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ABSTRACT: Engineered gold nanoparticles (AuNPs) have great potential in many applications due to their tunable optical proper-
ties, facile synthesis, and surface functionalization via thiol chemistry. When exposed to a biological environment, NPs are coated
with a protein corona that can alter the NP’s biological identity but can also affect the proteins’ structures and functions. Protein
disulfide isomerase (PDI) is an abundant protein responsible for the disulfide formation and isomerization that contributes to overall
cell redox homeostasis and signaling. Given that AuNPs are widely employed in nanomedicine and PDI plays a functional role in
various diseases, the interactions between oxidized (oPDI) and reduced (rPDI) with 50 nm citrate-coated AuNPs (AuNPs) are exam-
ined in this study using various techniques. Upon incubation, PDI adsorbs to AuNP surface, which leads to reduction in its enzymatic
activity despite limited changes in secondary structures. Partial enzymatic digestion followed by mass spectrometry analysis shows

that orientation of PDI on the NP surface is dependent on both its oxidation state as well as the PDI:AuNP incubation ratios.

INTRODUCTION

Misfolded proteins can lead to loss of functions, but they
can also accumulate in large insoluble aggregates that in-
terfere with cellular functions that can lead to cell death,
tissue damage, and organ disfunctions.! Cells solve this
problem with a organelle called the endoplasmic reticu-
lum (ER) equipped with protein disulfide isomerase (PDI)
to catalyze disulfide formation and isomerization.! PDI is
one of the most abundant proteins in the ER (concentra-
tion approaching millimolar range), and it is also found in
the nucleus, cytosol, cell surface, and extracellularly.1-4
PDI contains four thioredoxin-like domains abb’a’ that
adopt a U-shape structure linked by an interdomain region
known as the x-linker located between b’and a’. The a and
a’' domains contain independent active sites that contains
two cysteines in the sequence CXXC. These two cysteines
can either form an intramolecular disulfide bond (oxidized
PDI) or can exists in the dithiol form (reduced PDI). 1-4
Wang et al. have obtained the crystal structure of human
PDI in both the reduced and oxidized forms, illustrating
the oxidized state (oPDI) has a more open conformation
allowing for the entry of substrates and the reduced state
(rPDI) has a closed conformation inhibiting their entry.24-
6 PDI has broad specificity for its substrates and can cata-
lyze disulfide formation and isomerization, depending on
the redox states of its active sites (Scheme 1A). PDI cata-
lyzes disulfide formation/reduction by transferring the
oxidizing/reducing equivalents to the reduced/oxidized
substrate. When incorrect disulfides form, disulfide isom-
erization is required to convert the non-native disulfides
to their native arrangement. The native disulfide isomeri-
zation can be achieved via intramolecular rearrangement
where the N-terminal cysteine in the active site of PDI

attacks the mispaired disulfide in the substrate and then
directly shuffles the disulfides within the substrates, or via
arepeated cycles of substrate reduction/reoxidation com-
pleted by the mixed reduced/oxidized PDI (Scheme 1A).
14,7

Under normal conditions, PDI reduces the load of mis-
folded proteins either by its chaperone activity or by cor-
recting disulfide bonds via its isomerization activity. How-
ever, PDI can also react noncovalently with peptides and
unfolded protein substrates even if they do not contain
cysteines; these interactions can prevent substrate-sub-
strate interactions that often leads unfolded proteins to
aggregate and become insoluble.” Under disease states,
loss of the normal protective function of PDI as well as gain
of additional toxic functions leads to PDI become apop-
totic. Under certain conditions, PDI can also facilitate sub-
strate aggregation through disulfide formation.” For exam-
ple, PDI is reported to be highly expressed and up-regu-
lated in numerous cancer cell types and PDI supports the
survival and progression of several cancers by regulating
ER stress, apoptosis, and DNA repair.”2 Knockdown and
inhibition of PDI have shown to induce cytotoxicity in hu-
man breast cancer, neuroblastoma,® and melanoma cell
lines,1© demonstrating that PDI inhibition is a potential
therapeutic strategy for cancer treatment.711 PDI is also
found upregulated in the brain of patients suffering from
neurodegenerative diseases like Alzheimer’s disease and
Parkinson’s disease where misfolded proteins accumulate.
Some studies have suggested the induction of PDI during
ER stress in neurodegenerative diseases reduces the load
of misfolded proteins and is, therefore, restoring proteo-
stasis and increasing neuronal viability;!2 however, inhibi-
tion of PDI suppress apoptosis induced by misfolded
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proteins!3 and confers a neuroprotective effect.14 Inhibi-
tion of PDI is also an appropriate strategy for treatment of
cardiovascular diseases with a PDI inhibitor currently in
clinical trials for the treatment of thrombosis.15 PDI clearly
is a central player in regulating redox homeostasis and

protein folding, which makes the ability to modulate its
protective or harmful functions important for the develop-
ment of therapeutic strategies for various diseases.

A PDl-catalyzed disulfide formation and isomerization B PDI reductase activity measured via insulin reduction
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Scheme 1. A) PDI-catalyzed disulfide formation and isomerization. PDI-catalyzed disulfide formation can result in either a
native disulfide or a non-native disulfide. The mispaired disulfide can be isomerized by direct intramolecular rearrangement
or via a repeated cycle of reduction and reoxidation. Adapted with permission from ref. 4. Copyright 2015 ELSERVIER. (B)
PDI reductase activity assay with insulin as a substrate, where increase in turbidity is measured upon reduction of insulin
chains. (C) PDI oxidoreductase/isomerase activity assay via oxidative refolding of reduced RNase (rRNase), where PDI-
mediated rRNase gain-of-activity is measured by the hydrolysis of RNase substrate, cyclic cytidine monophosphate (cCMP).
Adapted with permission from ref. 3. Copyright Frontiers 2014.

