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An ultrastable conjugate of silver nanoparticle and

protein formed through weak interactions

Varsha P. Brahmkhatri,®" Kousik Chandra, > Abhinav Dubey®® and Hanudatta S. Atreya™"*

In recent years, silver nanoparticles (AgNPs) have attracted significant attention owing to their unique physicochemical,
optical, conductive and antimicrobial properties One of the properties of AgNPs which is crucial for all applications is their
stability. In the present study we unravel a mechanism through which silver nanoparticles are rendered ultrastable in an
aqueous solution in complex with the protein ubiquitin (Ubg). This involves a dynamic and reversible association and
dissociation of ubiquitin from the surface of AgNP. The exchange occurs at a rate much greater than 25 s implying a
residence time of < 40 ms for the protein. The AgNP-Ubqg complex remains stable for months due to steric stabilization
over a wide pH range compared to unconjugated AgNPs. NMR studies reveal that the protein molecules bind reversibly to
AgNP with an approximate dissociation constant of 55 uM and undergo fast exchange. At pH > 4 the positively charged
surface of the protein comes in contact with the citrate capped AgNP surface. Further, NMR relaxation-based experiments
suggest that in addition to the dynamic exchange, a conformational rearrangement of the protein takes place upon
binding to AgNP. The ultrastability of the AgNP-Ubg complex was found to be useful for its anti-microbial activity, which
allowed the recycling of this complex multiple times without loss of stability. Taken together, the study provides new
insights into the mechanism of protein-silver nanoparticle interactions and opens up new avenues for its application in a

wide range of systems.

have long-term stability. Significant efforts have been made to
improve the stability of AgNPs by employing various capping
agents, ionic surfactants (such as sodium dodecyl sulphate and

Among the various nanomaterials silver nanoparticles (AgNPs)
have attracted a large attention due to their novel
physicochemical, optical, conductive and antimicrobial
propertiesl'g. AgNPs represent one of the most commercially
important groups of nanomaterials due to their wide range of
applications in almost every field of nanotechnology and
nanomedicine * > & 7 & ° 10 However, unlike gold the
susceptibility of silver to oxidation has restricted the
development of important silver-based nanomaterials. A
persistent focus has been to develop AgNPs that are inert or
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cetyltrimethylammonium bromide“), organic ligands including
thiolates 13, polymers 1416 and natural biomaterials . In
addition many silver based antibacterial nanocomposites
based on graphene oxide and titania have also been reported
17-19

Colloidal stability is essential to AgNP-based nanoproducts
because it affects most of the important properties associated
with their performance namely their size, shape, and surface
area 2. Consequently, a number of studies have focused on
aggregation and dissolution of AgNPs in cell culture media, in
natural water or in the formulation of consumer products 2022
Notwithstanding these efforts, a mechanistic insight into the
interaction and stability of AgNPs with different ligands,
especially biomolecules in general and proteins in particular is
incomplete. The AgNPs have two structural constituents that
can contribute towards their interaction and stability with
biomolecules, the metal core surface and the citrate ligands.
One fundamental complication yet to be investigated is the
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mode of protein nanoparticle interactions, which has several
possibilities such as the binding of the protein to the metal
core either directly or through the citrate capping or both.
Protein-nanoparticle interactions result in formation of a
dynamic nanoparticle-protein corona B2 The protein corona
may affect cellular uptake, inflammation, accumulation,
degradation and clearance of the nanoparticleszs' % 5o far the
nanoparticle-protein corona has been explored experimentally
using circular dichroism, fluorescence, infrared spectroscopy
and various other methods that are limited to monitor changes
in the secondary structure of proteins 2730, Complete details of
the structural changes at an atomic level occurring in the
protein upon binding to nanoparticles remains a challenge.
Nuclear magnetic resonance (NMR) is a powerful tool for such
studies due to its high sensitivity and resolution to protein—
ligand interactions 332 NMR has been used to characterize
protein-nanoparticle using
multidimensional experiments
In the present study, using NMR spectroscopy and other
techniques we have probed in detail the mechanism of
protein-AgNP interactions which render the AgNPs ultrastable.
The study reveals a mechanism which involves a relatively fast
and reversible association-dissociation of human ubiquitin
(dynamic exchange) from the surface of AgNP. The AgNP-Ubq
complex remains stable for months over a wide pH range short
time. The techniques employed in addition to NMR include
UV-Visible spectroscopy, dynamic light scattering (DLS), zeta
potential measurements and transmission electron microscopy
(TEM). NMR studies suggest that the protein molecules bind to
the AgNP with an approximate dissociation constant of 55 pM
coming under the fast exchange regime at the magnetic field
strength of 18.8 T used in the study. At pH > 4 the positively
charged surface of the protein comes in contact with the AgNP
surface, while the negatively charged surface faces the
dispersion  medium.  Further, NMR relaxation-based
experiments suggest that in addition to the fast exchange, a
structural reorientation/ rearrangement of the protein takes
place upon binding. The ultrastability of the AgNP-Ubq
complex was found to be useful for its anti-microbial activity,
which allowed the recycling of this complex multiple times
without loss of stability unlike the uncomplexed AgNPs.

