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ABSTRACT: Ultrasmall gold nanoparticles with a metallic core diameter of

2 nm were surface-conjugated with peptides that selectively target epitopes  _
on the surface of the WW domain of the model protein hPinl (hPinl-WW).
The binding to the gold surface was accomplished via the thiol group of a
terminal cysteine. The particles were analyzed by NMR spectroscopy, high-
resolution transmission electron microscopy, and differential centrifugal
sedimentation. The surface loading was determined by conjugating a FAM-
labeled peptide, followed by UV—vis spectroscopy, and by quantitative 'H
NMR spectroscopy, showing about 150 peptide molecules conjugated to
each nanoparticle. The interaction between the peptide-decorated nano- L
particles with hPinl-WW was probed by 'H—'N-HSQC NMR titration,
fluorescence polarization spectroscopy (FP), and isothermal titration
calorimetry (ITC). The particles showed a similar binding (Kp = 10—20
M) compared to the dissolved peptides (Kp = 10—30 uM). Small-angle X-

ray scattering (SAXS) showed that the particles were well dispersed and did not agglomerate after the addition of hPin1-WW (no
cross-linking by the protein). Each nanoparticle was able to bind about 20 hPin1-WW protein molecules. An unspecific interaction
with hPinl was excluded by the attachment of a nonbinding peptide to the nanoparticle surface. The uptake by cells was studied by
confocal laser scanning microscopy. The peptide-functionalized nanoparticles penetrated the cell membrane and were located in the
cytosol. In contrast, the dissolved peptide did not cross the cell membrane. Peptide-functionalized nanoparticles are promising
agents to target proteins inside cells.

3.4 nm

KEYWORDS: gold nanoparticles, peptides, proteins, supramolecular chemistry

Bl INTRODUCTION size” (>10 nm) due to the vicinity of the metallic core,”™* i.e.
this versatile method to study protein—ligand interactions*® is
not applicable for “standard” nanoparticles.

To study the interaction of specifically surface-functionalized
gold nanoparticles with proteins, we used the N-terminal WW

Supramolecular targeting of proteins by binders is an exciting
area of current chemistry. A selective recognition of epitopes
on a protein surface opens attractive possibilities to influence

their function or conformation. In this regard, a number of . . . i LWW
molecular protein binders have been developed and tested.' ™ domain of the protein human Pinl (hPinl- ) as model

Like molecular binders, nanoparticles have also shown a high target. system. hPinl is a cell cycleA reg‘ulatory proline (P) cis/
. : . 58 trans-isomerase whose WW domain binds to phosphorylated
potential for protein targeting.

Among nanoparticles, ultrasmall gold nanoparticles with a anq p 1‘01}1’16;1‘7121; unstructured p e,P tides e.md COI}SIStS Of,39
diameter around 2 nm have a hi%h potential to act as a amino acids. A phosphothreonine-proline motif (pTP) is a

9-23 o . . specific binder to hPin1-WW.*” Therefore, we chose the small
supramolecular transport system. Being at the borderline hexapeptide CGGpTPA and the 9-mer peptide
to atom-precise metal clusters,”” > they are smaller than a cGs é) G%pTP A as sII))eciﬁc binding ligands for t};’lepWW
typical protein and, after a suitable surface funoctionalization domain. Cysteine (C) provided the thiol-group for attachment
with a specific ligand (usually via a thiol group),”” they may be '

used to address epitopes on a protein surface. This requires —
that the ligand is still effective after it was bound to the gold Received:  November 2, 2020 B
nanoparticle surface. Peptides are common ligands for gold Accepted:  December 23, 2020
nanoparticles, but in general, the nanoparticles used are bigger Published: January 4, 2021
(10 or more nm),”'~* therefore their interaction with

individual proteins is difficult to assess. Furthermore, NMR

spectroscopy is not possible with nanoparticles of “standard

© 2021 American Chemical Society https://dx.doi.org/10.1021/acsabm.0c01424
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to the gold nanoparticle surface whereas the two glycines
(GG) or the longer GSGGG sequence acted as spacer between
the binding motif and the gold nanoparticle core. Ultrasmall
gold nanoparticles carried this peptide on the surface to
specifically target hPinl-WW.

Here, we report a comprehensive proof-of-concept study
where peptide-functionalized nanoparticles interact with the
model protein hPin1-WW.

B EXPERIMENTAL SECTION

Chemicals. An aqueous solution of chloroauric(IIl) acid sodium
salt (NaAuCl,, prepared by dissolving sodium chloroaurate(III)
dihydrate (NaAuCl,-2H,0, Sigma-Aldrich; 99%) in hydrochloric acid
(37%) and ultrapure water; 0.024 M Au) was used as a gold source.
Sodium borohydride (NaBH,, Sigma-Aldrich; >96%) in solution was
used as a reducing agent. For protein-interaction studies, the gold
nanoparticles were coated with the phosphorylated synthetic model
peptide CGGpTPA (95—-99%) and its derivatives: CGGpTP-
(A*-5N)-NH, (purity 99%), CGGpTPAAK-5,6-FAM-NH, (5,6
FAM = §,6-carboxyfluorescein; degree of labeling 92—96%),
CGSGGGpTPA (98—99%), and CGSGGGTDA (purity 95%;
nonbinding model peptide).

All peptides were obtained from Caslo ApS (Denmark) as
Iyophilized hydrochloride salts. They were used as received without
further purification. The gold nanoparticles were stored in potassium
phosphate buffer (47 mM K,HPO, and 3 mM KH,PO,, pH 8) after
the synthesis. In all experiments, ultrapure water with a specific
resistivity of 18.2 MQ (Purelab ultra instrument from ELGA) was
used as solvent unless otherwise stated. All glassware was cleaned with
boiling aqua regia and ultrapure water before all reactions involving
nanoparticles.

The formation of peptide disulfides must be minimized during the
synthesis (requirin% to work under inert gas atmosphere to avoid the
oxidation of thiols®”°") as we have observed that these disulfides were
very difficult to remove from the nanoparticle dispersion after they
had formed.

Nanoparticle Synthesis. For the syntheses of peptide-function-
alized gold nanoparticles, 1.5—18.8 pmol peptide was dissolved in 2—
25 mL degassed water, and the pH was adjusted to 5.5—5.7 with 0.1
M sodium hydroxide solution. The amounts of NaAuCl, and NaBH,
were adapted according to the molar amount of the peptide. A low
pH was necessary to minimize the oxidation of the thiol group to
disulfide which does not bind to the nanoparticle and is difficult to
remove. However, the pH must not be too low as this would lead to
an enhanced decomposition of NaBH, in the next step. Then, 20.8—
263 uL NaAuCl, (corresponding to 0.5—6.3 ymol gold) was added to
the peptide solution under stirring. The peptide/gold mixture rapidly
changed from yellow to colorless, indicating that the gold ions were
reduced from Au'™ to Au* by oxidation of the thiol groups to
disulfide groups. After 10 min of cooling the mixture in an ice bath,
10—126 uL of 0.2 M NaBH, solution (freshly prepared with 4 °C
cold water; corresponding to 2—25.2 ymol NaBH,) was added and
stirred for another hour to reduce Au™ to Au’. All syntheses were
carried out under inert gas atmosphere (argon, Schlenk technique).

