Fluorescence Properties: Steady-State Spectra and
Fluorescence Lifetime. The maximum emission of the QDs
solubilized in SDS was slightly left-shifted in comparison to the
organic solvent, from 562 nm in chloroform to 560 nm in SDS-
water (Figure 4A). Additionally, the emission intensity

Table 1. Hydrodynamic Radii Calculated from the FCS
Measurement of the QDs Solubilized in SDS and
QD:Protein Assemblies after Dialysis and after Gel
Filtration (Monomer-Related Fraction)

sample radius (nm)

theoretical radius37 1.43
QD in SDS 5.8 ± 0.2
after dialysis
QD:P1D1 6.1 ± 0.4
QD:Puf 11.3 ± 0.7
QD:PufPuf 11.8 ± 0.9
QD:LRR 26.8 ± 7.1 (large aggregates)
after gel filtration
QD:P1D1 4.2 ± 0.2
QD:Puf 7.0 ± 0.6
QD:PufPuf 6.7 ± 0.5
QD:LRR n.d.

Figure 3. Separation of the QD:protein assemblies on agarose gel
with fluorescence visualization. Excitation with a 305 nm trans-
illuminator; detection using a CCD camera protected by an EtBr-type
broadband filter.
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decreased, which corresponded to a fluorescence quantum
yield that was about four times lower. For the QD:protein
assemblies after dialysis (Figure 4B), the fluorescence emission
spectra showed that there were two maxima: at about 330−320
nm (strong emission of the tryptophan residues of Puf and
PufPuf and a weak emission of one tryptophan residue and
several tyrosine residues of LRR) and at 555 nm for the QDs.
After gel filtration, the emission maximum of the QDs was
even more left-shifted: to 552 nm for the Puf:PufPuf assembly
and to 546 nm for LRR. The protein emission maximum
results were the same after dialysis.
During the assembly process, the initial quantum yields of

the CdSe QDs (about 9%) were decreased to about 2% for
QD:Puf and QD:PufPuf and to about 0.8% for QD:LRR.
The QD fluorescence lifetime was also altered in the

QD:protein assemblies (Table 2). Basically, in conjunction

with helical proteins, the average fluorescence lifetime was
longer by about 2 ns; in contrast, no significant change in the
fluorescence lifetime was observed with LRR. Examples of the
individual fluorescence decay of QD:SDS and QD:Puf are
shown in Figure S3A (Supporting Information).
Because the fluorescence decay of QDs is usually multi-

exponential,38 we also analyzed the length of the individual
components and the relative ratio of their amplitudes. The best
fit was obtained with three components. After assembly with
proteins, the lengths of the components and their amplitudes
ratio changed (Figure S3B, Supporting Information). In all
cases, including LRR, the length of the longest component was
increased by at least 2 ns. In all cases, the shortest τ was 0.5−
0.6 ns, but its relative contribution increased from about 52%
in the QD:SDS assembly to 57% in the assembly with PufPuf,
70% in the LRR and Puf assemblies, and 74% for P1D1.

ATR-FTIR Analysis of the Composition of the
QD:Protein Assemblies. Attenuated total reflection FTIR
experiment (ATR-FTIR) of the samples was performed to
determine the overall composition of the QD:protein
assemblies and to evaluate the secondary structure of the
proteins. For the overall composition analysis, the main
question was as follows: are molecules from the original
hydrophobic cover (namely, TOPO and its derivatives39) or
detergent (SDS) molecules still present in the QD:protein
assemblies? All of the analyzed spectra contained a region with
absorption due to symmetric and asymmetric stretching of the
CH2 and CH3 groups and the aliphatic C−H mode (Figure
5A). In a sample containing a protein (shown in the example
of the apoPuf and QD:Puf assemblies), there is also an
aromatic C−H vibrational mode. We were most interested in
determining if there was a change in the relative ratio between
the particular vibrational mode intensities when comparing the
QD with TOPO on a surface to the apoPuf and QD:Puf. The
QD:Puf spectrum was different from the apoPuf spectrum, but
the difference was not due to the simple superposition of the
QD spectrum and apoPuf spectrum. Especially, the C−H
aromatic vibrations and CH3 symmetric vibrations were
relatively intensified. This suggests that the interaction
between the QD and protein changes the probability of
observing specific vibrations. Moreover, similar changes were
found for the QD:PufPuf assembly (data not shown). The
analysis of the recorded spectra of QD:protein assemblies did
not rule out the possibility that residual TOPO molecules were
still present in the assemblies.
The most useful spectral region for examining the presence

of TOPO molecules in the assemblies is the 1500−800 cm−1

range. Although this region is crowded, some characteristic
signals can be observed. Figure 5B presents a comparison of
this region for the representative samples obtained from
various preparations. In the spectrum of the QD with a
hydrophobic cover (original QD preparation, dried from
chloroform), we might see the dominant band at 1085 cm−1,
which is attributed to the stretching vibration of the PO
group bound to the CdSe surface.40 There was also a minor
signal from a free PO group (at 1150 cm−1 and in the
1500−1350 cm−1 region), most likely from the TOPO or
TOPO derivatives, as n-octyl phosphonic acid39 molecules are
released from the QD during storage. After solubilization with
SDS, the mode corresponding to the bound PO group
disappeared, most probably due to masking by the SDS
vibrations. There was an absorption in the QD:protein
assembly sample at 1134 cm−1 and a broad arm at 1085

Figure 4. (A, B) Fluorescence spectra (excitation at 280 nm) of the
QDs in chloroform and after solubilization in SDS after dialysis in
assemblies with proteins (A) and after gel filtration (B) and (C)
spectra of monomer-related fractions. The QDs in chloroform and
SDS-water in a concentration of 1.5 μM; the other spectra were
normalized at the QD emission maximum for easier analysis.

