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ABSTRACT

We demonstrate that the designed ankyril repeat protein (DARPin) 9-29, which specifically
targets human epidermal growth factor receptor 2 (HER 2), binds tightly to gold nanoparticles
(GNPs). Binding of the protein strongly increases the colloidal stability of the particles. The
results of experimental analysis and molecular dynamics simulations show that approximately
35 DARPin _9-29 molecules are bound to the surface of a 5 nm GNP and that the binding

does not involve the receptor-binding domain of the protein. The confocal fluorescent
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microscopy studies show that the DARPin-coated GNP conjugate specifically interacts with
the surface of human cancer cells overexpressing epidermal growth factor receptor 2 (HER2)
and enters the cells by endocytosis. The high stability under physiological conditions and
high affinity to the receptors overexpressed by cancer cells make conjugates of plasmonic
gold nanostructures with DARPin molecules promising candidates for cancer therapy.
INTRODUCTION

Cancer is one of the deadliest diseases. Efforts of many research laboratories worldwide are
focused on specific targeting and elimination of cancer cells and tumors. At present, radiation
and chemotherapy together with surgery are the most widely used treatment strategies
employed to control and prevent different types of cancer. Despite a considerable success
achieved in cancer prevention there is a great need for new methods and technologies that can
ensure efficient and specific eradication of cancer cells without damaging healthy ones.
Photothermal therapy (PTT) using nanoparticles is a promising approach for selective
elimination of cancer cells '™*. Spherical gold particles strongly absorb light in the visible
range and are capable to convert the energy of the absorbed light into heat. The amount of
heat released by GNPs upon illumination’ is sufficient to kill cancer cells in the vicinity of the
nanoparticle. In order to be useful for PTT, the particles should be specifically delivered to
pathological cells. One way to address this challenge is to functionalize the nanoparticles with
tumor-specific targeting ligands that can be recognized by receptors overexpressed in cancer
cells. Different proteins, such as growth factors, transferrin, and antibodies, were employed to
specifically deliver nano-sized objects to pathological cells and tissues. ®'° Binding of
antibodies to nanoparticles in many cases leads to strong reduction of their specific affinity to
antigens. This is mainly due to multiple orientations of antibody molecules on the surface of
the nanoparticle and to distortion of the antibody’s structure caused by interaction with the
metal. "2 Designed ankyril repeat proteins (DARPins), a novel class of non-IgG scaffolds

based on naturally occurring ankyrin repeats," circumvent the problems of complexity and
2

ACS Paragon Plus Environment

Page 2 of 19



Page 3 of 19

©CoO~NOUTA,WNPE

Bioconjugate Chemistry

instability and thus seem to be ideal ligands for targeting GNPs and other nano-objects to
tumor-specific receptors. DARPins are small (13-20 kD), highly soluble in water, stable at
different experimental conditions and characterized by very high affinity to their protein
targets>'®. A set of DARPins that specifically bind to human epidermal growth factor
receptor 2 (HER2) overexpressed in breast cancer and ovarian cells have been reported'® !,

It has been demonstrated recently'®>’

that conjugates between DARPins and toxic proteins
can specifically bind to cells through interaction with the membrane-associated receptors and
cause cell death. To the best of our knowledge, no data are available on interaction of noble
metal nanoparticles with DARPins and on targeted delivery of the DARPin-nanoparticle
conjugates to cancer cells.

Here we show that approximately 35 DARPin_9-29 molecules bind tightly to 5 nm GNPs.
The protein coating layer protects the particles from aggregation; the DARPin-nanoparticle
conjugates (DARPin-GNPs) are stable at high (up to 0.5 M) salt concentrations, in contrast to
commonly used citrate-protected GNPs that completely and rapidly precipitate out of the
solution at salt concentrations higher than 20 mM. DARPin-GNPs specifically bind to SK-
BR-3 cells that overexpress receptor HER2 and are efficiently internalized into them by
endocytosis.

