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ty of an intrinsically disordered
protein against proteolytic cleavage through
interactions with silver nanoparticles†

Shahid A. Malik,‡ Somnath Mondal‡ and Hanudatta S. Atreya *

Intrinsically disordered proteins (IDPs), being sensitive to proteolytic degradation both in vitro and in vivo,

can be stabilized by the interactions with various binding partners. Here, we show for the first time that

silver nanoparticles (AgNPs) have the ability to enhance the half-life of an IDP, thereby rendering it stable

for a month against proteolytic degradation. The conjugate of the unstructured linker domain of human

insulin-like growth factor binding protein-2 (L-hIGFBP2) with 10 nm citrate-capped AgNPs was studied

using two-dimensional NMR spectroscopy and other biophysical techniques. Our studies reveal the

extent and nature of residue-specific interactions of the IDP with AgNPs. These interactions mask

proteolysis-prone sites of the IDP and stabilize it. This study opens new avenues for the design of

appropriate nanoparticles targeting IDPs and for storage, stabilization and delivery of IDPs into cells in

a stable form.
Introduction

When nanoparticles come into contact with biomolecules, such
as peptides and proteins, layers of biomolecules cover their
surfaces, leading to the formation of a dynamic and competitive
protein-corona.1–3 The formation of a protein corona has the
potential to affect the properties of both the nanoparticles (e.g.,
cellular uptake, accumulation, degradation and clearance from
the body)4–6 and the protein adsorbed on the surface (e.g.,
protein conformation).7 Hence, unexpected biological
responses and toxicity may be induced.8 It therefore becomes
important to probe the nature of interactions of biomolecules
with nanomaterials. Several studies have focused on the inter-
actions of globular/structured proteins with nanomaterials.9–12

However, the effects of the nanoparticles on intrinsically
disordered proteins (IDPs) at atomic details have only recently
begun to be unraveled.13 The IDPs are devoid of a well-dened
three-dimensional (3D) structure, which allows them to get
into a wide spectrum of interactions with their partners.
However, IDPs are easily susceptible to proteolysis by a range of
proteases and chaperones in vitro and in vivo,14,15whichmakes it
challenging to handle them for delivery into cells.16

In the present study, we show that silver nanoparticles
interact with an IDP and render it stable against proteolytic
degradation, thereby enhancing its half-life and stability. The
Chemistry Unit, NMR Research Centre,

2, India. E-mail: hsatreya@iisc.ac.in

tion (ESI) available. See DOI:

.

53
protein chosen was a central linker domain of the human
insulin-like growth factor binding protein-2 (L-hIGFBP2) (resi-
dues K97-C191). The hIGFBP-2 in humans is the most abundant
of the secreted proteins of the IGFBP superfamily (family of six
high affinity proteins) that bind to insulin-like growth factors –
IGF-I and IGF-II.17–19 All IGFBPs are structurally similar, each
having three distinct domains; N-terminal domain, linker
domain, and C-terminal domain.17–19 The N- and C-domains are
structurally well folded but the linker domain remains exible
and intrinsically disordered (as shown in Fig. S1 of the ESI†).
The IGFBPs are prone to proteolysis by proteases such as serine
proteases, matrix metalloproteases and pepsin with most of the
proteolytic sites being located in the linker domain of the
protein.19

Using solution state 2D nuclear magnetic resonance (NMR)
spectroscopy and monitoring the transverse relaxation times of
amide protons T2(

1HN) in combination with other techniques,
we have probed the nature and dynamics of AgNP–IDP inter-
action. The study reveals an interaction of AgNPs with a specic
region of the polypeptide, in addition to a reversible associa-
tion–dissociation of L-hIGFBP2 (dynamic exchange) from the
surface of AgNPs. Such interactions render L-hIGFBP2 stable for
more than a month. This action was found to be similar to
protease inhibitors, which protect proteins from proteolytic
degradation. The study of the interaction of the IDPs with the
nanoparticles, both in vitro and in vivo, can be used to achieve
the binding of a particular IDP with the nanoparticles in a tar-
geted manner in therapeutic applications, where the small
molecules fail to provide the desirable results13,20,21 The present
study will be helpful for exploring the applications of silver
This journal is © The Royal Society of Chemistry 2019
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nanoparticles to store and deliver the IDPs into the cells in
stabilised forms.22

Experimental
Materials and methods

Purication of L-hIGFBP2. The plasmid containing the L-
hIGFBP2 gene (a few additional residues: GPLGS at N-
terminus and KNSRVDSSGRIVTD at C-terminus, which were
introduced during the cloning process are coloured in green in
the amino acid sequence of L-hIGFBP2 as shown in the Scheme
1 below) was transformed in the E. coli BL21 (DE3) strain.