Purification of the gold nanoparticles was done by ultra-
centrifugation for 15 h at 30000 rpm. After that, there were two
phases, ie. the concentrated gold nanoparticle dispersion (dark
brown) in the lower part of the centrifugation tube and unreacted
starting materials and synthesis byproducts (colorless) in the upper
part. The colorless phase was carefully removed with a pipet. The
nanoparticle dispersion was purified by spin filtration with an Amicon
spin filter (MWCO 3 kDaA, 0.5 mL) for 15 min at 14 000g. Then, the
nanoparticles were multiply washed with potassium phosphate buffer
(50 mM, pH 8) by redispersion/spin filtration. Recovery of the
concentrated nanoparticle dispersion was done by centrifugation at
1000g for 2 min. The resulting volume of the purified and
concentrated nanoparticle dispersion was in the range of 50—60 uL.

For gold nanoparticles conjugated with the fluorescent peptide
CGGpTPAAK-S,6-FAM-NH,, 1.5 umol of peptide was dissolved in 2
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mL degassed water, and the pH was adjusted to 8 with 0.1 M NaOH.
A higher pH was necessary to avoid the precipitation of the FAM-
labeled peptide during the synthesis. Then, 0.02 mL of NaAuCl, (0.5
umol) was added to the peptide solution under stirring. After 10 min
of cooling the mixture in an ice bath, 0.01 mL of NaBH, (2 umol,
freshly dissolved in 4 °C cold water) was added and the mixture was
stirred for 1 h. The synthesis was done under inert gas atmosphere.
Purification was done by spin filtration with an Amicon spin filter
(MWCO 3 kDaA, 2 and 0.5 mL) for 15 min at 14000g. The
nanoparticles were washed with potassium phosphate buffer (S0 mM,
pH 8) until the filtrate was colorless. The resulting volume of
concentrated nanoparticle dispersion was in the range of 50—60 uL.
Recovery of the concentrated nanoparticle dispersion was accom-
plished by centrifugation at 1000g for 2 min.

Protein Synthesis and Characterization. The '*N-labeled
hPin1-WW domain (residues 3—39; hPinl-WW; PDB ID: 2MS8I)
was expressed as N-terminal GST fusion protein with a PreScission
protease cleavage site and purified as described earlier.*® Briefly, the
>N-labeled protein was expressed in E. coli BL21 (DE3) T1r in M9
minimal medium containing "*NH,CI as sole nitrogen source, while
unlabeled protein for ITC and fluorescence anisotropy experiments
was expressed in LB medium. The protein was purified by GSH
affinity chromatography, the GST tag was cleaved with PreScission
protease and the WW domain was isolated by size exclusion
chromatography. Protein NMR samples contained 50 M of the
“N-labeled protein in potassium phosphate buffer (50 mM, pH 8)
with 10% D,0.

Cell Uptake Studies. The uptake of peptide-functionalized
ultrasmall gold nanoparticles was carried out with human cervix
carcinoma cells (HeLa). HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 10% fetal
bovine serum (FBS), 100 U mL™" penicillin, and 100 U mL™"
streptomycin at 37 °C in 5% CO, atmosphere. The cells were
trypsinized and seeded in a glass-bottom dish (ibidi y-Slide, Planegg,
Germany) with 10* cells per well in 200 uL of cell culture medium 24
h prior to the uptake studies. A 20 uL portion of 125 pg mL™
CGGpTPAAK-S,6-FAM-NH,-functionalized gold nanoparticles in
180 uL cell medium were added to the cells. The final gold
nanoparticle concentration was 12.5 pg mL™' per well. After
incubation for 24 h, HeLa cells were washed three times with 200
uL of phosphate-buffered saline (PBS) and fixed with 100 uL of 4%
aqueous paraformaldehyde (PFA) for 20 min at room temperature.
The PFA was removed, and the cells were washed again three times
with 200 uL PBS. For a better permeabilization for the dyes, the cells
were treated with 150 pL of 0.1% Triton X-100 for 5 min and then
washed twice with 200 uL PBS. Cell actin was stained by incubating
the cells with 200 uL of 25 ug mL™" Alexa-Fluor 660-phalloidin
(Invitrogen, Karlsruhe, Germany) solution in PBS with 1% bovine
serum albumin for 20 min. After washing the cells with PBS, the cells
were incubated for 15 min with 150 uL of a 1 ug mL™" Hoechst33342
(Life Technologies, Carlsbad, CA, U.S.A) solution in PBS for nucleus
staining. Afterward, the cells were washed three times with PBS and
then analyzed with a Leica TCS SP8 confocal laser scanning
microscope with a 63X NAL.2 water objective.

Analytical Methods. The gold concentration in the nanoparticle
dispersion was determined by atomic absorption spectroscopy (AAS)
with a Thermo Electron M-Series spectrometer (graphite tube furnace
according to DIN EN ISO/IEC 17025:2005) after dissolving the
nanoparticles in aqua regia.

Analytical disc centrifugation (differential centrifugal sedimenta-
tion; DCS) was performed with a CPS Instruments DC 24000 disc
centrifuge (24000 rpm). Two sucrose solutions (8 and 24 wt %)
formed a density gradient that was capped with 0.5 mL dodecane as a
stabilizing agent. The calibration standard was a poly(vinyl chloride)
(PVC) latex in water with a particle size of 483 nm provided by CPS
Instruments. A calibration was carried out prior to each run. A sample
volume of 100 uL of dispersed nanoparticles was used. The recording
time was about 6 h at the given centrifugation speed due to the small
particle size. The density of elemental gold (19 300 kg m™) was used
for the computations.

https://dx.doi.org/10.1021/acsabm.0c01424
ACS Appl. Bio Mater. 2021, 4, 945—965


www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01424?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

UV-—vis spectroscopy was performed with a Varian Cary 300
instrument from 200 to 800 nm after background solvent correction
(50 mM potassium phosphate buffer, pH 8). Suprasil quartz glass
cuvettes with a sample volume of 500 uL were used. Fluorescence
spectroscopy was performed with an Agilent Technologies Cary
Eclipse Spectrophotometer in the range of 500—700 nm. A 96-well
opaque flat bottom microplate with a sample volume of 300 uL was
used.

High-resolution transmission electron microscopy was performed
with an aberration-corrected FEI Titan transmission electron
microscope equipped with a Cs-probe corrector (CEOS Company)
operating at 300 kV.*?