Table 2. Average Fluorescence Lifetime (τav) Measured for
the QDs Solubilized in SDS and the QD:Protein Assemblies

sample τav (ns)

QD in SDS 10.2 ± 0.1
QD:P1D1 13.0 ± 0.1
QD:Puf 12.6 ± 0.2
QD:PufPuf 12.8 ± 0.3
QD:LRR 10.0 ± 0.3
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cm−1, which may be attributed to the free and bound PO
vibrational modes. This suggests that the original hydrophobic
cover molecules were still present in the QD:protein assembly
sample. However, in the apoPufPuf sample, minor absorption
bands were also observed at those wavelengths. There was no
free PO signature in the QD:protein spectrum in the 1500−
1350 cm−1 region. Absorption was also seen in this region in
the QD:protein sample but with a pattern corresponding more
to amide II and amide III modes (in comparison to a free
protein) than to the PO vibrational mode. The comparison
of the SDS spectrum and QD:protein assembly spectrum also
suggests that all the free SDS molecules were removed during
preparation as the SO stretching mode is missing in this
sample. Interestingly, when comparing the apoprotein and
QD:protein assembly spectra, a change in the ratio between
C−O stretching mode intensity and amide III intensity was
observed. It is important to note that the position of the C−O
mode was shifted by about 20 cm−1 (QD:Puf) or 50 cm−1

(QD:PufPuf) in comparison to the apoproteins. These
observations do not allow us to draw strict conclusions
about the organization of proteins on the QD surface;
however, they do prove that a significant amount of protein
amino acids was involved in the interaction with the QD
surface and energy of the appropriate vibrations was changed.
The secondary structure of the proteins was analyzed from

the amide I band in the ATR-FTIR spectra. Figure 6 presents a
comparison of amide I for the apoproteins and QD:protein
assemblies for Puf, PufPuf, and LRR. The maximum amide I
vibration of apoPuf and apoPufPuf were centered at 1650−
1660 cm−1, which is the signature of helical structures.41,42

ApoLRR showed maximum amide I vibration between 1640
and 1650 cm−1, which might suggest the presence of β-
structures and an unordered chain. After interacting with the
QDs, the maximum for LRR shifted to 1640 cm−1,

Figure 5. Examples of FTIR spectra in the region of CH3 and CH2 symmetric (νs) and asymmetric (νas) stretching vibrations (A) and other
fingerprint vibrations and (B) of selected steps in the QD:PufPuf assembly preparation. Spectra were arbitrarily scaled (independently for both
regions) to allow for comparison.

Figure 6. Comparison of the amide I FTIR spectra of the apoproteins
and QD:protein assemblies: (A) apoPuf and QD:Puf, (B) apoPufPuf
and QD:PufPuf, and (C) apoLRR and QD:LRR. For easier
comparison, the area is normalized to 1.

ACS Omega Article

DOI: 10.1021/acsomega.9b00505
ACS Omega 2019, 4, 13086−13099

13091

http://dx.doi.org/10.1021/acsomega.9b00505


corresponding to an unordered protein. The Puf and PufPuf
assemblies with QDs again showed the amide I maximum
corresponding to structures rich in helices; however, the
spectrum shape changes, suggesting a reorganization of minor
structural features. For QD:Puf and QD:PufPuf, we confirmed
the high number of α-helices using circular dichroism
measurements (see Figure S4, Supporting Information). For
apoPufPuf, the CD spectrum also indicates a mostly helical
structure. The main difference between QD:Puf and
QD:PufPuf could be due to the higher degree of unordered
structure in QD:Puf in comparison to QD:PufPuf. This may be
explained by the presence of partially unfolded regions in the
terminal parts of the Puf amino acid chain, while in PufPuf
(which is simply two Puf molecules on one polypeptide), the
average terminus content per amino acid was lower. For the
preparation of apoPuf, apoLRR, and QD:LRR, circular
dichroism spectra were not reliable to properly assess the
secondary structure elements. Detailed analysis of the
secondary structure was then possible after the amide I band
deconvolution, when the percentage of the area corresponding
to the appropriate secondary structure elements may be
ascribed to the relative content of this element in a protein
structure.42 The example of a deconvoluted amide I band of
apoPufPuf is shown in Figure S5, Supporting Information.
The secondary structure compositions of the studied cases,

compared to the values predicted from the design, are
summarized in Table 3. Details of the deconvolution of the

amide I bands are provided in Table S1, Supporting
Information. The secondary structure of the LRR apoprotein
corresponds to the design; there is a high amount of β-
structure (43%). While α-helix (50%) was found in an amount
significantly higher than predicted, that outcome might be
easily explained by comparing it to other LRR domains, which
also contain a significant amount of helices (for example, in
comparison to the NOD-like receptor family43). However,
after assembly with QDs, we primarily observed an unordered
structure with only a small contribution of β-sheets. The
opposite behavior was found for Puf and PufPuf. The amount
of α-helix in Puf was lower than in the design (45%), with an
unexpectedly high number of β-sheets (15%). β-Sheets should

not be present in Puf or PufPuf; therefore, this frequency may
be attributed to the structures induced by incorrect folding or
interaction with the ATR crystal. The β-sheet-like signal
should be partially interpreted as arising indirectly from the
helices because the interaction between the neighboring helices
forms aggregates, which gives a signal in that range
(intermolecular β-sheets41). After assembly with the QDs,
the contribution of the α-helix slightly decreases in Puf (to
39%); it increases to 59% for PufPuf, and the intensity of the
bands assigned to the β-sheets/aggregates and unordered
structure decreases. This simply means that both Puf and
PufPuf are structuralized in the presence of QDs.