A single transformed colony was used for overnight primary
inoculation in 10 mL Luria Broth supplemented with 100 mg
mL�1 ampicillin at 37 �C. The cells were centrifuged at
5000 rpm and washed once with M9 salt before transferring to
minimal medium (1 L) supplied with 1 g L�1 nitrogen-15
labelled ammonium chloride. The cells were then allowed to
grow till the (O.D.)600 reached�0.7 and then 1mM isopropyl b-
D-1-thiogalactopyranoside (IPTG) was used to induce the
protein expression at 37 �C for 5 hours at 220 rpm. Cells were
pelleted by centrifugation at 5000 rpm at 4 �C followed by the
re-suspension in phosphate buffer saline (PBS) [150 mM NaCl,
10 mM Na2HPO4, 2.5 mM KCl, 2 mM KH2PO4, pH 7.4]. Aer
the addition of 1 mM PMSF, the re-suspended pellet was
sonicated and centrifuged at 10 000 rpm for 45 minutes. The
supernatant was collected and loaded onto the pre-
equilibrated GST binding resin for 7 h at 4 �C. The resin was
washed three times with each of 10 bed volume of PBS buffer,
high salt buffer [25 mMHEPES, 0.5 M NaCl, 0.1% Triton X-100,
0.05% NaN3, pH 7.4] and low salt buffer [25 mM HEPES, 0.1 M
NaCl, 0.1% Triton X-100, 0.05% NaN3, pH 7.4] buffer. The
cleavage buffer (PBS) was used to wash the beads before add-
ing HRV 3C protease to perform on-column cleavage at 4 �C for
16 h. Concentration of the protein was estimated by Bradford
and nano-drop methods.

Synthesis of citrate capped silver nanoparticles. Citrate
capped silver nanoparticles were prepared using a previously 9,23

described protocol wherein the NaBH4 is used as a primary
reducing agent and the TSC is used as the secondary reducing
agent as well stabilizing agent. Briey, freshly prepared solu-
tions of sodium borohydride (nal concentration 2 mM) and
trisodium citrate (nal concentration 2 mM) were mixed to
a nal volume of 48 mL and heated for 30 minutes at 60 �C with
a constant stirring in the dark. Aer 30 minutes, 2 mL of freshly
prepared solution of silver nitrate (1.17 mM) was added drop-
wise to the above reaction mixture and subsequently, the
temperature of the solution was adjusted to 95 �C. When the
temperature reached 95 �C, sodium hydroxide solution (0.2 M)
Scheme 1 A schematic representation of the amino acid sequence of
the L-hIGFBP2 with the additional tag regions coloured in green.

This journal is © The Royal Society of Chemistry 2019
was added drop-wise to the above reaction mixture to adjust the
pH to 10.5 and the solution was heated for 20 more minutes.
The appearance of the pale-yellow colour infers the formation of
the nanoparticles. This solution was allowed to cool at room
temperature and later centrifuged at 13 000 rpm for 35 minutes
and washed many times with water to remove the unreacted
reducing agents. The AgNPs formed were re-suspended in water
or 50 mM phosphate buffer supplied with 150 mM NaCl as
required.

High-resolution transmission electron microscopy (HR-
TEM). Diluted colloidal citrate-stabilized silver nanoparticles
(0.5 mL) in absence and presence of L-hIGFPB2 were drop
casted on 300 mesh CF300-Cu-50 carbon coated copper grids
and vacuum dried overnight. The morphological properties of
the silver nanoparticles and the AgNP–L-hIGFPB2 conjugate
were imaged using JEOL JEM-2100F eld emission trans-
mission electron microscope operating at 200 kV. The average
size of the citrate capped silver nanoparticles was found to be
10 nm.

UV-Vis spectroscopy. Shimadzu UV-1800 UV-Vis spectro-
photometer in absorbance mode (200 to 800 nm range) was
primarily used to study the binding of AgNPs and L-hIGFBP2.
The aqueous colloidal solution of AgNPs (2 nM) mixed with
the 50 mM of unlabelled L-hIGFBP2 were incubated in a quartz
cuvette having a path length of 1 cm for two hours prior to
measurements.

