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Abstract

In the biological systems, chemical and physical transformations of engineered silver
nanomaterials (AgENMs) are mediated, in part, by proteins and other biomolecules.
Metalloprotein interactions with AGENMSs are also central in understanding toxicity, antimicrobial,
and resistance mechanisms. Despite their readily available thiolate and amine ligands, zinc finger
(ZF) peptides have thus far escaped study in reaction with AQENMs and their Ag(l) oxidative
dissolution product. We report spectroscopic studies that characterize AGENM and Ag(l)
interactions with two ZF peptides that differ in sequence, but not in metal binding ligands: the ZF
consensus peptide CP-CCHC and the C-terminal zinc finger domain of HIV-1 nucleocapsid
protein p7 (NCp7_C). Both ZF peptides catalyze AgENM (10 and 40 nm, citrate coated)
dissolution and agglomeration, two important AGENM transformations that impact bioreactivity.
AgENMs and their oxidative dissolution product, Ag(l)(ag), mediate changes to ZF peptide
structure and metalation as well. Spectroscopic titrations of Ag(l) into apo-ZF peptides show an
Ag(l)-thiolate charge transfer band, indicative of Ag(l)-ZF binding. Fluorescence studies of the
Zn(I1)-NCp_7 complex indicate that the Ag(l) also effectively competes with the Zn(ll) to drive
Zn(ll) displacement from the ZFs. Upon interaction with AQENMs, Zn(ll) bound ZF peptides show
a secondary structural change in circular dichroism spectroscopy toward an apo-like structure.
The results suggest that Ag(l) and AQENMs may alter ZF protein function within the cell.

Environmental significance

The readily available thiolate ligands in ZFs make them plausible targets to drive AgENM
dissolution, resulting in increased release of Ag(l) in cells. In turn, interactions of ZFs with
AgENMSs and dissolved Ag(l) result in displacement of the native Zn(ll) and mediate sequence
specific structural changes in ZFs. Because many ZFs serve as transcription factors that control
protein expression, the ability of Ag(l) to displace Zn(ll) from ZF transcription factors and alter ZF
function could have a wide-ranging impact on the overall function of the organism. Ag(l) and
AgENM alterations to ZF function constitute a possible toxicity mechanism and may explain
sublethal effects of AQENMs in higher level organisms.
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1. Introduction

Due to their antimicrobial properties, silver engineered nanomaterials (AgENMs) are commonly
used in consumer goods, including textiles, personal care, kitchen, and medicinal products. The
rise in antibiotic resistant infections has increased recent interest in AGENMs in medicinal
products in particular. Currently available silver-containing biomedical materials include wound
dressings, endotracheal tubes, and bone prostheses.! AQENMs are attractive for further
development in such biomedical devices where risks of chronic infection are high. Compared to
the ionic form, the particle form of silver promises stabilization of silver and controlled release of
Ag(l). Yet, the predictable release of Ag(l)(aq) from products is complicated by the many variables
that control oxidative dissolution of AGQENMSs, including surface morphology, chemical stabilizers
or coatings, shape, size, and biomolecules in solution.?

Toxic concentrations of silver are significantly higher in eukaryotes than prokaryotes, thus
providing a therapeutic window for antimicrobial treatments. To ensure safe use and inform
targeted design of AQENMSs, recent studies have elucidated antimicrobial mechanisms,®>* as well
as eukaryotic response to AGENMs.*% AgENM toxicology has been reviewed and exposure
studies have begun to highlight key response mechanisms, including the importance of AQENM
oxidative dissolution and use of detoxification pathways known for other, higher abundance
metals.® For example, upon chronic exposure to AGENMs, rodents accumulated silver ions (not
particles) in their livers and biliary systems, then detoxified the silver via a copper pathway.”®
Similarly, long-term, low level exposure of AGENMs in fruit flies led to disruption of nonessential
copper metalloproteins.'™ These in vivo studies of AGQENMs highlight the importance of evaluating
silver interactions with eukaryotic metalloproteins to elucidate the role of silver in biochemical
pathways.

The oxidative dissolution of AQENMs makes it nearly impossible to study the biochemistry of the
particle alone. Surface oxidation and silver dissolution are key to most AQENM transformations in
biochemical system (reaction 1).

2Ag(s) + Y2 Oz(aq) + 2H* > 2Ag(l)(absorbed) + H.O(/) = 2Ag(l)(aq) + H20(/) [1]

Surface oxidation and silver dissolution are key to most AQENM transformations in biochemical
systems. Studies of AGENMs in an aerobic system must then include an analysis of both the
particulate zerovalent silver (Ag(s)) and oxidized silver (Ag(l)), which is found in greatest
abundance in solution after dissolution (Ag(l)(aq)). In complex biological systems, the oxidized
silver can drive forward additional AGENM transformations through formation of insoluble silver
salts, ligation to silver-bound biomolecules, and reoxidation.'"'2 The ligation of silver can catalyze
AgENM dissolution, while reoxidation drive reformation of new AGENMs.

Silver ligation is often driven by soft bases such as thiolates and may displace essential metals
such as copper or zinc in the process. A small library of metalloenzymes has been studied for
their interaction with Ag(l) and AGENMSs, including the redox protein Cu(ll) azurin, ' two proteins
involved in metal homeostasis (metallothionein 1 and periplasmic ceruloplasmin),’>'® and the
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firefly oxidase luciferase. In each case, protein function was disrupted to varying degrees. Even
non-metalloproteins have been shown to interact with and drive oxidative dissolution of
AgENMSs."81° As highlighted by Liu et al,’® the common feature of these proteins lies in the
presence of near-surface ligands, such as cysteine or histidine, available for binding to Ag(l) from
AgENMs.

