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Size and surface chemistry of nanoparticles lead to
a variant behavior in the unfolding dynamics of
human carbonic anhydrase+
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The adsorption induced conformational changes of human carbonic anhydrase | (HCAI) and pseudo wild
type human carbonic anhydrase Il truncated at the 17th residue at the N-terminus (trHCAIi) were studied
in presence of nanoparticles of different sizes and polarities. Isothermal titration calorimetry (ITC) studies
showed that the binding to apolar surfaces is affected by the nanoparticle size in combination with the
inherent protein stability. 8-Anilino-1-naphthalenesulfonic acid (ANS) fluorescence revealed that HCAs
adsorb to both hydrophilic and hydrophobic surfaces, however the dynamics of the unfolding at the
nanoparticle surfaces drastically vary with the polarity. The size of the nanoparticles has opposite effects
depending on the polarity of the nanoparticle surface. The apolar nanoparticles induce seconds timescale
structural rearrangements whereas polar nanoparticles induce hours timescale structural rearrangements
on the same charged HCA variant. Here, a simple model is proposed where the difference in the time-
scales of adsorption is correlated with the energy barriers for initial docking and structural rearrangements
which are firmly regulated by the surface polarity. Near-UV circular dichorism (CD) further supports that
both protein variants undergo structural rearrangements at the nanoparticle surfaces regardless of being
"hard” or “soft”. However, the conformational changes induced by the apolar surfaces differ for each HCA
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1. Introduction

The development of nanomaterials for applications in medi-
cine, industry and biotechnology has rapidly been accelerated
in the past decades.™ Accordingly, casual exposure and the
active use of such materials has escalated. Protein adsorption
to surfaces of nanomaterials is a widely known phenomenon
and can occasionally affect the stability of a protein.” Introduc-
tion of nanoparticles into biological fluids like blood, often
causes immediate protein adsorption.®” The composition of
the protein layer on the nanoparticle changes with time,
depending on different affinities and the exchange rates of the
proteins present in solution.®® Accompanying adsorption of
proteins onto nanoparticles can be beneficial or harmful
depending on whether the proteins stay intact or not. Typi-
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isoform and diverge from the previously reported effect of silica nanoparticles.

cally, a surface can influence a protein in three different ways
and either of those can be desirable depending on the appli-
cation of the bionanomaterial.'® First, a protein can stay intact
in solution."* Second, proteins may adsorb on the particle with
no profound structural changes'* or third, adsorption causes
structural rearrangement in the protein’s native structure.™*™°
Therefore, developing bionanomaterials requires a thorough
investigation on the particular system in terms of protein
adsorption and structural changes associated to it.

The extent and type of interactions between a protein and a
particle is dictated by their respective properties. Relevant
nanoparticle properties include the surface chemistry, mor-
phology and relative size to the protein, whereas the structural
stability and the surface composition are crucial factors for a
protein.'”'® Hence, the interactions between a protein and a
nanoparticle are a blend of electrostatic forces, van der Waals
attraction, hydrogen bonding and hydrophobic effects. Cur-
rently, predicting whether a certain type of nanoparticle de-
stabilizes a particular protein is not achievable. For example,
changing the size, thus the curvature of silica particles has
opposite effects on different proteins.’® There are various
studies in the literature investigating nanoparticle-protein
interactions in terms of adsorption and conformational
changes.>* %’
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Changes of structure and stability of proteins on nano-
particle surfaces are predominantly investigated using second-
ary structure determining methods. Circular dichorism
spectroscopy (CD) is a widely used technique for this
regard.'*?®?° However, subtle changes in the secondary struc-
ture is often compromised by fitting procedures that requires
deconvolution of the spectra.*®*" Moreover, light scattering
from nanoparticles is a common obstacle in far and near-UV
CD measurements.'®*? Other methods include, Fourier trans-
form infrared spectroscopy,®® surface-enhanced Raman
spectroscopy™* and nuclear magnetic resonance
(NMR).>***353¢ However, the aforementioned methods are not
able to report on the kinetics of the structural changes on the
nanoparticle surface in a rapid manner.

To date there is no detailed investigation of the effect of
nanoparticle properties on the unfolding dynamics of proteins.
Overall, unfolding dynamics are scarcely covered in the litera-
ture. Few examples include stopped-flow or continuous-flow
rapid mixing techniques with optical detection.’”*® Recently,
we have developed a high-throughput screening method based
on fluorescence which allows to follow the adsorption induced
unfolding events of a protein on a nanoparticle surface that
happen as short as miliseconds timescale.*®

In this paper, we report a detailed study concerning the
effect of nanoparticle size on protein adsorption and unfold-
ing dynamics. As a model system we used two human carbonic
anhydrase (HCA) isoforms mixed with hydrophobic (poly-
styrene) and hydrophilic (silica) nanoparticles. HCA is a well-
characterized enzyme with a metal cofactor that aids in the con-
version of carbon dioxide to bicarbonate.’® Structural changes
of the adsorbed proteins and the dynamics of these processes
were determined by ANS fluorescence spectroscopy and cross-
validated by near-UV CD spectroscopy. Our findings point out
diverse effects of two different particle surface chemistries on
HCA; hydrophilic surfaces lead to hour-timescale protein
unfolding, whereas hydrophobic particles induce a milisecond-
timescale structural change. Additionally, isothermal titration
calorimetry (ITC) was used to calculate the stoichiometry of the
protein-nanoparticle complex and revealed the influence of the
nanoparticle size on the adsorption process.