Photogenerated Electron Transfer to Oxygen. Gen-
eration of reactive oxygen species (ROS) by QDs is usually a
simple test to determine the accessibility of oxygen to the
surface of QDs and then the quality of the surface cover. CdSe
with the mercaptosuccinic acid cover was shown to generate an
ROS, superoxide, and hydroxyl radical.44 Passivation of the
CdSe surface (e.g., by ZnSe) protects it against electron
leakage to oxygen.45 We tested SDS-solubilized QDs and
QD:protein assemblies for ROS generation after illumination
in the presence of ROS-sensitive spin probe 4-hydroxy-5,5-
dimethyl-2-trifluoromethylpyrroline-1-oxide (FDMPO). In a
preliminary experiment, performed on water-soluble CdTe
QDs, we selected the FDMPO spin probe as the best
technique for this application (see the Supporting Informa-
tion). In that experiment, we observed the spectrum of an
FDMPO with an OH radical adduct signal (Figure S6,
Supporting Information).46 When applying the same method-
ology to the CdSe QDs used in this study, we detected no
FDMPO-adduct signal either in the QD:SDS or QD:protein
assemblies. This suggests that a QD surface may be protected
by a protein coat. A weak, almost isotropic signal with g ≈ 2.06
(Figure S7, Supporting Information) was present in all the
samples without FDMPO. While the signal, most probably
resulting from CdSe defects,47 was almost unchanged during
prolonged illumination, it disappeared after the addition of the
spin probe.
We also checked the photoinduced electron transfer from

the QD to oxygen, directly monitoring the oxygen concen-
tration in a solution using an oxygen electrode. This method
does not allow for the identification of which ROS is formed,
but it may be more sensitive and allows for monitoring the
kinetics of the process. Figure S8 shows the traces recorded
during this type of an experiment. Basically, for the same
concentration of water-soluble CdTe QDs (control) and CdSe
QD:SDS, the oxygen consumption was faster in the QD:SDS
suspension. However, for QD:SDS, after about 40 s of
illumination, the oxygen consumption stopped; in the CdTe
QDs solution, the oxygen consumption was observed for at
least 500 s. Additionally, in the CdSe QD:SDS suspension, the
occurrence of the second process was noted, leading to the
partial recovery of some of the oxygen concentration. The
same recovery was detected in the CdTe QDs solution but
only when the light was switched off.
For the QD:Puf assembly, no oxygen consumption was

observed. For the QD:PufPuf assembly, the oxygen con-
sumption was measurable but at least twice as slow (and two
times less efficient in total consumption) than in the QD:SDS
solution. Thus, the Puf and PufPuf covers protected the CdSe
QDs surface from oxygen. The difference between Puf and
PufPuf noted here may provide evidence that independent
domains of Puf adapt better to the surface of QDs than the

Table 3. Comparison of the Relative Content (%) of the
Secondary Structure Elements of the Analyzed Proteins and
Their Assemblies with QDs, as Deduced from Amide I
Deconvolutiona

% of total

protein α-helix β-sheet other

LRR
designed 12 28 60
apoprotein 50 43 7
QD:protein assembly 0 14 86
Puf
designed 66 1 33
apoprotein 45 0 55
QD:protein assembly 39 0 61
PufPuf
designed 66 1 33
apoprotein 37 25 48
QD:protein assembly 59 3 38

aThe secondary structure element content in designed proteins was
calculated from in silico models.
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double-domain protein PufPuf. This suggests that, in future
designs, there should be longer links between the domains to
allow for better surface coverage.

■ DISCUSSION
QDs have a significant potential in biomedical and life sciences
as fluorescent labels, as elements of biosensors, and as a source
of therapeutic ROS. For researchers working with QDs, one of
the serious challenges is ensuring the stability and compat-
ibility of their covers. Compatibility refers to the ability to
function in a given environment. In most cases, it also means
water solubility (more correctly, water dispersibility). Even if
QDs are going to be a source of ROS, the formation of such
radicals should be restricted only to the target site. Recently,
we proposed a cover based on protein chains composed of
MSPs.20 In the present study, we addressed the issue of the
secondary structure composition of proteins dedicated to
forming a QD cover. Using a protein as a QD cover, we take
advantage of multiple possible reactive groups (carboxyl and
amine groups as well as more complex groups, such as
tetracysteine or HisTag) as well as the simpler addition of a
function to a hybrid by having a second functional protein
domain. We wanted to determine if there is any preference
between an α-helix and a β-sheet during protein adaptation to
the shape of a QD surface. While there are several spherical
nanoparticles in living organisms (e.g., blood lipoproteins),
there are no structures that have the same size as QDs, with a
single peptide cover in vivo, to serve as actual templates.
Identifying the answer to our question will enhance our
understanding and will be a significant advantage when
creating designs for more stable covers in the future. The
actual in vitro process of the formation of QD:protein
assemblies does not enable high-throughput testing without
protein purification. Thus, the random mutation strategy had
to be excluded. Thus, as many suggestions as possible are
needed from individual studies to design a better protein cover
for QDs.
In a previous study, we have shown that α-helical MSPs may