Zinc fingers (ZFs) are a large class of metalloproteins that serve as signaling proteins by binding
Zn to surface exposed sites rich in cysteines and histidines.?*-?2 ZF proteins undergo a structural
change when they bind Zn(ll) ions. Ubiquitous in eukaryotes, ZFs serve a variety of roles in the
cell, including DNA recognition, RNA packaging, regulation of apoptosis, and protein
ubiquitination. Despite the preferred coordination for Zn(ll), ZF proteins have shown an affinity for
other metals, including Fe(l1)%24, Ni(l1)?42°, Co(ll), Au(1)?6%", Cu(1)?2-3°, Cd(11)*'*2, and Pb(l1)*. The
latter heavy metals have been shown to result in a loss of protein function and provide insight into
the toxic properties of Cu(1)?3° and Pb(ll1)33, for example, and the therapeutic properties of
Au(1)?5?7, Indeed, several ZF proteins were identified in the characterization of the protein coronas
of AGQENMSs formed from yeast proteins3* and in human blood plasma.® Despite the importance
of ZF proteins and their known interactions with an array of metals, ZF proteins have not yet been
studied in reaction with Ag(l) or metal ENMs.

While it is accepted that Zn(ll)-bound form predominates under cellular conditions, cellular
metalation state in general is very difficult to assess. Moreover, multiple examples of cell signaling
via transition metal ions suggests that metalloprotein metalation state may be more dynamic than
initially thought.®$37 Thus, one can envision that both apo- and Zn(ll)-bound ZFs may be found in
a cell, depending on cellular concentrations of Zn(ll) at a given moment. In response to cell
signaling events, concentrations of Zn(ll) increase in the cell, which in turn drives Zn(ll) binding
to apo-ZFs. The Zn(ll)-bound ZFs, which have a dramatically different structure than apo-, now
serve as a site-specific cellular interactor (e.g. interacting with other proteins, DNA, or RNA to
regulate their activity). Thus, to assess the role of a non-native metal on ZF protein function, both
apo- and Zn(lIl) bound structures should be studied.

In this report, we study Ag(l) and AGENM interactions with two model ZF peptides. The two well-
characterized ZF peptides vary in length and secondary structure but retain the same four amino
acids in the metal binding site, CCHC (Figure 1). The longer peptide is a consensus peptide, CP-
CCHC, and is representative of the classical BBa ZF fold.?+3%%3° The shorter peptide represents
the C-terminal ZF domain (residues 34-51) of nucleocapsid protein p7 (NCp7_C) from the human
immunodeficiency virus type 1.3 By comparing these two different ZF peptides, we gain insight
into the role of ZF primary and secondary structure in mediating interaction with Ag(l) and
AgENMs.

The goal of this study is two-fold. First, we aim to evaluate how the interaction of ZFs with the
surface of 10 and 40 nm citrate coated AgENMs and their potential to mediate particle
transformations, including agglomeration and oxidative dissolution. Second, we aim to assess
structural and functional changes to ZFs as a result of AGENM interactions, including
displacement of the native Zn(Il) and Ag(l) binding. Because both the apo- and Zn(Il) bound forms



129
130
131
132

133
134

135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158

of ZFs are biologically relevant, we evaluate both forms in this study. Moreover, by comparing
two different ZF peptides and Ag ENM sizes, we also gain insight into the role of peptide and
AgENM structure in facilitating interactions and structural changes in both species.

A
interaction
with other
biomolecules
Apo-ZF
B
CP-CCHC

PYKCPECGKSFSQKSDLVKHQRTCTG KGCWKCGKE GHOMKDCTE

Figure 1. Schematic for ZF reactivity and structures for the model ZF peptides, NCp7_C
and CP-CCHC. (A.) Apo-ZFs undergo a dramatic structural change as they bind Zn(ll) (shown
in purple). In the zinc-bound form, Zn(ll)-ZFs can site-specifically interact with DNA, RNA, and
other proteins to regulate cellular processes. Graphics of ZFs are for the single metal binding
peptide CP-CCHC (modified from PDB ID 2YTR); ZF proteins typically contain several zinc
binding domains. For simplicity, apo-ZF graphic shown here is simply a variation of the Zn-
bound structure, since apo-ZFs are relatively unstructured and do not have a PDB model
available. (B.) Two model ZF peptides, CP-CCHC and NCp7_C, were used in this study. Three
dimensional structures with secondary elements are shown in blue (modified from PDB ID 2YR
for CP-CCHC and 2L44 for NCp7_C), Zn-binding amino acids in orange, and Zn shown as a
purple sphere. The primary amino acid sequences are below the 3D structural models, with Zn-
binding residues shown in red.

2. Methods

2.1. Sample preparation

Peptides (Bio-Synthesis Inc., > 70% purity) were reduced and further purified in house via
reversed-phase high performance liquid chromatography (HPLC). Reduction was performed by
incubating peptides with 2 equivalents dithiothreitol per cysteine at 65 °C for 2 hours to reduce
thiols. After HPLC purification, samples were immediately lyophilized to dryness and stored at -
80 °C. All further measurements were performed in an anaerobic chamber (MBraun) maintained
at 90% N2/10% Hz unless otherwise noted. Peptide concentrations were calculated from the free
thiol content determined by reaction with 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB) to yield TNB
(€412=14,150 M cm).44
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Zn(ll) stock solutions were dilutions of a Zn atomic absorption standard (15.29 mM in 2% HNO3).
Silver stock solutions consisted of 0.1 M AgNOs; (Fluka Analytical). All buffers and stock solutions
were prepared with Milli-Q purified water that had been passed over Chelex resin (Sigma) to
remove trace metal ion contaminants.