Zeta potential (x) measurements. The electrostatic proper-
ties of the citrate capped silver nanoparticles and the protein–
AgNP conjugate were estimated by zeta potential measurements
using Nano zetasizer machine (Brookhaven Zeta PALS). Samples
for the zeta potential measurements were prepared at pH 6.0 in
50 mM phosphate buffer (supplemented with 150 mM NaCl)
and a pH 10.0 buffer purchased from Eutech. The concentration
of silver nanoparticles used for this study was 3 nM and that of
the protein was 50 mM.

Isothermal titration calorimetry (ITC). ITC experiments were
conducted using VP-ITC calorimeter from MicroCal. About
300 nM colloidal solution of AgNPs sample was taken in a 2 mL
cell and 15 mM of L-hIGFBP2 was taken in the titrating syringe.
Both AgNPs and L-hIGFBP2 were prepared in 50 mM phosphate
buffer (supplemented with 150 mM NaCl) at pH 6.0. The titra-
tion experiments were performed at 25 �C with thirty injections
each of 10 mL of the protein. The stirring speed during the
titration was 394 rpm. Data was analysed using MicroCal Origin
soware.

Solution state NMR spectroscopy. All the NMR spectra were
acquired at a temperature of 298 K on Bruker Avance-III NMR
spectrometer equipped with a triple resonance probe (cryo-
genically cooled) operating at a 1H resonance frequency of
800 MHz. 2,2-Dimethyl-2-silapentane-5-sulfonate (DSS) was
used for chemical shi calibration, 0 ppm for proton, while
15N-chemical shis were calibrated indirectly. The experi-
mental time for each 2D [15N, 1H] HSQC spectrum was 40
minutes with 128 � 2048 complex points along the 15N and
1H dimensions, respectively. The respective offset frequen-
cies for 1H and 15N were set at 4.7 ppm and 118 ppm and the
sweep widths were taken as 10 ppm and 26 ppm for direct
RSC Adv., 2019, 9, 28746–28753 | 28747
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and indirect dimensions, respectively. All NMR data were
processed using Topspin 3.2 soware and analysed using
Sparky.
Fig. 2 (a) UV-Vis spectra and (b) zeta potential of AgNPs and AgNP–
LhIGFBP2 conjugate.
Results
Characterization of the AgNPs and AgNP–LhIGFBP2 conjugate

The citrate capped silver nanoparticles were imaged by high-
resolution transmission electron microscopy (HR-TEM). The
average size of the AgNPs was 10 nm (as shown in Fig. 1). Upon
the addition of the protein (L-hIGFBP2), the nanoparticles
retained their monodispersed nature (Fig. 1).

The interaction of the L-hIGFBP2 with the nanoparticles was
probed by UV-Vis spectroscopy, wherein the aqueous colloidal
suspension of AgNPs yielded a surface plasmon resonance peak
at �400 nm. This peak, in presence of the L-hIGFBP2, shis
towards higher wavelength due to the formation of the protein-
nanoparticle conjugate (Fig. 2a).

The zeta potential (x) measurements were used to probe the
surface charges of AgNPs and AgNP–LhIGFBP2 conjugate at two
different pH values. The net charge, at pH 6, on the surface of
the AgNPs and that in conjugation with the protein was found to
be �31 mV and �23 mV, respectively (Fig. 2b).

At pH 6, there is a decrease in the surface charge of the silver
nanoparticles upon the addition of the protein, which is
attributed to the formation of the conjugate. Note that the
protein having a pI of 9.17 has an overall positive charge at pH
6. At pH 10, the surface charge of the conjugate increases from
�32 mV to �33 mV. At pH 10 the protein is expected to be
negatively charged and hence exhibit a weaker interaction with
the negatively charged AgNPs than at pH 6.

We quantied the strength of the protein-nanoparticle
interaction through dissociation constant (Kd) obtained using
isothermal titration calorimetry (ITC) (Fig. 3). The negative DH
indicates an exothermic interaction. The Kd was obtained as: 0.5
� 0.1 mM. The value of Kd in the mM regime hints towards a weak
interaction of the AgNPs with L-hIGFBP2 and hence a fast-
Fig. 1 TEM images of AgNPs (left) and AgNP–LhIGFBP2 conjugate
(right).

28748 | RSC Adv., 2019, 9, 28746–28753
dynamic exchange of protein on the surface of nanoparticles
is expected.
NMR studies of the AgNP–LhIGFBP2 conjugate

In order to characterize the dynamics of the protein nano-
particle interactions, NMR spectroscopy was used, which is
a powerful tool to identify individual residues on the protein
involved in the interactions with the nanoparticles.9,11,13 To
study the effect of the AgNPs on L-hIGFBP2, we recorded 2D
[15N, 1H] Heteronuclear Single Quantum Coherence (HSQC)
NMR spectra of L-hIGFBP2 samples in the absence and pres-
ence of AgNPs at pH 6.

