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Fluorescent Cadmium Chalcogenide Nanoclusters in

Ubiquitin

Ozlem Akyiiz, Martin Scheffner, and Helmut Célfen*

Fluorescent semiconductor nanoclusters (FNCs) have received much attention
by many scientists due to their attractive functions and features. However, the
traditional organometallic chemical synthesis routes for such FNCs require harsh
reaction conditions in organic solvents, which limit their use in biological
applications. Therefore, developing synthesis strategies for the fabrication of
FNCs by association with proteins under mild reaction conditions is pivotal to
improve their functionalities. In addition, understanding the effect of structural
and chemical properties of proteins on the synthesis mechanism of FNCs is one
of the key points, which eventually enables to control and tune the photophysical
properties of FNCs. The purpose of this study is to introduce the syntheses of
cadmium selenide nanocluster (CdSeNC) and cadmium sulfide nanocluster
(CdSNC) by using ubiquitin, a small cysteine-free protein, and investigating their
properties via spectroscopic and microscopic methods. It is shown that signif-
icant changes in the protein structure as well as in its oligomerization occur upon

properties of such NMs. In this article, bio-
inspired synthesis methods have garnered
our attention due to their low-cost, nontox-
icity, and eco-friendly reaction conditions
allowing the use of ambient temperature
and pressure in aqueous environments.”!
In addition, size, shape, and morphology
of the NMs can be controlled by tuning
the properties of the biomolecules used in
the synthesis. A broad range of biomole-
cules can be utilized for the synthesis of
NMs such as proteins!® and peptides!” that
have a crucial role in direction-controlled
formation of nanostructures depending on
their 3D structures and sequence-specific
binding properties. The most prominent
example of protein-controlled formation of

the formation of the highly hydrated FNCs.

1. Introduction

The fabrication of functional, advanced, and even “smart”
organic/inorganic hybrid nanomaterials (NMs) with potential
applications in chemical and biological sensing,!"! theranostics,
imaging,””! and catalysis'” has received much attention in the
past few decades. A number of various syntheses routes have
emerged to obtain the most efficient chemical and physical
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inorganic structures is the process of

biomineralization with multiple control

handles of proteins and their superstruc-

tures for the controlled nucleation, growth,
and self-assembly of the inorganic particles.”®! All of the biomin-
eralization synthesis routes have in common that they take place
in water at ambient temperature and ambient pressure.

Cadmium chalcogenide nanoclusters (CANCs) are one of the
most fascinating types of fluorescent nanoclusters exhibiting
molecule-like electronic behavior due to their ultrasmall size with
several to tens of atoms in the core,”” thereby possessing several
potential applications in optics,'” labeling,!'”! and bioimaging.!'
Most of the studies so far relied on the synthesis of fluorescent
CdNCs by using a common protein, i.e., bovine serum albumin
(BSA)!"* which has 35 cysteines (Cys) out of a total of 583 amino
acid residues. Moreover, BSA molecules are gaining attention not
only due to the high numbers of metal-binding sites but also due
to the exhibition of conformational changes, which lead to the
accumulation of metal precursors into protein cages under alka-
line conditions."*! Unlike proteins with a large number of amino
acids and Cys residues, small proteins without any Cys have not
yet been used for the synthesis of fluorescent CANCs.

Ubiquitin (UD) is a small, cysteine-free protein with 76 amino
acid residues (MW 8.565 kDa) that fold into a compact, globular,
tightly hydrogen-bonded structure." Although it has been used
in some studies related to the interaction between proteins and
nanoparticles,'® its efficiency on the synthesis of CANCs has
never been investigated.

In this article, we studied whether Ub can be used for the syn-
thesis of fluorescent CANCs in water by utilizing the electrostatic
interactions of Cd(II) via His68, Glul8, Glul6, Metl, Asp32,
and Asp21 of Ub which can lead to the formation of trimers and
oligomeric species due to metal bridges between dehydrons
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and protein domains.'”) We show that the synthesis of fluores-
cent cadmium selenide and cadmium sulfide nanoclusters
(CdSeNCs and CdSNCs, respectively) is indeed possible by uti-
lizing the small cysteine-free protein Ub. Analysis of the optical
properties of CdSeNC@Ub and CASNC@Ub was conducted
with UV-Vis and fluorescence spectroscopy. The protein—metal
interactions and size distributions were characterized by analyti-
cal ultracentrifugation (AUC) and high-resolution transmission
electron microscopy (HR-TEM). Moreover, protein secondary
structural changes and metal coordination efficiency of Ub were
investigated with infrared spectroscopy (IR) and thermogravi-
metric analysis (TGA).