Citrate coated 10 and 40 nm AgENMs stocks were used as received (Biopure from
nanoComposix, CA USA). ENMs were characterized before and after peptide exposure.
Concentrations of AGENMSs are reported here in particle molarity, not total concentration of silver.

2.2. ENM characterization

For Z-average hydrodynamic diameter and zeta potential measurements (ZetaPlus from
Brookhaven Laboratories), peptide and AQENMs were reacted in 5 mM citrate in a glovebox.
Peptide and AGENM concentrations were determined by the ratio of peptide to AQENMs used in
CD experiments. Measurements were taken after 10 minutes of incubation. A Smoluchowski
model was used to calculate zeta potential from electrophoretic mobility measurements.

For transmission electron microscopy (TEM) imaging, 20 uM peptide was reacted with 6.7 and
0.42 nM 10 and 40 nm AgENMs (respectively) under anaerobic conditions for 1 hour. Then, 1 uL
of sample was drop cast onto a Formvar-coated copper TEM grid. Samples were allowed to air
dry and subsequently dried under vacuum overnight before characterization using a Hitachi H-
9500 environmental TEM at 300 kV (NanoScale Fabrication and Characterization Facility,
Petersen Institute of NanoScience and Engineering, Pittsburgh, PA). AGENM size distributions
were determined from TEM images of at least 300 NPs from various areas of the grid. Image J
1.47d (National Institutes of Health, USA) was used to measure and count all particles.

2.3. ICP-MS

Concentrations of peptide were 50 yM and 3 nM AgENMSs. Samples were centrifuged (30 min, 21
K RCF) to remove ENMs from solution after 6 h incubation. Then, 85 % of the supernatant was
removed and recentrifuged to ensure all AQENMs were pelleted out. The sample was then
analyzed for Ag(l) concentration.

Ag(l) concentration was determined using an Agilent 7500CE ICP-MS (Agilent Technologies, Palo
Alto, CA, USA) by the Interdisciplinary Center for Plasma Mass Spectrometry (University of
California at Davis, CA, USA). The samples were introduced using a MicroMist Nebulizer (Glass
Expansion, Pocasset, MA, USA) into a temperature-controlled spray chamber. Instrument
standards diluted from Certiprep 2A (SPEX CertiPrep, Metuchen, NJ, USA) encompassed the
range 0, 0.5, 1, 10, 50, 100, 200, 500, 1000 parts per billion (ppb) in 3 % trace element grade
HNO:s (Fisher Scientific, Fair Lawn, NJ, USA) in 18.2-MQ water. A separate 100 ppb Certiprep 2A
standard was analyzed as every tenth sample as a quality control. Sc, Y, and Bi Certiprep
standards (SPEX CertiPrep) were diluted to 100 ppb in 3 % HNO3 and introduced by peripump
as an internal standard.

2.4. UV-vis titrations
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Absorption spectra were recorded with a Shimadzu UV-1800 UV-vis spectrometer located within
a glovebox to maintain an anaerobic environment. To measure Ag(l) binding to apo-peptides,
absorption spectra were recorded after each addition of 0.1 equivalents of metal to a 60 uM ZF
peptide sample. Samples were equilibrated for 15 minutes after each metal addition, when no
further spectral changes were observed. The spectrum of the corresponding apo peptide was
subtracted from the all titration spectra.

2.5. FluoZin studies

Displacement of Zn(ll) by Ag(l) was monitored using the zinc-specific probe FluoZin-3
(Invitrogen). Solutions of 50 nM FluoZin-3 and 150 nM Zn(ll)-bound peptide were prepared in
septum-sealed cuvettes under anaerobic conditions. The solutions were removed from the glove
box, and the fluorescence intensity at 520 nm was recorded on excitation at 495 nm. Degassed
solutions of aqueous silver nitrate or AQENMs were then added via a gastight syringe, samples
were allowed to equilibrate for at least 15 minutes, and the fluorescence was recorded. Control
solutions of 50 nM FluoZin-3 with one of the following were also measured to ensure none of the
reactants caused interference with the fluorescence signal: 125 nM Zn(ll), 150 nM Ag(l), 150 nM
apo-peptide, 0.0187 nM 10 nm AgENMSs, and 0.001165 nM 40 nm AgENMSs were also measured
as controls.

2.6. CD studies

Circular dichroism (CD) measurements were performed at 24°C with an Olis RSM 1000 CD
spectrometer using a quartz 1 mm pathlength gas-tight cuvette. CD samples were prepared in 10
mM tris(hydroxymethyl)aminomethane buffer, pH 7.5 for a final peptide concentration of 20 uM
within a glovebox (MBraun), then sealed with a septum to retain an anaerobic environment during
data collection. To test for the displacement of Zn(ll) with silver species, the following were added
to samples of 20 uM Zn(ll) bound peptide, then allowed to react for 20 min prior to taking a
spectrum: 44 yM AgNO3, 6.7 nM 10 nm AgENMs, or 0.42 nM 40 nm AgENMSs. Three scans were
averaged per sample.