In a 2D [15N, 1H] HSQC NMR spectrum, each cross-peak
corresponds to a directly bonded 1H–15N spin pair of the
backbone and side-chain of amino acid residues (except proline
residues). Thus, the behaviour of each amino acid residue of L-
hIGFBP2 can be individually probed.

We carried out two types of titrations to study the interac-
tion. First, 500 mL of the uniformly 15N-labeled protein (400 mM)
in 50 mM phosphate buffer containing 150 mM NaCl at pH 6
was taken in NMR tube and AgNPs from the stock solution (300
nM) were added as 10 mL, 20 mL, 30 mL, 40 mL and 50 mL cor-
responding to 5.9 nM, 11.8 nM, 17.6 nM, 23.5 nM and 29.4 nM,
Fig. 3 ITC data for the AgNP–LhIGFBP2 interaction.

This journal is © The Royal Society of Chemistry 2019
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respectively, of AgNPs (aer taking dilution into account). We
refer to this as the ‘forward titration’.

In the second titration (referred to as the ‘reverse titration’),
500 mL of AgNPs (50 nM) was taken in the NMR tube and 15N-
labeled protein (stock concentration 300 mM) was gradually
added to it in the increments of 10 mL, 20 mL, 30 mL, 40 mL and 50
mL corresponding to the nal concentration of the protein �6
mM, 12 mM, 18 mM, 24 mM and 30 mM, respectively, at each step
of the titration. The reverse titration helps to obtain approxi-
mately the number of molecules bound to the nanoparticles10 as
described below.
Forward titration: addition of AgNPs to L-hIGFBP2

Fig. 4a and b, respectively, show the spectral overlay and the
plot of normalized peak intensities observed in 2D [15N, 1H]
HSQC NMR spectra of L-hIGFBP2 in the absence and presence
of silver nanoparticles, at pH 6.0 and 298 K. From the spectra,
two observations can be made. First, in presence of the AgNPs,
no signicant chemical shi perturbations of the peaks are
seen. This indicates that the protein retains its disordered
conformation upon interaction. Second, a number of peaks are
broadened out on the successive additions of the AgNPs. The
average rotational correlation time (sc) of the protein was esti-
mated using 15N relaxation rates measured from a 1D projection
of the 2D 15N relaxation experiment24 and was found to increase
slightly from 3.05� 0.15 ns in the free protein (400 mM) to 3.4�
0.1 ns in presence of 29.4 nM of AgNP. This implies the protein
does not interact strongly with the AgNPs, indicating a dynamic
association-dissociation as discussed below.

During the course of the titration, if the protein interacts
strongly with the nanoparticle surface and spends a signicant
time on the surface of AgNPs (slow exchange regime), signals
arising from the protein-nanoparticle conjugate, being of larger
molecular weight, are expected to broaden out completely
compared to that of the free protein. Thus, any peak observed in
the spectrum would be from unbound protein. In such a case,
wherein slow exchange takes place between the free protein and
Fig. 4 (a) An overlay of 2D [15N, 1H] HSQC spectra of L-hIGFBP2 in free
form (blue) and upon addition of AgNPs (red). (b) The relative intensity
of peaks of each residue in the 2D [15N, 1H] HSQC spectrum of AgNP–
LhIGFBP2 complex. The intensities have been normalized for each
residue with respect to its intensity in the free protein. The residue
specific assignment of the protein has been described earlier.25

This journal is © The Royal Society of Chemistry 2019
the AgNP-bound form of the protein on the T2 time scale (i.e., kex
� dR2, where dR2 ¼ R2(bound) � R2(free)), the observed T2(

1HN)
values of the free protein signals would not vary signicantly
with the subsequent addition of nanoparticles.

In the other scenario, if the addition of the nanoparticles to
the protein leads to a decrease in the observed T2(

1HN) values of
the protein as the nanoparticles are added, it implies a “fast
exchange” of protein bound to the nanoparticle surface with
that of the free protein molecules in the solution. In this fast
exchange process, the decrease in the observed T2(

1HN) or (1/R2)
values result from the increase in the relative population of the
bound form as the titration proceeds, resulting in a population-
weighted average of the observed R2(

1HN) as:

R2 ¼ pf � R2f + pb � R2b

where pf, R2f and pb, R2b are the relative populations and R2(
1HN)

values of free and AgNP bound L-hIGFBP2, respectively.
The amide proton transverse relaxation values T2(