The calculation of nanoparticle concentrations was carried out as
follows (given here for a nanoparticle diameter of 2 nm and a gold
concentration of 2.01 g L™"):

3 _9 3
2% 1 _
Vip = in(i] =g 20 ™) X 10V e
3 (2) "3 2

myp = Vapy, = 419 X 107" m* x 19302000 g m™>

=809%x 10 g
c 201gL!
CNP = Au = 7g—20 = 249 X 1019 L_l
mop 809 x 10Pg
NNP = CNP‘/sample

NMR spectroscopy was performed on a Bruker Avance III 700 MHz
spectrometer with a S mm TCI 'H/BC/SN/D cryoprobe with a z-
gradient in a 3 mm sample tube at 25 °C. All gold nanoparticle
dispersions and protein solutions were prepared in 200 yL potassium
phosphate buffer (50 mM, pH 8) and D,0 (90:10 volume ratio). The
"H-DOSY pulse sequence from the Bruker library was modified by
adding a presaturation pulse to suppress the remaining water signal.
For the DOSY experiments, a diffusion time A of 100 ms was chosen,
and the pulsed gradient duration § was 3 ms for the free peptide and 4
ms for the peptide-conjugated gold nanoparticles. For each pseudo-
2D DOSY data set, the gradient strength was incrementally increased
from S to 95% (maximum gradient strength 504 G cm™ for a
smoothed square gradient pulse) in 32 steps with a linear ramp. The
spectra were Fourier-transformed, phased, and integrated with the
program Topspin versions 3.5 and 4.0.4 (Bruker). Plotting and fitting
of the linearized diffusion data according to the Stejskal—Tanner

i 53,54
equation

1 _ . 2520A _ O 2
In[I—]— 7’5(a - %3)pG

0

(1)

were performed with IGOR Pro (WaveMetrics, Inc.) with I as the
signal intensity, Iy as the signal intensity without gradient, y as the
gyromagnetic ratio of 'H, § as the diffusion gradient pulse length, A as
the diffusion delay, G as the gradient strength, and D as the
translational diffusion coefficient.

The Stejskal—Tanner plots of three well-discernible proton signals
of the peptide and of the peptide-functionalized gold nanoparticles
were first analyzed separately. Upon yielding the same diffusion
coefficient within the error margin, the relative intensities I/I, of all
signals were averaged for dissolved peptide and nanoparticle-
conjugated peptide, respectively. Error bars of the averaged data
points represent the standard deviation of these proton signals. The
accuracy of the diffusion coefficient was determined by averaging the
errors obtained from the 2D-'H-DOSY spectrum.

The hydrodynamic diameter was calculated by the Stokes—Einstein
equation

_ kT

U 3mD

)
with dy as the hydrodynamic diameter, k as the Boltzmann constant,
T as the temperature in K, 76 as the dynamic viscosity of H,O at 25
°C, and D as the translational diffusion coefficient.
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Quantitative '"H NMR spectroscopy and "N NMR spectroscopy
were performed with a Bruker-AVANCE III 600 MHz spectrometer
equipped with a Prodigy cryoprobe head in a S mm Shigemi tube with
400 uL sample volume in D,O at 25 °C. The concentration was
determined by the ERETIC (electronic reference to access in vivo
concentrations) method, and maleic acid was used as an external
standard.>

The interaction between peptide and functionalized nanoparticles
and the WW domain of the hPinl protein was investigated by
'"H-N-HSQC NMR spectroscopy titrations. To 200 uL of N-
labeled hPinl-WW (in potassium phosphate buffer, pH 8) or *N-
labeled gold nanoparticles, either a 200 uL unlabeled peptide-
functionalized gold nanoparticle dispersion or unlabeled hPinl-WW
was titrated stepwise, respectively. The resulting difference in the
chemical shift was calculated by eq 3:°

AS,,. = \/(AHN)Z + (1.54-AN)? (3)

The dissociation constant Kj, is defined as the equilibrium constant
for the reaction
protein—peptide (aq) < — protein (aq) + peptide (aq) (4)

_ [protein—peptide (aq)]
b [protein (aq)][peptide (aq)]

©)

with protein—peptide as the complex of protein and peptide.

Kp was determined by fitting the chemical shift difference to the
following quadratic equation, assuming a one-site specific binding
model:

A50]35 = A(smax

(IR] + (Lol + [Kpl]) = (IR + [Lol + Kp)* — 4RI [L,]
2[R

(6)

where Ad,y, is the difference in the observed shift from the unbound
state, AJ,,,, is the maximum chemical shift difference at the saturation
point, P, is the concentration of the '*N-labeled signal-giving analyte
(protein or ligand), L, is the concentration of the unlabeled titrant
(ligand or protein being titrated in), and Ky, is the dissociation
constant.”’

Isothermal titration calorimetry (ITC) was performed with a
MicroCAL iTC200 (Malvern Panalytical) instrument in potassium
phosphate buffer (S0 mM, pH 8) at 25 °C. In the sample cell, 300 yL
of hPinl-WW (10—100 uM, corresponding to 0.003—0.03 pmol
protein) was titrated with a peptide-functionalized gold nanoparticle
dispersion. The first injection volume was 0.4 L with a mixing time
of 2 s and a time interval of 110 s. Then, 35 injections of 1 L aliquots
of the nanoparticle dispersion followed with a mixing time of 2 s and a
time interval of 110 s, respectively. The measurements were carried
out with an initial delay of 60 s, a reference power of 5 pcal s/, a
stirring power of 750 rpm, and a filter period of 3 s. The dissociation
constant (K, = 1/K,), the molar binding stoichiometry (N), and the
molar binding enthalpy (AH?) were calculated by integrating the
peaks obtained from Enthalpy changes and presenting them in a
Wiseman plot.>® A one-set-ofsites specific-binding model was
assumed. Points 2—35 were fit by the Hill equation

H=H,+ (Hy,, — HO)[I + (%)KD)_I

7)
with H as the molar heat per injection volume, Hy as the molar heat at
the beginning of the measurement, H, ., as the maximum measured
molar heat, n as the molar ratio of peptides to proteins, and N as the
molar binding stoichiometry. Here, the point of inflection gives the
molar binding stoichiometry, and the slope at the point of inflection is
Kp. All data analyses were done with IGOR Pro.

https://dx.doi.org/10.1021/acsabm.0c01424
ACS Appl. Bio Mater. 2021, 4, 945—965
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Fluorescence polarization (FP) was performed with a JASCO FP-
8300 fluorescence spectrometer in potassium phosphate buffer (50
mM, pH 8) at 20 °C in Suprasil quartz glass cuvettes with a sample
volume of 60 yL. hPin1-WW was added stepwise to the peptide and
the peptide-functionalized gold nanoparticles, respectively. The
resulting anisotropy at the emission wavelength of 520 nm was
measured by exciting the sample with linearly polarized light at 500
nm. Fitting for the K, determination was done with IGOR Pro with
the following quadratic binding equation for a one-site specific

binding model
r=r,
+ Toax

(IFL] + [[P] + [Kpll) — y/([EL] + [P] + Kp)* — 4[FL]
2[FL]

(8)
with r as the anisotropy, r, as the anisotropy without protein, r,,,, as
the maximum anisotropy, FL as the concentration of the analyte
(fluorescently labeled ligand), P as the concentration of the added
titrant (protein), and Kj, as the dissociation constant.