3. Results and discussion

3.1. Characterization of AGQENMs upon interaction with ZF peptides.

AgENMs are unstable and transform in biological conditions. ZF peptide mediated
transformations to the AgENMs may include: a.) interaction at the AgENM surface, b.)
agglomeration of the AGENMs, c.) catalysis of AGENM oxidative dissolution, and d.) reformation
of AgENMSs. These changes to AGENM chemical reactivity, stability, morphology, and size are
each strongly correlated with AGQENM environmental fate, bioavailability, and toxicity.

3.1.a. Interaction of ZF peptides at the AGENM surface.

To assess interaction of ZF peptides at the AQENM surface, the zeta-potential of the AGENMs
was characterized before and after addition of ZF peptides (Figure 2A). The strongly negative
zeta-potentials for the 10 and 40 nm AgENMs is consistent with their negatively charged citrate
coating. Upon addition of apo- or Zn(ll) bound ZF peptide, this negative zeta-potential becomes

7
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less negative or positive; this significant shift in zeta-potential upon addition of ZF peptides is
indicative of peptide absorption to the particle surface.

When evaluating the zeta-potentials upon addition of apo-peptide, there are minor differences
between the two ZF peptides. For 10 nm AgENMs, the CP-CCHC increases zeta-potential more
than NCp7_C, which reflects the greater positive charge of the CP-CCHC peptide (pl of CP-CCHC
is 8.7 vs 7.1 for NCp7_C). In fact, in the case of 10 nm AGENMSs, the zeta-potential is even positive
after the addition of CP-CCHC. The differences in apo-peptide zeta-potentials were less
pronounced with the 40 nm AgENMs.

Upon addition of Zn(ll)-bound ZFs, the zeta potential further increases and, in all cases, becomes
positive. This is consistent with the increase in charge to the peptides upon addition of a divalent
cation.

3.1.b. Agglomeration of AQENMs upon addition of ZF peptides.

AgENM agglomeration and stability were characterized in solution before and after interaction
with ZF peptides to assess changes to AGENM stability. Effective diameters and polydispersity
indexes are shown in Table 1. Upon addition of ZF peptides, the measured effective diameter of
AgENMSs increases and results in polydisperse particles. Both 10 and 40 nm AgENMs form
significant aggregates upon addition of both apo- and Zn(ll)-bound ZF peptides. The
agglomeration of AgENMs upon addition of proteins or peptides is common and may be due to a
broad range of mechanisms (e.g. protein unfolding, shielding of the AGENM charge, etc). Indeed,
the deformability of proteins has been linked to ENM agglomeration*® and ZF peptide structural
changes may, indeed, be the driving force here as well (vide infra). Further research is required
to elucidate a detailed mechanism of agglomeration.

3.1.c. ZF peptide catalysis of AGENM oxidative dissolution.

Oxidative dissolution is a well-established chemical transformation of AGQENMs in biologically and
environmentally relevant systems. Since the bioavailability and toxicity of AGQENM is, in large part,
due to Ag(l), the oxidative dissolution of AGENMs is particularly relevant for the biological
response. The oxidative dissolution of AGQENMs was measured with and without the presence of
ZF peptides after six hours of reactivity. Then, the AGENMs were spun out of solution and
Ag(l)(aq) concentrations in the supernatant were measured with ICP-MS. Results of this analysis
are shown in Figure 2B.

Since AGENMs naturally undergo oxidative dissolution, there is a small amount of dissolved silver
in the peptide-free samples. Yet, when ZF peptides are added, the amount of dissolved silver
observed in solution was two orders of magnitude higher. This dramatic increase in AGENM
oxidative dissolution was consistent across both 10 and 40 nm AgENMs and across apo- and Zn-
bound peptides. The largest percentage of Ag(l)(aq) detect is a small fraction of the total silver in
the sample — at less than 5 %. Thus, although the ZF peptides mediated oxidative dissolution,
none of the samples demonstrate a large amount of oxidative dissolution under these reaction
conditions. Previous work in AGENM oxidative dissolution suggests that oxidation and release of
Ag(l) initially occurs rapidly, or as a “burst”, then slows at later timepoints as the system reaches
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solubility limits.*647 This type of phenomenon could explain the lower overall concentrations of
Ag(l) released across all samples.

Although there is not a clear trend in Ag(l) concentrations measured upon addition of the two
different peptides, NCp7_C and CP-CCHC, the peptide conformation appears to influence the
dissolution of AGENMs. Dissolution with the addition of Zn(ll) bound peptides was higher for seven
of the eight samples analyzed with peptide; the sole exception is Zn(ll) CP-CCHC in reaction with
10 AgENMs, where measured Ag(l) concentrations were equivalent or slightly lower than apo-
CP-CCHC. There may be many mechanistic explanations for this increase in dissolution upon
metalation of the peptide. The zeta-potential results, however, suggest that there may be stronger
electrostatic interactions between the Zn(ll)-bound peptide and the citrate coated AQENMs. The
greater ZF peptide- AgENM interaction may, at least in part, lead to increased oxidative
dissolution and release of Ag(l) into solution.

