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ABSTRACT The multicatalytic ubiquitin—proteasome system
(UPS) carries out proteolysis in a highly orchestrated way and
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regulates a large number of cellular processes. Deregulation of the
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UPS in many disorders has been documented. In some cases, such as % 525 1 3 ¢
carcinogenesis, elevated proteasome activity has been implicated in ; as0 - ) @ @
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disease development, while the etiology of other diseases, such as E 175 | % ? S e © ¢

neurodegeneration, includes decreased UPS activity. Therefore, 0 4

agents that alter proteasome activity could suppress as well as ¢ Chymotrypsin-like Activity & Trypsin-like Activity

enhance a multitude of diseases. Metal oxide nanoparticles, often O Caspase-like Activity

developed as diagnostic tools, have not previously been tested as

modulators of proteasome activity. Here, several types of metal oxide nanoparticles were found to adsorb to the proteasome and show variable
preferential binding for particular proteasome subunits with several peptide binding “hotspots” possible. These interactions depend on the size, charge,

and concentration of the nanoparticles and affect proteasome activity in a time-dependent manner. Should metal oxide nanoparticles increase proteasome

activity in cells, as they do in vitro, unintended effects related to changes in proteasome function can be expected.
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he ubiquitin—proteasome system
T(UPS) is conserved in all eukaryotic

species and is responsible for the
timely and orderly degradation of the major-
ity of cellular proteins, regulating in that way
most cellular processes.' > To maintain cellu-
lar homeostasis, the UPS targets not only
misfolded and oxidized proteins but also
cyclins, DNA repair proteins, and apoptosis
proteins when their presence interferes with
the ongoing cellular events.* Polyubiquitina-
tion most often triggers proteolysis, and ubi-
quitin modification is carried out by ubiquitin-
activating (E1), ubiquitin-conjugating (E2),
and ubiquitin—protein ligase (E3) enzymes.>®

FALASCHETTI ET AL.

Protein degradation is executed by the 265
proteasome, which receives and processes poly-
ubiquitinated proteins. Two subcomplexes
complete the 26S proteasome: the 28-subunit
core particle (20S proteasome) and the 19-
subunit regulatory particle (195 proteasome).”®
The 20S proteasome is a stable protein com-
plex, barrel-shaped, and composed of four
stacked heptameric rings of o.and 3 subunits
arranged as o4_7B1_701_704_7° The two
outer rings are composed of proteolytically
inactive a subunits forming a narrow pore
that allows entrance of unfolded substrate
proteins into the inner space of the complex,
the proteolytic chamber. The active sites of
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TABLE 1. Summary of the Nanoparticles Used in This Work®

di hudrad i

chemical composition (nm) (nm)

Fe30, 10.5 £ 1.1 426+13
Fe30, 10.5 £ 1.1 436+ 08
Fe304 41406 312407
Fe304 41406 271+ 11
Ti0, 202 x 3.0 £ 44 x02 N/A

Ti0, 51 x28+14x01 N/A

Fe;0,/Fe,05° ~35 595412

surface area per mol zeta-potential fwhm

(nm%/mol) shape surface coating (mV) (mV)

21 x 10% sphere  TEGC” —54 41 241
21 x 10% sphere  PEG600C —76+3 243
33 x 107 sphere  TEGc —36+1 1842
33 x 102 sphere  PEG600c —31+1 27+3
12 x 10% rod OH’ —64 %1 1941
37 x 102 rod OH —51+6 1442
23 x 107 sphere  carboxydextran” -2 +1 2141

“ Measurements shown here were done in nanopure H,0; additional zeta-potential measurements in other buffers and in the presence or absence of proteasome 205 complex
are given in Supporting Information Table S1. ® TEGc: tetraethylene glycol-carboxylate (average M, 250). < PEG600C: polyethylene glycol-carboxylate (average M, 600).
“Hydroxyl groups are formed as an outcome of tetramethylammonium hydroxide treatment following nanorod synthesis.*® © FeraSpin R, purchased from Miltenyi Biotec.

" Average MW 70 000.

the 1, 2, and 35 subunits face this inner space and
exhibit caspase-, trypsin-, and chymotrypsin-like activ-
ity, respectively.’® The 195 proteasome, an allosteric
stimulator of 20S proteolytic activity, recognizes poly-
ubiquitinated proteins, removes ubiquitin moieties,
and unfolds substrates to be degraded by the 20S
proteasome.'' ™

In organisms from yeast to humans, activity of the
UPS regulates cell cycle progression, signal transduction,
and differentiation.'>'® Diseases as varied as cardiac
dysfunction, autoimmune disorders, and viral infect-
ions often involve deregulated proteasome activity or
expression.” ~'® A decline of proteasome activity often
correlates with the appearance of protein aggregates in
age-related neurodegenerative diseases?® >* In addi-
tion, many cancers are linked with increased polyubiqui-
tination and/or proteasome quantity or activity.”>~

The investigation of nanomaterials as diagnostic and
therapeutic agents in medicine is expanding exponen-
tially. Therefore, it is important to evaluate interactions
of nanoparticles with different cellular components
and biomolecules.?® In most biological environments,
nanomaterials have the opportunity to interact with
local proteins. This leads to the creation of a protein
corona, which alters the biological identity of the nano-
particles and modulates biological responses to nano-
materials.?’~3° On the other hand, the folding and
activity of the bound proteins often change, as well 332

Most previous studies on protein coronas have
focused on plasma proteins that interact with the nano-
material rather than on intracellular proteins.*~3® Among
intracellular proteins, the proteasome is present in high
concentrations;””>® therefore, intracellular contact be-
tween nanoparticles and the 20S proteasome complex
is likely. A recent study indicated the presence of 20S
proteasome subunits in nanoparticle coronas,*® but the
functional effects of these interactions still await full
exploration.

Nanoparticles made of gold, iron oxide, and titanium
dioxide are among the most abundantly used metallic
nanomaterials. Nevertheless, protein interaction stud-
ies for the latter two nanoparticle types lag behind
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work done on Au nanomaterials. For example, a litera-
ture search for nanoparticle—protein corona articles
published this year results in only one paper on iron
oxide, while there are four such articles on Au
nanoparticles.**~** For work presented here, we as-
sembled a small collection of Fe;0, and TiO, nanopar-
ticles (Table 1, Supporting Information Figure S1).
Nanoparticle size and shape have been shown to
influence interactions with proteins;**#® therefore,
we selected spherical 4.1 and 10.5 nm Fe;O,4 nanopar-
ticles as well as FeraSpinR, commercially available
nanoparticles with a spherical 35 nm iron oxide core
and rod-shaped 20.2 x 3 and 5.1 x 2.8 nm TiO,
nanoparticles. While large iron oxide nanoparticles
such as FeraSpinR found their place in in vivo studies
as magnetic resonance contrast agents, smaller Fe30,
and Fe,03 nanoparticles are used in different non-MR
applications, as well, such as gene delivery.*’ With
regard to TiO, nanoparticles, rod-shaped nanoparticles
were selected because their synthesis allows for a more
controlled, monodisperse preparation.*® All of these
nanoparticles were prepared as monodisperse and
surface modified with hydroxyl groups or carboxyl
groups carried by ethylene glycol or dextran (Table 1).
Zeta-potential measurements of these nanoparticles in
H,0 and other buffers used in this study, in the presence
and absence of the 20S proteasome, are shown in
Table 1 and Supporting Information Table S1.