interactions various

29, 33-36

Materials and Methods
UV-visible spectroscopy

To confirm the binding of Ubg to AgNP and to study the
stability of AgNP-Ubqg conjugate UV-visible spectra were
recorded on a Shimadzu UV-1800 UV-VIS Spectrophotometer.
The final concentration of AgNP was 2.8 nM, which was mixed
with 50 uM unlabelled ubiquitin in water to form the complex
and incubated for few hours before starting the measurement.
The stability of AgNP and AgNP-Ubg were measured in 50 mM
Phosphate-buffer with 50 mM NaCl at different pH from 3-11.
Stability profiles were plotted using absorbance values at
respective absorption maxima for AgNPs and AgNP-Ubq as a
function of time.
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Dynamic light scattering (DLS) and Zeta potential measurement

The hydrodynamic radii and zeta potential of AgNPs, UBQ and
AgNP-Ubg were measured using Nanozetasizer machine
(Brookhaven Zeta PALS). Samples for DLS and zeta potential
were prepared in 50 mM phosphate buffer or water as
required. The AgNPs and Ubqg were taken in the range of 3-6
nM and 25-50 uM, respectively. Further the zeta potential of
AgNPs, UBQ and AgNP-Ubg was measured at different pH in 50
mM Phosphate-buffer containing 50 mM NacCl.

Transmission electron microscopy (TEM)

The TEM images were obtained with a Technai T-20 machine
at an operating voltage of 200 kV. AgNPs (5.6 nM) were
incubated at room temperature in deionized water (18 MQ-
cm) at neutral pH with unlabelled ubiquitin (50 uM), pipetted
on a copper grid and dried overnight at room temperature in a
desiccator.

Scanning electron microscopy (SEM)

To observe the morphological variations of bacterial cells
treated with AgNPs and AgNP-Ubqg, scanning electron
microscopy was used. Bacterial cells (2.4 x 108 cells/ml) were
treated separately with 7 ng/ml of AgNP and AgNP-Ubq for 1
h, and centrifuged at 3000 rpm for 10 min. The pellets were
washed with phosphate buffer three times and pre-fixed with
2.5% glutaraldehyde for 30 min. The pre-fixed cells were
washed with buffer two times followed by re-suspension in
buffer. About 2 to 4 pl of samples were taken on a carbon
tape. The fixed cells were dried and gold-coated using ion
sputter. The samples were observed on a FEI Sirion XL30FEG
SEM under high voltage varying between 200 kV and 300 kV.

NMR Spectroscopy

All NMR data were recorded at 298 K on a BRUKER Avance
NMR spectrometer operating at a 'H resonance frequency of
800 Hz equipped with a cryogenically cooled triple resonance
probe. Chemical shifts were calibrated with respect to 2,2-
dimethyl-2-silapentane-5-sulfonate (DSS) (0 ppm) for proton,
while >N chemical shifts were calibrated indirectly. Ubiquitin
concentration in all the experiments were kept at 50 uM in 50
mM Phosphate buffer, 50 mM KCI, pH 8 in a mixed solvent of
90% H,0 and 10%2H20. The titration with AgNP was carried
out by adding small aliquots from a stock solution to 500 pL of
34 nM dissolved in buffer with citrate as capping agent. Three
samples were prepared by adding 100, 200 and 300 ul AgNP
stock to 50 uM of ubiquitin and was equilibrated for 1 day
each prior to NMR measurement. Since a low protein
concentration was used, efficient fast data acquisition was
enabled using SOFAST (band-Selective Optimized-Flip-Angle
Short-Transient) HsQC®” which has a combined advantage of:
(i) small number of radio-frequency pulses, (ii) Ernst-angle
excitation®® and longitudinal relaxation optimization39’ o
perform the experiment with high repetition rate in order to
achieve high signal to noise ratio using a small inter-scan delay
period. The 2D [*°N, 'H]-SOFAST-HMQC was recorded with
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the 'H carrier placed at middle of amide region (8.5 ppm) and
with the °N carrier at 119 ppm. Selective excitation in amide
region was achieved with a 1200 polychromatic pulse with
2.25 ms delay and for inversion R-SNOB pulse was used. The
experimental time for each of the HMQC spectrum was 11 min
with 128 x 2048 complex points along the ®Nand H
dimensions, respectively.