SAXS measurements were performed on a laboratory Xenocs-
XEUSS2.0 instrument at the Institute of Physics, University of Sao
Paulo. This equipment was equipped with a Genix3D Cu Ka source
(4 =0.15418 nm), Fox3D focusing mirrors and two sets of scatterless
slits. 2D scattering images were collected on a Pilatus 300 k detector.
The integration of the 2D SAXS patterns was done with the FIT2D
software.”” Pure water was used for blank scattering subtraction. Error
estimation and normalization to an absolute scale were performed
with a self-written software. The obtained 1D curves give the
scattering intensity as a function of the reciprocal space momentum
transfer modulus q = 4x(sin 6)/4, where 26 is the scattering angle.
The sample-to-detector distance used on the experiments was 1.200
m which gave a q range of 0.1 < q < 3.2 nm™". Data treatment and
normalization to absolute scale were performed by standard
procedures.>®" In some cases, a few points in the beginning were
clipped due to problems with the background subtraction.

The dissolved protein hPinl-WW was analyzed by SAXS as
follows: The hPin1-WW concentration was 2.65 mM, corresponding
to 12.06 g L' for a molecular weight of 4,551 g mol™". From the IFT
modeling we obtained a forward scattering I(0) = 0.0337(1) cm™".
For proteins in solution one can use the molar concentration of the
proteins, the electron density contrast for the proteins in solution, and
the protein volume. However, since the protein volume is not easily
accessible, it is easier to use the protein molecular weight which is
related to the protein volume as

V = oMy,

)

with v as the partial specific volume of the protein (volume per mass).
For proteins, a typical value is v = 0.72 cm® g™". Then, we can write®®

M,
I(q)absolute = CApMZ(FW]p(q)S(q) [cm_l]
‘A

(10)

and

M,
I(O)absolu(e = CApMZ(FW] [cm_l]
‘A

(11)

with ¢ as the concentration (mg mL™"), My, as the molecular weight
(kDa), and Apy as the protein excess scattering length contrast Apy,
=2 x 10 cm g% From eq 11 it is possible to calculate the
molecular weight of hPin1-WW as 4200 + 350 g mol™" which is very
close to the expected value of 4551 g mol™".

For the analysis of the SAXS data for the protein, the indirect
Fourier transformation (IFT) method was used, in a slightly different
implementation.”> The obtained pair distance distribution function
p(r) indicates the overall shape of the protein. Also, one obtains the
radius of gyration of the protein Rg and the forward intensity 1(0).
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The latter information is useful for the estimation of the molecular
weight of the protein.

Since the PDB model for the protein was known (PDB ID:
2M8I),% it was possible to compare the atomic resolution structure
with the experimental SAXS data. For this comparison, the program
Crysol®* was used. The model could not describe the initial part of
the SAXS data, indicating differences on the protein shape or presence
of a small fraction of oligomers. As shown below, the introduction of a
fraction of dimers® resulted in a perfect fit of the SAXS data.

For a protein/nanoparticle complex, the much higher electron

density contrast of the crystalline gold nanoparticle (~4.3 el A

compared to the protein in solution (~0.1el A°) makes the
contribution of the NP dominant for the scattering of X-rays, even
for the ultrasmall (~2 nm) gold NP. Therefore, SAXS is a very good
probe for the gold nanoparticles in the system, even in the case of a
protein/nanoparticle complex. In addition, it is possible to monitor
the formation of nanoparticle aggregates which might form via protein
cross-linking.

For the modeling of protein/nanoparticle complexes, the IFT
method was used, but now assuming a polydisperse system of sspheres.
The calculations were performed with the program GNOM.®® As a
result one obtains the volume-weighted radius distribution for the
particles in the system.

B RESULTS AND DISCUSSION

The ultrasmall gold nanoparticles were surface-functionalized
with selected peptides to target the WW domain of the protein
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Figure 1. Representative particle size distribution of Au-CGGpTPA
nanoparticles measured by differential centrifugal sedimentation
(DCS). For the other peptide-conjugated nanoparticles, similar
results were obtained (see Figures S1—S3).

hPinl. We have attached the following synthetic model
peptides which contain the pTP recognition motif for the
WW domain: CGGpTPA as binder to the hPin1-WW domain,
CGGpTP(A*-'°N) labeled with *N in the alanine residue
only, CGGpTPAAK-(5,6)-FAM-NH, as fluorescently labeled
derivative, CGSGGGpTPA as binder to hPinl with three
additional amino acids as spacers, and CGSGGGTDA as
control peptide (no binding to hPin1-WW). The attachment
of the peptides occurs by the stable terminal cysteine-sulfur
bond to the gold nanoparticle surface, whereas the
phosphothreonine/proline pTP motif is the binding site for
hPinl1-WW.

Differential centrifugal sedimentation (DCS) gave a hydro-
dynamic diameter of about 3.0 nm for peptide-conjugated gold
nanoparticles (Figure 1). It must be stressed that the ligand
shell on the particles generally influences the effective density,
especially for ultrasmall nanoparticles: The ligand shell has a
much lower density than the gold core and leads to a lower
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Figure 2. 'H-DOSY hydrodynamic radii of dispersed nanoparticles
and dissolved peptides. Representative Stejskal—Tanner plot of the
hexapeptide CGGpTPA alone(blue) and of Au-CGGpTPA nano-
particles (red). For the other peptide-conjugated nanoparticles,
similar results were obtained (see Figures S4—S7).

sedimentation rate and consequently a systematic under-
estimation of the hydrodynamic particle diameter.”” Thus, the
DCS data only demonstrate that the particles are not
agglomerated, but their quantitative value is limited. Dynamic
light scattering (DLS) was not possible due to the very small
particle size. The hydrodynamic diameter of dissolved peptides
and peptide-coated nanoparticles was also measured by 'H-
DOSY NMR (Figure 2).

High-resolution transmission electron microscopy gave the
diameter of the metallic core of the peptide-conjugated gold
nanoparticles (Figure 3). The particles were crystalline with a
core diameter of about 2 nm.

The good particle dispersion was also assessed by small-
angle X-ray scattering (SAXS) (Figures 4 and S). The peptide-
conjugated gold nanoparticles were stable without the presence
of aggregates. For the Au-CGGpTPA sample there was a main
contribution with a core diameter of ~2 nm which is in
agreement with the size of the nanoparticles. For Au-
CGSGGGpTPA, the main contribution to the size distribution
was at ~1.4 nm which is also in agreement with the results
obtained from the other methods. In both cases there were
small fractions at higher radius but the number fraction of such
larger particles was very small.

For comparison, we also analyzed the dissolved protein
hPinl-WW by SAXS (Figure 6). There were clear indications
for the presence of protein dimers. However, these are likely

due to the high concentrations used for SAXS as we did not
observe significant NMR line broadening, which would
indicate an increase in molecular size, up to a concentration
of 1 mM. The atomic resolution structure of this protein is
known and can be compared with the solution scattering data.
The comparison of the atomic resolution structure and the
SAXS data is shown in Figure 7. The model cannot describe
the initial part of the SAXS data. By assuming a coexisting
fraction of monomers and dimers,®> we obtained a perfect fit of
the SAXS data with number fractions of 90% monomers and
10% dimers, with a distance between the protein centers of
~2.73 nm. A tentative arrangement of the dimers is also shown
in Figure 7. Note that the protein does not contain cysteine,
therefore the formation of disulfide bridges can be excluded.