Several approaches were used to evaluate the inter-
actions between selected nanoparticles and the 20S
proteasome complex (Figure 1). We investigated the
depletion of individual 20S proteasome subunits and
their component peptides using Western blot and
mass spectrometry. We also studied fluctuations of
the 20S proteasome proteolytic activities in the pre-
sence of nanoparticles.

RESULTS AND DISCUSSION

Interaction between the 20S proteasome as a whole
and nanoparticles was investigated by mixing the 20S
proteasome with 10.5 nm Fes0,4 nanoparticles coated
with tetraethylene glycol-carboxylate (TEGc). These
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Figure 1. Schematic representation of experimental design. Metal oxide nanoparticles (1) adsorb to the 20S proteasome, (2)
show preferential adsorption to several peptide sequences, and (3) induce fluctuations in 20S proteasome activity. (1)
Following co-incubation of nanoparticles and 20S proteasome complexes, nanoparticles were pelleted, and unbound 20S
proteasome was quantified by Western blot and mass spectrometry (Figures 2 and 3). (2) 20S proteasome co-incubated with
nanoparticles was digested either by trypsin, chymotrypsin, or Asp-N; the nanoparticles were subsequently pelleted, and free
peptides were analyzed by mass spectrometry (Figures 4 and 5). (3) Cleavable luminogenic peptides were used to evaluate
three major catalytic activities of the 20S proteasome in the presence of nanoparticles (Figures 6—8).

“super-complexes” made of nanoparticles and the 20S
proteasome were visualized with transmission electron
microscopy (Supporting Information Figure S2). Co-incu-
bated nanoparticles and the 20S proteasome were ap-
plied to grids, stained with uranyl acetate, and dried.
Imaged samples show an interspersed distribution of the
20S proteasome and nanoparticles, suggesting that the
nanoparticles preferentially interact with the 20S protea-
some rather than with each other.

Next, the 20S proteasome was co-incubated with
increasing concentrations of 10.5 and 4.1 nm Fe30,
nanoparticles coated with TEGc or polyethylene glycol-
carboxylate (PEG600c). In these experiments, the con-
centration of proteasome was constant at 440 nM (2 ug
of purified 20S proteasome). After 17 h incubations,
nanoparticles were pelleted together with the ad-
sorbed 20S proteasome complex. Because of the high
colloidal stability of these nanoparticles, it was neces-
sary to induce flocculation before centrifugation. This
was done with the addition of 4.5 M NaCl; nanoparti-
cles precipitated in this manner formed an insoluble
pellet together with the 20S proteosome complexes
adsorbed on their surfaces. The same experimental
conditions applied to the 20S proteasome did not lead
to free protein precipitation (Supporting Information
Figure S3). Next, the supernatant was desalted and 20S
proteasome subunits were resolved by SDS-PAGE. The
a2 subunit was assessed by a Western blot as a repre-
sentative protein for the 20S proteasome complex.

In this assay setup, where irreversible co-precipita-
tion of nanoparticles and proteins is obtained after
centrifugation, greater adsorption of protein to the
nanoparticles corresponds to a reduction in the pre-
sence of protein in the supernatant. Using a Western
blot for the a2 subunit, we found that the nanoparticles
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adsorb the 20S proteasome in a concentration-depen-
dent manner (Figure 2). Both 62.3 and 103.8 nM concen-
trations of 105 nm Fe;0, TEGc and PEG600c
nanoparticles measurably depleted the a2 20S protea-
some subunit from the samples (Figure 2a,d). Only a 600
nM concentration of 4.1 nm Fe30, TEGc nanoparticles
achieved similar levels of 20S proteasome adsorption
(Figure 2b,c). The nanoparticle surface area per mol is
very different for these two nanomaterials, and the
cumulative surface of 103.8 nM 105 nm Fe;0, TEGc
nanoparticles and 600 nM 4.1 nm Fe;04 TEGC nanopar-
ticles is almost equal at 1.3 x 10'® and 1.2 x 10'® nm?,
respectively. Therefore, it is likely that surface area plays a
significant role in the concentration-dependent
nanoparticle—20S proteasome binding. However, nano-
particles of different diameters covered with PEG600c did
not show a similar result (Figure 2d—f). Due to its greater
length and higher polarity, the PEG600c coating may
make a greater contribution to the overall nanomaterial
properties than TEGc. However, it is difficult to speculate
why the binding capacity of 10.5 nm PEG600c particles
would be increased and that of 4.1 nm PEG600c particles
would be decreased, compared to their TEGc-covered
counterparts.

Because the use of high salt concentration and the
pelleting step can potentially disrupt nanoparti-
cle—protein interactions, surface plasmon resonance
(SPR) was used to confirm the adsorption between
nanoparticles and the 20S proteasome (Supporting
Information Figure S4). The 20S proteasome was im-
mobilized to carboxyl-coated SPR substrate chips via
amine-coupling chemistry and exposed to nanoparti-
cles. The 10.5 nm Fe;0, PEG600c nanoparticles de-
monstrated the highest adsorption capability, while
the 4.1 nm Fe304 PEG600c nanoparticles bound to 20S
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Figure 2. 20S proteasome adsorption to Fe30, nanoparticles determined through depletion of the a2 subunit. “Free” o2
subunit was quantified by Western blot following a 17 h incubation of 440 nM 20S proteasome with (a) 10.5 nm Fe;0, TEGc, (b,
c) 4.1 nm Fe30,4 TEGg, (d) 10.5 nm Fe;0, PEG600c, and (e,f) 4.1 nm Fe30, PEG600c nanoparticles. Nanoparticles and the
adsorbed 20S proteasome were irreversibly pelleted in the presence of 4.5 M NaCl and removed from the samples; the a2
subunit remaining in solution was detected by Western blot. Duplicate samples per nanoparticle concentration are

presented.

proteasome complexes most weakly (Supporting In-
formation Figure S4). SPR data predicted a nanoparticle/
protein stoichiometry greater than 1:1, making it im-
possible to obtain accurate kinetic parameters for
these interactions. These findings were in keeping with
the observations made by TEM (Supporting Information
Figure S2), which suggested that more than one nano-
particle can interact with a single 20S proteasome com-
plex and vice versa.