We performed HETerogeneity-SOFAST (HET-SOFAST)
experiment to probe the change in structural rigidness of
ubiquitin in residue wise manner due to interaction with
AgNP“. In this direction, aliphatic region was two experiments
in the presence (irradiation) and absence (reference) of a
selective inversion pulse at desired offset (-1 ppm) were
performed. Ratio of intensities for each peak leads to
detection of A, in a residue specific manner. The contribution
of transverse relaxation in residue specific manner was
obtained by incorporating a refocusing delay of 20 ms while
the proton magnetization resides in XY plane and the intensity
ratio was taken with and without this delay. Quadrature
detection in the indirect dimension was achieved using States-
TPPI method. All data were zero-filled to 1024 and 2096
complex points along t; and t,, respectively. NMR data were
apodized using 90°-shifted sine square bell window functions
prior to Fourier Transform (FT) for attaining high resolution.
The final size of each matrix was 2048(w,) x 1024 (w,).
Residue-specific A, values were determined by taking the
intensity ratio leitea/lreference fOr €ach cross-peak and in this
case water saturation was achieved on selective inversion on
water by putting a Gaussian pulse. All data were processed
using TOPSPIN 3.2 and analysed using CARA.

The calculation of the dissociation constant, Ky, was carried
out as follows. First, the number of protein molecules binding
one AgNP particle was calculated using the equation33.

3 3 3
Nubg = 0.65™ (R agnp-ubg = R™agnp) /R Ubq (1)

which is an upper limit on the number of ubiquitin molecules
bound. 'R' denotes the radius of the nanoparticle/protein.
Next, we assumed that all the binding sites on AgNP are
independent of each other and the binding of ubiquitin to one
site does not affect its binding to the other site on the AgNP
surface. The dissociation constant (Kp) was then obtained by
fitting Equation 2 below to the chemical shift data obtained
from the titration experiment, which is valid for fast exchange
and for a system with multiple binding sites for the Iigand“.
Here the protein represents the ligand and AgNP represents
the macromolecule on which binding takes place:

6cvbs'6free (Smax)*[(nubq*[AgNP]total + [qu]total + KD) -
((Nub* [AENPl:otar + [UbQliota + Ko)* =
(4*nubq*[AgNP]total*[qu]total)l/z)]/Z*[qu]total (2)

Where 8max=0pound - Ofree AN Sgps, Ofree are the chemical shifts of
amide proton of a given residue of ubiquitin observed in the
2D [15N, 1H] HMQC in the presence and absence of AgNP,
respectively; [AgNPliwa and [Ubqglietar represents the total

This journal is © The Royal Society of Chemistry 20xx

concentration of AgNP and ubiquitin at a given point during
the titration.

The amide proton T2 was determined by acquiring two 2D
[ISN, 1H] HSQC spectra on both the free AgNP and AgNP-Ubqg
complex. In one spectra, a delay period of 16 ms (Tgeiay) Was
added during the 'H to °N polarization transfer step (i.e.,
during forward INEPT); the second spectra was acquired
without any additional delay period. Assuming all other
conditions identical, the ratio of the intensity for a given cross
peak in the two spectra for a given sample (i.e., AgNP or AgNP-
Ubq) is given as:

Idelay/lno-delay=eXp('TdeIay/T2(1H)) (3)

Using the above relation, an estimate of the T2 can be
obtained.

Results
Characterization of AgNP and AgNP-ubiquitin complex

The direct interaction of AgNPs with human ubquitin (Ubq)
was first confirmed by UV-visible spectroscopy. The UV-visible
spectrum of free (citrate capped) AgNP shows a typical intense
surface plasmon resonance band positioned at 391 nm. Upon
addition of Ubqg this band shifts to 404 nm (Figure 1). The
observed red shift is attributed to the formation of ubiquitin
conjugated silver nanoparticles (AgNP-Ubg) as observed
earlier”®. The average particle size of the synthesized citrate
capped AgNPs was found to be 25-30 nm from TEM. The TEM
images of the AgNPs and AgNP-Ubg (Figure 1) show that the
silver nanoparticles do not aggregate and remain
monodispersed even in the presence of ubiquitin.