work as a cover for QDs, providing reasonable stability in a
water solution.20 The features of MSPs, namely, their length
and the amphipathicity of their helices, are ideal for encircling
a spherical QD. However, due to geometrical constraints, that
type of coating would be composed of a few elements, and it
would not equally cover the entire surface of a sphere. This is
much better than a coating composed of dozens of tiny thiolic
acid molecules, although it may still be an improvement. In this
paper, we present another α-helical protein, Puf, that is capable
of forming a cover for QDs but with a different spatial
arrangement of its helices. We also showed that its duplication,
PufPuf, a single-chain version of two Puf proteins, can cover
the entire QD surface. We expected the size and other
properties of both the QD:Puf and QD:PufPuf assemblies to
be virtually the same, which, in most of the tests, was found to
be true. We also proved that β-sheet proteins, represented here
by LRR, may form a QD cover, but they are much less
functional than Puf assemblies.
In this study, we aimed to determine if there were any

differences in the way in which Puf or LRR bonded to
nanoparticles due to their amino acid composition. Table S2
summarizes the composition of the amino acids on the internal
surface of Puf or LRR, in which the side chains may be in
contact with the QD surface. To select these residues, we
inspected the structures manually, and we selected the residues

of the side chains that point to the interior created by the
structure curvature. The percentage of the content of the
hydrophobic, amphipathic, polar-noncharged, and polar-
charged amino acids is similar in both proteins. However,
the content of individual amino acids is different. The Puf
surface contains 10 Gln residues (19.4%); there is no Gln
residue in the putative LRR contact surface. There is more Asn
and Thr in the LRR surface. All those amino acids (Gln, Asn,
and Thr) are polar-neutral. Gln is a bulkier residue, and
intuition dictates that such residues would be a handicap in
adapting to a QD surface. LRR is also richer in Tyr (13.4% vs
5.5% in Puf). Residues are found on the edge of the protein
structure, and in nature, they are responsible for stabilization of
the interaction with RNA and DNA, as well as stabilization of
the protein structure. We did not remove the residues; such a
motif is present in both Puf and LRR. We also expected that
they may help in forming the cover of a QD because aromatic
amino acids can form hydrophobic interactions with nano-
particles.48 No previous experimental or theoretical studies
have described specific amino acid interactions with a CdSe
surface. However, a molecular dynamic study of amino acids
binding to chemically close ZnS is available. Nawrocki and
Cieplak49 calculated the binding energies of natural amino
acids placed near the (110) surface of ZnS. These energies are
also added to Table S2 for easier comparison. In summary, the
total binding energy is 1.7 times higher for Puf than for LRR.
Moreover, the average amount of amino acid is 1.6 times
higher. Cysteine (Cys) residue is the only amino acid
responsible for that difference. Of the initial six Cys residues
in Puf, that Cys residue is the only one that cannot be removed
in silico without disturbing the stability of the structure. The
side chain of this Cys does not point directly to contact with
the QD surface; however, with protein flexibility, it can still
make contact. Since cysteine is important for Puf structural
integrity, and the Puf structure is not destroyed during
assembly, we assumed that it is not involved in the binding. If
cysteine is not considered, the average binding energy is even
higher for LRR.
When the binding energies are analyzed for α-helix- or β-

sheet-forming amino acids, the energies vary within the groups,
with a general tendency for higher energies for the β-sheet-
forming residues and more “surface-neutral” amino acids
within the α-helix-forming amino acids. Consequently, we may
postulate that a specific amino acid composition is not crucial
for binding. The important factor may be the overall surface
distribution of the charged residues, as well as the presence of
hydrophobic patches. Since the shape, surface, and charge
distribution are actually similar for both Puf and LRR, we may
assume that the crucial feature is the structural stability of the
protein that is in contact with the nanoparticle. We may even
postulate that the higher binding energies of the β-sheet-
forming amino acids may be a handicap; too strong binding
may promote unfolding in the presence of the nanoparticle and
then promote aggregation and other unwanted events. While
this hypothesis requires additional research to be confirmed,
molecular dynamic simulation conducted by Cieplak and co-
workers showed a list of small deformations of various proteins
near the surfaces of mika,50 ZnO,51 ZnS,49 and gold.52 The
authors did not recognize the differences between α-helical or
β-sheet proteins, but they showed the importance of longer
contact with the surface, which is mostly formed by the
charged residues. Since β-sheet amino acids are more likely to
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form contacts than α-helix-forming amino acids, a structure
composed of them may be also more likely to be unfolded.
When MSP wraps a QD, it has to form several threads, such

as the way MSPs encircle lipids when forming nanodiscs.21

Attempting to wrap a QD is the same as trying to use a narrow
ribbon to cover a surface of a large ball. The obvious solution is
to use a broader ribbon. This cannot be obtained by
broadening the α-helix, but it may be created from properly
organizing the α-helices or β-sheets. One may imagine that a
flat β-sheet would be easier to adapt to the nanoparticle
curvature. However, α-helices are more stable than β-sheets.
This, with the addition of a suitable amino acid pattern,
increases the amphipathicity of the helices, which may
overpower the flatness and flexibility advantages of β-sheets.
Our research proved the second hypothesis to be true.
Overall, the shapes of LRR and Puf proteins are similar.