RESULTS AND DISCUSSION

We have demonstrated that incubation of 5 nm (in diameter) GNPs with DARPin_9-29 yields
stable DARPin-GNP conjugates that do not aggregate at relatively high (up to 0.5M) salt
concentrations in contrast to the parent citrate-protected GNPs that precipitate out of the
solution at salt concentrations higher than 20 mM. This is consistent with the formation of a
protective protein layer on the surface of a nanoparticlezl'23 . The formation of the layer is
supported by the AFM imaging analysis of the nanoparticles. As seen in Figure 1, the average
diameter (corresponding to the height measured by AFM) of the DARPin-coated particles is

greater by ~4 nm than that of the bare (non-coated) GNPs (see Figure 1).
3
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Figure. 1. AFM images (A, B) and statistical height analysis (C, D) of more than 1000 GNPs
(A, C) and DARP-GNPs (B, D). The samples were deposited on a mica surface and imaged as
described in Experimental Procedures. The average height (corresponding to diameter of
GNPs) of DARPin-coated and bare GNPs are equal to 9.2 + 1.8 and 4.9 = 0.9 nm respectively
(n >1000).

The number of DARPin molecules bound to a particle was estimated spectrophotometrically
using an extinction coefficient of 4.6x10° M'em™ at 280 nm and 10" M'em™at 520 nm for
the DARPin and 5 nm (in diameter) GNPs, respectively. Contribution of the nanoparticle to
the absorption of the conjugate at 280 nm is very high, making it impossible to determine the
protein concentration. To quantify the protein content we have treated the conjugate with
potassium cyanide. The treatment completely bleaches the absorption of the nanoparticles
leaving the spectrum of the DARPin almost unaffected. The results of the spectral analysis

(see Experimental Procedures for details) show that the DARPin to the GNP stoichiometry in

the conjugate is approximately equal to 35.
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Coarse-grained molecular dynamics (MD) simulations, carried out to study the interactions of
DARPin proteins with GNPs at the molecular level, corroborate these results. Figure 2 shows

the process of the protein corona formation during the simulation run. Fast protein adsorption

©CoO~NOUTA,WNPE
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40 Figure. 2. Time evolution of the number of protein bound to the 5 nm GNP, and snapshots of
41 the DARPin corona around GNP taken at 50 ns and 200 ns. Each protein is represented by
different colour.

45 can be observed during the first 50 ns, then, the rate of adsorption slows down as the GNP
surface becomes crowded. Finally a plateau corresponding to approximately 35 adsorbed
protein molecules is obtained after 200 ns of simulation. The calculated diameter of the coated

52 GNP is ~ 9+1nm. This result fits nicely with the diameter estimation by AFM (see Figure 1).
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As seen in Figure 3 the DARPin molecules interact with the GNP through several domains,

represented by the yellow spheres. Fortunately, the HER2 receptor-binding domain of the

b
K143 F144

b Dad - F45— Y46
K16 — E20 — R23
L53 — N56 — F57

Figure. 3. Cartoon representation of DARPin_9-29 (top) docked to the HER2 (bottom). The
DARPin molecule helices, sheets and coils are shown in blue, yellow and green respectively.
The contact region between DARPin and HER2 is highlighted in red. Yellow spheres
represent the DARPin regions, which are most probably involved in anchoring the protein to
the GNP. The structure of the DARPin-HER2 complex'* was retrieved from the RCSB PDB**
(PDB ID: 4HRL).

DARPiIn is not involved in binding to the nanoparticle (see Figure 3). We thus expected that
the binding affinity of the DARPin to HER2 will not be affected by interaction with the
nanoparticle. The effect of the conjugates on adenocarcinoma cells (SK-BR-3) overexpressing
HER2 demonstrated that this is indeed the case. Binding of the conjugate and its
internalization into the cells was studied using fluorescent confocal microscopy. The

DARPin-coated particles lacking fluorescence in the visible range of the absorption spectrum,

were first labelled with FITC (DARPin-FITC-GNPs) as described in Experimental Procedures.

6
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We have also used conjugates of the nanoparticles with the highly fluorescent hybrid protein,
DARPin-m-Cherry (DARPin-m-Cherry-GNPs). We have shown that treatment of SK-BR-3
cells with either of the above conjugates at 4°C results in staining of the cell membranes
(Figure 4, A and B); no fluorescence was detected either in the cytoplasm or in the nuclei. The
staining is specific with respect to SK-BR-3 cells; CHO cells, lacking HER2 receptors show

no fluorescence when treated under identical conditions (Figure 4, C and D). Treatment of

Figure 4. Specific interaction of DARPin-FITC-GNPs and DARPin-mCherry-GNPs with
HER?2 receptors on cell surface. SKBR-3 (A, B) and CHO (C, D) cells were incubated with
DARPin-FITC-GNPs (A, C) or DARPin-mCherry-GNPs (B, D) at 4°C, as described in
Experimental Procedures. Confocal fluorescent images of the cells were acquired at excitation
wavelengths of 488 (A, C) or 561 nm (B, D). Superimposed images of the cells in blue-green
and blue-red fluorescence channels are presented in panels A, C and B, D respectively. Nuclei
were stained with Hoechst 33342.