2. Materials and methods

2.1. Materials

Polystyrene nanoparticles with carboxyl group surface modifi-
cations, henceforth referred as PS-COOH, (26, 49 and 94 nm)
were purchased from Bangs Laboratories (Fishers, IN). Par-
ticles were dialyzed against water for a week to remove the
stabilizers. The colloidal silica particles, henceforth referred as
Si, (23, 34 and 90 nm) were kind gifts from Akzo Nobel. Par-
ticles were dialyzed against 10 mM Tris, pH 8.4 buffer
(working buffer for all experiments unless stated otherwise)
before use. 8-Anilino-1-naphthalenesulfonic acid ammonium
salt (ANS) was purchased from Sigma Aldrich and used
without further purification. ANS was dissolved in filtered
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water to reach a stock concentration of 1.3 mg ml™". All other
chemicals are of highest purity available.

2.2. Human carbonic anhydrases

wild type human carbonic anhydrase I (HCAi) and the
plasmid of human carbonic anydrase II pseudo wild type trun-
cated at position 17 at the N-terminal (trHCAii) were kind gifts
from Prof. Bengt-Harald Jonsson. The protein was expressed
and purified as described elsewhere.'® The protein powder was
dissolved in working buffer, centrifuged at 14 000 rpm and the
pellet was discarded. Concentration determination was done
spectroscopically by measuring A,g, with extinction coeffi-
cients 46 800 M~ cm™" and 44100 M~' em™!, for HCAi and
trHCAIi, respectively (Agilent 8453 spectrophotometer).

2.3. Particle characterization

After each dialysis, the electrophoretic mobility of the particles
was measured using Malvern Zetasizer Nano S operating with
a 632.8 nm laser and at 173° scattering angle at 30° C. The
{-potential of the particles were calculated using the Smolu-
chowski equation. Particles were dispersed either in water or
in 10 mM Tris buffer pH 8.4. Three measurements of each
nanoparticle dispersion were measured using a folded capillary
cell (Malvern). The hydrodynamic diameters of nanoparticles
was checked using a DLS plate reader (DynaPro Plate Reader II,
Wyatt Technology, Santa Barbara, CA) operating with a 158°
scattering angle at 30 °C using a 96-well black plate with clear
bottom (Costar). 3-6 replicates of each sample were measured
with 10 acquisitions per sample. Each acquisition was set to five
seconds. A general purpose analysis model (cumulant fit for
monomodal dispersions) was employed to determine the hydro-
dynamic diameter of the particles.

2.4. Isothermal titration calorimetry (ITC)

ITC measurements were performed on a VP-ITC instrument
from Microcal. The proteins were titrated into particle disper-
sions at various concentrations to achieve the best titration
curve. The titration involved generally 30 injections of 10 pl of
protein solution at sufficient long intervals to ensure the recov-
ery of the baseline before the next injection (usually between
5 to 7 minutes). During the experiment, the cell was continu-
ously stirred at 300 rpm. At least two experiments were
performed for each protein-nanoparticle pair. Control
experiments to determine the heats of dilution of particles and
proteins into buffer were performed. The integrated heats for
the titration of protein into particles were calculated and cor-
rected with the corresponding heats of dilution in buffer. The
molar concentration of the particles was calculated from the
weight/volume concentration using the DLS hydrodynamic
radius and the density of the particles assuming that the par-
ticles are spherical and homogeneous. The data was analyzed
using the coupled Origin software (OriginLab Corporation,
Northampton, MA) to obtain the binding stoichiometry of the
complex formed. The single set of identical sites model or the
two sets of identical sites model was used depending on the
heat profile observed.
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2.5. ANS fluorescence experiments in plate reader