Due to their unique size-dependent physicochemical
properties, the use of nanoparticles (NPs) in various appli-
cations have been growing rapidly.16-19 Specifically, engi-
neered gold nanoparticles (AuNPs) have great potential in
health and medicine to improve disease diagnosis and
treatment specificity due to their tunable optical and elec-
tronic properties as well as ease of functionalization and
potential of multifunctionality.20-24 Despite being re-
garded as nontoxic materials,25 studies have shown that
gold nanoparticles can induce apoptosis via oxidative
stress.26-29 Moreover, upon exposure to biological media,
biomolecules such as proteins adsorb to the NPs surface,
forming the protein corona which can give the NPs a new
biological identity that will determine cellular uptake, bio-
distribution and toxicity.30-33 PDI has been consistently
found in the protein corona upon exposure of several NPs
to biological environments, regardless of isolation meth-
0ds.3435 One potential mechanism of disturbing redox ho-
meostasis would be to make PDI less bioavailable by ad-
sorption to NP surface; in the case of nonredox active
AuNPs, this may be one reason for the generation of
reactive oxygen species in various cell lines upon exposure
to AuNPs. Therefore, we aim to understand how oPDI and
rPDI interact with AuNPs.

EXPERIMENTAL SECTION

Materials. Tetrachloroauric (II) acid trihydrate
(HAuCls-3H20), hydroquinone, protein disulfide isomer-
ase from bovine liver, tris(2carboxyethyl)phosphine hy-
drochloride (TCEP), dithiothreitol (DTT), insulin from bo-
vine pancreas, sodium phosphate dibasic heptahydrate
(NazHPO4-7H20), sodium phosphate monobasic monohy-
drate (NaH2P04-H20), ethylenediaminetetraacetic acid
(EDTA), hydrogen peroxide, glutathione disulfide (GSSG),
glutathione (GSH), guanidine hydrochloride, cytidine 2°,3’-
cyclic monophosphate (cCMP), ribonuclease A from bo-
vine pancreases (type III A), sodium phosphate dibasic
heptahydrate (NazP0O4-7H20), sodium phosphate monoba-
sic monohydrate (NaH2P04-H20), and (tris-acetate) were
purchased from Sigma. Trisodium citrate dihydrate
(Na3CesHs07-2H20) was purchased from Flinn Scientific.

Synthesis of 50 nm AuNPs. 50 nm AuNPs were syn-
thesized via the Chan method.36 Briefly, gold seeds solu-
tion was first prepared by bringing a mixture of 300 uL of
1% w/v HAuCls-3H20 and 30 mL of nanopure H20 to a boil
while stirring before adding 900 pL of trisodium citrate di-
hydrate (1% w/v). The solution was removed from the
heat after the formation of seeds are completed, as indi-
cated by the color transition (after 10 minutes). To the
6.5ml of gold seeds, a mixture of 2.5 mL of HAuCls-3H20
(1% w/v) and 245 mL of nanopure H20 was added while
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stirring at room temperature. Then, 550 pL of trisodium
citrate dihydrate (1% w/v) and 2.5 mL of hydroquinone
(0.03 M) were added to the solution simultaneously. The
solution was allowed to stir for 1 hour before centrifuga-
tion at 600 xg for 20 minutes to purify and was then resus-
pended in water.

AuNP characterization. Hydrodynamic light scatter-
ing and {-potential of the NPs were measured using a Mal-
vern Zetaseizer Nano ZS. Extinction spectra was collected
using an Agilent Technology Cary 5000 UV-vis-NIR spec-
trometer. Transmission electron microscopy (TEM) mi-
crographs of the NPs in water were obtained by drop-cast-
ing onto a copper grid with carbon type-B 300 mesh
(01813-F, Ted Pella) before imaging on JEOL 2100 Cryo
TEM with LaBs emitter operated at 300 keV. Characteriza-
tion data for the 50 nm AuNPs can be found in the SI: TEM
micrographs (Figure S1A), hydrodynamic size and -
potential (Figure S1B and Figure S1C).

Preparation of oxidized (oPDI) and reduced (rPDI)
forms of protein disulfide isomerase (PDI). The oPDI
stock (1000 pg/mL) was prepared by dissolving as-pur-
chased oPDI from bovine liver in 10 mM sodium phos-
phate buffer. In contrast, the rPDI stock (1000 pg/mL) was
prepared by dissolving as-purchased PDI from bovine
liver in 10 mM sodium phosphate buffer containing 1 mM
TCEP (1:10 protein:TCEP molar ratio) and left to incubate
for 30 minutes before usage.

Dynamic light scattering (DLS) titrations of PDI
with AuNPs. Titration curves were made using samples
containing 0.005 nM AuNPs and oPDI/rPDI in the range of
0 to 350 pg/mL concentration in 10 mM sodium phos-
phate buffer after 1 hour of incubation on ice. Each titra-
tion point was prepared in a separate centrifuge tube in
triplicate. DLS was also used to characterize the samples
after 1x centrifugation (500 xg, 10 minutes).