7
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SK-BR-3 cells with DARPin-FITC-GNP and DARPin-m-Cherry-GNP conjugates at 37°C
leads to the appearance (in tens of minutes) of bright green and red fluorescent spots in the

cytoplasm, respectively (see Figure 5, A and B). The kinetics of the internalization process

Figure S. Specific internalization of DARPin-FITC-GNPs and DARPin-mCherry-GNPs by
SKBR-3 cells at 37°C. The cells were treated with DARPin-FITC-GNPs (A) or DARPin-
mCherry-GNPs (B) at 37°C as described in Experimental Procedures. Confocal fluorescent
images of the cells were acquired at excitation wavelengths of 488 (A) or 561 nm (B). The

picture presents superimposed images of the cells in blue-green (A) and blue-red (B) channels.

Nuclei were stained with Hoechst 33342.

was studied by monitoring the time course of DARPin-FITC-GNPs appearance in different
cell compartments. This was done by co-staining the conjugate with endosomal and
lysosomal markers (see Figure 6). Yellow/orange spots in the images correspond to the
conjugate located in either endosomes (Figure 6, A and D) or lysosomes (Figure 6, B and E).
As evident from the data presented in Figure 6 the conjugate appears in early endosomes 10
min after beginning of the incubation. Accumulation of the conjugate in lysosomes takes
about an hour. These results are consistent with internalization of the conjugate into the cell
by receptor-mediated (energy-dependent) endocytosis mechanism.

CONCLUSIONS

We have demonstrated that incubation of citrate-protected GNPs with DARPin_9-29 yields

very stable particles that resist high (up to 0.5 M) salt concentrations and do not aggregate
8
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33 Figure 6. Internalization of DARPin-FITC-GNPs by SKBR-3 cells. The cells were incubated
34 with 0.1 uM DARPin-FITC-GNPs. The unbound conjugates were washed away and the cells
35 were subsequently incubated for 10 min (A), 1 h (B), or 2 h (C) at 37°C (see Experimental
36 Procedures). The cells were further treated with Hoechst33342 and LysoTracker to stain the
nucleus or lysosomes respectively. For early endosomes staining (A) the cells were treated
39 with BacMan 2.0 a day before the experiment. Fluorescence intensity profiles along white
40 arrows in A, B and C are shown on panels D, E and F, respectively. Green curves in D, E and
41 F correspond to the fluorescence intensity profiles of DARPin-FITC-GNPs and red curves to
42 the fluorescence intensity profiles of the organelle dyes.

45 under physiological conditions. The experimental results and the results of MD simulations
(Figure 2) show that as many as 35 DARPin 9-29 molecules are connected to the
50 nanoparticle. The diameter of the nanoparticle increases from 5 to 9 nm upon coating with the
52 DARPin as evident the AFM analysis (Figure 1) and MD simulations (Figure 2). The thick

54 protein layer surrounding the nanoparticle is responsible for high colloidal stability of the

conjugate at high salt concentrations.
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In many cases binding to nanoparticles leads to a significant reduction of affinity of tumor-
targeting proteins, such as monoclonal antibodies or their fragments, to the receptors. ['"'?]
We have shown that this is not the case for DARPin_9-29. The results of calculations showed
that the HER2-binding domain of the protein is not involved in binding to the nanoparticle
(see Figure 2). The DARPin-GNP conjugate strongly and specifically binds to the surface of
HER2-positive cells (Figure 4, A and B) and rapidly (in minutes) enters them by endocytosis
(Figure 5). The high stability under physiological conditions and high affinity to the receptors
overexpressed by cancer cells make conjugates of plasmonic gold nanostructures with
DARPin molecules promising candidates for cancer therapy.

EXPERIMENTAL PROCEDURES

Unless otherwise stated reagents and chemicals were obtained from Sigma-Aldrich (USA)
and were used without further purification.