The observation that proteins can catalyze oxidative dissolution of AGENMs is in agreement with
previous studies that include both metallo-'*'64® and nonmetallo-proteins''°. Across these
AgENM dissolution studies, the results indicate that exposed metal binding amino acids, like
cysteines and histidines, bind dissolved Ag(l) to drive the oxidative dissolution process. Indeed,
Marchioni et al demonstrated a correlation between the number of exposed thiols and rates of
AgENM dissolution.*® Other amino acids, such as methionine, may, however, also play a role in
the mechanism. For example, in other Ag(l) binding peptides involved in Ag-resistance in bacteria,
methionine and histidine appear to play a key role in Ag(l) binding.*® Protein binding to Ag(l),
either from the ENM surface or from solution, would be sufficient to catalyze oxidative dissolution.
The theory that thiols, in particular, mediate AQENM dissolution is consistent with the broader
argument that sulfidation plays a key role in AGENM transformations, either in biological or
environmental systems.50%!
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Figure 2. Characterization of 10 and 40 nm AgENMSs upon interaction with ZF peptides.
(A.) Zeta potential of AGENMs with and without ZF peptides was measured in aqueous solution.
(B.) The percent of total silver in the AQENM sample that has oxidized and dissolved to form
Ag(l)(aq) was measured in supernatant by ICP-MS after six hours of ZF peptide exposure. Note,
the y-axis for the dissolution data is shown on a log-scale to ease comparison across all
samples.

Table 1. Effective diameter of AQENMs with and without ZF peptides. Polydispersity is
shown in parentheses.

10 nm AgENMs | 40 nm AgENMs
no peptide 18.5(0.163) 45.7 (0.184)
apo NCp7_C 96.6 (0.281) 219.1 (0.266)
Zn(ll) NCp7_C 152.2 (0.182) 147.7 (0.332)
Apo CP-CCHC | 114.0 (0.222) 282.8 (0.343)
Zn(ll) CP-CCHC | 180.1 (0.217) 163.7 (0.315)

3.1.d. ZF peptide induced AgENM size or morphology

Previous studies evaluating peptide-AgENM interactions and sulfidation have shown AgENM
agglomeration, oxidative dissolution®? and, in some cases, that the dissolved Ag(l) can reform
new AgENMs and may drive oxidative coupling between peptides.”'? To evaluate potential
reformation of AGQENMs and any other changes to AGENM size or morphology, the samples were
examined by TEM (Figure 3). Consistent with DLS results, some agglomeration appears in the
microscopy images of the AQENMSs.

10
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Overall, ZF peptide exposure did not change the shape or size of the primary AQENMs. The sizes
for the 10 nm AgENMSs are: 11.0 £ 2.0 nm, 10.5 £ 2.1 nm, and 10.8 £ 2.1 nm for the AGENMs
exposed to NCp7_C, CP-CCHC, and no peptide, respectively. The sizes for the 40 nm AgENMs
are: 36.2 £ 3.8 nm, 36.4 + 3.7 nm, and 35.8 £ 3.8 nm for the AGENMs exposed to NCp7_C, CP-
CCHC, and no peptide, respectively. Histograms of TEM size measurements are included in the
Sl (Figure SI.1). The 10 nm AgENM samples clearly contained smaller particles in the samples,
but the smaller particles do not appear more abundant in the ZF peptide exposed samples.

images of AGENMs before and after ZF peptide interaction.
Samples at the left (A, C, E, G and I) all contain 10 nm AgENMs and to the right (B, D, F, H and
J) contain 40 nm AgENMs. The AGENM s in the top row (A & B) have not been reacted with
peptide; second row (C & D) reacted with apo-NCp7_C; third row (E & F) reacted with Zn(ll)
NCp7_C; fourth row (G & H) reacted with apo- CP-CCHC; and bottom row (I & J) reacted with
Zn(Il) CP-CCHC.

3.2. Ag(l) and AgENM induced changes to ZF peptides

In response to cellular signals that dramatically increase concentrations of Zn(ll), ZF proteins
respond by binding Zn(ll), undergoing a dramatic structural change, and interacting with
downstream biomolecules such as DNA. AQENMSs, or their oxidative dissolution product Ag(l),
may disrupt ZF protein function by: a.) binding to the apo-form of the ZF, b.) disrupting binding

11
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of the native Zn(ll), or c.) altering the ZF structure to interfere with downstream interactions with
other biomolecules.

3.2.a. Ag(l) binding to the apo-peptide

Although metal binding properties of ZF peptides have been widely studied, none have yet
focused on Ag(l) binding to ZF peptides. To assess whether ZF peptides bind Ag(l), Ag(l) titrations
into ZF apo-peptides were monitored with UV-vis spectroscopy. For both CP-CCHC and NCp7_C,
addition of Ag(l) resulted in the appearance of absorption features in the ultraviolet region (Figure
4). Unfortunately, AGENM absorbance obscures the ZF peptide spectral features, making it
difficult to monitor metal binding to the peptide using electronic spectroscopy. Thus, although
titrations of Ag ENMs into apo- ZFs were attempted, results are uninterpretable (data not shown).

Both ZF peptides show high energy transitions that are partially obscured by Ag-citrate buffer
interactions along with weaker, lower energy features > 240 nm. For CP-CCHC the high energy
feature is centered at 218 nm, with a wide shoulder and secondary feature around 270 nm;
similarly, the NCp7_C feature is centered at 233 nm. To ensure these spectral characteristics are
not simply a byproduct of Ag(l) binding to the citrate buffer, Ag(l) titrations were also performed in
the buffer alone and for each ZF peptide in just water (Figure S.1.2). The spectral characteristics
observed for both ZF peptides resemble absorption features previously reported for Ag-
metallothionein complexes'® and are tentatively assigned to Ag(l)-thiolate charge transfer
because of its similarity to the same spectral feature previously seen for apo-ZF binding to Cu(l)
and other heavy metals?628:33