Fluorescence measurements were done in FLUOstar plate
reader (BMG Labtech, Germany) at 30 °C using 96-well black
plates with clear bottom (Costar). The final ANS concentration
in each sample was 0.195 mg ml™" unless it is stated other-
wise. Excitation and emission filters were: Ae: 320 nm, Aem:
460 nm. For Si experiments, the protein concentration was
40 puM and total surface area of the particle was 6 x 107> m™>
ml™" (total volume per well: 100 pl). For the automated injec-
tion experiments, wells were filled with 80 pl aliquots of
PS-COOH nanoparticles of different size with ANS (equal total
surface area for different sizes, 9 x 107> m~> ml™" in each well).
20 ul of a protein stock solution with ANS was injected to each
well to reach a final concentration of 3.5 and 3.7 pM HCAi and
trHCAIi, respectively. Each well was read individually with an
interval time of 0.2 seconds for a total of 40 seconds. Injections
were made at 1.1 s (between two consecutive intervals) in order
to avoid the alterations in the fluorescence signal from mixing.
Nanoparticle controls were prepared in 100 pl in two different
concentrations as the concentration prior and after the injection.
Buffer control was subtracted from each sample and the nano-
particle controls were subtracted from the nanoparticle-protein
sample for the sake comparison with the protein control.

2.6. Near-UV circular dichorism (CD)

Near-UV CD spectra were collected using a JASCO-720 spectro-
meter equipped with a JASCO PTC-343 Peltier thermostat cell
holder at 30 °C. The final volume was set to 600 pl in a 1 mm
path-length quartz cuvette. The concentration of human carbo-
nic anhydrases were 35 and 37 pM for HCAi and trHCAIi,
respectively. Two concentrations of 26 nm nominal size
PS-COOH nanoparticles were used (0.08 and 0.1 mg ml™).
Spectra were recorded between 320 to 240 nm with a data
pitch of 1 nm and a response time of 4 s. Bandwidth was set to
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be 1 nm at a scanning speed of 10 nm min~". Three spectra
per sample were accumulated. Buffer control was subtracted
from each sample and nanoparticle control spectra were sub-
tracted from protein-nanoparticle spectra.

3. Results

3.1. Particle characterization

For determining the effect of nanoparticle size on protein
adsorption, it is crucial to have particles with very narrow size
distribution. Dynamic light scattering (DLS) measurements
were done in working buffer to determine the sizes of particles
together with the polydispersity index (PDI). Furthermore,
{-potential of the particles were determined in order to make
sure that the particles are sufficiently charged at the experi-
mental conditions. Results indeed show that all particles have
a narrow size distribution and possess large negative {-poten-
tials that favor colloidal stability and do not aggregate in the
chosen buffer as seen in Table S1.}

Additionally, the nanoparticle sizes were measured after the
addition of protein to ensure a stable colloidal mixture. In our
experiments, none of the nanoparticle-protein pairs caused
visible agglomeration. Fig. 1 shows that the nanoparticle size
slightly increases upon protein adsorption for most of the
nanoparticles. (For further details on the difference in sizes,
see Fig. S17). PDI is found to be constant within the nano-
particle control value.

3.2. Stoichiometry of the nanoparticle protein complex is
determined by ITC

The stoichiometry of the nanoparticle-protein complex is an
important factor to be considered when analyzing the extent of
unfolding of HCAs on nanoparticles. ITC is an effective tech-

105

90

75 —

60 —

26 nm

49 nm 94 nm
Hydrodynamic Diameter

Fig. 1 Hydrodynamic diameter of nanoparticles before and after HCA addition. (Left) Silica, (Right) PS-COOH.
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nique to study the adsorption of proteins on the nanoparticle
surfaces.”” To address whether the nanoparticle size influ-
ences the density of the adsorbed HCA layer, ITC experiments
using three different PS-COOH nanoparticles (26, 49 and
94 nm diameter) and the two HCA isoforms were performed.

The integrated heats of the titration of HCA isoforms to the
different PS-COOH nanoparticles are shown in Fig. 2. For the
sake of comparison, the integrated heats are plotted against
the number of proteins per nanoparticle surface area. Heat
flows and integrated heats versus the protein molar ratio can
be found in Fig. S2a and b.}

Endothermic peaks are observed in all nanoparticle-
protein pairs except of HCAI titration into 94 nm PS-COOH,
which indicates binding for all nanoparticle-protein pairs
except of HCAi and 94 nm PS-COOH couple. The heat profiles
for the 26 nm particles are different from those observed for
the bigger particles (49 and 94 nm). The thermograms
obtained for the latter ones could successfully be fitted to a
single site binding model. However, in case of the 26 nm par-
ticles, a two-site binding model must be used.