Circular dichroism spectroscopy. Circular dichroism
spectra were collected for 100 pg/mL oPDI/rPDI free pro-
tein and 100 pg/mL oPDI/rPDI after incubating with 0.01
nM AuNPs on a Olis DSM 17 CD spectrometer. Each spec-
trum was an average of 5 scans collected from 260 nm to
190 nm (in increment of 0.2 nm) at 25°C, which was base-
line subtracted and smoothed using a 50-point Savitzky-
Golay filter. Secondary structure estimation was con-
ducted using DichroWeb CDSSTR analysis and protein Ref-
erence Set 7.37.38

PDI reduction activity assay with insulin as a sub-
strate. The PDI reduction activity assay was performed
with insulin as the substrate via a high-throughput assay
reported by Smith et al.3%9 with modifications for 96-well
plates. For control wells, the reactions mixture of enzyme
(oPDI/rPDI): insulin (33 pg/mL: 0.16 mM final concentra-
tion) was added to the assay buffer (100 mM sodium phos-
phate and 0.2 mM EDTA, pH 7.0). For AuNPs-exposed
wells, the same amount of oPDI/rPDI was first incubated
with adjusted concentration AuNPs to reflect the
PDI:citAuNP ratio from DLS titration experiment (15
pg/mL PDI: 0.005 nM AuNP) before mixing with insulin
substrate. The enzyme (oPDI/rPDI) and substrate
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(insulin) were allowed to incubate for 10 minutes before
DTT (1mM final concentration) was added and allowed to
proceed for 30 minutes before the reaction was stopped
by adding H202 (125 mM final concentration). For positive
control wells, the H202 was added to the wells before add-
ing the enzyme:substrate mixture. The optical density of
each well was measured at 650 nm on the SpectraMax M2
Multimode Microplate Reader (VWR) at room tempera-
ture. The residual activity (%) of the enzyme reaction in
the presence of AuNPs is calculated as follows:

e e L
where 0DPDI+NP: ODcontrol' ODpositive control is the optical
density measurement for insulin aggregation in presence
of AuNP-exposed PDI, free PDI, and free PDI +H202, respec-
tively, ODyp is the optical density measurement to account
for AuNP background. The general scheme is shown in
Scheme 1B.

PDI oxidative refolding activity assay with
scrambled/reduced RNase as a substrate. The RNase
activity assay is adapted from the procedure reported by
Lyles et al.4®¢ RNase was reduced and denatured (rRNase)
by incubating 5 mg of native RNase in 1 mL of 0.1 M tris-
acetate (pH 8.0) containing 2 mM EDTA, 6 M guanidine hy-
drochloride, and 0.14 M DTT. The rRNase was then filtered
using a AMICON filter immediately before use. The concen-
trations of cCMP and RNase (native and reduced) were de-
termined spectrophotometrically at 296 nm for cCMP
(¢=0.19 mM-1 cm-1) and 277.5 nm for RNase (¢=9.8 mM-1
cm-1 for native, and €=9.3 mM-! cm-1 for reduced). For pos-
itive control wells, cCMP (1.125 mM), GSH (0.25 mM),
GSSG (0.05 mM), and PDI (0.35 pM) were mixed before
adding RNase (2.1 uM). For negative control wells, rRNase
was added instead of RNase. AuNPs-exposed PDI samples
were prepared by first incubating AuNPs with oPDI/rPDI
for 1 hour on ice (15 pg/mL PDI: 0.005 nM AuNP) before
adding to reaction mixture with rRNase. Uncatalyzed reac-
tions (without addition of PDI) were also monitored in
parallel under identical conditions. The reactions were
monitored at 296 nm over 45 minutes at 37 °C using Spec-
traMax M2 Multimode Microplate Reader (VWR). Gold NP
background was subtracted before reporting final results.
The general scheme is shown in Scheme 1C.

Enzymatic digestion of PDI from the surface of
AuNPs. oPDI and rPDI was incubated with AuNPs at both
15 pg/mL PDI: 0.005 nM AuNP and 300 pg/mL PDI: 0.005
nM AuNP on ice while shaking. After 1 hour incubation, the
NP-protein complexes were centrifuged 1x at 500 xg for
10 minutes. Free oPDI, free rPDI, and the isolated NP-
protein corona complexes were then digested with trypsin
(1:50 enzyme:protein) for 1 hour at 25°C.

Proteomic analysis. The AuNPs that were exposed to
oPDI/rPDI per the previous paragraph were then removed
by centrifugation and the digested protein corona samples
were desalted using StageTips. The lyophilized samples
were then resuspended in 0.1% formic acid (FA)/5% ace-
tonitrile (ACN) (50 ng from each sample, measured by the
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BCA assay (Pierce) for injection into UltiMate 3000
nanoLC and analyzed by a Q Exactive HF-X high resolution
mass spectrometer (Thermo Scientific). The peptides
were separated using a 25 cm Acclaim PepMap 100 C18
column (Thermo Scientific) and mobile phases of 0.1% FA
in water (mobile phase A) and 0.1 %FA in 80% ACN (mo-
bile phase B) at a flow rate of 300 nL/min. The gradient
started at 5% B, which was then increased to 35% B over
60 minutes, and then increased to 55% B over 5 more
minutes; this was followed by column washing and equili-
bration. The column was maintained at 50 °C over the
course of the run. Full MS scans from 350-1500 m/z were
acquired at 120k resolution in the Orbitrap, followed by
high energy collision dissociation of the 20 most abundant
ions. MS scans were acquired at 15k resolution. Mass spec-
tra were analyzed using MaxQuant software version
2.0.1.0 containing the Andromeda search engine. The
spectra were searched against the Bos taurus Uniprot se-
quence database. Trypsin was specified as the enzyme
with a maximum of 2 missed cleavages; minimum peptide
length was 5. The modifications of oxidation and N-termi-
nal acetylation was included in the search. The precursor
mass tolerance was 10 ppm, and the fragment mass toler-
ance was 20 ppm. The match between runs function was
enabled with a match time window of 1 minute. The false
discovery rate was set to 1% at the PSM and protein level.
Label-free quantitation was done with MaxQuant4142 us-
ing a minimum ratio count of 1. Only fragments that were
quantified (having a reported LFQ intensity value) in at
least 2 out of the three replicates in at least one condition
were analyzed. The digestion pattern was plotted using an
average log2-transformed LFQ intensity of each fragment
detected in replicates for each condition (Figure S3 and
Figure S4). The fold change difference in digestion be-
tween bound and free protein samples were calculated by
taking logz of the ratio between the sum of the LFQ inten-
sities of all fragments associated with a specific cut site de-
tected in bound samples and the sum of the LFQ intensities
of all fragments associated with the same cut site detected
in free samples.