1HN) were
measured using a two-point HSQC method: a previously
described method to measure the paramagnetic relaxation
enhancement (G) in proteins26 and also used for characterizing
and ubiquitin-silver nanoparticle9 and ubiquitin–graphene
oxide interaction10 Two different delay times (corresponding to
16 ms and 20 ms) were introduced while acquiring the spectra
(two-point HSQC), keeping all other spectral parameters
constant. Due to the transverse relaxation of the spins, the NMR
signal shows an exponential decay, thus the residue specic
NMR signal intensity, I, of amide protons (1HN), observed in
a 2D [15N, 1H] HSQC experiment can be written as:

I ¼ exp(�D/T2(
1HN))

where ‘D’ is the period during which the amide protons (1HN)
are in the transverse plane. Next, acquiring two 2D [15N, 1H]
HSQC spectra in such a way that except an additional delay
period introduced in the INEPT part the experiment,10 all other
parameters kept constant, the NMR signal acquired will show
an additional decay due to the additional delay period intro-
duced. Taking the ratio of the signal intensities of the two
acquired spectra; with and without the delay periods, we have:

Iwith delay/Iwithout delay ¼ exp(�(D2 � D1)/T2(
1HN))

where (D2 � D1 z 16 ms) is the difference between the two
delays. Rearranging this equation gives us T2(

1HN) as

T2(
1HN) ¼ (D2 � D1)/ln(Iwithout delay/Iwith delay)

Thus, a T2(
1HN) plot can be obtained by taking the ratios of

peak intensities in the two spectra acquired with two delays.
Further, if ratios of peak intensities relative to that in the free
protein are considered, the effect on the intensity from 3JHNHA

during the additional delay period is removed. Fig. 5 shows the
absolute and the normalized relative residue specic T2(

1HN)
values of L-hIGFBP2 upon titration with the AgNPs relative to
that of the free protein. The 2D plots of the residue specic
RSC Adv., 2019, 9, 28746–28753 | 28749
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Fig. 5 (a) The absolute T2(
1HN) and (b) relative normalized T2(

1HN) of
each residue calculated from the 2D [15N, 1H] HSQC spectrum using
the two-point method (see text) for AgNP–LhIGFBP2 complex at
different indicated additions of AgNP.
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absolute T2(
1HN) values of free protein and its conjugate at the

various indicated additions of AgNPs are shown in Fig. S2 of the
ESI with respective values in Table 1 of ESI.†

As discussed above, the decrease in the observed T2(
1HN)

values upon titration with the AgNPs implies a fast exchange
between free and bound forms of the protein taking place on
the surface of the nanoparticles.9 Binding of the L-hIGFBP2 to
AgNPs affects all the residues in general, with some of the
residues undergoing a large (>75%) reduction in T2(

1HN) values.
Upon a closer observation, we identied these residues as L145,
K146, S147, G148, M149, K150, V154, F155, K158, T160, Q162,
L174, E177, R183, R188 and T189. The residues indicated above
which undergo the maximum effect of the interaction are
largely positively charged residues (Lys, Arg) interspersed with
hydrophobic residues. The effect on the positively charged
residues is expected due the negative charge on the surface of
the citrate-capped nanoparticles. This is very similar to that
observed in the study involving interaction of an IDP with
anionic silica nanoparticles.13

Interestingly, the majority of the residues which have
maximal interaction are also located close to the protease
cleavage sites of the protein: E151, L152, A153, R156, E157,
R164, Q165, M166, K168, L176, L182. The protease cleavage
sites are indicated by the arrows on the protein sequence
(Fig. 6).19

The function of proteases is triggered in the sample during
sample preparation and cell lysis. The relatively stronger
interaction of the C-terminal part of the polypeptide with the
silver nanoparticles (Fig. 4 and 5) presumably masks the
Fig. 6 Amino acid sequence of L-hIGFBP2. The residues coloured in
green are those which are incorporated within the sequence during
the cloning process and the arrows represent the proteolytic sites in
the sequence.