Synthesis of GNPs. The citrate-protected 5 nm spherical gold nanoparticles were prepared by
HAuCl, reduction with BH,4 essentially as described in. 24 The diameter of the nanoparticles
estimated by TEM analysis was equal to 5.05£1 nm. Concentration of the particles was
calculated using an extinction coefficient of ~ 1 x 10’ M™' cm™'at 520 nm. 1224,

Preparation of DARPin and DARPin-m-Cherry. E. coli BL21(DE3) strain was
transformed with plasmids pDARPin-9 29 or pDARPin-9 29 —mCherry. *” Fresh
transformants (one colony per mL) were inoculated in 50 mL of the medium containing: 1%
yeast extract, 1% triptone, 25 mM Na,HPO4, 25 mM KH,PO4, 100 mM NaCl, 2 mM MgCl,
and 0.1 g/L ampicillin and grown at 37°C with vigorous aeration. At a midlog phase (OD at
600 nm ~ 0.5) the incubation temperature was lowered to 28°C and isopropyl-
thiogalactopyranoside was added to a final concentration of 1 mM. After induction for 8 h, the
cells were harvested by centrifugation at 6000 g for 10 min at 4°C. The pellet was

resuspended in a lysis buffer (500 mM NaCl, 20 mM Na-Pi, 30 mM imidazole, 0.5 mg/mL

lysozyme, pH 7.5) and sonicated on ice. Cellular debris was removed by centrifugation at
10
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15000 g; the supernatant was passed through a 0.22-pm filter and applied to a Ni*'-NTA
column (GE Healthcare, USA) equilibrated with 20 mM Na-Pi (pH 7.5), 500 mM NacCl, and
30 mM imidazole. DARPin was eluted by a linear gradient of imidazole (from 30 to 500 mM).
The eluted protein was passed through Sephadex G-25 column (15 X 80 mm) equilibrated
with 10 mM K-Pi (pH 7.5). The yields of purified DARPin-9 29 and DARPin-9_29-mCherry
were approximately equal to 60 and 40 mg per liter of the growth medium respectively.
Coating of GNPs with DARPin and DARPin-m-Cherry. GNPs (2 uM; absorption ~20 at
520 nm) were incubated with 1 mg/mL of pDARPin-9 29 or 3 mg/mL DARPin-9 29-m-
Cherry in 10 mM K-Pi buffer (pH 7.5) for 20 h. The incubation yielded stable nanoparticles
that do not aggregate at relatively high (up to 0.5 M) salt concentrations in contrast to the
parent nanoparticles that precipitate out of the solution at salt concentrations above 20 mM.
The unbound protein was separated from the particles by size-exclusion chromatography on a
Sepharose 4B column (1x16 cm) equilibrated in 10 mM K-Pi (pH 7.5). The conjugate was
eluted in the void volume of the column, while the DARPin was eluted in the total volume.
For visualization by confocal microscopy, the DARPin-GNP conjugate lacking visible
fluorescence was labeled with FITC as follows. The conjugate (absorption at 520 nm ~ 10)
was incubated with 100 uM FITC for 40 h in 20 mM K-Pi (pH 7.5). The unbound dye was
separated from the conjugate on a Sephadex G-25 column (15 x 80 mm) equilibrated with 10
mM K-Pi (pH 7.5). The void volume fraction was collected, left at 20°C for 16 h, and
repeatedly passed through the same column. This procedure ensured a complete removal of
non-bound FITC from the conjugates.

Estimation of DARPin to GNP ratio in the conjugate. Concentration of the GNPs was
estimated using an extinction coefficient of 10 M'em™ at 520 nm. Estimation of the protein
content in the conjugate by absorption spectroscopy is challenging since the nanoparticle
contributes very strongly to the absorbance of the conjugate at 280 nm. To make the

estimation possible, we decomposed the GNP core in the conjugate by treatment with cyanide.
11
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Cyanide etching leads to complete bleaching of the conjugate. The Au(CN)*" complex formed
during the reaction was removed from the sample by extensive dialysis against 10 mM K-Pi
(pH 7.5). Concentration of the protein was estimated using an extinction coefficient of
4.6x10° M'em™ at 280 nm. The protein concentration in the sample exceeded the GNP
concentration ~ 35 times. Similar result was obtained by computational analysis of the

conjugate using MD simulations, as described below.