They have a ribbon-like structure, organized as part of a circle
with a broad opening with a 3−4 nm diameter. Moreover, the
distribution of the electrostatic charge is similar in both
proteins. This may be important when they interact with
nanoparticles and other proteins when more than one is
necessary to form a cover (compare Figure S9). When
comparing the surface area of the proteins, calculated directly
from the amino acid distances in the crystal structures, the
surface area of PUF is 1331 Å2, and the surface area of LRR is
918 Å2. Puf is about 17.2 Å high, and LRR is about 17.9 Å
high. The difference in the surface area results from the length
of the tape or ribbon formed by the protein structure. The
surface area of the QDs used in the present study may be
estimated to be 3215 Å2, which suggests that 2.5 Puf
molecules/3.5 LRR molecules are necessary for a complete
compact cover. However, due to the side chain of amino acids
at the edge of the ribbon, as well as the flexibility of the
proteins in the solution, we may assume that two Puf
molecules and three LRR molecules are necessary to fully
cover a QD sphere. It is known that peptides may help in
forming cages for cargo delivery because the flexibility of
peptides has been found to help in comprising geometry
restrictions.53,54

Both the Puf and PufPuf assemblies with QD resulted in
nanoparticles with 6.7−7 nm radii. Thus, a protein part adds
about 5.5 nm to the dimension of an effective CdSe core, as
calculated theoretically. For MSP, as P1D1, the radius was 2.8
nm. A similar value was found previously.20 This means that,
while the cover formed by P1D1 is composed of one layer of
helices, Puf and PufPuf have two such layers. This fact is in
strong agreement with the initial design. A different
organization, namely, protein binding to the QD surface as a
coiled coil without an encircling formation, would result in at
least a 13 nm difference from the core, as based on the Stokes
radii calculated for the apoproteins using gel filtration.
Although the average α-helix diameter, measured from crystal
structures, is about 0.5 nm (1.5 nm with side chains), the
actual value may be a result of a large hydration sphere.
Previously, we hypothesized that the difference may be a result
of the still present shell of TOPO/phosphonic acid ligand or
the detergent molecules. In the present study, we had to use
SDS, and it is known that this detergent is difficult to remove
completely. One may imagine that SDS molecules will remain
between the QD surface and protein. However, both the
hydrophobic cover (TOPO or its derivatives) and SDS shell
would result in an increase of about 0.8 nm in the radius. Here,
the difference in size would demand at least two layers of SDS/

TOPO molecules. It would also be detectable by FTIR spectra
in a region corresponding to the SO vibrations of SDS or
the PO vibrations of TOPO. SDS vibrations were not
present in the final QD:protein assemblies. Some PO
vibrations may be present but not in the amount
corresponding to a shell of molecules.
Our research proves that it is possible to obtain a ribbon-like

protein to form a cover of a nanoparticle surface. The design of
such a nanoparticle coat has not been addressed until now. In
previous studies, some proteins were used only to show the
controlled aggregation of nanoparticles.55,56 Those studies
reported on a peptide tag and a tag recognizing protein55 as
well as Zn-mediated homodimeric helix associations.56 In the
present study, a complete protein was not designed from
scratch; rather, the adaptation of a protein template served our
purpose. The main reason for such a strategy is the lack of
force fields to properly describe the interactions between the
nonbiological surface of a QD and proteins. Moreover, when
designing large proteins, high computing power is required.
That is why we decided, at first, to adapt the structures that are
already known and that have the probability of forming the
desired cover. The Puf proteins bind to a cleft of the DNA
double helix. LRR domains also form complexes but with other
proteins working as immunoglobulins, hormone receptors, and
factors of cell adhesion or cellular trafficking.29,30 A cover of a
QD-like sphere using Puf/LRR requires two molecules to form
a basket. While this type of basket is still open, most likely, less
of the surface is exposed in comparison to an MSP cover. It is
also possible that two to four molecules are needed to create a
closed cage, as schematically shown in Figure 1. Our results do
not provide enough data to distinguish between hypothetical
situations, that is, a basket with a small opening or a closed
cage without any opening. The overall stability of the
QD:protein assembly, with an extended fluorescence lifetime,
suggests that the QD surface is protected from a water
environment. The data obtained from the EPR FDMPO spin
probe experiment and direct measurement of the photo-
generated oxygen consumption by the QDs or the QD:protein
assemblies provide additional evidence to support this theory.
LRR motifs are actually known to form a basket-like

structure, with an inner diameter of up to 30 Å.31 More open
crystal structures of Puf and LRR are also known. Such
proteins, combined in twos or threes, would result in structures
with more internal space needed for fitting even larger QDs.
The Puf and LRR domains are already multiple repeats of
structural motifs, which means that further multiplication
would also work. Indeed, the duplication of Puf shown in this
paper, resulting in the formation of PufPuf, proves this
hypothesis.
Theoretical simulations suggest that, although the CdSe QD

shape may be simplified by a sphere, the wurtzite structure of
CdSe results in the top, bottom, and side surfaces not being
equivalent, with different ligand affinities toward them.57,58 It
has also been shown that affinities of the amino acids varied
with different ZnO surfaces.51 One may then suppose that this
influences the binding and orientation of the proteins over the
QD surface. While that is possible, this problem demands full
atomistic modeling, and it is beyond the current resolution
capabilities. Until now, only the behavior of very small proteins
near the crystal surface has been successfully modeled.49