28750 | RSC Adv., 2019, 9, 28746–28753
proteolytic cleavage sites, which results in the enhanced
longevity of the protein. This was veried by adding protease
inhibitors to the protein, which also enhanced its longevity
(discussed below).
Reverse titration: addition of L-hIGFBP2 to AgNPs

In order to conrm that the AgNP-bound form of the protein
has very short T2(

1HN) values, the “reverse titration” was carried
out. This is shown in Fig. 7e, where the rst spectrum acquired
with addition of 10 mL of the protein to 50 nM of AgNP does not
yield any observable signal. In order to rule out that this may be
possibly due to low sensitivity of the protein sample, we carried
out the experiment under the similar conditions in absence of
AgNPs, where we observed all the cross peaks from the free
protein at the same concentration (Fig. 7a). This implies that
the absence of the cross peaks of protein in presence of the
AgNPs is attributed to the major fraction of the protein being
bound to the AgNPs compared to that of the free protein. As the
protein concentration is increased, more peaks start appearing
in the spectrum of the conjugate (Fig. 7g and h) and the
intensity of the peaks increases gradually.
Stability of the AgNP–LhIGFBP2 conjugate

IDPs are very sensitive to proteolytic cleavages leading to their
faster degradation. The function of proteases is triggered in the
sample during sample preparation and cell lysis. Hence,
protease inhibitors are always added to samples containing
IDPs.27 Free L-hIGFBP2 degrades within a week, whereas the
conjugated L-hIGFBP2 remains stable for more than a month.
In order to conrm the increased stability of L-hIGFBP2 is due
to the interaction of citrate capped silver nanoparticles at the
protease cleavage sites of the protein, we compared the effect of
the silver nanoparticles and the protease inhibitor cocktail (10
mL mL�1) supplemented with 10 mL mL�1 EDTA (0.5 M stock).
Fig. 7 Reverse titrations. (a–d) 2D [15N, 1H] HSQC spectra of free L-
hIGFBP2(top row) at different concentrations of protein (as indicated
on the top) and (e–h) 2D [15N, 1H] HSQC spectra of AgNP–LhIGFBP2
conjugate containing 50 nM AgNPs (bottom row) at the same protein
concentrations as for the free protein.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra05514b


Fig. 9 Overlay of 2D [15N, 1H] HSQC spectra of free L-hIGFBP2 (blue)
with that of the protein samples at different concentration of AgNPs
(red) on Day 1 and Day 10. The different concentrations of AgNP used
in (a)–(l) are indicated on the left of each set.
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In presence of the protease inhibitors (which contain
inhibitors for serine proteases and pepsin) the protein remains
stable for >30 days. Fig. 8 shows the comparison of the spectra
of the free L-hIGFBP2, in presence of AgNPs and in presence of
protease cocktail at different intervals of time. The spectrum of
the protein with AgNP remains unchanged aer a month,
compared to the free protein where the degradation peaks start
appearing with a week.

Assuming the concentration of �12 mM of the protein is the
maximum concentration that can be loaded completely on
50 nM of the AgNPs present in the sample, it implies that �240
molecules of the protein can be loaded onto one silver nano-
particle having an approximate radius of 10 nm.

Stability of the AgNP–LhIGFBP2 conjugate at different
concentration of AgNPs

We carried out two experiments to rule out the possibility that
the L-IGFBP2 is rendered stable because of the inhibition of
proteases by AgNPs. In the rst approach, the protein was
incubated with different amount of AgNPs and stored for 10
days in separate vials. The hypothesis was that if the proteases
interact with AgNPs and inhibit its degradation, the protein
should be rendered stable even at very low concentration of
AgNPs. This is due to the fact that traces of proteases are present
in the sample originating during the purication process and
hence their concentration is expected to be low. In Fig. 9, the
Fig. 8 Stability studies of L-hIGFBP2: (a–d) shows the overlay of 2D
[15N, 1H] HSQC spectra of free L-hIGFBP2 (blue) with that of the
protein sample at different time intervals (red). The encircled part
shows the degradation peaks appearing with time; (e–h) overlay of 2D
[15N, 1H] HSQC spectra of free L-hIGFBP2 (blue) with that of the
protein in presence of 30 nM AgNPs (red) (see also Fig. 4); (i–l) show
the overlay of the spectra of free L-hIGFBP2 (blue) with that of the
protein in presence of the protease inhibitor cocktail (red) at different
intervals of time (indicated on the top).

This journal is © The Royal Society of Chemistry 2019
blue spectra represent the free protein at Day 1 and it is overlaid
with spectra at different concentrations of the AgNPs at Day 1
and Day 10 of incubation. Only with higher concentration of
AgNPs, ($16 nM), the protein remains stable. This implies the
interaction of the protein with AgNPs is responsible for its
stability due to masking of proteases susceptible sites as shown
above. The proteases are expected to be in low concentration
and hence if nanoparticles indeed interacted with the prote-
ases, protein should have been rendered stable at lower nano-
particle concentrations.