Table 1 comprises all size characterization data of dissolved
hPinl-WW, of the dissolved peptides, and of the peptide-
conjugated gold nanoparticles.

The hydrodynamic diameter of the peptide-conjugated
nanoparticles from "H-DOSY is about 5 nm. Considering the
diameter of the metallic core from HRTEM of 2 nm, we obtain
a thickness of the hydrated peptide layer about 1.5 nm around
each nanoparticle. This is in a good agreement with the
hydrodynamic diameter of the dissolved peptides by 'H-DOSY
that is in the range of 1.3—2.3 nm. There are only small
differences between the differently functionalized nano-
particles. Note that the hydrodynamic diameter increases
with increasing peptide length but that the diameter of the gold
core remains constant with about 2 nm (HRTEM, SAXS).
This confirms that the metal core is not affected by the surface-
conjugation of the peptides.

Unlike with bigger nanoparticles, NMR spectroscopy is
possible for ultrasmall nanoparticles, although signal broad-
ening and line shifts may complicate the interpreta-
tion. > "*>%%% I NMR spectra clearly showed the binding
of the peptide to the gold nanoparticles. In all cases, cysteine
protons were considerably affected by the presence of the
metallic gold whereas the other amino acids were less
influenced due to the higher distance from the gold surface
(Figure 8).°° No disulfide was observed in the nanoparticle
dispersion. Disulfide signals of the cystine (cysteine disulfide)
P-protons are typically located between 3.0 and 3.2 ppm.

SN NMR spectra of '*N-labeled CGGpTPA on the surface
of gold nanoparticles showed no significant change in the
chemical shift or a broadening of the '*N-signal of the terminal
alanine, in contrast to the 'H-signals of the cysteine protons
(Figure 9). Therefore, we exclude an interaction on the

Au-CGGpTPA

Au-CGSGG

X,

GpTPA

Au-CGGpTPAAK-(5,6-FAM)-NH,

Figure 3. High-resolution transmission electron microscopy (HRTEM) of peptide-conjugated ultrasmall gold nanoparticles: Au-CGGpTPA, Au-

CGSGGGpTPA, and Au-CGGpTPAAK-(5,6-FAM)-NH,.
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Figure 4. SAXS results of Au-CGGpTPA nanoparticles. (left) SAXS data (symbols) and IFT-fit using a polydisperse system of hard spheres (solid
lines). (right) Volume-weighted radius distribution.
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Figure S. SAXS results of Au-CGSGGGpTPA nanoparticles. (left) SAXS data (symbols) and IFT-fit using a polydisperse system of hard spheres
(solid lines). (right) Volume-weighted radius distribution.
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Figure 6. SAXS investigation of the dissolved protein hPin1-WW. (left) SAXS data (symbols) and IFT-fit assuming a monodisperse system (solid
lines). (right) Pair distance distribution function p(r) for hPin1-WW.

950 https://dx.doi.org/10.1021/acsabm.0c01424
ACS Appl. Bio Mater. 2021, 4, 945—965


https://pubs.acs.org/doi/10.1021/acsabm.0c01424?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01424?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01424?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01424?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01424?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01424?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01424?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01424?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01424?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01424?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01424?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01424?fig=fig6&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c01424?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

_1]

I(q) [c

b, hPin1-WW
— o SAXS data
£ 10?] |mm PDB fit
O
G5
1074 .

£ 107

o SAXS data
= PDB mon/dim Fit

103 4= ;

Figure 7. Fit of SAXS data of dissolved hPin1-WW, using the atomic resolution structure from the protein database (PDB ID: 2M8I). (top left)
Comparison of the SAXS data with the atomic resolution structure. Clearly, the theoretical fit does not match the initial part of the SAXS data. (top
right) Fit assuming the presence of 90% monomers and 10% dimers. (bottom) Tentative dimer arrangement of hPinl-WW monomers, including
the hydration shell around the proteins in light blue. Note that this image just illustrates the size of a dimer without taking into account possible

interactions between the two protein molecules.

Table 1. Properties of the Dissolved Protein hPin1-WW, of the Dissolved Peptides, and of Peptide-Conjugated Ultrasmall
Gold Nanoparticles from 'H-DOSY, DCS, HRTEM, and SAXS“

D ("H-DOSY)/107 " m? s7!

hPin1-WW protein 1.7 £ 02
CGGpTPA peptide 34+ 04
Au-CGGpTPA nanoparticle 1.1 +0.1
CGSGGGpTPA peptide 3.0 +£03
CGGpTP(A-"*N) peptide 3.5+ 04
Au-CGGpTP(A-"*N) nanoparticle 1.1 + 0.1
Au-CGSGGGpTPA nanoparticle 0.9 +0.1
CGSGGGTDA peptide 32+03
Au-CGSGGGTDA nanoparticle 0.9 + 0.1
CGGpTPAAK-(S,6)-FAM-NH, peptide 24 +02
Au-CGGpTPAAK-(5,6)-FAM-NH, nanoparticle 1.0 £ 0.1

d, ("H-DOSY)/ d.ore (HRTEM)/ 2r,uss (SAXS)/

nm d,, (DCS)/nm nm nm
29+03 3.22 £ 0.03
14 +02
44 + 04 34+ 04 2.0+ 04 1.6 £ 0.5
1.6 £ 0.2
14 £ 0.1
43 + 04 2.7 £ 0.7
54+ 05 3.0+ 09 2.0 + 04 2.6 £09
1.5 +02
53+ 0.5 3.1+07
20+02
5.0+£0.5 2.0 + 0.7 2.0 + 0.6

“An error of 10% for the diffusion coefficient and the hydrodynamic diameter measured by "H-DOSY was assumed. Note that DCS systematically
underestimates the particle diameter. For the HRTEM data, between 80 and 100 particles were analyzed, and the average diameter and the

standard deviation were computed. “Radius of the equivalent sphere with the same radius of gyration, 1, = \/g Rg

millisecond time scale between the alanine-nitrogen and the
gold nanoparticle surface, like a back-folding of the peptide
chain.

The 'H-'"H-TOCSY spectrum of the unbound peptide
showed a clear correlation pattern of the a- and S-protons of
cysteine whereas the cross-peaks of correlated cysteine-protons

of the nanoparticle-conjugated peptide were no longer visible
due to strong line broadening in the presence of the gold
surface (Figure 10). In addition, it is possible that the cysteine
signals are now overlapping with the H, signals of the other
residues. Such strong line broadening, along with a large
shifting, of the signals compared to free cysteine was observed
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of the other peptides (free and bound to gold nanoparticles) are shown in the Supporting Information (Figures S8—S10).
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Figure 9. "N NMR spectra (taken from 'H—"N-HSQC spectra) of
Au-CGGpTP(A-"N) nanoparticles (top) and of the dissolved
CGGpTP(A-"*N) peptide (bottom). The "*N signal of the terminal
alanine is not influenced by the conjugation to the gold nanoparticles,
indicating that no back-folding to the gold surface occurs.

earlier on cysteine-conjugated gold nanoparticles.”® The fact
that the proton couplings of the other amino acids were mostly
unchanged confirms that the peptide chain was still intact after
binding to the gold nanoparticles. These residues experience
less severe line broadening because they are more distant from
the gold core and also show a higher mobility, and thus slower
T2-relaxation, compared to the gold-bound cysteine. Some
correlation peaks were not visible due to the signal-to-noise
ratio, overlap with the water signal and peak broadening. The
glycerol in the nanoparticle sample was an impurity from the
spin filter.