However, the strategy we applied addresses the shape.
Moreover, although the phosphine group has a higher affinity
toward the polar Se-terminated (0001̅) surface, the phosphine
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derivatives (phosphine oxide and phosphonic acid) are more
likely to target a nonpolar (1120) and Cd-terminated polar
(0001) surface, and all of them can bind to the less-preferred
surface. In all the considered cases, the hydrocarbon tails point
out, and in subsequent steps, SDS may be uniformly
distributed over the surface, obliterating the surface differences.
It is still possible that, after removing the detergent, various
surfaces will tune protein orientation; however, because several
groups may bind to different surfaces with slightly different
affinities, it is very unlikely that significant reorganization will
occur.
Since there is no amino acid sequence specificity in our

proteins toward the CdSe surface, it is also possible that the
same proteins might be used as a cover for several other types
of nanoparticles, not limited only to semiconductor QDs.
Aside from further structural optimization, the next step would
be to obtain two-domain proteins, the first domain being a
cover, for example, Puf, and the second domain bearing a
function, for example, porphyrin (heme, chlorophyll) or an
iron−sulfur protein. This will improve the application of QDs
and other nanoparticles in several concepts, for example,
merging QDs into artificial photosynthesis systems via
attachment to photosystems in a mode comparable to
platinum ions59 or visualization of ferredoxin-binding dynamics
without impacting its redox state.38

■ CONCLUSIONS

This paper addressed the question of the possibility of forming
a QD cover from proteins that differ in the composition of
their secondary structures. We used proteins with an α-helix
motif (Puf and PufPuf) and a protein with a β-sheet motif
(LRR). We found that the α-helices are better than the β-
sheets in wrapping QDs, and they may provide a better cover
for nanoparticles. The quality of the cover was examined by the
oxygen electrode-monitored photogenerated oxygen consump-
tion and the FDMPO spin probe EPR experiment, showing no
or much lower ROS generation upon illumination of the
samples. We showed that the formed QD:protein assemblies
were monomeric, meaning one nanoparticle wrapped by two
to three protein chains. We also checked that the Puf/PufPuf
secondary structure was not destroyed during the assembly
over the QD, but some structuralization occurred. The
obtained results provide a set of suggestions for further
designs of protein covers for nanoparticles.

■ EXPERIMENTAL SECTION

Protein Template Selection and in Silico Muta-
genesis. Selection of the Structural Scaffold from Deposits
of Puf and LRR Family Members. Experimental structures
from both families were obtained from the Protein Data Bank
(PDB) website by searching the website using the PFAM
database of60 protein families, keywords, etc. All the deposits
structurally similar to these hits were also selected. In addition,
PSI-BLAST searches were performed. More than 200 hits were
collected for the LRR domain, and about 50 hits were collected
for the Puf family. All these structures were then manually
screened to determine their suitability for this project. First,
false positives were excluded after careful inspection. After this
stage, 35 deposits for the Puf domain and 137 for the LRR
domain were recorded. These were further inspected based on
the geometry of the inner surface, for example, the area, the
radius of curvature, and the number of repeats. Finally, chain A

of 4fmz (an internalin from Listeria monocytogenes) deposit was
selected as the model structure of the LRR domain; chain A of
3k5q (Caenorhabditis elegans fem-3 binding factor17) was
selected as the model structure of the Puf domain.

Mutation Design. For each of the two selected proteins,
multiple sequence alignment (MSA) was computed from
sequences found by PSI-BLAST using MUSCLE.61 Moreover,
maps of the structural interactions (e.g., contacts, hydrogen
bonds) were calculated using the BioShell62,63 toolkit. These
two sources of data were used to plan the mutations to be
placed on the inner side of the protein, so it would more likely
accommodate a QD. The structures of a mutated protein were
calculated using the RosettaScripts64 application of the
Rosetta65 suite. During the modeling process, each mutated
side chain was subjected to energy minimization, together with
its 8 Å spherical neighborhood, using the Talaris 2014 force
field. All the residues (both the backbone and their side
chains) that were located further than 8 Å from any mutated
position remained fixed during the modeling to prevent the
protein from changing its global shape (e.g., its curvature
radius).
The following mutations were introduced to 3k5q (Puf

domain): K163A, K124A, R121V, R197V, K163V, K124V,
R121A, R197A, C136S, C37S, C114A, C190S, C238V, and
C266A.
The following mutations were introduced to 4fmz (LRR

domain): E66A, K90A, G93A, L112A, T115C, T160C, L223G,
T243V, and L310A.