—— AgNP-Ubq
25 —— AgNP

Absorbance

1.0

0.5

0.0
200 400 600 800
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1000

Figure 1 (A) TEM images (B) UV-visible spectra of AgNP and AgNP-Ubqg
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The hydrodynamic radii of AgNPs and AgNP-Ubq (at pH 7)
obtained using DLS were found to be 31 nm and 36 nm,
respectively. The higher hydrodynamic size of AgNP-Ubq as
compared AgNPs suggests the formation of a complex of AgNP
with ubiquitin. Figure 2A shows the zeta potential values of
both unconjugated AgNPs and AgNP-Ubg complex at different
pH values. For pH=3 to 11 (50 mM Phosphate buffer; 50 mM
NaCl), the unconjugated AgNPs exhibit a negative zeta
potential which decreases (in magnitude) upon forming
complex with Ubg. At the corresponding pH values ubiquitin
has both positively charged surface and negatively charged
surfaces (Figure 2B), which was calculated based on the three
dimensional structure of ubiquitin (PDB code 1UBQ). This
suggests that the negative charge of the citrate capped AgNP is
partially neutralized upon interaction with the positively
charged surface of ubiquitin, resulting in the decrease (i.e.,
relatively more positive value) of the zeta potential. The fact
that the positively charged surface of ubiquitin interacts with
the AgNP was also verified from NMR studies (discussed
below).

At pH < 4, the AgNP-Ubq complex exhibits a positive zeta
potential due to the fact that the overall surface of ubiquitin
acquires relatively more positive charge compared to the pH >
4 (Figure 2B). In fact at pH 4 and 5 the AgNP-Ubq complex
starts to become relatively unstable, though remaining more
stable than the unconjugated AgNPs. This is discussed next.
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Figure 2. (A) Zeta potentials of AgNP and AgNP ubq conjugates at pH 3-11.(B)
Electrostatic potential surface of ubiquitin at different pH, calculated using APBS server.
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Stability of AgNPs and AgNP-Ubqg complex

The stability of AgNPs and AgNP-Ubqg were monitored by UV-
visible spectroscopy over a period of several weeks. Figure 3A
shows the absorbance profile of AgNPs (at Amax of 391 nm;
shown in red) and that of AgNP-Ubq (blue) at A, of 404 nm as
a function of time (in days) normalized with respect to the
absorbance observed on day 0. The complete UV spectra at
different pH is shown in Figure S1 of Supporting Information. A
large decrease in absorbance of uncomplexed AgNPs is
observed, corresponding to the loss of colour. Citrate capped
AgNPs were unstable and underwent aggregation within a day
at pH 4, 5, 6 and 10 (Figure S1); their stability was slightly
higher at higher pH=7, 8 and 9. Surprisingly in presence of
ubiquitin, AgNPs were stable for several weeks over a wide pH
range. Indeed the AgNP-Ubqg complex is stable even after 120
days (Figure 3B) as evident from its colour. At pH 4 and 5,
AgNP-Ubg remained stable for two weeks, whereas the
uncomplexed AgNPs degraded within a day. The mechanism
resulting in such ultrahigh stability of the conjugate was
investigated further by NMR spectroscopy.
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Figure 3. (A) Stability profiles of AgNPs (red) and AgNP-Ubq (blue) monitored by UV-
visible spectroscopy as a function of time at different pH (pH=4 to10). The relative
normalized absorbance at Ay (391 nm for AgNP and 404 nm for AgNP-Ubq) has been
plotted as a function of time (in days). (B) AgNP and AgNP-Ubq conjugates at different
pH after 120 days.
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NMR Studies of AgNP-ubiquitin interactions
(a) Characterizing the binding kinetics

We NMR techniques probing the
mechanistic aspects of AgNP-Ubq interactions. This was first
studied with a fast two-dimensional (2D) >N-'H heteronuclear
multiple guantum coherence (HMQC) experiment37 using a BN
labeled sample of ubiquitin and titrating it with the AgNPs.
Such a titration gives rise to chemical shift perturbations (CSP)
of signals of the free (unbound) protein upon interaction with
the AgNPs. CSP is a well known method for probing protein-
ligand interactions™. Depending on the rate of exchange and
the difference in chemical shift between the ubiquitin bound
to AgNP and free ubiquitin, the kinetics of AgNP-Ubqg
interaction can be either designated as "slow" or "fast". In the
slow exchange regime, the rate of exchange, k.., measured in
Hz or s would be less than the difference in the chemical shift
(when considered in Hz) between the free and bound ubiquitin
043 |n the fast exchange regime, the exchange rate should be
considerably high compared to the chemical shift difference
between the free and bound ubiquitin. These two regimes can
be identified from the NMR spectrum when the protein is
titrated with the ligand. If the signals from the free protein
gradually decrease in intensity with the concomitant
appearance of signals at a location distinct from the original
position, a slow exchange is implied. On the other hand, if the
signals of the free protein gradually shift upon addition of the
ligand, a fast chemical exchange can be inferred. The gradual
shift in the signals occurs due to the increase in the population
of the protein-ligand complex and the signals shift to a
population weighted average position42. Further, in the fast
exchange limit, the signals of the protein broaden which is
manifested as a decrease in the intensity of peaks upon
gradual addition of the ligand. This is due to the fact that fast
exchange results in a population weighted average for the
transverse relaxation times (T,), which shifts to a value of the
complex as more ligand is added. The average T, is significantly
reduced if the protein-ligand complex is larger in size
compared to the free protein. In the present study, the protein
is ¥2-3 nm in size compared to the AgNP which is ~30 nm
resulting in a large AgNP-ubiquitin complex and consequently
a very short T, is expected for the complex. Indeed the protein
signals of AgNP-ubiquitin complex can be assumed to be
completely broadened and unobservable due to its large size.
In the present study, we carried out two types of titrations.
First, a 50 pM solution of N labeled ubiguitin in 50 mM
phosphate buffer (pH=8) in NMR tube was titrated with AgNPs
taken from a stock solution of 34 nM made in the same buffer.
The AgNPs were incrementally added to the solution and
changes in chemical shifts and signal intensities in the 2D
HMQC were observed. The NMR spectra were recorded for
three additions of the nanoparticles taken from the stock
solution of 34 nM: 100 pL, 200 pL and 300 plL. The titration
were stopped when a significant broadening of peaks was