The increase in absorbance as a function of the number of Ag(l) equivalents at multiple
wavelengths indicates that the peptides bind multiple Ag(l) ions per peptide. For both peptides
across peaks, absorbances continue to increase beyond the 1:1 stoichiometry of Ag ions to ZF
peptide, only leveling out at or above 6 equivalents of Ag(l). The absorbance bands and high
concentration of Ag(l) required to reach maximum absorbance is consistent with previous reports
of silver binding to metallothionein.' The increase in absorbance beyond a 1:1 stoichiometry
could be due to weak binding, an alteration of the Ag(l) coordination geometry at higher Ag(l)
equivalents, and/or the formation of intermolecular interactions.?®® Similar results were reported
across an array of heavy metals studied in reaction with ZF peptides.?6283% Although the exact
nature of binding is beyond the scope of this report, further study could elucidate the speciation
of these complexes including quantification of silver ions bound to the ZF peptides with LC-MS.
Additional methods such as NMR spectroscopy could also provide a structural model of the Ag-
bound peptide and may identify the amino acids involved in Ag-binding; however, many of the
Ag-binding scenarios mentioned, such as the larger than 1:1 binding stoichiometry and inter-
peptide interactions, may complicate spectral interpretation.
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Figure 4. Differential absorption spectra on the addition of Ag(l) to the apopeptides: CP-
CCHC (A.) and NCp7_C (B.). Inset shows increase in differential absorbance at 218 nm as
Ag(l) was titrated into CP-CCHC (A.) and at 233 nm as AgNOs was titrated into NCp7_C (B.).
Arrows in the main figures correspond to the inset. Spectra were recorded with 60 uM peptide in
5 mM citrate buffer at pH 6.2. The apopeptide spectra were used as baselines to give
differential absorption as Ag(l) was titrated into the sample. The data are representative of three
independent experiments; error bars in the insets show standard deviation across the trials.

3.2.b. Ag(l) binding to the Zn(ll) bound peptide

The effects of silver ions on the Zn(ll) bound ZF peptides were also monitored. Induced changes
to the Zn(ll) bound ZF structure of NCp7_C were confirmed and quantified using the intrinsic
fluorescence of tryptophan (position 37) in NCp7_C (Figure 5). Consistent with earlier reports,
intrinsic tryptophan fluorescence increases considerably upon Zn(ll) binding to the apo-
peptide.?®43 Addition of Ag(l) and AGENMs result in quenching of the tryptophan fluorescence.
For Ag(l), quenching begins to level off near two equivalents of Ag(l). The quenching of
tryptophan’s intrinsic fluorescence in Zn(ll) NCp7_C with just two equivalents of Ag(l) suggests
the loss of Zn(ll) and structural changes upon Ag(l) binding.

Although Ag ENMs, both 10 and 40 nm in size, were tested, the inner filter effects from the

particles’ strong absorption at excitation and emission wavelengths hindered our ability to collect
reliable data with AQENMs.
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Figure 5. Intrinsic fluorescence spectra (A(ex) = 280 nm) of 40 pM Zn(ll) NCp7_C upon
addition of Ag(l). (A.) Sample fluorescence spectra of Zn NCp7_C (black line) upon addition of
AgNOs (all other spectra). (B.) Normalized fluorescence intensity (A\(em) = 364 nm) during the
titration of Ag(l). Spline curve is provided to guide the eye and is not a fit of the data.

3.3 Ag(l) and AgENM displacement of the native Zn(ll) bound to ZF peptides

The loss of bound Zn(ll) from ZF peptides is key to evaluating the role of Ag(l) and AGENMs in
altering ZF protein function. To assess Zn(ll) displacement from the ZF peptides, FluoZin-3, a
Zn(ll)-sensitive fluorescence probe was used (Figure 6). FluoZin-3 exhibits a dramatic increase
in fluorescence in response to free Zn(ll) in solution.®* Moreover, it is far more responsive to Zn(ll)
than Ag(l). Control experiments were performed to ensure that Ag(l) and AGENMs did not react
with FluoZin-3 and to ensure that Zn(ll) was fully bound to the ZF peptides prior to addition of
silver (Figure S1.3). To ease comparisons, all data in Figure 6 is shown as % change from the
FluoZin-3 fluorescence recorded for the Zn(ll)-bound ZF peptide without the addition of Ag(l) or
AgENMs. Given the sensitivity of FluoZin-3 for free-Zn(ll) and specificity for Zn(ll) over Ag(l), it
serves a rapid, sensitive method to detect displacement and release of Zn(ll) from the ZF
peptides.?® The assay is a broadly applicable tool to directly probe for Zn(ll) release upon metal
ion substitution; a traditionally challenging experiment because Zn(ll) is spectroscopically silent.

For both ZF peptides, the addition of one equivalent of Ag(l) results in a ~40-50% rise in FluoZin-
3 fluorescence compared to that of Zn(ll)-bound ZF peptides alone. From this increase in
fluorescence, we conclude that the addition of Ag(l) results in Zn(ll) ejection from the ZFs, at the
very least results in the formation of a Zn(ll)-bound complex that allows the dye to strip the Zn(ll)
from the binding pocket, despite the relatively low affinity of FluoZin-3 for Zn(ll). This result is
remarkably consistent with the observation of a ~40-50% loss of trypophan fluorescence upon
addition of the same amount of Ag(l), as discussed in the previous section.

The addition of AGENMSs to the Zn(ll)-bound ZF peptides resulted in a ~70 % uniform change.
Although it is hard to compare Ag(l) results directly to those from AgENMSs, the release of Zn(ll)
from the ZF peptides was similar across both AGQENMSs, independent of size. The concentrations
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of 10 and 40 nm AgENM used here were normalized to ensure consistent surface area,
suggesting available surface area was key to determining Zn(ll) release from the peptide.