To assess the binding of the peptide-conjugated nanoparticle
to the protein, it is important to know how many peptide
molecules are bound to each nanoparticle. The surface loading

952

of the gold nanoparticles was determined by UV-—vis
spectroscopy after conjugation of a fluorescent derivative of
the peptide (Figure 11). With a gold nanoparticle diameter of
2 nm, this leads to about 129 CGGpTPAAK-(5,6-FAM)-NH,
molecules on each nanoparticle (molecular footprint 0.10
nm?).

The amount of bound CGSGGGpTPA peptide was
confirmed by quantitative '"H NMR spectroscopy with maleic
acid as external standard. The peptide concentration was
computed from the methyl groups of alanine and threonine at
1.37 ppm to 0.42 mM. This corresponds to 168 nmol peptide
in a gold nanoparticle dispersion with a gold concentration of
0.12 g L' given by AAS. With an average nanoparticle
diameter of 2 nm, a gold nanoparticle concentration of 2.38
uM with 176 peptide molecules per nanoparticle were derived
(footprint 0.071 nm?). This is in reasonable agreement with
the above result from UV—vis spectroscopy. If we take the
average of the results by UV spectroscopy and NMR
spectroscopy, about 150 peptide molecules are bound to
each nanoparticle, giving a footprint of about 0.084 nm” per
peptide molecule. Clearly, these values are associated with a
considerable degree of error because the particles are not all of
the same size, because they are not strictly spherical, because
the density of small gold particles may be lower than that of
bulk gold and because the applied methods (UV and NMR)
also carry an error on their own. The individual methodo-
logical errors are not known, but it is reasonable to assume that
the number of 150 peptides per nanoparticles is associated
with an error of 30%, giving an average of 150 =+ 45 peptide
molecules per nanoparticle. Of course, this variance has to be
kept in mind when further calculations (like Kp values or
molecular footprints) are considered.
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Figure 11. UV—vis spectroscopy and fluorescence spectroscopy to
determine the surface loading in Au-CGGpTPAAK-(S,6-FAM)-NH,
nanoparticles. The excitation and emission bands of the attached
fluorescent peptide are shown. By recording a calibration curve
beforehand and by measuring the gold content of the dispersion, the
ratio of FAM-labeled peptides (c = 838 uM) and gold nanoparticles (c
= 6.5 uM; diameter 2 nm) was determined to 838/6.5 = 129. Note
that fluorescence quenching by the gold core as observed earlier'
does not affect the UV absorption spectrum.

Earlier, we had determined the footprint of a cysteine
molecule on Au, ;,4(cysteine),, ¢; nanoparticles (1.8 nm) with
about 0.15 nm2.°® The packing of the peptide is almost two
times higher which may be due to intermolecular noncovalent
interactions that make the peptide units come closer. The data
reported here are in good agreement with data found with
similar systems, i.e. a molecular footprint of 0.074 nm* per
cysteine in cysteine-bearing precision macromolecules’” and of
0.41 nm” for the peptide CRaf with 36 amino acids, bound via
a cysteine.”' For all subsequent calculations and consider-
ations, we assumed that the peptide concentration c(peptide)
was 150 times the gold nanoparticle concentration c(AuNP).

953

3.4 nm

Figure 12. Schematic representation of a CGGpTPA-functionalized
gold nanoparticle (2 nm) that binds to one hPin1-WW protein. The
binding site on the protein is highlighted in pink.

The specific binding of the nanoparticle-conjugated peptides
to the protein hPin1-WW is envisioned as depicted in Figure
12. We estimated the binding stoichiometry between nano-
particles and proteins as follows: An area (footprint) of 4 nm®
to bind a hPinl-WW molecule was approximated from its
steric requirement. This was done rendering the spatial
structure of the domain with Pymol (The PyMOL Molecular
Graphics System, Version 2.0 Schrodinger, LLC) and then
estimating the area of a protein attaching via its binding site
(highlighted in pink). Of course, the nanoparticle is binding to
the protein not from its metallic core (about 2 nm) but from
the surface after peptide conjugation. The latter can be
approximated from the hydrodynamic diameter of the
nanoparticle. With a protein footprint of 4 nm” and a
hydrodynamic nanoparticle diameter of 5 nm, the maximum
number of bound WW domains can be estimated. If a spherical
nanoparticle is assumed, we obtain
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(c(peptide) = 4 mM, total added volume 142 uL) at pH 8 in potassium phosphate buffer. The color coding corresponds to the total peptide
concentration after consideration of dilution (top). The total signal shifts of the amino acids S16, Q33, W34, and E35 were plotted against the
peptide concentration (bottom) and binding curves (solid lines) were fitted.
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Thus, about 20 hPinl-WW units can bind to each peptide-

(12)

functionalized gold nanoparticle from a geometrical perspec-

tive. If we now take 150 peptide molecules per nanoparticle,
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about every seventh to eighth peptide molecule can bind to a not known whether a complex of one nanoparticle and 20
protein which appears geometrically reasonable. However, it is protein molecules is really stable in dispersion. This can only
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be assessed experimentally. Nevertheless, it is clear that each The interaction of the nanoparticles with the WW domain of
nanoparticle will be able to bind to more than one protein. hPinl was analyzed by different techniques and compared with
This will be demonstrated in the following. the dissolved peptides. Figure 13 shows the interaction of the
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titrated stepwise to hPinl-WW until saturation occurred. A
shift of the 'H—""N signals of the amino acids (S16, Q33,
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Figure 18. Binding between hPin1-WW (c(hPinl-WW) = 900 uM,
finally added volume 48 yL) and Au-CGGpTPAAK(S,6-FAM)-NH,
nanoparticles (c(AuNP) = 6.5 nM, c(peptide) = 0.9 uM; 60 uL)
(red) and binding between hPinl-WW (c(hPinl-WW) = 300 uM,
finally added volume 43 uL) and dissolved CGGpTPAAK(S,6-FAM)-
NH, (c(peptide) = 0.1 uM, 60 uL) (blue). Each data point is the
average of a triplicate measurement including the standard deviation.

W34, E35) that interact with the pT-P motif of the CGGpTPA
was observed. A dissociation constant of Kp = 13 + 3 yM was
calculated by plotting the difference of the chemical shifts
against the peptide concentration. This value is in good
agreement with the dissociation constants for the binding of

958

similar pT-P binding motif-containing peptides to hPinl-
ww.”?