RESULTS AND DISCUSSION

Dynamic light scattering (DLS) titration of PDI with
AuNPs to obtain binding constants. The AuNPs were syn-
thesized via the Chan method,36 producing gold spheres
with diameters ~50 nm (as measured by TEM, Figure
S1A) that have hydrodynamic diameters of 55.0 + 0.1 nm
and a (-potential of -44.7 + 4.1 mV (as measured by the
Zetasizer, Figure S1B and Figure S1C). We measured the
hydrodynamic diameters of the free oPDI, free rPDI, and
titrations of PDI into AuNPs in 10 mM phosphate buffer.
Data for oPDI is shown in blue, whereas data for rPDI is
shown in red (Figure 1). The hydrodynamic diameter was
measured for oPDI to be 154.3 + 6.0 nm at 150 ug/mL and
157.9 + 6.0 nm at 350 pg/mL (Figure 1A). The hydrody-
namic diameter was measured for rPDI to be 140.1 + 0.7
nm at 150 ug/mL and 133.6 + 1.5 nm at 350 pg/mL (Fig-
ure 1A). The free oPDI samples have larger hydrodynamic di-
ameters in comparison to free rPDI samples, which is

consistent with the open and closed conformation reported in
the literature.256 The hydrodynamic diameter values, how-
ever, are greater than expected for both free oPDI and rPDI. In
particular, recombinant human oPDI has been determined to
have dimensions of 16.1 x 3.4 x 15.7 nm and recombinant hu-
man rPDI to have dimensions of 3.8 x 10.1 x 12.4 nm via X-ray
diffraction (XRD).5 The free proteins are likely to be aggregat-
ing via dimerization in solution (Figure S2E).

Titration of increasing concentrations of oPDI (Figure 1B,
S2A,C) and rPDI (Figure 1C, S2B,D ) into AuNPs showed an in-
crease in AuNPs hydrodynamic diameters, indicating protein
binding. We can estimate an overall binding constant from the
DLS data by fitting into a Langmuir adsorption isotherm
model4344

AD _ K,4[PDI]
ADpax  1+Kq[PDI] (Eq. 2)

where AD and AD,,,,. are the change and maximum change
in NP diameter, K, is the association constant, and [PDI] is
the concentration of PDI at each DLS titration point. As-
suming homogeneous single layer PDI adsorption onto
AuNPs, an overall binding constant of (8.1 £ 6.1) x 106 M-1
for oPDI and (9.743.3) x 106 M-1 for rPDI was obtained.
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Figure 1. Dynamic light scattering results for (A) free oPDI (red)
and rPDI (blue), and titration curves for (B) oPDI and (C) rPDI into
0.005 nM AuNPs for as incubated samples (circle) and 1x wash
samples (triangle). Error bar for each titration point represents
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standard deviation from 3 replicates (3 DLS measurements/repli-
cate).

Upon oPDI in situ titration into AuNPs, the hydrodynamic
diameters of AuNPs saw an initial increase of ~ 15 nm at low
oPDI concentration, which gradually increased to ~30 nm at
high oPDI concentration (Figure 1B, solid blue line). At each
titration point, 1x washing of the protein-NP complexes reveals
a more obvious plateau, at ~15 nm thickness (Figure 1B,
dashed blue line). This suggests that oPDI adsorbed to the
AuNP in a multi-layered fashion in situ, and the soft corona
oPDI was removed with 1x centrifugation to leave an approxi-
mately 15 nm-thick oPDI hard corona layer. Similarly, in situ ti-
tration of rPDI into AuNPs also resulted in an increase to the
AuNPs hydrodynamic diameters, where there is an increase of
~15 nm at low rPDI concentration and gradually increased to
~30 nm at high rPDI concentration (Figure 1C, solid red line).
However, the 1x washing at each titration point appeared to be
more complex for rPDI samples. The apparent protein thick-
ness is lowered at low rPDI concentration (~10 nm) while be-
ing higher (>30 nm) at high rPDI concentration, suggesting
complex protein-protein interactions (Figure 1C, dashed red
line). These results indicate that redox state of PDI and pro-
tein:NP incubation ratios play a role in the adsorption of the
protein on the NP surface. It is interesting that incubation with
oPDI did not induce a significant different increase in AuNPs’
hydrodynamic diameters compared to incubation with rPDI,
considering the larger hydrodynamic diameter of free oPDI
(Figure 1A). This also contrasts the observation made by
Zheng et al.*5> where they observed the hydrodynamic diame-
ter of 40 nm AuNPs increased more upon adsorption of human
recombinant oPDI in comparison to human recombinant rPDI.
The discrepancy can potentially be due to the different protein
sources or their usage of DTT, a thiol, as reducing agent instead
of TCEP in our study.

PDI reductase activity. The activity of PDI while
bound to AuNPs was examined by adapting the end-point
insulin reduction assay (Scheme 1B) developed by Smith
et al3% Briefly, free oPDI/rPDI and AuNP-exposed
oPDI/rPDI (15 pg/mL PDI: 0.005 nM AuNP) were allowed
to interact with insulin for 10 minutes before adding DTT
to kickstart the aggregation curves before adding H202 to
arrest the reaction, where the absorbance of each well was
measured at 650 nm on the plate reader. The background
subtracted absorbance is shown in Figure 2A and the cal-
culated activity % in comparison to its free PDI control is
shown in Figure 2B. As seen in Figure 2A4, initial addition
of H202 prevents both oPDI (inhibited oPDI) and rPDI (in-
hibited rPDI) from reducing insulin, demonstrated in the
lack of insulin aggregation or turbidity. In the absence of
initial H202 addition, both oPDI and rPDI cause formation
of insulin chain aggregation, shown in the increase of tur-
bidity. There is a significant higher level of turbidity seen
in free rPDI (active rPDI) sample in comparison to free
oPDI (active oPDI) samples, which is reasonable consider-
ing the redox state of the active sites. The turbidity meas-
urements for AuNP-exposed samples, which were cor-
rected for the contribution from NPs, show significant