2. Results and Discussion
2.1. Characterization of CdSeNC@Ub and CdASNC@Ub
As shown in Figure 1a, CdSeNC@UD shows broad range of

absorption below 500 nm (represented by the black curve) and
fluorescence emission (represented by the red curve) centered

(@),
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at 600 nm. Moreover, CdSeNC@Ub can be efficiently excited
by a diverse range of wavelengths below 360 nm without any sig-
nificant changes to the emission maximum, indicating the sta-
bility of CdSeNC@UDb and real fluorescence from clusters
rather than mere light scattering, which would show a 1/1*
dependence (4 =wavelength). The emission spectra for
CANCs@UD are very typical for surface-related states that are
strongly localized, typically in a single bond or ion. HR-TEM
images (Figure 1c) indicate the formation of crystalline struc-
tures of CdSeNC@Ub in the average particle size of
2.05 £ 0.37 nm. The second kind of cadmium chalcogenide syn-
thesized in Ub is CASNC@Ub, which exhibits a fluorescence
emission band centered at 620nm (represented by the red
curve), which does not vary at the maxima when it is excited with
different wavelengths (Figure 1b). HR-TEM investigation
showed that the average particle size of the partly crystalline
CdSNC@Ub is 2.30 £ 0.42 nm (Figure 1d).

To further investigate the interactions between Ub and Cd(II),
sedimentation velocity experiments of Ub and Cd(II) incubated
Ub were performed by multiwavelength AUC (MW-AUC),!'®
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Figure 1. Absorption and emission spectra of a) CdSeNC, b) CdSNC in Ub, the insets include photographs of the clusters in visible light (1) and 365 nm
light (2), HR-TEM images of c¢) CdSeNC@Ub and d) CdSNC@UD, insets represent corresponding particle size histograms and selected area electron

diffraction (SAED) patterns.
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Figure 2. Diffusion broadening corrected sedimentation coefficient
profile ¢(S) of Ub at pH 7 (black curve) and after incubation with Cd(ll)
(red curve).

which is one of the most robust techniques used to understand
the structural properties of proteins'® and any interactions with
metals in solution.”® As shown in Figure 2, the diffusion-
corrected sedimentation coefficient distribution (c(S), represented
by black curve) of Ub has a sharp peak with a sedimentation coef-
ficient of 1.21 S, which reveals that there is no protein aggregation
or oligomers at pH 7. In contrast, Ub which is incubated
with Cd(II) at a 7:1 molar ratio at pH 7 exhibits two additional
peaks at 3.06 and 7.34 S. After conversion of the sedimentation
coefficient into the molecular mass distribution (see Figure S1,
Supporting Information) using a partial specific volume of
0.7257 cm® g~ " which was calculated according to the formula
given in the Experimental Section, the results deduce that these
two peaks are attributed to the formation of a trimer with
28.4kDa and a higher oligomer, likely a 12-mer, with 105.9 kDa.
In addition, the slight shift of the monomer peak to higher sedi-
mentation coefficients with an otherwise unchanged peak indi-
cates that the coordination of Cd(II) to Ub increases the density
as well as the molar mass of the monomer, which results in
the observed higher sedimentation coefficient.

The AUC results of Ub at different pHs, see Table 1, revealed
another hydrodynamic parameter, the frictional ratio (f/fy),

Table 1. AUC parameters of Ub at three different pHs. (syow is the
sedimentation coefficient in water at 20°C, v is the partial specific
volume of the protein, M,, is the molecular weight of the protein, and
flfo is the frictional ratio.).

Parameters ub

pH 4 pH 7 pH 12
a0 [5, X107 1.18 1.21 1.22
Plemig ] 0.735 0.735 0.735
M,, [kDa] 8.27 8.38 8.68
fIfo 1.28 1.33 1.33
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which gives information about the degree of friction deviation
from a minimum possible value of 1.0 for a hard sphere due
to asymmetry, hydration, and expansion of the molecule. The
frictional ratios of Ub lie in the range of 1.28-1.33, suggesting
that it conserves the globular structure at acidic and alkaline
conditions.