Protein Genes, Expression, and Purification. Genes
corresponding to the designed amino acid sequences of Puf
and LRR were ordered from Invitrogen Ltd. Sequences were
optimized for expression in E. coli and cloned into the NcoI/
XhoI restriction sites of the pet28 vector. The C-terminal
HisTag present in a vector was also preserved for future
purification processes. The Puf Puf gene was constructed from
the Puf gene by duplication. To create a construct coding for
the double PUF, the PUF sequence was amplified using
polymerase chain reaction (PCR) with primers PP_for and
PP_rev containing additional restriction sites (XhoI and
BamHI), using Phusion polymerase (Thermo Scientific),
according to the manufacturer’s instruction, and 25 cycles
(98 °C for 10 s, 50 °C for 15 s, and 72 °C for 30 s). The
following primer sequences were used: TACGG-
GATCCCTGCCGACGTGGTCCCTGGATTCTA (PP_for)
and TCAGCTCGAGTTACGAACGCAGGTTTGC-
CAGGGTTT (PP_rev).
The PCR product was inserted into a pJET2.1 vector using

T4 ligase (Thermo Scientific) and the protocol for blunt end
ligation. pET-PUF and pJET2.1-PUF were digested with Fast
Digest BamHI and XhoI enzymes (Thermo Scientific). The
enzymes were inactivated by heating at 85 °C for 15 min; Puf
was separated from the vector using agarose electrophoresis,
followed by band excision and DNA purification using
GeneJET Gel Extraction and DNA Cleanup Micro Kit
(Thermo Scientific). The digested pET-Puf and Puf were
ligated together using T4 ligase (Thermo Scientific). Bacterial
colonies containing ligated vectors were selected using rapid
disruption of bacterial colonies followed by agarose electro-
phoresis to test the size of the plasmids. The identity of the
plasmids was verified using restriction analysis and confirmed
by sequencing.
Vectors were transformed into BL21(DE3) E. coli under

kanamycin selection. Bacteria were grown in lysogeny broth
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(LB) with 50 μg/mL kanamycin at 37 °C until OD = 0.6−0.8
was reached. Protein production was induced by 1 mM IPTG
(isopropyl β-D-1-thiogalactopyranoside) and grown for an
additional 3 h at 37 °C. The proteins were then purified from
the inclusion bodies. Basically, a bacterial pellet was
resuspended in 25 mM Tris/HCl buffer (pH 8.0) containing
100 mM NaCl and DNase I (10 μg/mL), disrupted by
sonication (5 min of 10 s on/off pulses), and centrifuged again.
The resulting pellet was washed with the buffer containing 1%
Triton X-100 and then with the buffer without additions.
Finally, the pure inclusion bodies were dissolved in 8 M
guanidinium chloride (GuaHCl). Complete dissolving re-
quired at least 8 h of incubation with gentle heating (36−42
°C). The dissolved proteins were stored frozen in aliquots for
further use. Prior to assembly, GuaHCl was removed by
dialysis for 48 h. It was also necessary to add 1% SDS (final
concentration) to the GuaHCl-solubilized protein solution
prior to dialysis. If no detergent was present, most of the
preparation precipitated. Several detergents were tested, and
SDS was found to be optimal for this experiment. The pure
proteins were about 46 and 38 kDa, with a 280 nm theoretical
extinction coefficient of 33,640 and 20,400 M−1 cm−1 for Puf
and LRR, respectively.
Preparation of the QDs. The synthesis of the TOPO-

capped CdSe hydrophobic QDs was conducted as described
recently.20 The morphology of the raw QDs was studied using
transmission electron microscopy (TEM) on an FEI Tecnai G2

20 X-TWIN microscope. The absorbance was recorded with a
JASCO V670 spectrometer. Figure S10A shows the
representative TEM/high-resolution TEM (HRTEM) micro-
graphs of the CdSe QDs, proving their spherical shapes and
the uniformity of their morphology. The CdSe particle size
analysis (Figure S10B) of 50 particles using several low-
resolution TEM micrographs indicated that the average
particle size was 3.2 nm, with a standard deviation of 0.4
nm. Analysis of the HRTEM micrographs of the QDs clearly
indicates that the sample contains crystalline particles. The
3.51 Å lattice fringes observed in the HRTEM micrograph
(inset in Figure S10A) correspond to (002) lattice planes of
hexagonal CdSe. The selected-area electron diffraction
(SAED) pattern of the particles (Figure S10C) could be
indexed to the (002) corresponding (hkl) planes of the
standard hexagonal CdSe structure. Figure S10D presents the
energy-dispersive X-ray (EDX) spectrum of the as-prepared
CdSe QDs. The characteristic peaks of Cd and Se indicate that
the obtained particles are indeed the CdSe compound.
Additional peaks marked as O, P, and Cu are due to oxide,
phosphor, and copper, respectively, which come from the
copper grid used in the TEM sampling and the TOPO
surfactant used during the synthesis of CdSe QDs. The average
size of the QDs was calculated from the position of the
absorption maximum using expressions derived by Yu et al.37

The absorption spectra of the raw CdSe QDs dissolved in
chloroform with the first exciton absorption maximum at 553
nm are shown in Figure S1. This allows us to estimate the
average diameter of the particles as about 3.1 ± 0.2 nm.
Preparation of the QD:Protein Assemblies. The QDs

were solubilized in SDS, as described previously.20 The
QD:protein assemblies were formed by mixing the solubilized
QDs with proteins (prepared as described above) in a
QD:protein ratio of 1:5 or higher. This preparation was
dialyzed against 25 mM Tris/HCl with 100 mM NaCl for at
least 36 h, with several buffer changes. Finally, the QD:protein

assemblies were separated from the aggregates and the excess
of protein or the free SDS molecules using gel filtration on
Superose 6 (GE Healthcare) column.