To determine the adsorption for each of the 20S
proteasome subunits individually, we examined the
supernatants of nanoparticle—20S proteasome co-in-
cubation experiments by label-free quantification by
mass spectrometry (Figure 3). Once again, 10.5 nm
Fes0, TEGc nanoparticles at 20.8 and 103.8 nM con-
centrations were incubated with 2 ug of 20S protea-
some protein (proteasome concentration of 440 nM)
for 17 h. The “super-complex” formed from nanoparti-
cles and the 20S proteasome was precipitated by the
addition of salt and centrifugation, and the unbound
protein in the supernatant was collected. The unbound
20S proteasome was denatured, digested with trypsin,
and analyzed by mass spectrometry. Total spectral
counting of each subunit in the 20S proteasome was
used to measure quantitative difference between na-
noparticle-treated 20S proteasome complexes and
controls (Figure 3). The spectral counting relies on a
general correlation between the number of peptides
sequenced per protein and the amount of sample
protein. In this experiment, incubation with 20.8 nM
10.5 nm Fe30,4 TEGc nanoparticles (nanoparticle/pro-
tein ratio of 1:21) does not lead to significant removal
of the 20S proteasome; however, incubation with 103.8
nM 10.5 nm Fe304 TEGc nanoparticles (nanoparticle/
protein ratio of 1:4) reduces the quantity of each of the
20S proteasome subunits in the supernatant to close to
40% (Figure 3). A similar degree of depletion of each of
the subunits under these experimental conditions
suggests that intact 20S proteasome complexes are
pulled down by the nanoparticles and that adsorption
of the 20S proteasome complex to nanoparticles does
not result in subunit dissociation.

To confirm that co-incubation with nanoparticles
does not separate the subunits of the 20S proteasome

FALASCHETTI ET AL.
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Figure 3. Mass spectrometry analysis of unbound 20S
proteasome subunits following co-precipitation of the 20S
proteasome and 10.5 nm Fe30, TEGc nanoparticles. 20.8 nM
(red) and 103.8 nM (blue) 10.5 nm Fe30,4 TEGc nanoparticles
were incubated with the 20S proteasome (440 nM) for 17 h
and the adsorbed 20S and nanoparticles irreversibly pre-
cipitated. Unbound protein from the supernatant was tryp-
sin digested; peptide spectral matches (PSMs) of each of
the 20S proteasome subunits were compared with the
nanoparticle-free control. The standard error of triplicate
experiments is shown. Statistical significance between
experimental and control samples was assessed with
an unpaired t test, where * reflects a p value <0.05 and
** reflects a p value <0.01.

or markedly alter the 20S proteasome complex struc-
ture, we measured the circular dichroism (CD) spectra
of co-incubated mixtures. The 10.5 nm Fe;0, TEGc
nanoparticles and the 20S proteasome were co-incu-
bated for 1 min, 3 h, and 17 h (Supporting Information
Figure S5). Minimal differences in the spectra could be
seen, although a small change in the spectra shape
around 220 nm can be noted for the 3 and 17 h
incubation time points, possibly indicating a mild
change in quantity of a-helix structure in the 20S
proteasome.>°

Although these data suggested that the whole 20S
proteasome complex is pulled down by the pelleting of
nanoparticles, we wanted to establish if there is a
preferential binding between specific 20S proteasome
subunits and nanoparticles. To investigate this ques-
tion, we performed a tryptic digest on a co-incubation
mixture of the 20S proteasome and nanoparticles.
Similar to before, the nanoparticles and the peptides
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still attached to the particle surface were pelleted
together, and the non-nanoparticle-bound peptides
were analyzed by mass spectrometry (see the sche-
matic diagram in Figure 1). Protein cleavage by trypsin
should be hindered close to a nanoparticle's surface; in
effect, nanoparticle proximity can be expected to
protect the peptides with the trypsin recognition
sequence (arginine or lysine followed by an amino acid
other than proline).>" Thus, should any selectivity in
interaction between nanoparticles and each of the 20S
proteasome subunits exist, the subunits with the stron-
gest binding preference for nanoparticles would be
represented by the fewest mass spectrometry-detected
peptides.

In this experiment, most of the 20S proteasome sub-
units after co-incubation with nanoparticles showed de-
creases in the proportion of full-length amino acid
sequences detected (coverage), compared to the cover-
age of trypsin digested control 20S proteasome (Figure 4).
While this effect was concentration-dependent, protein
coverage losses induced by the 103.8 nM nanoparticle
treatment were more frequently statistically significant
than those found after co-incubation with 20.8 nM nano-
particles. Additionally, the most striking depletion affected
the 86 and 37 subunits, indicating that their binding to the
10.5 nm Fe30,4 TEGc nanoparticles is the most prominent
(Figure 4). According to the crystal structure of the
mammalian 20S proteasome, the two 6 and the two
B7 subunits are in close proximity to one another.>
Therefore, it is possible that one nanoparticle can interact
with more than one of these subunits at the same time.

Because of the presence of carboxyl groups in the
TEGc and PEG600c molecules, nanoparticle surfaces of
TEGc and PEG600c nanoconstructs could be expected
to form ionic interactions with basic amino acid resi-
dues such as arginine and lysine. To investigate
whether the peptides most firmly bound to the nano-
particles have an unusual number of these amino
acids, we screened the peptide sequences present
and absent in peptide mixtures obtained from co-
incubation—digestion—precipitation experiments si-
milar to that described in Figure 4. Different concen-
trations of 10.5 nm Fes0, TEGc nanoparticles were
used varying the nanoparticle/protein ratio from 1:50
to 2:1 (Table 2, Figure 5, and Supporting Information
Figures S6, S7 and Tables S2, S3), and the pro-
tein—nanoparticle complexes were digested by trypsin
before nanoparticle precipitation. In addition, 20S
proteasome incubated with 10.5 nm Fe;0, TEGc na-
noparticles at a nanoparticle/protein ratio of 1:4 was
also digested with chymotrypsin or with endoprotei-
nase Asp-N (Table 2, Figure 5, and Supporting Informa-
tion Figure S7). Because cleavage sequences for these three
endopeptidases differ, we decided that the most “conser-
vative” evaluation of nanoparticle-adsorbed peptides
from the 20S proteasome should be limited to peptides
absent from the reaction supernatant of all three digests.