Interestingly, even though Ub does not undergo any
conformational changes at basic conditions, the synthesis of
CdSeNC@UD at mild alkaline conditions (pH 8) resulted in a
50 nm blueshift in the fluorescent emission (Figure 3a) and in
case of CASNC@Ub (Figure 3b), no fluorescent particle formed
at pH 8. This result demonstrates that the addition of NaOH is
pivotal not only due to its effect on the conformation of the pro-
tein used, as observed, for example, for BSA*Y), but also to the
activation of some acidic residues, which have the capacity to
reduce metal precursors into NCs. For BSA, NaOH addition
leads to conformational changes encapsulating the NCs under
simultaneous activation of acidic residues, whereas in the here
reported UD case, the protein conformation remains unchanged
so that the observed pH-induced change of the fluorescence
emission wavelength (Figure 3a) is a result of the activation of
the acidic amino acids, which then strongly interact with Cd(II).

To obtain more detailed information about the number of pro-
teins incorporated with NCs, CdSeNC@Ub and CASNC@ Ub
were measured in MW-AUC. Eventhough Ub has no changes
in its conformation at alkaline conditions, incorporation with
NCs would result in a different partial specific volume and likely
also different frictional ratio than 1.33. This can also be explained
by the predicted degree of hydration®? for CdSeNC@Ub and
CASNC@Ub which are 2.40 and 3.35g water per g solute,
respectively. These values about a factor of 8-11 higher than
the commonly accepted value of 0.3 g g™ hydration for a mono-
molecular hydration layer around the protein and indicate a sig-
nificant hydration of the NCs. As described in the Experimental
Section, AUC data analysis, the partial specific volume of the
whole structure, was evaluated by using the sedimentation
coefficients in different solvents (e.g., H,O and DZO),[B] and
the number of Ub for each species was calculated by using
the methodology reported.** The values of the partial specific
volume and total molecular mass of the NCs with protein shell
(Table 2 and 3) provide details about the amount of monomeric
and oligomeric species in the CdNCs solutions. The results
reveal that CdSeNCs are formed with 16.80% of monomeric
species of Ub, 28.3% NCs interact with the Ub tetramer, and
almost the half amount of the NCs present with oligomeric
species of Ub. Therefore, we conclude that CdSeNCs are direct-
ing the formation of mostly oligomeric species of Ub. Similarly,
in case of CASNC, almost 75.5% of the NCs are associated with
oligomeric species of Ub.

To further explore the interaction of the Ub protein with clus-
ters and potential secondary structural changes, the Fourier
transform infrared-attenuated total reflection (FTIR-ATR) spec-
tra were obtained. The amide A band near 3250 cm™" arises
mainly from the N—H stretching vibration in resonance with
amide I1, whereas amide I absorptions near 1650 cm™ " result pri-
marily from the C=0 stretching vibration of the amide group,
and amide IT absorptions near 1650 cm ™" are due to N—H bend-
ing and C—N stretching vibrations.**! As shown in Figure 4a, the
ratio between the amide I and amide II signals of Ub at pH 7,

© 2020 The Authors. Small Structures published by Wiley-VCH GmbH
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Figure 3. Fluorescent emission spectra of a) CdSeNC in ubiquitin (CdSeNC@Ub) and b) CdSNC in ubiquitin (CdSNC@Ub) excited with 320 nm light,
synthesized at pH 8 (represented by the blue curve) and pH 12 (represented by the red curve).

Table 2. AUC results of each species (S) calculated in CdSeNC@Ub.
(s20w is the sedimentation coefficient in water at 20°C, v is the partial
specific volume of the cluster including protein, M, is mass of the
nanocluster with protein shell, N, is the maximum number of
proteins per NC, and Py is the amount of each kind of species in solution.).

Parameters CdSeNC@Ub

S1 (monomer) S2 (tetramer) S3 (oligomer)

S20w [5, X107 "] 3.41+£1.23 5.184+1.30 7.98 £1.41

vlem’g] 0.46 +0.03 0.62 +0.05 0.81+0.04
M, [kDa] 17.8 +0.05 51.6 +0.02 192.2 +0.05
Nenax 11402 48+0.1 253404

Ps [96] 16.80 28.30 54.90

Table 3. AUC results of each species (S) calculated in CdSNC@Ub.
(20w is the sedimentation coefficient in water at 20°C, ¥ is the partial
specific volume of the cluster including protein, M, is mass of the
nanocluster with protein shell, N is the maximum number of
proteins per NC, and P; is the amount of each kind of species in solution.).