used different for

This journal is © The Royal Society of Chemistry 20xx

observed in the 2D spectrum. We denote this as a 'forward'
titration.

The second was a 'reverse' titration in which a fresh
solution of 34 nm AgNPs was taken in the NMR tube and BN
labeled ubiquitin was gradually added to it from a stock
solution containing 5 mM of the protein. Three additions of
the protein were carried out corresponding to the following
concentrations: 50 uM, 200 pM and 500 pM. Due to fast
exchange, a direct fit of intensity to the AgNP concentration
could not be used to estimate the number of ubiquitin
molecules binding one AgNP. Hence, given the size of ~¥30 nm
for AgNP and ~36 nm for AgNP-Ubg complex as obtained from
DLS at pH=8, we estimated that about ~800 molecules of
ubiquitin were bound to one AgNP using the method proposed
by Calzolai et al.® (see Equation 1 of Materials and Methods).
Thus, in calculating the protein: AgNP ratio, the concentration
of AgNP is scaled by 800 to compare it with the protein
concentration. Taking this and the dilution of the solution
during titration into consideration the forward titration points
correspond to ~1:0.1, ~1:0.2 and ~1:0.3 protein: AgNP ratio.
The reverse titration points correspond to: ~1:0.55, ~1:0.12
and ~1: 0.05 protein:AgNP ratio.

Figure 4A shows the 2D 5N-'H correlation spectrum of
free ubiquitin overlayed with that of the protein titrated with
AgNP corresponding to 1:0.3 ubiquitin:AgNP ratio. The fact
that the overall chemical shifts of the complex are similar to
that of the free protein indicates that the latter retains its
backbone conformation in the bound form. However, subtle
changes in the conformation is not reflected in the 2D
spectrum, which was investigated in detail using other NMR
techniques discussed below. Figure 4B shows the residues that
are broadening at 1:0.3 Ubqg:AgNP ratio mapped onto the
surface of the protein. Figure 4C shows the deviation of the
chemical shifts from the free form plotted for all residues at
protein:AgNP ratio of 1:0.3. The gradual change in chemical
shifts of some of the residues upon addition of the AgNP
(reverse titration) compared to that in the unbound protein
are shown in Figure 4D. This implies a fast exchange limit as
discussed above. The proton (1H) T, of the system compared to
the unbound protein also decreases upon addition of AgNPs at
different protein:AgNP ratios from 0.9+0.2 at 1: 0.1 to 0.4+0.1
at 1:0.3 ratio. As discussed above, this decrease in T, (lH) with
addition of the AgNPs also indicates a fast exchange regime.
Figure 4E shows the average deviation plotted as a function of
AgNP:protein ratio. From the change in the chemical shift as a
function of protein:AgNP ratio the dissociation constant (Kp;
indicative of the binding affinity) can be calculated using
Equation 2 (see Materials and Methods). Assuming that 800
molecules of ubiquitin bind one AgNP (which is an upper limit
on the number of ubiquitin molecules bound), we have
considered 800 independent protein binding sites on AgNP
(i.e., n,pg=800 in Equation 2). A K of ~¥55+10 uM was obtained
using this approach.
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The maximum chemical shift difference observed for the
bound form (complex) compared to the protein is estimated as
Admax(ppm) ~ 0.03 by extrapolating the curve shown in Figure
4E to high protein:AgNP ratio. This corresponds to Adm. ~ 25
Hz at 'H resonance frequency of 800 MHz at which the present
studies were carried out. The fast exchange condition implies
that the rate of exchange, kqy (ko) >> ASmax 4243 This implies a
residence time (1/k.¢) of much less than 40 ms, which is the
upper limit based on the fast exchange considerations. The
protein thus transiently contacts the AgNP and undergoes fast
and reversible association-dissociation from the surface of
AgNP. The implications of this for the stability of the
nanoparticles is discussed below.