FALASCHETTI ET AL.
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Figure 4. Mass spectrometry analysis of the peptides of
each 20S proteasome subunit not engaged in binding with
10.5 nm Fe;0,4 TEGc nanoparticles. 440 nM 20S proteasome
incubated with 20.8 nM (red) and 103.8 nM (blue) nanopar-
ticles for 17 h was trypsin digested in the presence of the
nanoparticles. Nanoparticles were then precipitated from
the samples, and non-nanoparticle-bound peptides were
analyzed by mass spectrometry. Protein coverage, the
fraction of each full-length amino acid protein sequence
determined by mass spectrometry, is altered for majority of
the 20S proteasome subunits. Loss of protein coverage is
more pronounced with higher nanoparticle concentrations.
Standard error of triplicate samples is shown. Statistical
significance was assessed with an unpaired t test, where *
reflects a p value <0.05 and ** reflects a p value <0.01.

Sequences of these peptides are provided in Table 2 and
underlined in Supporting Information Figure S6. Posi-
tions of these peptides have been superimposed on the
3D structure of the 20S proteasome in Figure 5 and
Supporting Information Figure S7. 20S proteasome ami-
no acid sequences not detected by mass spectrometry
following incubation with other types of nanoparticles
(10.5 nm Fe;0,4 PEG600c, 4.1 nm Fe30, TEGc, and 4.1 nm
FesO, PEG600c) at a 1:1 nanoparticle/protein ratio are
also shown in Supporting Information Table S3.

Each of the peptides protected from proteolysis by
interaction with the nanoparticles is situated on the
external surface of the 20S proteasome, consistent
with the idea that 10.5 nm Fe;0,4 TEGc nanoparticles
should be prevented from penetrating the consider-
ably smaller entrance pore of the 20S proteasome
(~1.3 nm).? As reflected in Figure 4, subunits 86 and
7 show particularly long amino acid binding stretches
(Table 2). Working with a cellular extract, Lundqvist and
others found 35 and 36 proteasome subunits in the
protein corona of silica nanoparticles.3® However, since
these researchers did not focus on specific amino acid
interactions with their nanoparticles, it is difficult to
speculate whether the 20S proteasome peptides re-
sponsible for nanoparticle adsorption in that study are
identical to those identified here.

Inspection of Table 2 suggests that no specificamino
acid sequence or even single amino acid shows up
more frequently than the others in this set of peptides.
The only apparent similarity between these peptides is
that in each case the most polar amino acid of the
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TABLE 2. Identities of 20S Proteasome Peptides Adsorbing Most Strongly to 10.5 nm Fe;0, TEGc Nanoparticles®

mass net charge pH
subunit nanoparticle-bound peptide (Da) pl 7.6
al RPYGVGL 7609 938 0.7
a3 DIVKEVAK 901.1 7.0 —03
ELELSWVGELTNGR 16028 4.0 —23
DIREEAEKYAK 13515 47 —13
a4 VLNKTMDVSK 11344 99 0.7
ab TQNAEMRPL 1059.2 70 —03
al RPFGISALIVGFDFDGTPR 20654 6.9 —03
52 DYLAALAK 8640 6.7 —03
35 VIEINPY 8470 33 —-13
/36 QLGFHSIELNEPPLVHTAASLFK 25489 6.0 —11
SVPMGGMMVRQSFAIGGGSGSYIYGYVDATYR 34659 9.3 0.7
p7 LISSNLELHSLSTGR 16268 7.9 —0.2
MLKQMLFR 10664 115 1.7

net charge pH  hydrophilic  polarity (Zimmerman)  average area buried
8.0 ratio (min, max) (min, max)
0.5 0.14 0.043, 18.397 88.933, 144.267
—05 0.50 16.543, 33.177 113.833, 138.167
—25 0.43 0.743, 33.310 90.900, 158.100
—15 0.64 17.037, 50.600 104.800, 144.700
0.5 0.50 1.213, 18.180 108.133, 137.233
—05 0.44 2.303, 34.443 101.267, 149.667
—05 0.26 0.087, 33.250 87.433, 162.000
—05 0.25 0.043, 17.147 112.433, 146.533
—15 0.29 1.697, 17.803 118.067, 143.300
—14 0.30 0.160, 18.287 86.267, 157.900
0.5 0.27 0.000, 19.067 62.900, 171.133
—05 0.47 0.643, 33.877 85.000, 147.367
15 0.38 0.637, 18.153 132,933, 177.033

“The hydrophilic ratio corresponds to the number of hydrophilic residues, as compared to the total number of residues. Each peptide's polarity (Zimmerman values) and the

scale for “average area buried on transfer from standard state to folded protein” were calculated using the ProtScale tool hosted by ExPASy, done for a window size of

peptide (according to the Zimmerman scale)>® corre-
sponds roughly to a region where the most buried
amino acid (according to the “average area buried”
scale)® is located, with the least buried amino acid
placed in close proximity (see Supporting Information
Figure S8 and Table S4). It may be possible that the
nanoparticle presence provides the buried amino
acid's side chain a preferable source of polar interac-
tions compared to the rest of the protein itself, but the
data are still insufficient to conclusively support such a
model.

A protein's amino acid sequence, electrostatics, and
hydrophobicity have been reported to influence the
interactions between nanoparticles and the proteins or
lipids.3>*8-%° However, few of these studies have
attempted to elucidate specific amino acid binding
sites on the nanoparticle of interest. One study shows
that many of the tryptophanase, alcohol dehydrogen-
ase, bovine serum albumin, and cytochrome ¢ peptides
found adsorbed to Ag nanoparticles contain at least
one histidine residue, and it is proposed that affinity of
histidine for metals may be responsible for this
adsorption.’ Another study discussed the potential
involvement of basic and polar residues in the binding
of poly(acrylic acid)-coated Fe30, nanoparticles to
specific peptides of human serum albumin.?

It is possible that only portions of the peptide
sequences presented in Table 2 and Supporting In-
formation Figure S6 actually come into contact with
the 20S proteasome. If the interactions between the
20S proteasome and 10.5 nm Fe;0,4 TEGc nanoparti-
cles are due in any part to nonspecific charge interac-
tions, it should be noted that each of the binding
“hotspot” sequences except one contains at least one
basic amino acid (Table 2 and Supporting Information
Figure S6). Calzolai et al. identified a patch of electro-
negative amino acid residues involved in the binding
of ubiquitin to Au nanoparticles.®® In our case, 10.5 nm

FALASCHETTI ET AL.
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Fes0,4 TEGc nanoparticles appear to primarily contact
electrostatically neutral and electronegative patches of
the 20S proteasome (Figure 5b and Supporting Infor-
mation Figure S7). However, many of the binding
“hotspots” are adjacent to electropositive regions.
The electronegative and electropositive regions of
the 20S proteasome are not equally protrusive. In fact,
many of the electronegative patches appear to extend
away from the protein surface past the electropositive
patches. Therefore, it is possible that the negatively
charged 10.5 nm Fe30, TEGc nanoparticles are at-
tracted to the electropositive areas on 20S proteasome
complex surface but cannot make a direct contact
because of steric reasons. A study by Huhn et al.
showed that nanoparticle charge had no effect on
the number of adsorbed human albumin serum pro-
teins adsorbed to Au nanoparticles,** and the peptides
identified in this study have a wide range of pl values
(3.3—11.5, Table 2). This evidence suggests that elec-
trostatics may not be the only source of adsorption
affinity. All but one of the “hotspot” sequences in
Table 2 contain at least 25% hydrophilic residues, but
overall, minimal colocalization between 10.5 nm Fe;0,
and its polar TEGc ligand with the polar residue patches of
the 20S proteasome is observed (Figure 5b and Support-
ing Information Figure S7).