Parameters CdSNC@Ub

ST (monomer) S2 (oligomer) S3 (oligomer)

Saom [5, X107 4.39+0.07 6.85+0.09 10.23 +0.23
vlemig] 0.44 +0.02 0.86 + 0.01 0.88 4+ 0.01

M, [kDa] 27.85+0.21 205.0 + 1.41 307.0£1.21
Nemax 1.440.0 29.5+0.3 455+0.0

P, [96] 24.50 19.50 56.00

pH 4, and pH 12 differs. This change in the amide I peak inten-
sity indicates changes in the secondary structure of the protein.
In addition, the decrease in the amide I peak intensity of
CdSeNC@UD and CASNC@UDb can be attributed to not only
the interactions of Ub with Cd(II) but also possible secondary
structural changes taking place in Ub because of the reaction
conditions and CdANCs incorporation. Therefore, for a deeper
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understanding of each secondary structural component,
amide I peak deconvolution was applied and each band was char-
acterized according to protein-related studies reported before.*®!
The results show that the helical content in Ub decreased from
27% to 15% and 18% at pH 4 and pH 12, respectively, and con-
verted into sheets, turns, and coils (Figure 4b). CdSeNC@ Ub
and CASNC@UD have almost the same percentage of helical
content as the NaOH-treated Ub. Although NaOH addition
would convert some helical content into 10% more sheets,
CdSeNC@UD and CASNC@UD have less sheets in percentage
of 55% and 50%, respectively. This might be explained by the
interactions of CANCs mostly with the beta sheets of Ub result-
ing in the formation of more turns and coils.

The TGA curves (Figure 5) for CdSeNC@Ub and
CASNC@Ub were determined from 30 to 1000 °C consisting
of five stages. The first stage in both of the samples between
30 and 125 °C is due to the escape of water molecules. The sec-
ond stage of weight loss in CdSeNC@Ub from 160 to 245°C
might be attributed to the decomposition of protein residues.’?”)
The derivative thermogravimetry of the next weight loss between
262 and 395 °C indicates that there are multiple stages rather
than just one. The coordination of Ub to CdSeNC tends to
enhance the thermal stability of Ub, suggesting that CANCs
interacting amino acid residues decompose at different temper-
atures during the third stage. The analysis of the weight loss per-
centage in stage 2 and 3 may provide the weight ratio between
CdSe uncoordinated and coordinated Ub which is 3:10.
Furthermore, the fourth stage from 396 to 520 °C with a weight
loss 0f 7.5% could be attributed to the decomposition of CdSeNC.
The last stage taking place between 585 and 916°C can be
assigned to the escape of the remaining oxidized selenium as
gas. In case of CASNC@ Ub, the second stage (135-242 °C) with
6.5% weight loss may be due to the decomposition of uncoordi-
nated Ub and the next multisteps between 247 and 325 °C with
weight loss of 6.15% might be assigned to the decomposition of
CdS coordinated Ub residues. In this article, the weight ratio
between CdS uncoordinated and coordinated Ub is almost
1:1. The decomposition of the remaining material from 416 to
700°C might be due to decomposition of CASNC?¥! and the

© 2020 The Authors. Small Structures published by Wiley-VCH GmbH
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Figure 5. TGA and derivative TGA of CdSeNC@Ub and CdSNC@Ub.

weight loss between 700 and 900°C can be attributed to the
evaporation of oxidized sulfides.

3. Conclusion

In conclusion, we have reported the synthesis of fluorescent
cadmium chalcogenides in Ub showing that the possibilities
to obtain protein-stabilized nanoclusters go beyond BSA, which
has been the standard for such investigations. The present
results suggest that even a small cysteine-free protein, namely,
UD, has the potential to coordinate with CANCs which results
in fluorescence emission, secondary structural changes in Ub,
UDb oligomerization, and enhancement of the thermal stability
of Ub. We have also shown that the coordination of NCs changes

Small Struct. 2021, 2, 2000127 2000127 (5 of 7)

the structure of the protein as well as its oligomerization. The Ub
embedded NCs are highly hydrated species according to AUC
measurements.

4. Experimental Section

Materials: Milli-Q water (resistivity 18.2 mQ cm) was used in all experi-
ments. Ubiquitin from bovine erythrocytes (Ub), sodium hydroxide gran-
ules (NaOH), cadmium chloride (CdCl,), and sodium sulfide (Na,S) were
purchased from Sigma-Aldrich. Selenide (Se) and sodium sulfite (Na,SO3)
were obtained from Merck and Carl Roth, respectively.