(b) Mapping the protein binding site

We found that a few residues of ubiquitin broaden out upon
addition of AgNP at a protein:AgNP ratio of 1:0.3 (Figure 4A).
The residues that get broadened are presumably those which
transiently contact the citrate coated charged nanoparticle-
surface and get broadened due to direct interaction.
Specifically, these residues are Leu 8, Thr 9, Gly 10, Lys 11, Thr
12, Phe 45, Ala 46, Val 70, Leu 73, Arg 74, and Gly 75 (indicated
in Figure 4A). When mapped upon the surface of ubiquitin
(Figure 4B), the residues form distinct patches indicating
different regions of protein that interact with the citrate
coated surface of AgNP. This is similar to that observed
recently for the interaction of ubiquitin with gold nanoparticles
a4 Interestingly these residues are located in the positively
charged surface of ubiquitin as shown in Figure 4B. We have
used implicit solvent methods 45 4% to calculate the
electrostatic potential on the protein structure considering
solvent as a dielectric continuum and using APBS (Adaptive
Poisson-Boltzmann Solver) *"in PYMOL * together with a web-
based 49 provided at
http://www.poissonboltzmann.org/. This establishes the fact
that AgNP-Ubq interaction is largely electrostatic in nature and
residues which belongs to positively charged surface favor the
binding to negatively charged citrate capped AgNPs.

service

This journal is © The Royal Society of Chemistry 20xx

(c) Conformational changes in ubiquitin upon binding AgNP

In order to understand further the protein-nanoparticle
interaction, we performed detailed analysis of local
conformational fluctuations of ubiquitin using NMR based
relaxation experiments. Two distinct types of experiments
were preformed, both of which have been described by
Schanda et al. **. In the first case, aliphatic (methyl) protons
were saturated using a selective radio frequency (r.f.) pulse
prior to recording a 2D 15N, 'H correlation experiment and the
saturation transfer to backbone amide protons was monitored
by taking the integral ratio (An..) of two spectra recorded with
(saturated) and without (reference) selective irradiation of the
aliphatic region“. The primary mechanism of transfer of
magnetization from aliphatic to backbone amide is spin
diffusion; the ratio measured provides insight into the
interaction between the backbone amide protons and aliphatic
proton and leads to nuclear Overhausser effect (NOE)
information (Anqe). When a backbone amide hydrogen atom is
located in the interior of a structured protein, we observe a
low value of A, due to efficient spin diffusion mechanism
arising from its close proximity (< 5A) to other protons. Hence,
an increase in A,. corresponds to loosening in structure or
increase in the mobility of the amides upon forming the
complex. This was probed for both the free (unbound) protein
and the protein in complex with AgNP at protein:AgNP ratio of
1:0.3.

In the second experiment an estimation of the amide—
water hydrogen exchange (A.,) was obtained using the same
procedure as above except that the selective 'Y saturation was
carried out for the water signal (at 4.7 ppm). The ratio of peak
integrals of two spectra recorded with (saturation) and
without (reference) selective irradiation of the water peak is
denoted as: A A value of A, close to 1.0 indicates that the
amide protein is protected from the solvent and hence
irradiation of the water signal does not affect its intensity. A
lower value of A, implies exposure to the solvent resulting
from its higher exchange with the solvent, which causes its
intensity to decrease due to saturation transfer’’. Thus the
two parameters (A, and A.,) reveal local structural and
dynamics information along polypeptide chain and are
complementary in nature.
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Figure 5: Residues in (a) free ubiquitin and (b) AgNP-Ubq that exhibit An.e > 0.7 shown mapped on to the 3D structure. In (b), residues in AGNP-Ubq which additionally have Anee >
0.7 compared to free ubiquitin are shown in a different color (pink). (c) Difference in A, between bound (AgNP-Ubq) and free ubiquitin plotted as a function of residue. (d)
Residues which show increase in A values upon interaction with AgNP (i.e., Alne > 0). () Residues with Ak < 0 and (f) residues which show decrease in T2 (*H) upon

interaction with AgNP are mapped on the structure of the protein.

Figure 5A shows residues in the free form of the protein
that have high A, (> 0.7) mapped on the 3D structure of the
protein. A majority of these are distributed over loops, at the
edges of secondary structural elements and/or exposed to the
solvent. We have considered a cut-off value of 0.7 for A,
which is 1.3 times the average value for the protein to
discriminate the flexible residues from the rest of the protein.
Upon interaction with AgNP, the overall conformation of
ubiquitin starts opening up as more residues show higher
flexibility and Ao values. These are distributed over different
parts of the structure as shown in Figure 5B, where the
additional residues showing higher A, values (considering a
similar cut-off as used for the free form) are shown in pink and
correspond to Lys 11, Asp 16, Thr 22-Val 26, Lys 29, lle 30, GIn
41, Gly 47, Arg 54, Thr 55, Lys 63, and Leu 73. A difference of
the A,.eVvalues in the bound and free form (AL, qe) is shown in
Figure 5C. The residues which show increase in A,,. upon
interaction (i.e., Al e > 0) are shown in Figure 5D mapped
onto the protein structure and are more in number compared
to those with AA, o <O0.