In a cellular environment, release of Zn(ll) from ZF proteins would not only disrupt ZF function,
but also alter Zn(ll) homeostasis. Changes in Zn(ll) speciation, whether protein bound or
unbound, may impact cell function beyond ZF, including zinc sensing, signaling, and complexation
with low molecular weight biomolecules.®
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Figure 6. Relative change in fluorescence of FluoZin-3 after each of the following was
added to 20 uM Zn(ll) ZF peptide: 20 uM Ag(l), 0.0187 nM 10 nm AgENMs, and 0.001165
nM 40 nm AgENMs. Results are plotted as fluorescence changes relative to the respective,
ion-free Zn(Il)-bound ZF sample and expressed as (F-Fo)Fo, where F is the fluorescence
intensity of the sample with addition of a silver species and Fo is the fluorescence intensity of
the Zn(lIl)-bound ZF sample, NCp7_C or CP-CCHC respectively. Samples were allowed to react
with the silver species for 30 min before spectra were taken.

3.4. Changes to ZF peptide structure as a result of Ag(l) and AgENM interaction

ZF proteins and peptides rely upon a notable structural change upon Zn(ll) binding to turn on
cellular signaling functions. Only in the Zn(ll) bound structure can ZF proteins bind DNA to
regulate transcription, for example. Thus, ZF peptide structure changes upon addition of Ag(l)
and AgENM provides insight into potential changes in ZF cellular function.

CD spectra were recorded to monitor structural changes to the Zn(ll)-bound ZF peptides (Figure
7). Spectra of apo- and Zn(ll) ZF peptides were recorded as comparisons, to assess the structural
changes in each Zn(ll)-bound ZF peptide upon addition of Ag(l) and AGENMs.

The addition of 1.1 equivalents of Ag(l) to Zn(ll)-bound ZF peptides caused only minor changes
to the Zn(Il)-bound NCp7_C signature spectrum, the CP-CCHC spectrum most closely resembles
that of the disordered apo-peptide with a spectral minimum at 198 nm. However, with addition of
additional Ag(l), the NCp7_C spectrum overlays with the apo-NCp7_C spectrum, thus reinforcing
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the observation that higher stoichiometric ratios of Ag(l) are required to alter the peptide, as
observed in the UV-vis and tryptophan fluorescence studies. Because CD is an insensitive
technique, we are unable to draw detailed insight into the structure of the peptide upon Ag(l)
addition. However, the CD data for both ZF peptides indicate that addition of Ag(l) to the Zn(ll)-
bound structure results in a disordered peptide structure, and by extension, is likely to disrupt
function.

The addition of AQENMSs, whether 10 or 40 nm, to Zn(ll)-bound ZF peptides, resulted in spectra
that resemble the apo-peptide spectrum for both ZF peptides. For NCp7_C, the CD spectrum
after addition of either AQENM overlaps with the apo-peptide indicating a random coil formation.
For CP-CCHC, the CD spectra after addition of AGQENMs have a wider shape but have a spectral
minimum at 198 nm that is indicative of the apo-structure. Likely, the CP-CCHC peptide has a
new, or hybridized structure (similar to both the apo- and Zn(ll)-bound structures) after AQENM
addition. Again, the spectral changes upon AgGENM addition are indicative of changes to the
structure of both ZFs, which is likely to disrupt function.
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Figure 7. CD spectra of NCp7_C (A.) and CP-CCHC (B.) in reaction with Ag(l) and Ag
ENMs. After recording the apo-peptide spectrum (black), Zn(ll) was added and a Zn(ll) peptide
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spectrum was obtained (red). To the Zn(ll) peptide, the following silver species were added and
spectra recorded: 1.1 ratio of Ag(l) (blue), 4.4 ratio of Ag(l) (blue dotted in A only), 10 nm Ag
ENMs (pink), or 40 nm Ag ENMs (green) was added prior to taking a final spectrum of the
sample. All spectra are of 20 uM peptide in 10 mM Tris buffer, pH 7.4.

5. Conclusion

To extend our understanding of the role of proteins in mediating AGENM transformation and
cellular responses, we evaluated the interaction between AGENMs of two sizes with two model
ZF peptides. Importantly, these ZF peptides do not differ in Zn(ll) binding residues, but rather
primary and secondary structural elements. Thus, by comparison of results across two different
ZF peptides, we can ensure our results can be applied across an array of ZF structures. Our
motivation in evaluating this system is broadly two-fold. First, to assess the impact of
metalloproteins with exposed or label metal binding sites on AQENM transformations. Second, to
specifically characterize ZF peptide structural changes as a result of AQENM and its dissolution
product Ag(l). Since ZFs exhibit exposed metal binding sites and high metal binding constants,
they are relevant models to test the ability of Ag(l) and AGENM disruption of metalloprotein sites.
Any disruption of the metal binding and structure could have wide-ranging impacts on the
transcriptional regulation in organisms iand provide mechanisms for AQENM cellular response.

Schematics summarizing insights into the interaction of AQENM and Ag(l) with apo- and Zn(ll)-
bound ZFs are summarized in Figure 8. In a high level overview, ZF peptides drive AGENM
agglomeration and catalyze oxidative dissolution to form Ag(l). In turn, the native Zn(ll) is
displaced from the ZF peptides, if bound. The resulting peptide structure resembles the structure
of the apo-ZF peptide. Spectroscopic studies show the apo-peptide, in the presence of Ag(l), can
bind to the non-native metal to form Ag(l)-bound ZF peptides. Findings are discussed in more
detail below, including minor differences across the two AgENM sizes and two different ZF

peptides.