Data in Table 2 list many of the proteasome subunits;
most importantly, subunits with enzymatic activity (51,
32, and 35) bind to the Fe;04 nanoparticles tested. In
some cases, more than one amino acid sequence from
these proteins binds to nanoparticles, especially at
higher nanoparticle concentrations (Tables 2 and Sup-
porting Information Figure S6). Because adsorption of
proteins to nanoparticles can deregulate normal pro-
tein activity,>* we anticipated that this may be the case
with the 20S proteasome, as well. We investigated pro-
teolytic activity of the 20S proteasome after incubation
with different types of nanoparticles for different lengths
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Figure 5. “Hotspots” of adsorption between 10.5 nm Fe;0, TEGc nanoparticles and the 20S proteasome. 440 nM 20S
proteasome was incubated with 103.8 nM 10.5 nm Fe;0, TEGc nanoparticles (nanoparticle/protein ratio of 1:4) for 17 h and
digested by either trypsin, chymotrypsin, or Asp-N. The nanoparticles were pelleted with the adsorbed peptides, and “free”
peptides were analyzed by mass spectrometry. Peptides present in controls but consistently absent following all three digests
were considered the peptides most strongly incorporated into the nanoparticle corona. Their sequences are depicted in red in
(a) and yellow in (b) and shown in Table 2 and Supporting Information Figure S6. Positions of these peptides, as well as those
detected in control and 10.5 nm Fe;0, TEGc nanoparticle-treated samples (green), were located using PyMOL software and
the crystal structure of the mammalian 205 proteasome.’? Together, views 1—4 show the complete 360° surface area of the
20S proteasome. Regions in white in (a) represent peptides not covered by digestion of control or experimental samples, as
the enzymes were not 100% proteolytically efficient; it remains to be determined whether these regions contain of
nanoparticle binding areas of interest. Additional depleted peptides shorter than 7 amino acids, as well as amino acid
sequences missing at higher nanoparticle concentrations, are shown in Supporting Information Figure S6 and Tables S2, S3.
(b) View 1 has been expanded to include the electrostatic surface potential and polarity patches of the 20S proteasome using
VMD and APBS software and the PDB2PQR web server.>* >’ The remainder of this information for views 2—4 can be found in

Supporting Information Figure S7.

of time. Experiments with 5 min, 30 min, 1 h, 1.5 h, 6 h, and
17 h incubation periods were performed. For this study, 1
and 17 h time points were selected as the optimal condi-
tions for illustrating the effects of short-term and long-term
interactions between nanoparticles and 20S proteasome.
Following incubation of 20S proteasome with nanoparti-
cles, the appropriate aminoluciferin-conjugated peptide
substrates, specific for each of the main catalytic activities
of the 20S proteasome, were added to reaction mixtures.
Peptide—Iluciferin complexes, LLVY-aminoluciferin, Z-LRR-
aminoluciferin, or Z-nLPnLD-aminoluciferin, were used to
measure the chymotrypsin-like (31 subunit-dependent),
trypsin-like (52 subunit-dependent), and caspase-like (35
subunit-dependent) activities, respectively.

Different concentrations of 10.5 and 4.1 nm Fe;0,
TEGc nanoparticles (Figures 6, 7, and Supporting

FALASCHETTI ET AL.

Information Figures S9, S10) modulate the enzymatic
activities of the 20S proteasome, especially the trypsin-
like (52 subunit-dependent) activity after incubation
for 17 h, more so than any other nanoparticle type
studied here. Treatment with 10.5 and 4.1 nm Fe;0,4
PEG600c nanoparticles also alters enzymatic activities
of the 20S proteasome, especially at 17 h, but to a lesser
degree. Consistent with the observation that similar
total nanoparticle surface areas for TEGc-coated Fe;0,
nanoparticles adsorb comparable amounts of the 20S
proteasome, higher concentrations of 4.1 nm Fe30,
nanoparticles and lower concentrations of 10.5 nm
Fes0,4 nanoparticles achieved similar activation of the
20S proteasome (Figures 6, 7, and Supporting Informa-
tion Figures S9, S10). For example, 0.8 nM 10.5 nm
Fes04 TEGc nanoparticles and 6.3 nM 4.1 nm Fe30,
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Figure 6. Fluctuations in 20S proteasome activity following incubation with 10.5 nm Fe;0, TEGc and 10.5 nm Fe;0, PEG600c
nanoparticles. 20S proteasome (267 pM) was incubated with 10.5, 6.3, 3.1, 1.6, 0.8, or 0.4 nM nanoparticles (left to right) for 1
or 17 h, as shown. Approximate nanoparticle/protein ratios are indicated above the plots as white numbers superimposed
on black polygons. Three distinct 20S proteasome activities were evaluated by cleavage-matching luminogenic substrates;
each protease activity is indicated separately: chymotrypsin-like activity associated with the 55 subunit (blue diamonds),
trypsin-like activity associated with the 52 subunit (red circles), and caspase-like activity associated with the 51 subunit
(green squares). Error bars were calculated as standard deviation of two separate experiments, each performed in trip-
licate. Statistical significance was assessed with an unpaired t test, where * reflects a p value <0.05 and ** reflects a p value

<0.01.

TEGc nanoparticles correspond to a total nanoparticle
surface area of 1.7 x 10> and 2.1 x 10'® nm?, respec-
tively. They each stimulate the trypsin-like activity of
267 pM 20S proteasome by approximately 6.25-fold.

We next decided to compare Fes04 nanoparticles
with the commercially available, “large” superpara-
magnetic FeraSpin R nanoparticles (Miltenyi Biotec
Inc.). None of the FeraSpin R (35 nm) nanoparticle
concentrations tested leads to fluctuations in 20S
proteasome activity as pronounced as those mediated
by 10.5 and 4.1 nm Fe30, TEGc and PEG600c nano-
particles at any time point (Supporting Information
Figure S11).