The residues with AL, < O are shown in Figure 5E and
correspond to Val 17, Lys 33, Glu 34, lle 36, Asp 39, GIn 40, Leu

This journal is © The Royal Society of Chemistry 20xx

56, Ser 57, Asn 60, GIn 62, Glu 64, Ser 65. Some of these
residues are located in loops and at edges of the secondary
structural elements and in vicinity of residues involved in
direct interaction with AgNP (see Figure 4B). Additionally Asn
60-Ser 65 belonging to the flexible loop before the C-terminal
B-sheet of ubiquitin also show increase in rigidity upon
interaction (i.e., AX,.. < 0). These residues are located in the
vicinity of Val 70 belonging to the C-terminal B-sheet and the
residues at the C-terminal end (Leu 73, Arg 74 and Gly 75),
which are involved in direct interaction with AgNP surface and
are broadened out (Figure 4A). To further confirm that this
decrease in A, is mainly due to decrease in local flexibility,
we estimated transverse relaxation (T,) of backbone amide
protons. We have found that most of the residues which show
decrease in A, also show decrease in T, (Val 17, lle 36, Asp
39, GIn 40, Leu 56, Ser 57, Asn 60, Gln 62, Glu 64, Ser 65, Gly
76) upon interacting with AgNP. This is shown in Figure 5F and
Figure S2 of Supporting Information.

The overall opening up of the conformation is also
reflected in the increase in the solvent (water) accessibility of
the amide proton for some of the residues (Figure S3 of
Supporting Information). For instance, in the free protein the
residues Lys 11, Ser 20, Gly 47, and GIn 62, which show high

J. Name., 2013, 00, 1-3 | 8
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solvent accessibility are located largely in the flexible loop
regions of the structure. However upon interaction with AgNP,
residues Val 5, Lys 6, Thr 7, Thr 14, Thr 22, lle 23, lle 30, Lys 33,
Gly 47, Asp 52, Tyr 59, lle 61, Glu 64 and Val 70 show higher
accessibility (Figure S3). These residues are located in vicinity
of those that show higher A, values.

Taken together, the above results suggest the following
mechanism: the positively charged surface of ubiquitin makes
transient contacts with the negatively charged citrate coated
AgNP surface. Upon interaction the protein readjusts its
conformation in two ways: (i) reducing the mobility of
residues in vicinity of the binding site and (ii) an overall
loosening or opening of the structure presumably to attain a
more thermodynamically favorable energy upon binding. An
increase in rigidity upon binding to AgNP (AA,,. < 0) for
residues located in loops and at edges of the secondary
reduced

structural elements

conformational exchange upon interaction.

results possibly from their

E. coli cells treated with AgNPs and AgNPs-Ubq complex

As an application of the ultrastable AgNP-Ubqg conjugate, we
carried out an anti-bacterial test. The morphological changes
of E. coli cells upon treatment with AgNP and AgNP-Ubq
complex were observed by SEM (Figure 6). The untreated
(control) cells were typically cylindrical rod-shaped. There was
no damage or any destruction observed on any of cell surface.
However, in the AgNPs and AgNP-Ubq treated groups, we
observed ruptured cell wall and cell fragments arising from
damage to the cell membrane. This is similar to that observed
in bacterial cells treated with silver nanoparticlesso.
Bactericidal activity of AgNP and AgNP-Ubqg were also studied
by monitoring the bacterial growth kinetics at different time
points and under different concentrations (shown in Figure S4
of Supporting Information).