In the second approach, we acquired the 2D [15N, 1H] HSQC
spectrum of the AgNP-bound L-hIGFBP2 in presence of exter-
nally added 2 mL trypsin and we observed that the trypsin is able
to cleave the nanoparticle bound protein (which otherwise
remains stable in presence of AgNPs). Since cleavage sites for
the trypsin on the L-hIGFBP2 lie outside the interacting sites on
the protein that interact with the AgNPs, in presence of trypsin
the conjugate is not stabilized. If the trypsin molecules were to
interact directly with the nanoparticles, the protein should have
been stable in presence of lower amounts of trypsin, which is
not the case. The protease–AgNP interaction was further ruled
out based on a 1D 1H NMR spectrum of trypsin (6 mM) with
AgNPs (30 nM), which showed that there is no appreciable
interaction between the two interacting partners (Fig. 10b). As
a comparison of the extent of interactions, Fig. 10c gives the
overlay of the 1D 1H spectrum of the free and AgNP-bound L-
hIGFBP2 and compared it with 1D 1H NMR spectrum of
trypsin in absence and in presence of AgNPs (Fig. 10b and c).
Thus, the silver nanoparticles interact primarily with L-
hIGFBP2, masking its proteolytic sites and thereby resulting
in its stabilization.
RSC Adv., 2019, 9, 28746–28753 | 28751
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Fig. 10 (a) Overlay of 2D [15N, 1H] HSQC spectra of free L-hIGFBP2–
AgNP conjugate (blue) with that in presence of trypsin (red). The green
circled region shows the appearance of the degradation peaks upon
the addition of the trypsin. (b) Overlay of the 1D 1H NMR spectra of free
trypsin (blue) with that in presence of AgNPs (red) indicating the
protease does not interact with AgNPs. (c) As a comparison to indicate
the extent of interaction, the spectrum of L-hIGFBP2 (blue) is shown
overlaid with that in presence of AgNPs. Due to the protein–AgNP
interactions there is a fall in intensity of the protein spectrum as
quantified in Fig. 4.
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Stability of the L-hIGFBP2 and its AgNP conjugate at different
salt concentrations

IDPs lack a well-dened three-dimensional structure and hence
exchange between ensembles of transient conformations has
been reported.28 The stability of these ensembles is determined
by the changes in the temperature, presence of the proteases,
electrostatic interactions with the ligands, buffer conditions,
ionic strength, and the type of the ions present in the solution.
To demonstrate the effect of the salt (NaCl) concentration on
the stability of the L-hIGFBP2 and the AgNP–LhIGFBP2 conju-
gate under in vitro conditions, we carried out the titration of the
L-hIGFBP2 and its AgNP-conjugate with different amounts of
salt (shown in the Fig. S3 of the ESI†). We observed that the free
IDP is unstable in absence and presence of the salt but the
AgNP-conjugate of the IDP remains stable for at least a week in
presence of the salt up to a concentration of 150 mM. But as the
concentration of the salt increases beyond this, the stability of
the AgNP–IDP conjugate falls which could be because of the
interaction of the excess of the salt with the silver nanoparticles,
causing the degradation of the silver nanoparticles by releasing
the soluble Ag+ ions into the solution.29 Further, in the presence
of high salt concentration, the electrostatic interaction between
the nanoparticles and proteins is screened, rendering the
protein unstable in absence of its interaction with
nanoparticles.

Discussion

The interactions between the metal nanoparticles and the
protein molecules lead to the formation of the complex and
28752 | RSC Adv., 2019, 9, 28746–28753
dynamic protein-corona. The interactions have been attrib-
uted to be electrostatic or hydrophobic in nature.30–33

Depending upon the surface charge of the nanoparticles, the
protein may undergo a conformational change upon inter-
action. In the present study we have used solution state NMR
spectroscopy and other methods to explore the mechanism
and the dynamics of interaction of an IDP with citrate capped
silver nanoparticles. We observe that the C-terminal region of
L-hIGFBP2, which also bears the proteolytic sites for a wide
range of the enzymes, interacts relatively strongly with the
nanoparticles. We attribute this enhanced stability of the
AgNP–LhIGFBP2 conjugate to the cumulative effects of the
electrostatic interactions (between the IDP and the AgNPs)
and the masking of the proteolytic prone sites on the IDP by
the AgNPs. The protein makes transient contacts with the
silver nanoparticle surface and undergoes a reversible asso-
ciation and dissociation from the nanoparticle surface.
These interactions are relatively weaker in nature compared
to covalent or strong ionic interactions. The interaction of
the silver nanoparticles presumably prevents the access of
the proteases to the protein and stabilizes it for more than
a month.