Finally, we expanded our study to include uncoated
TiO, nanorods of two sizes and investigated their
effects on changes in 20S proteasome activity. In
Figure 8 and Supporting Information Figure S12, we
show that only the highest concentrations of 20.2 x
3 nm TiO, nanorods (nanoparticle/protein ratios in
excess of 2:1) stimulate the activity of the 20S protea-
some after 17 h. At 1 h, 5.1 x 2.8 nm TiO, nanorods
more significantly modulate proteasome activity than
20.2 x 3 nm TiO, nanorods. At 17 h, 5.1 x 2.8 nm

FALASCHETTI ET AL.

and 20.2 x 3 nm TiO, nanorods significantly modulate
proteasome activity, but incubation with 5.1 x 2.8 nm
TiO, nanorods leads to higher activity stimulation than
with 20.2 x 3 nm TiO, nanorods.

This work suggests that size, charge, surface coating,
and shape of nanoparticles may cause dose-depen-
dent changes in 20S proteasome activity. Small nanopar-
ticles may stimulate greater 20S proteasome activity
fluctuations than their larger counterparts. For example,
at the concentrations tested, the 20S activity fluctuations
caused by 10.5 and 4.1 nm Fe30, TEGc and PEG600c
nanoparticles and 5.1 x 2.8 nm TiO, nanorods exceed
those mediated by FeraSpin R nanoparticles and 20.2 x
3 nm TiO, nanorods (Figures 6—8 and Supporting In-
formation Figures S9—S12). Incubation of the 20S protea-
some with TEGc-coated nanoparticles may also lead to
more profound activity changes than incubation with
PEG600c-coated nanoparticles. In addition, nanoparticle
charge may play a role in the 20S proteasome activity
changes observed, as charge has been shown to sig-
nificantly impact biologic function**** In this regard,
FeraSpin R nanoparticles, the least negatively charged
nanoparticles used in this study, induce the smallest
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Figure 7. Fluctuations in 20S proteasome activity following incubation with 4.1 nm Fe;0, TEGc and 4.1 nm Fe30, PEG600c
nanoparticles. 20S proteasome (267 pM) was incubated with 10.5, 6.3, 3.1, 1.6, 0.8, or 0.4 nM nanoparticles (left to right) for 1
or 17 h, as shown. Approximate nanoparticle/protein ratios are indicated above the plots as white numbers superimposed
on black polygons. Three distinct 20S proteasome activities were evaluated by cleavage-matching luminogenic substrates;
each protease activity is indicated separately: chymotrypsin-like activity associated with the 55 subunit (blue diamonds),
trypsin-like activity associated with the 32 subunit (red circles), and caspase-like activity associated with the 51 subunit
(green squares). Error bars were calculated as standard deviation of two separate experiments, each performed in trip-
licate. Statistical significance was assessed with an unpaired t test, where * reflects a p value <0.05 and ** reflects a p value

<0.01.

activity fluctuations of any of the studied nanoparticles.
At the same time, it is well-established that less charged
nanoparticles have the greatest potential to form aggre-
gates, which can create other types of complications in
in vivo uses5> An expansion of the collection of nano-
particles used here will be necessary in order to draw
more conclusions pertaining to the underlying basis for
the effects we have observed. Until more is known about
trends in nanoparticle and protein adsorption, every
nanoparticle formulation must be carefully studied on a
case-by-case basis.

SPRreveals that adsorption of 10.5 and 4.1 nm Fe30,
nanoparticles to 20S proteasome protein occurs ra-
pidly (Supporting Information Figure S4). However,
interactions between the 20S proteasome and Fes;0,4
nanoparticles (or TiO, nanorods) for 1 h do not yield
the same increase of proteasome activity that was
observed after 17 h (Figures 6—8 and Supporting
Information Figures S9, S10, and S12). Additional me-
chanisms, independent of the initial nanoparticle—20S
proteasome adsorption event, could also contribute to
nanoparticle-mediated changes in 20S proteasome
activity. For example, evaluation of 20S proteasome

FALASCHETTI ET AL.

incubated with 10.5 nm Fe30,4 TEGc nanoparticles for
1 min, 3 h, or 17 h (Supporting Information Figure S5)
by CD suggests that any change in the 20S proteasome
complex structure is mild, possibly including a slight
modulation in a-helix structures.

Many factors have been shown to alter proteasome
activity, including small molecules, post-translational
modifications, the association of other proteins, and
allosteric effectors such as the 195 proteasome.®® In the
“closed” 20S proteasome conformation, the N-terminal
tails of the a subunits lock together and occlude the
pore.'? This leads to low, albeit measurable, levels of
proteolysis of peptides and denatured proteins. The
binding of the 19S proteasome to the 20S proteasome,
however, shifts the N-terminal tails of a subunits,
stimulating an “open” conformation ready for elevated
substrate translocation and proteolysis.5”® The nano-
particles tested here may operate via a similar mechan-
ism because a peptide in the N-terminus of the o5
subunit represents a nanoparticle binding “hotspot”
identified in this study (Supporting Information Figure
S6). The binding of 10.5 nm Fe;0,4 TEGc nanoparticles
to other 20S proteasome subunits which are not involved
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Figure 8. Fluctuations in 20S proteasome activity following incubation with 20.2 x 3 nmand 5.1 x 2.8 nm TiO, nanorods. 20S
proteasome (267 pM) was incubated with 405, 40.5, 4.5, and 0.45 nM nanorods (left to right) for 1 or 17 h, as shown.
Approximate nanoparticle/protein ratios are indicated above the plots as white numbers superimposed on black polygons.
Three distinct 20S proteasome activities were evaluated by cleavage-matching luminogenic substrates; each protease
activity is indicated separately: chymotrypsin-like activity associated with the 55 subunit (blue diamonds), trypsin-like activity
associated with the 52 subunit (red circles), and caspase-like activity associated with the 31 subunit (green squares). Error bars
were calculated as standard deviation of two separate experiments, each performed in triplicate. Statistical significance was
assessed with an unpaired t test, where * reflects a p value <0.05 and ** reflects a p value <0.01.

in pore formation may also contribute to an open 20S
proteasome conformation after a 17 h association period.
Because these regions of the o subunits lack secondary
structure, any changes in these residues would be un-
detectable by CD and must be addressed using alter-
native methods. Alternatively, it is possible that inter-
actions between nanoparticles and the outer surfaces
of the 81, 52, and S5 subunits modify their pro-
teolytic behavior, or that adsorption to subunits 56
and 7 alters the inner structure of the proteolytic
chamber, increasing the rate of degradation of lumino-
genic peptides easily entering through the 20S protea-
some pore.

Communication between the 19S proteasome and the
active sites of the 20S proteasome is documented.®*”°
The 10.5 nm Fe30,4 TEGc nanoparticles may show a slight
binding preference for the 32 (trypsin-like) subunit over
the 31 (caspase-like) and 35 (chymotrypsin-like) subunits
(Figure 4), and this could help to explain the differential
activity changes observed in this study with 10.5 and
4.1 nm Fe30, TEGc nanoparticles. While it is necessary
to explore these issues further, one of the most impor-
tant findings of this work remains that 20S protea-
some activity, if it is altered by nanoparticle interactions,

FALASCHETTI ET AL.

invariably increases with Fes0,4 nanoparticles and TiO,
nanorods.