Molecular Dynamics Simulations. The structure of the DARPin - HER2 complex'* was
retrieved from the RCSB PDB* (PDB ID: 4HRL). The process of corona formation on the
GNP was simulated by the coarse grained MD protocol previously developed by Tavanti et
al”®*. The 5 nm (in diameter) GNP covered with citrates was modeled by 194 beads each
carrying a negative charge (-3) placed uniformly at a distance of 2.5 nm from the neutrally
charged central bead”'. A repulsive potential described as a hard spherical wall with a radius
of 25A was assigned to the central bead in order to avoid penetration of the GNP by citrate
and protein residues. The protein was modeled using a coarse-grained model where each
amino acid is replaced by a single bead located on the o-carbon’***. The Force Field for
protein is described in.?**°

Molecular dynamics simulations were performed using the DL POLY 2.20 package.3 * The
system was first equilibrated at increasing temperatures, from 10 to 310 K with steps of 50 K;
the temperature was controlled by a Berendsen thermostat with a coupling time of 1fs. Then
three independent production runs at 310 K were performed for 500 ns by changing the initial
velocities and using a stochastic thermostat with coupling time of 1fs.

Cell cultures. Cell lines SKBR-3 (human breast adenocarcinoma, ATCC number HTB-30),

and CHO-K1 (Chinese hamster ovary, ATCC number CCL-61) were cultured in complete

McCoy’s 5A medium with 10% (v/v) heat-inactivated fetal calf serum (Thermo Scientific),

12
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100 U/mL penicillin/streptomycin (Paneco) and 2 mM L-glutamine in a humidified incubator
with 5% CO, at 37°C.

Confocal microscopy. SKBR-3 and CHO cells were cultured on glass bottom dishes
(WillCo Well) overnight in 5% CO; at 37°C.

Binding of DARPin-FITC-GNPs and the DARPin-mCherry-GNPs to cell membranes was
studied as follows. The cells were incubated in growth medium containing 0.1 uM of either of
the above conjugates for 10 min at 4°C. The conjugates were washed away with the medium
and the cells were visualized using a laser scanning microscope (Zeiss LSM-710-NLO).
Internalization of the conjugates into the cell organelles was conducted as follows. SKBR-3
and CHO cells were incubated in a growth medium containing: 100 nM DARPin-FITC-GNPs
for 7 min at 37°C. The cells were washed twice with the medium and incubated in the fresh
one for 1, 2 and 3 h at 37°C. For early endosome visualization, the cells were transduced with
Cell Light Early Endosomes-RFP, BacMam 2.0 (Thermo Fisher, USA) in accordance with the
manufacturer’s instructions. For visualization of lysosomes, the cells were incubated with 50
nM LysoTrackerRed (Invitrogen) for 20 min at 37°C. The nuclei were stained with 2 nM
Hoechst 33342 for 10 min at 37°C. The cells were finally washed twice with the medium and
visualized using a laser scanning microscope (Zeiss LSM-710-NLO, Germany). DARPin-
FITC-GNP conjugates were excited at 488 nm; the emission was recorded at 497-562 nm.
LysoTrackerRed, Cell Light Early Endosomes-RFP and DARPin-mCherry-GNPs were
excited at 561 nm; the emission was recorded at 566—683 nm. Hoechst was exited at 700 nm
using femtosecond laser and the emission was detected at 400-600 mn. The 63x oil Plan-
Apochromat objective with numerical aperture of 1.4 was used in order to obtain high-quality
images.

Atomic Force Microscopy. AFM was performed on molecules adsorbed on muscovite mica.
100 pL of GNPs and DARPin-GNPs (absorbance ~0.01 at 520 nm) in 1 mM Mg-acetate were

deposited on a freshly cleaved 1x1 cm mica plate; 5 min later the surface was rinsed with
13
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ultra-pure distilled water and dried by blowing nitrogen gas. AFM imaging was performed on
a Solver PRO AFM system (NT-MDT, Russia), in a semi-contact (tapping) mode, using Si-
gold-coated cantilevers (NT-MDT, Russia) with resonance frequency of 80-110 kHz. The
images were “flattened” (each line of the image was fitted to a second-order polynomial, and
the polynomial was then subtracted from the image line) by the Nova image processing
software (NT-MDT, Russia). The images were analyzed and visualized using imaging
software WSXM (Nanotec Electronica S.L., Madrid, Spain)35.
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