Figure 14 shows the interaction of the CGGpTPA-
conjugated nanoparticles with hPin1-WW. The gold nano-
particles were titrated stepwise to '*N-labeled hPinl-WW up
to saturation. We observed a significant change in the chemical
shifts of the 'H-"N signals of amino acids (S16, Q33, W34,
E3S) that preferentially interact with the pTP motif of the
peptide. The signal of tryptophan at position 34 disappeared
due to the binding to the peptide on the gold nanoparticles
and reappeared when the protein solution became saturated
with nanoparticle-bound peptides. Notably, the nanoparticle-
conjugated peptides interacted with the same amino acids as
the free peptide. A dissociation constant of K, = 308 + 81 yM
was calculated by plotting the difference of the chemical shifts
of interest against the peptide concentration mM (calculated as
150 peptides per nanoparticle). Compared to the Ky, of the
unbound peptide, this value is significantly higher. This may
indicate a weaker binding between nanoparticle-conjugated
peptide and protein. On the other hand, it can also mean that
there is an effective concentration of bound peptide which is
well below the assumed concentration (150:1) shown above.

Assuming an equimolar one-site specific binding, the
effective concentration and the Ky, were calculated by assuming
a similar dissociation constant as between dissolved peptide
and protein, i.e. 13 uM. A 1:1 binding was still assumed, i.e.
each peptide can bind to only one protein and vice versa.

https://dx.doi.org/10.1021/acsabm.0c01424
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Then, the binding curve was approximated by letting the
peptide concentration float, still using eq 4. This fit procedure
gave a factor for the effective peptide concentration of 1:8.4
with a Kp of 12 + 8 yM. In other words, out of 150 peptide
molecules per nanoparticle, only 150/8.4 = 18 were actually
binding to a protein. This is in very good agreement with the
geometrically estimated number of protein molecules (i.e., 20)
that can fit around one nanoparticle. Of course, there are a
number of approximations in these considerations, but from a

chemical and geometrical point of view, it makes sense that

959

each nanoparticle is fully saturated on the surface with about
20 protein molecules at the end of the titration.

The peptide CGSGGGpTPA with three additional glycine
units as spacer was investigated because it might enable a
better binding of the pTP-motif to hPinl-WW due to steric
reasons: If the peptide is too short to fully accommodate the
width of one WW domain, the large gold core of the
nanoparticle could sterically interfere with protein binding. For
this peptide, we again observed a significant change in the
chemical shift for the amino acids S16, Q33, W34, and E35
(Figure 15). A dissociation constant of 10 + 1 uM was
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Figure 21. ITC titration curves of CGSGGGTDA peptide (c(peptide) = 1 mM, 36.4 uL) lacking the pTP recognition motif (left) titrated to
hPin1-WW (c(hPin1-WW) = 10 uM, 300 pL) and Au-CGSGGGTDA nanoparticles (c(AuNP) = 6.22 uM, c(peptide) = 0.93 mM, 150 peptide
molecules per nanoparticle, finally added volume 36.4 uL) titrated to hPin1-WW (c(hPinl-WW) = 50 uM, 300 uL) (right).
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Figure 22. Small-angle X-ray scattering (SAXS) data of Au-CGSGGGpTPA nanoparticles in potassium phosphate buffer (black curves) and on
Au-CGSGGGpTPA nanoparticles in the presence of 0.039 mM hPinl-WW in potassium phosphate buffer +10% D,O (blue curves). (left)
Primary SAXS data. (right) Dy(r) function. The theoretical IFT-fits were omitted for clarity.

determined that is close to the dissociation constant of the
peptide CGGpTPA (see above) and of comparable peptides.””

Figure 16 shows the interaction of CGSGGGpTPA-
functionalized gold nanoparticles with hPin1-WW. Gold
nanoparticles were titrated stepwise to '*N-labeled hPinl-
WW until saturation. A significant change in the chemical shift
of the 'H-N signals of the amino acids S16, Q33, W34, and
E3S indicated the binding to hPin1-WW. Again, the signal of
tryptophan at position 34 disappeared due to the binding of
the conjugated peptide and reappeared when the WW domain

960

solution became saturated with nanoparticle-conjugated
peptides. A significantly higher Kp of 132 + 4 uM was
calculated assuming 150 peptides per nanoparticle.

The application of the same procedure as above led to a
factor of the effective protein concentration of 1:4.5 and a Kj
of 10 + 4 uM. Thus, out of 150 peptides, only 150/4.5 = 33
are binding to proteins. This is more than with the shorter
peptide CGGpTPA but reasonable because the spacer in the
peptide increases the hydrodynamic radius of the nanoparticles
from 4.4 to 5.4 nm. However, it is not sure whether this

https://dx.doi.org/10.1021/acsabm.0c01424
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Table 2. Ky, Values of Dissolved Peptides and Nanoparticle-
Conjugated Peptides with the Protein hPin1-WW*

compound method Kp binding model
CGGpTPA NMR 133 £ 03 uM 1:1 binding
ITC 164 + 0.4 uM  1:1 binding
CGGpTAAK-(5,6)- FP 21 £ 1 uM 1:1 binding
FAM
Au-CGGpTPA NMR 310 + 80 uM 150 peptides per
nanoparticle
Au-CGGpTPA NMR 12 + 8 uM 18 binding peptides per
nanoparticle
ITC 47 £ 1 uM 150 peptides per
nanoparticle
Au-CGGpTAAK- FP 19 + 1 uM 150 peptides per
(5,6)-FAM nanoparticle
CGGSGGGpTPA NMR 10 + 1 uM 1:1 binding
ITC 29.1 £ 0.5 uM  1:1 binding
Au- NMR 132 + 4 uM 150 peptides per
CGGSGGGpTPA nanoparticle
NMR 10 + 4 uM 33 binding peptides per
nanoparticle
ITC 19.9 £ 0.5 uM 150 peptides per
nanoparticle
CGSGGGTDA NMR  no binding negative control
ITC no binding negative control
Au-CGSGGGTDA  NMR  no binding negative control
ITC no binding negative control

“NMR = 'H-"N-HSQC. ITC = isothermal titration calorimetry; FP
= fluorescence polarization.

difference is significant in the light of the various assumptions
made here. Tentatively, we can also conclude for these
peptide-conjugated nanoparticles that the surface was fully
covered after saturation with dissolved hPin1l-WW protein.

To demonstrate that the interaction only occurs by the
conjugated peptide and not to the gold nanoparticle core, the
nonbinding control peptide CGSGGGTDA without the pTP
motif was used. Figure 17 shows the "H—""N-HSQC spectra of
free and nanoparticle-conjugated CGSGGGTDA in contact
with hPin1-WW. No shift of signals occurred, i.e. no binding
took place, as expected.

Fluorescence polarization (FP) is another powerful method
to study the interaction between (fluorescent) peptides and
proteins. Figure 18 compares the interaction of free
CGGpTPAAK(S,6-FAM)-NH, peptide with hPinl-WW and
of the peptide conjugated to gold nanoparticles with hPinl-
WW, respectively. For unbound FAM-labeled peptide, a
dissociation constant of 21 + 1 uM was calculated, whereas
the dissociation constant for the ligand conjugated to the gold
nanoparticles was 19 + 1 puM. These results are in a good
agreement with the results from 'H—""N-HSQC titration
experiments.