We show that 4.1 nm Fes;0, nanoparticles bind to
the 20S proteasome and measurably stimulate its
activity (Figure 7 and Supporting Information Figure
$10). While magnetic resonance imaging applications
favor larger nanoparticles,”’ particles of 5 nm in dia-
meter are considered to be less hazardous than their
larger counterparts because of the possibility for renal
clearance in the whole organism.” At this time, it is
difficult to predict how the effects of metal oxide
nanoparticles on 20S proteasome binding and activity
will translate to an in vivo situation. If metal oxide
nanoparticles modulate 20S proteasome activity in
cells in vivo as they do in experimental conditions used
here, cellular homeostasis could be compromised.
Several aspects of metal oxide nanoparticle-induced
cytotoxicity studies suggest possible changes in pro-
teasome-regulated processes.”> 7> It is plausible that
endosomal escape of nanoparticles could lead to direct
interaction with the proteasome, and it is likely that the
cellular damage caused by agents that deregulate
all three proteasome activities would be significant.
Bortezomib, a small-molecule proteasome inhibitor
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approved by the FDA for the treatment of multiple
myeloma and mantle cell lymphoma, was found to be
less cytotoxic than originally anticipated because it
inhibits primarily the chymotrypsin-like activity of the
205 proteasome.”® In effect, nanoparticles that rela-
tively equally alter the chymotrypsin-, trypsin-, and
caspase-like activities of the 20S proteasome, such as
20.2 x 3 nm and 5.1 x 2.8 nm TiO, nanorods, could
pose greater risks than those that preferentially mod-
ulate one catalytic activity and do not affect the others,
such as 10.5 and 4.1 nm Fe30,4 nanoparticles.

CONCLUSIONS

Until now, nanoparticle adsorption to the protea-
some has rarely been studied, and to the best of our
knowledge, nanoparticles have not previously been

METHODS

Nanoparticle Preparation. FesO, nanoparticles were prepared
according to a reported procedure.”” Following synthesis, the
nanoparticle mixture was diluted 20:1 with a 1:1 mixture of ethyl
acetate and methanol. Nanoparticles were separated by mag-
net overnight, and the procedure was repeated five times. The
final purified particles were dispersed in hexane. To transfer the
Fe30,4 nanoparticles from hexane to water, a ligand composed
of a nitrodopamine and a carboxylate-terminated polyethyle-
neglycol was used. All chemicals were purchased from Sigma.

TiO, nanorods were synthesized via a high-temperature
nonhydrolytic method developed previously.*® TiO, nanorods
(10 mg) were dispersed in 4 mL of 1 M tetramethylammonium
hydroxide in butanol. The reaction mixture was incubated for
1 h with sonication, and the TiO, nanorods were collected by
centrifugation and redispersed in nanopure water.** All chemi-
cals were purchased from Sigma.

Nanoparticle Characterization. Nanoparticle sizes were quanti-
fied by transmission electron microscopy (TEM). Dynamic light
scattering (DLS) and zeta-potential measurements were taken
using a Malvern Zetasizer Nano instrument. Nanoparticles were
dispersed in nanopure H,0, and a minimum of three measure-
ments per sample was made at 25 °C. Nanoparticle molarity was
calculated based on [Fe] and [Ti] concentrations obtained by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) of acid digested samples, taking into account nanoparticle
size obtained by TEM, Fe30, density (5.17 g/cm3) or anatase
TiO, density (3.88 g/cm?), and Avogadro's number.

Western Blot for Nanoparticle—20S Proteasome Binding. Two mi-
crograms of purified 20S proteasome protein (R&D Systems) in
10 mM HEPES (Sigma, pH 7.6) was incubated with or without
nanoparticles at 25 °C for 17 h. All samples were centrifuged
(13000 rcf, 15 min) in the presence of 4.5 M NaCl (Sigma). All
supernatants were desalted using Zeba spin desalting columns
(Thermo Scientific) and dried in vacuo. The protein was resolu-
bilized, resolved via SDS-PAGE, and transferred to an Immobi-
lon-P PVDR membrane (Thermo Scientific). Membrane was
blocked overnight with 5% nonfat dry milk and probed for
1 h with a monoclonal antibody for the 20S proteasome o2
subunit (Enzo Life Sciences). Following incubation with a horse-
radish peroxidase-conjugated secondary antibody (Cell Signal-
ing Technology), membrane was visualized with the Pierce
SuperSignal chemiluminescent substrate (Thermo Scientific).

Trypsin Digestion for 20S Proteasome Quantity. Two micrograms
of purified 20S proteasome protein in 10 mM HEPES (Sigma, pH
7.6) was incubated with or without 10.5 nm Fe;0, TEGc
nanoparticles at 25 °C for 17 h. All samples were centrifuged
(13000 rcf, 15 min) in the presence of 4.5 M NaCl (Sigma). All
supernatants were desalted using Zeba spin desalting columns
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tested as modulators of proteasome activity. In this study,
we have found that several metal oxide nanoparticles
bind to the 20S proteasome with varying capabilities;
10.5 nm Fe30,4 TEGc nanoparticles and others may have a
preference for specific 20S proteasome subunits. Interac-
tion between metal oxide nanoparticles and the 20S
proteasome can result in induction of proteasome activ-
ity in vitro, and the different properties of these nano-
particles have different effects on 20S proteasome
activity fluctuations. Because the proteasome is abun-
dant in cells and regulates the majority of cellular pro-
cesses, nanoparticle-induced interference with cellular
proteasome activity may pose a cytotoxicity concern.
Conversely, in those diseases where decrease of protea-
some activity is noted, nanoparticle enhancers of protea-
some activity may open new avenues for treatment.

(Thermo Scientific) and dried in vacuo. Protein was resolubilized
in 8 M urea (Sigma), dissolved in 40 mM ammonium bicarbo-
nate (Sigma), and denatured (60 °C, 45 min). Protein was
reduced with 2.4 mM dithiothreitol (Sigma, 60 °C, 15 min) and
alkylated in the dark with 4.5 mM iodoacetamide (Sigma) (25 °C,
15 min). Protein was digested with 200 ng of sequencing grade
trypsin (Sigma) overnight at 37 °C, and the resulting peptides
were identified by mass spectrometry.