Langmuir

reduction in comparison to its corresponding control. In-
teractions with AuNPs reduces both oPDI and rPDI ability
to reduce insulin down to around 75% (Figure 2B). The
loss of activity suggests that adsorption to AuNPs affect the
conformation of PDI (regardless of oxidation state) or that
the NPs are blocking the active sites, or the combination of
the two.
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Figure 2. Insulin reduction activity assay. (A) End-point turbidity
measurements for oPDI (blue) and rPDI (red) of inhibited PDI (hor-
izontal stripes), active PDI (dark solid color), and AuNP-exposed
active PDI (light solid colors). Stop agent, H202, was added at the
beginning for inhibited PDI, and at the end for active PDI and
AuNP-exposed active PDI samples. (B) Calculated residual
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activity (%) of PDI after exposure to AuNPs. All samples contain
the same concentration of PDI with AuNP added at a ratio of 15
pg/mL PDI: 0.005 nM AuNP. Error bars represent the errors of the
means with n=16. Asterisks denote statistically significant differ-
ence using one-way ANOVA followed by Dunnett’s multiple com-
parisons performed on raw absorbance at 650 nm, * for p=0.0494,
*rEE p<0.0001.

PDI oxidoreductase/isomerase activity. While PDI
reduces insulin and leads to increase in turbidity due to in-
sulin aggregation, it promotes oxidative refolding in a se-
ries of thiol oxidation/reduction cycles and possibly isom-
erization reactions to promote gain-of-function for re-
duced, inactive RNase (rRNase).3 Thus the oxidoreduc-
tase/isomerase activity of PDI can then be measured
based on the measurement of activity of the recovered, re-
folded RNase. In brief, RNase is reduced in denaturing con-
ditions to acquire random disulfide bonds before being in-
troduced to PDI in glutathione/glutathione disulfide
(GSH:GSSG) redox buffer to measure the recovered RNase
activity via the hydrolysis of its substrate cyclic cytidine
monophosphate (cCMP).40 Figure 3A shows the RNase
mediated cCMP cleavage reactions with native RNase (ac-
tive RNase), reduced RNase (inactive RNase), active PDI-
catalyzed refolded rRNase (inactive RNase + active PDI),
and (AuNP-exposed PDI)-catalyzed refolded rRNase (inac-
tive RNase+ active PDI + AuNP), in which RNase reactions
were background subtracted and all PDI-catalyzed reac-
tions were corrected for the uncatalyzed rate of oxidative
refolding observed in parallel reactions in absence of PDI.
The hydrolysis of cCMP results in the increase in absorb-
ance at 296 nm at a reasonably linear, steady state velocity
for native RNase (active RNase), whereas there is a lag for
reduced/scrambled RNase (inactive RNase) or a burst in
regain of RNase activity in presence of PDI. Lags are com-
mon for reduced/scrambled RNase due to the prerequisite
formation of RNase redox isomers that can be converted
to the native protein.40 The time to reach half-maximum
absorbance at 296 is calculated and plotted in Figure 3B.
Overall, rRNase is less efficient at hydrolyzing cCMP in
comparison to native RNase and that PDI can aid rRNase
in refolding to regain some native function. Free oPDI is
more efficient in rRNase refolding in comparison to free
rPDI. Exposure to AuNP at 15 pg/mL oPDI: 0.005 nM AuNP
ratio seems to enhance oPDI in aiding rRNase refolding,
whereas exposure to AuNP at 15 pg/mL rPDI: 0.005 nM
AuNP ratio seems to weaken rPDI in aiding rRNase refold-
ing.

Characterization of conformation and orientation
of PDI on AuNPs. Adsorption to AuNPs alters both reduc-
tase and oxidase activity of PDI as shown Figure 2 and Fig-
ure 3. Hence, circular dichroism (CD) was then utilized to
monitor the change in protein secondary structures upon
binding to AuNPs. The CD signal was measured for both
free oPDI and rPDI, as well as AuNP-exposed oPDI and
rPDI and the smoothed average of 3 replicates is shown in
Figure 4A. There is a clear difference in the CD spectra be-
tween oPDI (blue) and rPDI (red), also reported by
Guyette et al46 However, there is not a significant

difference in CD spectra between free vs. bound samples
(dotted vs. solid). The smoothed CD curves were then an-
alyzed using DichroWeb CDSSTR method (with protein
Reference Set 7) to give % of total secondary structures
shown in Figure 4B. In all samples, alpha helix is the major
secondary structure, followed by random coil and beta
sheet. There is a reduction in 3-sheet % in rPDI samples
compared to oPDI samples; however, there is not a signif-
icant difference in the secondary structures’ distribution
between free vs. bound samples. Under the incubation
condition of 25 pg/mL PDI: 0.005 nM AuNP, the particle
surface should be saturated with proteins as indicated by
DLS titration (Figure 1) with limited portion of the protein
is free in solution. Hence, it can be concluded that adsorp-
tion onto AuNPs does not significantly modify secondary
structures of either oPDI or rPDI.