Synthesis of CdSeNC@ Ub: Ub solution was prepared in different con-
centrations (from 2.8 to 5.6 mgmL™", 0.5 mL) and added to the CdCl,
solution (from 0.04 to 0.02mM, 0.5mL) under N, protection. After
10 min at 37°C, NaOH (0.5 M) was introduced and stirred for 30 min.
After 5h static incubation, Na,SeSOs solution (25 mM, 0.5 mL), which
was freshly synthesized according to the reported procedure,!'®®! was
added and stirred overnight at 37°C. The CdSeNC@Ub was dialyzed
in a dialysis membrane (cutoff 1 kDa) against Milli-Q water at room tem-
perature for the purification.

Synthesis of CASNC@Ub: Ub (12 mgmL™", 250 L) was added to CdCl,
solution (0.04 M, 0.75 mL) under N, protection and stirred for 15 min at
room temperature. After 5h static incubation at 37°C, Na,S solution
(0.04 ™, 0.5mL) was introduced and pH was adjusted to 12 by adding
NaOH. The reaction was let to proceed at 60 °C for 5 h. Finally, the purifi-
cation was performed by dialysis (cutoff 1kDa) against Milli-Q water at
room temperature.

Characterization of Fluorescent Nanoclusters in Ubiquitin: UV-vis and
fluorescence spectra were recorded using a Varian Cary 50 UV-Vis
Spectrophotometer and Cary Eclipse Fluorescence Spectrophotometer,
respectively. A JEOL JEM-2200FS-HR-TEM was used to characterize the size
of the fluorescent nanoclusters. The TEM images were analyzed by using
DigitalMicrograph (Gatan).

Analytical Ultracentrifugation: Sedimentation velocity experiments were
conducted on a Beckman UV-vis MW-AUC!"® with Ti double sector cells
having 0.3 cm centerpieces (Nanolytics GmbH, Potsdam) and sapphire
windows. Ub samples (6 mgmL™") and CANC@Ub were prepared in
25 mM NaCl solution at proper pHs and performed at 20 °C and 60 krpm,
with 300 scans and three averages.

© 2020 The Authors. Small Structures published by Wiley-VCH GmbH
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Data Analysis: Density of Ub was calculated according to the formula
p=10%* M/(VN,), where p is the protein density in g/cm?, M is the molec-
ular weight in g/mol, V is the molecular volume in A®, and N is
Avogadro’s number (6.022 x 10%* mol™"). The density of the overall struc-
ture with the core and protein shell was calculated by using the
sedimentation coefficients of the sample in water and water/heavy water
mixture at 20 °C.*°! The number of protein for each species in CdSeNC
and CdSNC solutions was calculated by using the Equation (1)

=1 -1
N _ MNC@ubﬂcore - MNC@prNC@Ub )
rotein — —1 -1
P Mprotein(pcore - pprotein)

With Npoiein is number of protein per NCs, Mycgup is total mass of the
cluster with protein shell, p e is the density of the core which is 5.82 and
4.82gcm > for CdSe and CdS, respectively, pncous is the density of
the overall structure, Mpoein is the mass of Ub, and ppgein is the density
of Ub.

Data were evaluated three times with SEDFIT.% In SEDFIT, the
Is-g*(s) and c(s, D) analyses were used.®'! For the c(s) analysis, data
were fitted with stimulated annealing using a confidence level (F-ratios)
of 0.9 and a resolution of 200 grid points. f/f, values for Ub at different
pHs were calculated by using 2D spectrum analysis (2DSA).2?
Percentage of monomer, tetramer, and oligomer of CdSeNC@Ub and
CASNC@Ub in solution were calculated by integrating the c(s,
D) peaks of each CANCs species in the distribution, which were fitted
by using overall specific volumes.

Attenuated-Total-Reflection  Fourier-Transform  Infrared ~ Spectroscopy:
Attenuated-total-reflection Fourier-transform infrared spectroscopy (ATR-
FTIR) was used to investigate interactions of the protein with nanoclusters
and the effect of different pHs and CdNCs formation on the secondary struc-
ture of Ub. The amide | peak deconvolution was applied with use of the
Gaussian/Lorentzian profile to each of the spectra from 1550 to 1720 cm ™"
three times in origin. After best curve-fitting processes, the amount of each
secondary structural component of Ub and CdSeNC@Ub and CASNC@Ub
was calculated from the relative area of the bands.

Thermogravimetric Analysis: The TGA measurements were performed
with a Netzsch STA 449F3 Jupiter. The samples were measured at a tem-
perature range of 30-1000 °C with a heating rate of 10K min~". The gas
flow during the measurement consisted of 254 mLmin~' oxygen and
250 mL min~" nitrogen.
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the author.
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