Isothermal titration calorimetry (ITC) is probing the
thermal effect of the peptide—protein interaction. Figure 19
shows the titration of either free CGGpTPA or Au-
CGGpTPA to hPinl-WW. In both cases, an exothermal
reaction was observed. By integrating the peaks and fitting the
curve with the Hill equation, a dissociation constant of 16.4 +
04 puM for the free peptide was determined with a molar
binding stoichiometry of peptide to protein of 0.91 + 0.04.
This indicates a 1:1 binding of peptide to protein.

For the peptide conjugated to the gold nanoparticles, a
higher dissociation constant of 47 + 1 uM was determined,
keeping the 1:1 binding model. The higher dissociation

961

Figure 23. Confocal laser scanning microscopy images of HeLa cells
(z-stacks across the cell), treated with green fluorescent Au-
CGGpTPAAK-(5,6)-FAM nanoparticles (top) and CGGpTPAAK-
(5,6)-FAM alone (control, bottom). Incubation time 24 h, nano-
particle concentration 12.5 ug mL™', 10* cells per well, 3.1 X 10°
nanoparticles per well.

constant can be explained by the fact that, as shown above, not
all peptides on the nanoparticle surface can bind to a protein. If
we take 7.69 + 0.52 kcal mol™" as binding energy of one
CGGpTPA to one hPinl-WW, we can estimate the number of
binding peptides on the nanoparticles as follows: Each
nanoparticle carries 150 peptides, and per peptide, we
measured 0.93 kcal mol™". This gives a total interaction energy
after saturation of 150 X (0.93 + 0.14) = 140 =+ 21 kcal mol™".
If we divide this by the interaction energy of one peptide, we
obtain (140 + 21)/(7.69 + 0.52) = 18 + 4. Thus, about 18
peptides are binding which is again close to a total surface
loading of 18 (by NMR) or 20 (by geometry) proteins on the
surface of a nanoparticle after saturation.

Figure 20 shows the enthalpy changes of the longer
CGSGGGpTPA peptide and of Au-CGSGGGpTPA nano-
particles after titration to hPinl-WW as measured by
isothermal titration calorimetry. Again, exothermic reactions
for free and bound peptide were observed. Dissociation
constants of 29.1 + 0.5 uM for the free peptide and of 19.9 +
0.5 uM for Au-CGSGGGpTPA nanoparticles were computed,
respectively. The binding energy per peptide on the nano-
particle was comparable to the binding energy of a dissolved
peptide, probably due to the introduction of the spacer which
facilitated the peptide—protein interaction.
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Figure 21 shows the enthalpy changes of the free control
peptide CGSGGGTDA and of Au-CGSGGGTDA nano-
particles during titration to hPinl-WW. As expected, the
enthalpy changes were small (in the range of the buffer
control) Neither the peptide alone nor or conjugated to gold
nanoparticles showed a significant binding affinity to the hPinl
WW domain.

The affinity data from NMR, FP, and ITC do not show
whether a protein can cross-link two or more nanoparticles,
e.g. by unspecific interactions. In principle, this is a possibility
as each nanoparticle carries a number of protein-binding
ligands. However, since each protein has only one peptide
binding site, this is not likely but still possible. Therefore, we
carried out SAXS experiments of nanoparticles after the
addition of hPin1-WW. Figure 22 shows representative SAXS
data. The results show a good dispersion and prove that the
nanoparticles are not interconnected by the protein hPinl-
WW as expected. However, as mentioned before in the text,
the protein itself cannot be resolved due to the much weaker
scattering power compared to the gold nanoparticle.

In Table 2, all values for the dissociation constants
determined by different methods are summarized.

For most possible applications, intracellular protein targeting
is of high interest. Therefore, we investigated whether peptide-
conjugated ultrasmall nanoparticles are able to penetrate the
cell wall in living cells. As reported earlier,'>** nanoparticles in
the ultrasmall size range are capable to penetrate the cell
membrane and may even enter the cell nucleus. Due to the
fluorescent label, the peptide-functionalized gold nanoparticles
can be traced inside the cells. Figure 23 shows the cellular
uptake of FAM-labeled peptide-functionalized gold nano-
particles. By confocal laser scanning microscopy and z-stacks
across the cell, a strong green fluorescence was located around
the cell nucleus but not inside the nucleus. Beyond that, the
exact intracellular localization of the nanoparticles was not
studied here. In contrast to the nanoparticles, the fluorescent
peptide alone did not penetrate the cell membrane. This in
turn confirms that the peptide was firmly bound to the gold
nanoparticles during cellular uptake.

It shall be noted that a ligand exchange of thiolated gold
nanoparticles has been observed and quantitatively de-
scribed.*””>77? In that case, one thiolated species is replacing
another one. As this was not the case in our in vitro interaction
studies between peptide-functionalized nanoparticles and the
proteins due to the absence of other thiol-carrying ligands, it
might occur in cell culture medium or inside a cell if thiolated
proteins are present. However, the elucidation of this question
must be left to future studies.

B CONCLUSIONS

We have shown that a selective interaction between peptide-
functionalized gold nanoparticles and a targeted protein is
possible. With HRTEM, a nanoparticle core diameter of about
2 nm was observed, whereas the hydrodynamic diameter was
about 5 nm (measured by 'H-DOSY). The overall sizes and a
stable dispersion of the gold nanoparticles were confirmed by
SAXS experiments. The peptide concentration conjugated to
the gold nanoparticle surface was obtained by quantitative
NMR spectroscopy and by UV—vis spectroscopy, whereas the
gold concentration was obtained by AAS. With this, we
calculated a surface loading of about 150 peptides per gold
nanoparticle (2 nm). NMR titration and ITC showed that
about 20 peptides per nanoparticle can bind the protein hPinl-
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WW for the short peptide CGGpTPA. For the longer peptide
CGSGGGpTPA, this number was 33. This was supported by
geometric considerations of the size of a nanoparticle and the
protein hPin1-WW. By NMR titration experiments, isothermal
titration calorimetry, and fluorescence polarization spectrosco-
py, we determined dissociation constants for the dissolved
peptides of 10—30 M. Under the (unrealistic) assumption
that all 150 peptides each bind to a protein, the Ky, for such
nanoparticles is considerably higher (100—300 M) and
probably wrong. However, if a reduced number of actually
binding peptides is assumed, the dissociation constants are
around 10—20 M, i.e. comparable to the free peptides. This
indicates that the attachment of the peptides to the gold
nanoparticle surface does not change their function.

Enhanced binding of the nanoparticle-bound peptides due
to a multi-activity effect is not observed because the protein
exhibits only one peptide binding site. Hence, even though
multiple peptides are present in close proximity, only one of
them can be bound by each protein at the same time. When it
comes to the recognition of a specific protein in a cell or a
tissue, the situation of a complete nanoparticle surface
saturation is unlikely because, in any biological medium,
other proteins are present as well. Our control experiments
with a nonbinding peptide clearly prove that no unspecific
protein attachment to the nanoparticle surface occurs.

Cell uptake studies were performed with gold nanoparticles
functionalized with a fluorescent binder peptide. The function-
alized gold nanoparticles were able to penetrate the cell
membrane whereas the peptide alone was not. This opens
innovative opportunities for peptide-functionalized gold as
nanocarriers for intracellular protein targeting.
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