-+ active RNase
-+ inactive RNase (rRNase)

0.20 F_‘“ﬁm /M -+ inactive RNase + active oPDI
##%* — inactive RNase + active oPDI + AuNP
. inactive RNase + active rPDI

inactive RNase + active rPDI +AuNP
T T T T T T T 1
0 5 10 15 20 25 30 35 40 45
Time (mins)

Absorbance (296 nm)
o o o o
o © =2 o

+

Figure 3. Refolding RNase activity assay. (A) Kinetics of RNase-
mediated hydrolysis of cCMP with native RNase (active RNase,
purple), reduced RNase (inactive RNase (rRNase), brown), inac-
tive RNase in presence of active oPDI (inactive RNase + active
oPDI, dark blue), inactive RNase in presence of AuNP-exposed ac-
tive oPDI at 15 pg/ml oDPI: 0.005 nM AuNP (inactive RNase +ac-
tive oPDI + AuNP, light blue), inactive RNase in presence of active
rPDI (inactive RNase +active rPDI, dark red), and reduced RNase
in presence of AuNP-exposed active rPDI at 15 pg/ml rDPI: 0.005
nM AuNP (inactive RNase +active rPDI +AuNP, pink). The curves
are averaged from 6 replicates, error bars are not shown for clarity,
(B) Calculated time to reach half maximum absorbance at 296 nm
from kinetics of RNase-mediated hydrolysis of cCMP with native
RNase (active RNase, purple), reduced RNase (inactive RNase
(rRNase), brown), inactive RNase in presence of active oPDI (in-
active RNase + active oPDI, dark blue), inactive RNase in presence
of AuNP-exposed active oPDI at 15 pg/ml oDPI: 0.005 nM AuNP
(inactive RNase +active oPDI + AuNP, light blue), inactive RNase
in presence of active rPDI (inactive RNase +active rPDI, dark red),
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and reduced RNase in presence of AuNP-exposed active rPDI at 15
pg/ml rDPI: 0.005 nM AuNP (inactive RNase +active rPDI
+AuNP, pink). Error bars represent standard error of the mean.
*A%* p<0.0001 using one-way ANOVA, Turkey’s multiple com-
parisons test.

A OPDl
— oPDI + AuNP
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é’ -20 Wavelength (nm)
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-AuNP  +AuNP  -AuNP  +AuNP

Figure 4. Characterization of PDI secondary structures on AuNPs
surface. (A) Smoothed CD spectra for oPDI (blue) or rPDI (red)
free in solution (dotted line) or incubated with AuNPs at 25 pg/ml
PDI: 0.005 nM AuNP ratio. Each spectrum shown is the average of
3 replicates for each condition. Error bars are now shown for clar-
ity. (B) Corresponding calculated secondary structures using Di-
chroWeb. Each point represents a calculated value for each repli-
cate. Error bars represent standard deviation, n=3.

A partial enzymatic digest followed by mass spectrom-
etry (MS) analysis44 of the released peptide fragments was
conducted to probe the orientation of PDI on the surface of
AuNPs. To further inspect the discrepancy in adsorption
between oPDI and rPDI as seen in DLS titration (Figure 1),
we exposed AuNPs to oPDI and rPDI at 15 pg/mL: 0.005
nM AuNP and at 300 pg/mL: 0.005 nM AuNP, then re-
moved excess proteins with 1x centrifugation (500 xg, 10
minutes) before incubating them with a trypsin, the cho-
sen digestive enzyme. To facilitate a partial digestion con-
dition, a low enzyme:protein ratio of 1:50 by mass was car-
ried out at a non-optimal temperature of 25°C for a short
period of 1 hour. Under these conditions, fragments from
exposed regions of the protein should be more accessible
for digestion and hence detected at higher level, whereas
fragments from shielded regions of the protein should be
less accessible for digestion and hence detected at lower
level. The samples were prepared in similar manner and
the same amount of protein from each sample is used for
relative comparison using MaxLFQ algorithm, integrated
in the MaxQuant software.41

Langmuir

The relative intensity is reported for each fragment de-
tected in each sample as a LFQ intensity value. Only frag-
ments that were detected (reported with an LFQ intensity
value) in at least 2 out of 3 replicates for each sample con-
dition is considered valid. If a fragment is not detected at
least 2 out of the 3 replicates, that fragment is considered
not detected or has an LFQ intensity of 0. The average of
logz-transformed LFQ intensity of all the fragments de-
tected in free oPDI, 15 pg/mL oPDI: 0.005 nM AuNP, and
300 pg/mL oPDI: 0.005 nM AulNPs is shown in Figure S3.
The average of logz-transformed LFQ intensity of all frag-
ments detected in free rPDI, 15 pg/mL rPDI: 0.005 nM
AuNP , and 300 pg/mL rPDI: 0.005 nM AuNPs are shown
in Figure S4. The fragments are colored according to their
relative quantification, where yellow illustrates high level
and purple illustrates low level. The missing/not detected
fragments are illustrated with white bars. As seen in Fig-
ure S3 and Figure S4, all fragment patterns for free and
bound samples either for oPDI and rPDI are missing frag-
ments from N-terminal regions up to position 88. This is
plausibly because the digestion sites in this region are very
close together, leaving digested fragments very short (1 to
6 amino acids (AA) in length), hence not detected by
MaxQuant.42 However, majority of the missing region (AA
residue 1-55) is only part of a N-terminal extension that is
irrelevant to the main domain organization of bovine PDI,
which includes the a (AA 79-191), b (AA 192-294), b’ (AA
295-406), x-linker (AA 406-421), a’(AA 421-532), and C-
terminal extension followed by the ER-retention sequence,
KDEL.47

The same data is plotted as a heatmap shown in Figure
S5 to better highlight the missing fragments in some sam-
ple conditions. For example, the fragment containing res-
idues 126-138 is not detected in all oPDI samples, while
being detected in all rPDI samples. On the contrary, frag-
ment containing residues 518-525 is detected in all oPDI
samples, while not being detected in all rPDI samples.
There are also fragments that is found in the free protein
control while not being found after incubation with AuNPs,
such as fragment containing residues 409-423 in oPDI
samples and fragment containing residues 287-311 in
rPDI samples. For both oPDI and rPDI, fragments contain-
ing residues 265-279 are detected in free samples and the
300 pg/mL PDI: 0.005 nM AuNPs samples while missing
in the 15 pg/mL PDI: 0.005 nM AuNPs samples. These re-
sults highlight the differences in oPDI and rPDI samples,
free and bound protein samples as well as the role of incu-
bation ratio play on the protein adsorption.