While both AgNP and AgNP-Ubq affected the growth
kinetics equally as compared to the negative control (culture
grown in absence of antimicrobial agent) the fate of AgNPs
and AgNP-Ubqg after one hour of exposure to the culture
medium containing E. coli cells was very different. This was
monitored by recovering the nanoparticles and the conjugate
and characterizing them by TEM and UV-visible spectroscopy.
The recovered AgNPs (denoted as R-AgNP) exhibited
aggregation to form large clusters as depicted in Figure 6. This
was is reflected in the UV-visible spectra of recovered AgNPs
wherein the characteristic absorption maxima at 391 appears
broadened with an additional shoulder peak at a higher
wavelength, which is attributed to the formation of larger
nanoparticle aggregates3o. On the other hand, the recovered
AgNP-Ubg complex (denoted as R-AgNP-Ubq) remained mono
dispersed with intact shapes as seen in the TEM images (Figure
6B). The conjugate also retained its characteristic absorption
maxima at 404 nm as observed in the UV-visible spectrum
(Figure 6C). This implies that the AgNP-Ubg complex can be re-
cycled for use repeatedly compared to the unconjugated
AgNP, which makes them more efficient as anti-bacterial
agents.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6 (A) SEM images of untreated (control) E. coli cells and those treated with AgNP
and AgNP-Ubg. The cell rupture and damage is highlighted and arises due to the
antimicrobial action of AgNPs (B) TEM images of recovered (R-) AgNPs and R-AgNP-
Ubg. R-AgNP nanoparticle tend to aggregate where as R-AgNP-Ubg complex remained
mono dispersed particles with intact spherical shape. (C) UV-visible spectra of
recovered AgNPs and AgNP-Ubq. UV-visible spectra of recovered AgNPs broadened
whereas AgNP-Ubq retained its characteristic absorption maxima (see Figure 1).

Discussion

The stability of nanoparticles in general and silver
nanoparticles in particular is pivotal for various applications

. The present study brings out for the first time several
features of protein-AgNP interactions: (i) the conjugate of
AgNP with ubiquitin is highly stable over a wide pH range
compared to unconjugated AgNPs, (ii) ubiquitin interacts with
AgNP through electrostatic interactions and undergoes a
dynamic exchange at a rate much faster than 25 st and
reversible association (adsorption) with a dissociation constant
of ~55 uM and (iii) there are subtle conformational changes in
ubiquitin upon interaction. The stability of the AgNP-Ubq
conjugate can be understood by considering both the
electrostatic and steric contributions to stability. The stability
of colloids is a balance between the attractive van der Waals’
forces between the nanoparticles and electrostatic repulsion
because of their net surface charge or due to bulky groups on
the surface that prevent the nanoparticles to come closer>**®.
The ultrastability of AgNP-Ubq as observed in the present
study is attributed to a combination of both electrostatic as
well as steric stabilization, which is also termed as
stabilization involving a
interactions together with weak
macromolecule has been

'electrosteric’ A mechanism
combination of these

anchoring of the described
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previously for colloidal particlessg. A detailed calculation of the
energy of the system, which consists of attractive, electrostatic
repulsive and steric interactions is described in the Supporting
Information (Text S1 and Figure S5). The dynamic and
reversible association-dissociation of ubiquitin molecules
ensure that the AgNP surface is always adsorbed with the
protein molecules, provided the latter are
Interestingly, ubiquitin has two oppositely charged surfaces
(Figures 2 and 4). The positively charged region is attracted to
the negatively charged citrate capped surface of AgNP. On the
other hand, the negatively charged surface of ubiquitin points
to the solvent and prevents aggregation by both electrostatic
and steric repulsion.

The stability of protein-nanoparticle conjugates has been
reported previously for different nanoparticles 29,33, 34 \We
discuss two recently reported studies on stability of protein-
nanoparticle interactions revealing similar mechanisms as
discussed here. In one study, silica nanoparticles were first
coated with negatively charged linker molecules on the surface
of the particlessg. Following this, the nanoparticles were
conjugated with anti-bodies which were attracted to the
negatively charged surface by electrostatic interaction. The
antibody-nanoparticle complex formed remained
monodisperse presumably due to steric stabilization. In
another study, the protein Bovine Serum Albumin (BSA) was
conjugated with silver nanoparticles under acidic conditions
and the stability of the resulting complex was attributed to
steric repulsion ® The conjugates remained stable for a few
days at lower pH (< 7) in contrast to stability at higher pH that
we have observed. The higher stability presumably arises from
steric repulsion. Interestingly, the size of the AgNPs used were
similar to that used in our study (ca. 25 nm) and the binding
affinity estimated for the AgNP-protein conjugate was K, = 1
UM. Our study thus brings out the mechanism which may be
valid for protein-nanoparticle interactions in general. A more
detailed insight into the thermodynamic aspects of the
dynamic interactions and stabilization remains to be explored.

in excess.

Conclusion

In summary, our studies reveal for the first time a conjugate of
protein with silver nanoparticles which remains stable for
months over a wide pH range through a mechanism involving
structural and dynamic interaction of the protein with the
nanoparticles. The protein molecules transiently adsorb on the
negatively charged surface of the AgNP by electrostatic
interactions and undergo conformational changes. The fast
exchange (adsorption-dissociation) happens at the rate >> 25
s*. The conjugate is rendered ultrastable by a combination of
both electrostatic and steric interactions, with the latter
playing a dominant role. Taken together, the study opens up
new avenues for application of such stable protein-
nanoparticle conjugates in a wide range of systems.
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