Agll) ® | AgENMs .
apo-ZF |A C nell Jﬁ
Zn(in)-zF | B ; =

+ Zn(ll)

e

i
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Figure 8. Schematic of ZF reaction with Ag(l) (small black sphere) and AGENMs (large
grey spheres). (A.) Apo-ZFs react with Ag(l) to form Ag(l)-ZFs (Ag(l) shown as a black sphere
in center of apo-structure). (B.) When Zn(ll)-ZFs are reacted with Ag(l), the native Zn(lIl) (shown
in purple) is displaced to form apo- and Ag(l)-bound ZFs and freely dissolved Zn(ll). (C.)
Reaction of apo-ZF with AGENMSs leads to AQENM agglomeration and increased dissolution as
AgENMs oxidize. Dissolved Ag(l) can bind to the apo-ZF to form Ag(l)-ZF. (D.) Interaction of
AgENMSs with Zn(Il)-ZFs causes AGENM agglomeration and increased dissolution. The native
Zn in Zn(ll)-ZFs is displaced to form both apo-and Ag-bound forms of ZFs, which both have an
apo-like ZF structure.

ZF peptides interact with AgENMs (citrate coated, 10 and 40 nm) to mediate AgENM
transformations in solution. As indicated by zeta-potential measurements, the ZF peptides sorb
toto the AgGENM surface and change the charge. In addition, AQENMs agglomerate in the
presence of ZF peptides, as indicated by DLS and TEM imaging. Finally, the ZF peptides
catalyzed oxidative dissolution of AGENMs to increase Ag(l) concentrations in solution by two
orders of magnitude. Because Ag(l) mediates most biocidal effects of the particles, this
mechanism of dissolution is a key consideration in defining cellular response to AGQENMs and
motivates the independent study of Ag(l) binding to ZF peptides as well. Although the
concentrations of ZF peptides here are much higher than in the cell, these results highlight the
importance of proteins, especially those with readily available metal binding amino acids,*® to
drive transformations of AGENMs.

Comparing results across the 10 and 40 nm AgENMs, the smaller AGENMSs tended to form larger
aggregates and showed evidence of even smaller AGQENMs in TEM. This size dependent peptide
mediated agglomeration and oxidative dissolution is, in many ways similar to trends observed in
other AGENM-biomolecule interactions. Parallel studies of AQENM sulfidation and of AGENM
interaction with Ag(l) binding peptides indicate that agglomeration, oxidative dissolution, and even
reformation of new AgENMs'"'? is possible. Although no direct evidence of AGENM reformation
was observed in our studies, additional characterization after longer timelines of reaction may
reveal this phenomenon.

In turn, AQENMs and their oxidative dissolution product Ag(l) alter the structure of ZF peptides as
well. Both 10 and 40 nm AgENMs caused displacement and release of the native Zn(ll) from the
ZF peptides, as observed by FluoZin-3 experiments. In addition, Zn(ll)-bound ZF peptides after
addition of excess Ag(l) and AGENMs lose their ordered Zn(ll) bound secondary structures and
become disordered, similar to the apo-peptide. This disordered structure may even include
oxidative coupling between peptides''? and multiple Ag(l) bound. Further studies can elucidate
these key structural details. The overall change in structure, however, indicates a loss of ZF
function. This insight is relevant to AQENM cell response and is a relevant molecular level detail
to studies that have identified ZF proteins within the ENM corona.34%¢

The product of AGENM oxidative dissolution, Ag(l)(aq), readily binds to the apo-form of both ZF

peptides as shown by UV-vis titration studies. The native Zn(lIl) can also be displaced, as shown
by tryptophan fluorescence for NCp7_C and by the use of a Zn(ll) sensitive fluorophore FluoZin-
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3. Secondary structural studies suggest that the structure after Zn(ll) displacement resembles the
apo-form of the peptide. Given the importance of the ZF protein structure to cellular function, the
conformational changes observed here imply an alteration of ZF cellular function as well. To the
best of our knowledge, this is the first report of a “silver finger” formation and extends the
lengthening list of heavy metals with demonstrated interactions with ZF proteins.%:%® Given the
importance of ZF proteins to cellular signaling®-¢ and their readily accessible cysteines*®, future
studies of metal and metaloxide ENMs should include structural elucidation of the Ag-bound
peptide and assessment of ZF function in vivo.

Comparing the results across the two ZF peptides, CP-CCHC and NCp7_C, reveals the subtleties
of peptide biophysical properties in mediating AGENM interactions. The slightly higher positive
charge of CP-CCHC resulted in a higher zeta-potential and increased agglomeration when
compared to NCp7_C. Yet, due to their similarity in metal binding amino acids, both apo-peptides
readily bound Ag(l) and formed an apo-like structure upon interaction with AGENMs. Although the
metal binding amino acids may dominate reactivity to homogenize the results across these two
ZF peptides, these minor differences in reactivity between the two peptides suggest additional
study of peptide-ENM interactions could reveal more on the biophysical features that drive protein
and ENM transformations.

Given the sensitivity of these ZF peptides to Ag(l) and AGENMs, attention to ZFs and ZF signaling
pathways deserves additional scrutiny when evaluating the cellular response and mechanisms of
toxicity for metal and metal oxide nanomaterials. In addition, it is noteworthy that roughly 10% of
the human genome consists of Zn(ll) binding proteins.®® With the biological diversity of structure
and function in Zn(ll)-binding domains, the impact of Ag and other metal / metaloxide ENMs on
the structure and function of other Zn(ll) binding domains deserves further study.
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