We then calculated the sum of all the averaged LFQ in-
tensities across replicates of all detected fragments occur-
ring at each digestion position. The ratio between those
sums of the two sample types of interest for comparison is
then computed and logz-transformed to determine the fold
change difference. We first compared free rPDI to oPDI, as
shown in Figure 5. The points above zero represent diges-
tion sites that are more accessible for digestion in free
rPDI samples compared to free oPDI samples, the points
below zero represent digestion sites that are less
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accessible in free rPDI samples compared to free oPDI
samples, and the points at zero represent digestion sites
that are equally accessible in the free protein at both oxi-
dation states. Most cut sites are less accessible in free rPDI
samples in comparison to free oPDI samples. Table S1
highlights the digestion positions that are more accessible
for digestion in free rPDI compared to free oPDI in green
and those that are more shielded for digestion in orange.
The digestion positions that are more exposed in free rPDI
with respect to (wrt) free oPDI are concentrated on the a
and a’ region, suggesting the protein adopted a confor-
mation where the b and b’regions are shielded from diges-
tion enzyme. This is consistent with the closed confor-
mation for rPDI reported in the literature,256 which can
limit the accessibility of the digestive enzyme. This result
shows that oxidation state of the protein can dictate its ac-
cessibility to digestion, which in turns can have an effect
upon adsorption onto NP surface.

We then compared the digestive patterns between the
AuNP-exposed oPDI at 15 pg/mL: 0.005 nM AuNP to the
free oPDI and between the AuNP-exposed rPDI at 15
pg/mL: 0.005 nM PDI: AuNP to the free rPDI resulting in
the curves represented by the light blue squares and pink
upside-down triangle, respectively, in Figure 6A.

79 a 191192 b

IS B

exposed

Similarly, we also compared the digestive patterns be-
tween the AuNP-exposed oPDI at 300 pg/mL: 0.005 nM
AuNP to the free oPDI and between the AuNP-exposed
rPDIat 300 pg/mL: 0.005 nM AuNP to the free rPDI result-
ing in the curves represented by the blue circles and red
triangle, respectively, in Figure 6B. The points above zero
represents digestion positions that are more accessible on
AuNP surface, the points below zero represent digestion
positions that are less accessible on AuNP surface, and the
points at zero represent digestion sites that are equally ac-
cessible in the free and on NP states. The digestion posi-
tions that are more exposed to digestion on NP surface are
highlighted in green and the digestion positions that are
more shielded from digestion on NP surface are high-
lighted in orange in Table S1. As seen in Figure 6 and Ta-
ble S1, most digestion positions are more exposed to di-
gestion position when adsorbed onto the NP surface, for
both oPDI and rPDI. This shows that adsorption to the NP
surface causes the protein to display differently to the di-
gestive enzyme compared to the free protein. If a digestion
position is not available in both free and bound states, that
digestion is not valid for comparison, and they are high-
lighted by vertical black lines in Figure S3 and S4.

204295 b’ 406 421 a’ 532

N

Protein
log, fold change
=)

shielded
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A
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Figure 5. Exposure patterns showing digestion positions in free rPDI samples in comparison to free oPDI samples in log2-fold change.
Points below zero show digestion positions that are more shieled in the free rPDI samples compared to the free oPDI samples. Points above
zero show digestion positions that are more exposed in free rPDI samples compared to free oPDI samples. Points at zero represent digestion
sites that are equally accessible in the free protein at both oxidation states Each data point represent average of 2-3 replicates and the error

bars are standard deviation.

We utilized the PyMOL, an interactive protein struc-
ture visualization tool, to visualize the exposed (green) or
shielded (orange) digestion position when oPDI or rPDI is
on NP surface compared to the free counterparts using the
bovine PDI structure predicted with AlphaFold (AF-
F6Q9Q9-F1).48¢ We hypothesized that PDI is binding to
AuNPs at the active sites -CGHC- at residues 110-113 (a
domain) and residues 454-457 (a’ domain) due to strong
gold-thiol interactions.49.50 Although we cannot directly
conclude that the fragments containing the active sites are
more exposed or shielded from the digestive enzyme on
NP surface because these specific fragments were not de-
tected in any of the sample conditions, including the free
PDI samples (Figure S3, S4, red vertical lines). We can,
however, infer protein orientation on NP based on the
level of exposure to digestion of other digestion positions.

As seen in Figure 7 and Figure S6, most of the digestion
positions that are more exposed to digestion on NP surface
are located on a-helices that are outward facing, whereas
most of the digestion positions that are more shielded
from digestion on NP surface are located on (3-sheets that
are more buried. This result suggests that PDI adsorbs to
the NP surface via the cysteines in the active sites so that
all its regions (a, b, b’, and a’) are on the same plane. This
orientation is plausible considering that the secondary
structures of the protein did not alter significantly upon
adsorption to NP surface (Figure 4). Moreover, this orien-
tation can also explain the similar increase in AuNP hydro-
dynamic diameters upon oPDI and rPDI incubation (Fig-
ure 1).

We observed that several digestion positions in the b’
region (K373, K383, K385, and K395) are more exposed to
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digestion on NP in rPDI but not oPDI. This is interesting
since this region neighbors two cysteines, C369 and C400,
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conformation of oPDI/rPDI is retained upon adsorption to
NP since the closed conformation of rPDI probably require

294295 b’ 406 421 a’ 532
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4
3

sending this region outward (more exposed to digestion)
to allow room for the cysteines to bind to AuNP surface.