Digestion for Nanoparticle—20S Proteasome Adsorption Specificity.
Two micrograms of purified 20S proteasome protein in HEPES
(Sigma, pH 7.6) was incubated with or without 10.5 nm Fe30,
TEGc nanoparticles at 25 °C for 17 h. All samples were dried
in vacuo and resolubilized in 8 M urea (Sigma), dissolved in 40 mM
ammonium bicarbonate (Sigma). The protein was denatured
(60 °C, 45 min), reduced with 2.4 mM dithiothreitol (Sigma,
60 °C, 15 min), and alkylated in the dark with 4.5 mM iodoace-
tamide (Sigma, 25 °C, 15 min). Protein was digested with 200 ng
of sequencing grade trypsin (Sigma) at 37 °C, 100 ng of
chymotrypsin (Promega) at 25 °C, or 100 ng of Asp-N
(Promega) at 37 °C for 18 h. Following digestion, all samples
were centrifuged (13 000 rcf, 15 min) in the presence of 4.5 M
NaCl, and the peptides remaining in the supernatant were
identified by mass spectrometry (see below).

Peptide Identification by Mass Spectrometry. The digested protein
preparation was first dried in vacuo and resuspended in 500 uL
of 5% acetonitrile and 0.1% formic acid (Sigma). The samples
were further desalted using C18 spin columns (Thermoscientific).
The desalted peptides were loaded directly onto a 10 cm long,
75 uM reversed-phase capillary column (ProteoPep Il C18, 300 A,
5 um size, New Objective) and separated with a 100 min gradient
from 5% acetonitrile to 100% acetonitrile on a Proxeon Easy n-LC
Il (Thermo Scientific). The peptides were directly eluted into an
LTQ Orbitrap Velos mass spectrometer (Thermo Scientific) with
electrospray ionization at 350 nL/min flow rate. The mass spectrom-
eter was operated in data-dependent mode, and for each MS1
precursor ion scan, the 10 most intense ions were selected from
fragmentation by CID (collision-induced dissociation). The other
parameters for mass spectrometry analysis were as follows:
resolution of MS1 was set at 60 000, normalized collision energy
35%, activation time 10 ms, isolation width 1.5, and the +1 and
+4 and higher charge states were rejected.

The data were processed using Proteome Discoverer
(version 1.3, Thermo Scientific) and searched using an in-house
MASCOT server. The data were searched against the Swiss-Prot
database (version 2011_12). The species filters for database
search for samples was Homo sapiens. The other parameters
were as follows: (i) enzyme specificity, trypsin; (ii) fixed mod-
ification, cysteine carbamidomethylation; (iv) variable modifica-
tion, methionine oxidation and N-terminal acetylation; (v)
precursor mass tolerance was £10 ppm; and (vi) fragment ion
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mass tolerance was +0.8 Da. All the spectra were searched
against target/decoy databases, and the mascot significance
threshold was chosen to achieve a targeted false discovery rate
of 1%. The peptide identification was considered valid if its
corresponding mascot score was equal to or less than the
threshold. Protein grouping was enabled in Proteome Discoverer,
and proteins were grouped to satisfy the rule of parsimony.
Mass Spectrometry Quantification and Analysis. Spectral counting
was used as a measure of differential quantification between
control and nanoparticle-treated purified 20S proteasome. The
total number of peptide spectral matches (PSMs) correspond-
ing to a particular 20S proteasome subunit was calculated for
each sample as described above. The % relative quantitative
differences correspond to the ratios of total spectral counts
assigned for each subunit in control and nanoparticle-treated
samples. Results and standard error shown are representative of
the means of three control and three experimental samples.
Coverage of each 20S proteasome subunit was calculated
for each sample as a measure of the full sequence of each protein
identified by mass spectrometry. Coverage of each subunit of the
experimental (nanoparticle-treated) samples was compared to
the coverage of each corresponding subunit of the control
samples. Results and standard error shown are representative
of the means of three control and three experimental samples.
The isoelectric point (pl) of each peptide implicated in
nanoparticle binding was calculated according to the Lehninger
scale. The net charges at pH 7.6 and 8.0 were calculated using
the Peptide Property Calculator (Innovagen). Peptide hydro-
phobicity, polarity, hydropathicity, and “average area buried on
transfer from standard state to folded protein” were calculated
using ProtScale tool online at the Web site http://web.expasy.
org/protscale.>® Only polarity according to Zimmerman and the
“average area buried” values (Supporting Information Table S4)
are presented in the Table 2 and Supporting Information Figure
S8, as they suggest a combined peptide content pattern.
Visualization of Nanoparticle Binding Hotspots and 20S Proteasome
Electrostatics. The crystal structure of the mammalian 20S pro-
teasome (PDB ID: 1IRU) was opened with MacPyMOL (version
1.3), and the surface representation option was chosen. The
amino acid sequences implicated in the adsorption of nano-
particles to the 20S proteasome, as determined by mass
spectrometry, were selected using the color tool.
To visualize the electrostatics of the 20S proteasome (PDB
ID: 1IRU), the PDB2PQR web server was first employed selecting
the PARSE forcefield and internal naming scheme options.>*>>
The generated PQR file was loaded into VMD software.”” The
electrostatics calculations were performed using the Adaptive
Poisson—Boltzmann Solver (APBS, version 1.4) tool.”® From the
Graphical Representations window, the “Quick Surf” Drawing
Method and “Volume” Coloring Method were selected, and the
Color Scale Data Range was set to —3 to 3. Separately, the polarity
patches of the 20S proteasome were displayed using the “Quick
Surf” Drawing Method and “ResType” Coloring Method in VMD.
205 Proteasome Activity Measurements. Twenty or 100 ng of 20S
proteasome protein in 10 mM HEPES (pH 7.6, Sigma) was
incubated with nanoparticles in white 96-well microplates
(Enzo Life Sciences) in the dark at 25 °C for 1 or 17 h. Lu-
ciferin detection reagent supplemented with (i) 40 M Suc-
LLVY-aminoluciferin, (i) 30 uM Z-LRR-aminoluciferin, or (iii)
Z-nLPnLD-aminoluciferin (Promega Corporation) was then
added to the samples to measure the chymotrypsin-, trypsin-,
and caspase-like 20S proteasome activities, respectively. Lumi-
nescence was detected using a SpectraMax M5 plate reader 10
min after luciferin detection reagent addition. To reflect solely
nanoparticle-induced alterations of 20S proteasome activity,
background luminescence and the effects of nanoparticles on
luminescence/luciferase activity were taken into consideration
in the interpretation of data. Briefly, nanoparticles were incu-
bated with luciferin detection reagent supplemented with p-
aminoluciferin (Assay Biotech). The resulting luminescence was
measured, and nanoparticle-stimulated changes in lumines-
cence were subtracted from the 20S proteasome activity mea-
surements taken in the presence of nanoparticles.
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Tables S2 and S3. Additional mass spectrometry data with 10.5 and
4.1 nm Fe30,4 nanoparticles. Table S4. Scales used for calculations
in Figure S8. This material is available free of charge via the Internet
at http://pubs.acs.org.
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