A recent study explored the residue-specic interaction
between negatively charged silica nanoparticles and an IDP.13 A
detailed amino acid specic analysis using NMR spectroscopy
was carried to probe the nature of the interaction. It was found
that amino acids of the IDP that have the strongest interaction
with the nanoparticles are Arg and Lys, followed by hydrophobic
residues such as Ile, Leu and Val. A very similar set of residues
were found to interact in our studies.

IDPs in general contain a large number of charged resi-
dues.34 The presence of the large uncompensated charges on
the IDPs result in their high pI values at physiological condi-
tions. In presence of the nanoparticles, the charged residues
engage in the electrostatic interactions with the oppositely
charged surface of the nanoparticles. In those IDPs where the
proteolysis prone sites are at/near the interacting residues as
observed in the current study, the stability of the IDPs may
result as a consequence of these electrostatic interactions.
Hence this study can be generalized to those IDPs where
interactions between the IDPs and the nanoparticles mask the
proteolytic sites on the IDP.
Conclusions

This represents the rst study that describes the increase in
stability of an intrinsically disordered protein against proteo-
lytic cleavage upon interaction with nanoparticles. This inter-
action involves a dynamic exchange between the free (excess)
and AgNP-bound protein molecules and is also reected in the
decrease in T2(

1HN) values of the amide protons of the protein
upon addition of AgNPs. The faster the dynamic exchange, the
weaker would be the strength of interaction and vice versa.9 The
exchange rate would depend on the strength and nature of
protein–AgNPs interaction, which in turn may depend upon the
nature/type of IDP.
This journal is © The Royal Society of Chemistry 2019
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Chem. C, 2016, 120, 24463–24468.
This journal is © The Royal Society of Chemistry 2019
14 M. J. Suskiewicz, J. L. Sussman, I. Silman and Y. Shaul,
Protein Sci., 2011, 20, 1285–1297.

15 P. Tsvetkov, G. Asher, A. Paz, N. Reuven, J. L. Sussman,
I. Silman and Y. Shaul, Proteins: Struct., Funct., Bioinf.,
2007, 70, 1357–1366.

16 B. Bekei, H. M. Rose, M. Herzig, A. Dose, D. Schwarzer and
P. Selenko, Methods Mol. Biol., 2012, 895, 43–54.

17 S. A. Rosenzweig and H. S. Atreya, Biochem. Pharmacol., 2010,
80, 1115–1124.

18 M. Swain, M. G. Slomiany, S. A. Rosenzweig and H. S. Atreya,
Arch. Biochem. Biophys., 2010, 501, 195–200.

19 B. E. Forbes, P. McCarthy and R. S. Norton, Front.
Endocrinol., 2012, 3, 1–13.

20 W. Lin, T. Insley, M. D. Tuttle, L. Zhu, D. A. Berthold, P. Kra,
C. M. Rienstra and C. J. Murphy, J. Phys. Chem. C, 2015, 119,
21035–21043.

21 S. Pregent, A. Lichtenstein, R. Avinery, A. Laser-Azogui,
F. Patolsky and R. Beck, Nano Lett., 2015, 15, 3080–3087.

22 F. Theillet, A. Binol, B. Bekei, A. Martorana, H. M. Rose and
M. Stuiver, Nature, 2016, 530, 45–50.

23 S. Agnihotri, S. Mukherji and S. Mukherji, RSC Adv., 2014, 4,
3974–3983.

24 T. Szyperski, D. C. Yeh, D. K. Sukumaran, H. N. B. Moseley
and G. T. Montelione, Proc. Natl. Acad. Sci. U. S. A., 2002,
99, 8009–8014.

25 A. Dubey, S. Mondal, K. Chandra and H. S. Atreya, J. Magn.
Reson., 2016, 267, 22–29.

26 J. Iwahara, C. Tang and G. Marius Clore, J. Magn. Reson.,
2007, 184, 185–195.

27 M. J. Suskiewicz, J. L. Sussman, I. Silman and Y. Shaul,
Protein Sci., 2011, 20, 1285–1297.

28 B. I. M. Wicky, S. L. Shammas and J. Clarke, Proc. Natl. Acad.
Sci. U.S.A., 2017, 114, 9882–9887.

29 C. Levard, S. Mitra, T. Yang, A. D. Jew, A. R. Badireddy,
G. V. Lowry and G. Brown, Environ. Sci. Technol., 2013,
47(11), 5738–5745.

30 A. Sánchez-Iglesias, M. Grzelczak, T. Altantzis, B. Goris,
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