Figure 6. Digestion patterns for AuNP-bound-oPDI (blue) with respect to the free oPDI and AuNP-bound-rPDI (red) with respect to the free
rPDI at (A) incubation ratio of 15 ng/mL PDI: 0.005 nM AuNP and at (B) incubation ratio of 300 pg/mL PDI: 0.005 nM AuNP. Points below
zero show digestion positions that are more shieled in the bound samples compared to the free samples. Points above zero show digestion
positions that are more exposed in the bound samples compared to the free samples. Points at zero represent digestion sites that are equally
accessible in the bound and in the free sample. Each data point represents average of 2-3 replicates and the error bars are standard deviation.

To further examine the discrepancy in the apparent
protein thickness when incubating at low and high pro-
tein:AuNP ratios for oPDI and rPDI as seen in Figure 1, we
analyzed the digestion patterns for oPDI (Figure 8A) and
rPDI (Figure 8B) at 15 pg/mL PDI: 0.005 nM AuNP and
300 pg/mL PDI: 0.005 nM AuNP wrt to their free counter-
parts. The digestion patterns for low vs. high PDI: AuNP is
generally more similar in oPDI samples while there is
more discrepancy between incubation ratios in rPDI sam-
ples. There are some digestion positions that are more ex-
posed to digestion in the low incubation ratio condition
while being more shielded (or equally accessible) in the
high incubation ratio condition (Table S2). For example,
K320 is more shielded on NP at 15 pg/mL PDI: 0.005 nM
AuNP while more exposed on NP at 300 ug/mL PDI: 0.005
nM AuNP for oPDI On the other hand, K163, K227, and
K458 is more shielded on NP at 15 pg/mL PDI: 0.005 nM
AuNP while more exposed on NP at 300 pg/mL PDI: 0.005
nM AuNP for rPDI. This result is complementary to the DLS
data, where there is not a significant difference between

the washed 15 pg/mL PDI: 0.005 nM AuNP and the washed
300 ug/mL PDI: 0.005 nM AuNP for oPDI, though there is
a significant difference between the washed 15 pg/mL
PDI: 0.005 nM AuNP and the washed 300 pg/mL PDI:
0.005 nM AuNP for rPDI (Figure 1). This result reiterates
the role of oxidation state on protein binding on NP and
highlights the role of incubation ratio has on the adsorp-
tion of the protein on NP surface. It appears that oPDI hard
corona display on AuNP is similar at 15 pg/mL PDI: 0.005
nM AuNP and 300 pg/mL PDI: 0.005 nM AuNP, whereas
the rPDI hard corona display differently at 15 pg/mL PDI:
0.005 nM AuNP and 300 pg/mL PDI: 0.005 nM AuNP. We
postulate that the oxidation state of PDI modulates its ad-
sorption onto the AuNP surface, and the first adsorbed
layer of protein would then dictate the next layer of pro-
tein adsorption as the protein incubation ratio in-
creases.355152 The complex protein-protein interactions in
the hard and soft corona protein in rPDI is a probable
cause for the differential protein display on NP surface.
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Figure 7. Protein structure visualization for (A, C) AuNP-bound-oPDI with respect to the free oPDI and (B,D) AuNP-bound-rPDI with
respect to the free rPDI at incubation ratio of (A, B) 15 pg/mL PDI: 0.005 nM AuNP and at incubation ratio of (C,D) 300 pg/mL PDI: 0.005
nM AuNP, highlighting digestion positions that are more exposed (green) and shielded (orange) compared to free PDI when adsorbed to
AuNP. Cysteines are highlighted in red. The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC.
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Figure 8. Digestion patterns for (A) AuNP-bound oPDI at 15 pg/mL oPDI: 0.005 nM AuNP (light blue squares) and 300 pg/mL oPDI: 0.005
nM AuNP (blue circle), and (B) AuNP-bound rPDI at 15 pg/mL rPDI: 0.005 nM AuNP (pink upside-down triangle) and 300 pg/mL rPDI:
0.005 nM AuNP (red triangles). Points below zero show digestion positions that are more shieled in the bound samples compared to the free
samples. Points above zero show digestion positions that are more exposed in the bound samples compared to the free samples. Points at
zero represent digestion sites that are equally accessible in the bound and in the free sample. Each data point represents average of 2-3

replicates and the error bars are standard deviation.

CONCLUSION

In this report, we have examined the interactions of
PDI and AuNPs where the DLS titration, circular dichro-
ism, and partial enzymatic digestion were used to probe
the adsorption of the protein in either oxidized or reduced
state to the AuNP surface. We found that oxidation state of
the protein as well as incubation ratio of protein to NP
modulate the final protein display on the surface. Adsorp-
tion to the NP surface did not seem to cause significant
changes to the secondary structures distribution as ob-
served by CD spectra. Partial enzymatic digestion experi-
ments suggests that PDI can bound to AuNP at active sites
cysteines in the a and a’ region and the cysteines in the b’
region, orienting all the protein regions on the same plane
as NP surface, leading to increased accessibility to enzy-
matic digestion in various regions on the protein com-
pared to the free counterpart. Binding to AuNP led to the
reduction of bioavailability of PDI, as seen with the signif-
icant reduction in reductase and oxidoreductase/isomer-
ase activity. Taken together, the data suggests NP can
“knock out” PDI in vivo which can lead diminished mainte-
nance of redox homostasis.53 This corroborates with other
experiments where redox-nonactive AuNP induces oxida-
tive stress. These experiments support the notion that NP

ACS Paragon

can interfere with cellular processes at the protein corona
level. Additional experiments and modeling can aid the de-
velopment for a clearer understanding of how this abun-
dant protein and NPs interact and the potential down-
stream effects of these interactions to exploit its therapeu-
tic potentials.
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