Steady-State Spectral Analysis. The ultraviolet/visible
(UV/VIS) absorption spectra were recorded with the Cary
50Bio spectrophotometer in the 250−800 nm range, with 1
nm resolution. Quartz cuvettes with an optical pathway of 1
cm or 4 mm were used, depending on the sample
concentration.
Steady-state fluorescence spectra were recorded with the

Cary Eclipse spectrofluorometer. In most of the presented
results, a 280 nm λ excitation wavelength was used. Slits and
sensitivity were adjusted to optimize the signal-to-noise ratio.
Usually, 5 nm emission and 5 nm excitation slits and medium
sensitivity were used.
The fluorescence quantum yield was calculated using a

comparative method,66 with AlexaFluor488 (Qy = 0.9267) as a
reference.

Gel Filtration. For size exclusion columns, Superdex 200
5/150 (GE Healthcare) for small-volume samples or Superose
6 10/300 (GE Healthcare) for larger sample volumes was
connected to the Akta Purifier (GE Healthcare) chromato-
graphic system. Elution was performed using the parameters
recommended for each column. Samples were loaded with a
100 μL or 1 mL loop. Elution was analyzed spectrophoto-
metrically, simultaneously at two wavelengths (280 and 540
nm). For purification purposes and further analysis, fractions of
0.5−1 mL were collected with an automatic fraction collector.
Stokes radii were calculated based on the calibration curve,
which was obtained by a separate run of protein standards of
known radii (HMW calibration kit, GE Healthcare).

Agarose Electrophoresis. Agarose gels (0.8% ClearView
Agarose, BioS&T, Canada) were prepared and run with 25
mM Tris/HCl (pH 8.0) buffer in a typical horizontal
electrophoretic system. The samples were mixed with glycerol
to a final concentration of 20% prior to loading on the gel. The
fluorescent signal of the QDs was used for visualization with
ChemiDoc (BioRad). The gels were placed directly on the
transilluminator, and fluorescence was excited with 302 nm
wavelength. A signal was recorded using a CCD camera,
protected by an EtBr-type broadband filter.

Zeta Potential Determination. Zeta potential was
measured using ZetaSizer Nano ZS, Malvern. Data were
analyzed using Malvern software.

Fluorescence Lifetime Measurements. Fluorescence
lifetime measurements were performed using the Zeiss
LSM710 microscope with an LSM upgrade kit (PicoQuant,
Berlin, Germany), as previously described,68 with the detection
range optimized for currently used QDs.

Fluorescence Correlation Spectroscopy (FCS). FCS
measurements were performed on a Zeiss 780 ConfoCor 3
microscope with a C-Apochromat 40×, numerical aperture
(NA) 1.2 water immersion objective at room temperature
(24.0 ± 0.3 °C), with Alexa Fluor 488 (Thermo Fisher
Scientific, USA) as a standard. Experimental details were
previously described in ref 69, with the detection range
optimized to cover the emission range of the QDs. Hydro-
dynamic radii were calculated based on the Stoke−Einstein
equation, as described in ref 69.

Attenuated Total Reflection (ATR) Fourier-Trans-
formed Infrared Spectroscopy (FTIR). For the ATR-
FTIR analysis, the apoproteins and QD:protein assemblies
were deposited (10−15 μL drop) and partially dried on a clean
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gold surface to obtain a hydrated film. Prior to analysis, the
protein samples were subjected to a buffer exchange to D2O on
PD SpinTrap G-25 columns (GE Healthcare). The spectra
were recorded with a Nicolet iS10 FT-IR spectrometer
(Thermo Fisher) working in ATR mode in the range of
4000−750 cm−1 and 1 cm−1 resolution, and 30 spectra were
averaged. Amide I analysis was performed using OriginPro 9
software (OriginLab Corporation, USA).
Electron Paramagnetic Resonance Spectroscopy.

Electron paramagnetic resonance (EPR) spectroscopy experi-
ments were performed both in the presence and in the absence
of an FDMPO spin trap. The EPR spectra were registered with
a MiniScope200 X-band spectrometer (Magnettech) at room
temperature using a flat quartz cell. The following parameters
were used: central field, 331 mT; sweep range, 10 mT; sweep
time, 30 s; four scans; microwave power, 6.3 mW; modulation
amplitude, 0.1 mT. Simulations were performed using the
“garlic” function in the EasySpin toolbox in MATLAB.70 The
QD or QD:protein samples were mixed prior to the
experiment with a small aliquot of 10 mM ethanol stock
solution FDMPO to obtain a final concentration of 50 μM.
The illumination experiment was performed by placing
samples in an EPR quartz cuvette, placed 1 cm next to an 8
W UV bulb (305 nm maximum emission), protected
additionally by a UG-11 bandpass filter (Schott, Germany).
Photoinduced Oxygen Consumption. Photoinduced

oxygen consumption by the QD solution was measured with
an oxygen electrode (Oxygraph+ apparatus, Hansatech Ltd.,
UK) connected to a computer. The measurement chamber was
stabilized at 22 °C by a 1 cm-thick water jacket connected to a
circulating water bath. A sample was illuminated by a KL 1500
white light source (Zeiss GmbH) using its fiber light guide arm
placed at the water jacket wall. The estimated light intensity
inside the measuring chamber was 2000 μE.
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