The stoichiometry of binding of the protein-nanoparticle
complex (1) can be obtained from the fitted model, and the

HCAI trHCAIi
100- 100
26 nm 26 nm
50
0
€ 100 100
g 49 nm 49 nm
2
£
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o 50 504
°
£
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100 1004
94 nm 94 nm
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00  25x10° 50x10° 7.5x10° 00  25x10° 5.0x10° 7.5x10°
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NP surface area (um2) NP surface area (um™2)

Fig. 2 Integrated heat values after the correction of dilution heats
against the number of proteins per nanoparticle surface area of
PS-COOH nanoparticles of different size. PS-COOH is titrated with (Left)
HCAI and (Right) trHCAIi at various concentrations (for details see Fig. S2
a and bf). The line shows the best fit of the one set of identical sites or
two sets of identical sites model. The arrows indicate the amount of
adsorbed proteins per nanoparticle surface area (Ng,,) derived from the
stoichiometry value (n) obtained from the fitting procedure.
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Table 1 Stoichiometry of the NP—protein complex, n and the number

of protein per nanoparticle surface area, Ng, as calculated from the ITC
experiments of PS-COOH nanoparticle interaction with HCAi and

trHCAii

HCAI trHCAii

n 1Vs|.1rf/(1073 P‘m) n I\,surf/(l()73 pm)
26 nm 56+ 6 24 +3 133 +29 58 +13
49 nm 48 +5 4.1+0.4 218 £19 19+1
94 nm — 332 +20 10+1

number of proteins, normalized by the nanoparticle surface
area (Nguf) was calculated. As indicated by arrows in Fig. 2, the
number of protein adsorbed per nanoparticle surface area
decreases as the particle size increases even though the par-
ticles have identical material properties. In all cases, Ngyt is
higher for trHCAIii than HCAI as seen in Table 1, indicating an
overall higher affinity to the nanoparticles for trHCAIi. Interest-
ingly, no heat signal was measured upon titration of HCAI into
94 nm particles. Consequently, for this mixture the stoichio-
metry cannot be calculated.

The stability of the colloidal dispersions was checked after
each ITC experiment to rule out undesirable heat changes orig-
inating from the nanoparticle agglomeration. After the titra-
tions, all particle-protein mixture showed an increase in size
between 5 and 10%, as measured by DLS. Thus, the integrated
heats observed here are purely the result of the association
process between nanoparticles and proteins.

3.3. Dynamics of the conformational changes of HCAs on Si
and PS-COOH particles

To analyze on what time scale protein unfolding on nano-
particle surfaces occurs, time-resolved fluorescence spectro-
scopy using the solvatochromic dye ANS was used. ANS
fluorescence and the peak maximum changes upon non-
covalent binding to hydrophobic patches on the protein.*?
Increased fluorescence intensity indicates the increase in the
exposure of the hydrophobic patches of the HCAs upon unfold-
ing which can be either local or global.

Differently sized particles were used to elucidate the influ-
ence of the size on the dynamics of the adsorption. The Si
nanoparticles, 23 and 34 nm, have no effect on the integrity of
the HCAi, as the ANS intensity does not change over the time
(Fig. 3a). For the 90 nm particles a higher ANS intensity is
observed. Moreover, the signal progressively increases for
90 nm Si particle, indicating that HCAi is most affected by the
presence of the biggest particle. trHCAii on the other hand, is
impaired by all Si particles drastically as seen in Fig. 3b. The
ANS intensity is equal to the protein control initially and
increases continuously for 40 hours. As expected, particles
with a similar size, 23 and 34 nm, contribute to the unfolding
almost identically, whereas 90 nm has a profound effect com-
pared to aforementioned sizes.

Nanoscale, 2015, 7, 17504-17515 | 17507
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Fig. 3 ANS intensity change over the time for proteins in presence of Top) silica particles of different sizes. The particle surface is 6 x 107> m? ml™*
for each size and the protein concentration is 40 uM of (a) HCAI (b) trHCAIi (Bottom) PS-COOH particles of different sizes. The total particle surface
area is 9 x 1072 m? ml™* for all sizes and protein concentration is (c) 3.5 uM HCAI (d) 3.7 uM trHCAIi. The protein is injected at 1.1 s after the measure-

ment has started.

The effect of hydrophobic PS-COOH size on HCA variants is
also monitored using ANS fluorescence. Fig. 3 shows the ANS
fluorescence measurements (for a detailed plot with marked
injections, see Fig. S31). Given the rapid conformational
change that happens immediately at the mixing of the com-
ponents,*® automated injection mode of the plate reader was
used. For HCAIi, an immediate fluorescence intensity response
is observed when injected into 26 nm nanoparticles which is
an indication of the unfolding of the protein whereas 49 and
94 nm nanoparticles cause no ANS signal change compared to
the protein control as seen in Fig. 3c. Equivalently, the quick
conformational changes also take place for the trHCAii when
injected into the 26 and 49 nm PS-COOH nanoparticles as pre-
sented in Fig. 3d. Finally, trHCAIi stays almost intact in pres-
ence of 94 nm PS-COOH nanoparticles as in the case of HCAI.

3.4. Tertiary structure determination using near-UV CD

Near-UV CD experiments were performed with the two HCA
variants and two different concentrations of 26 nm PS-COOH
particles, in order to get a deeper insight on the local unfold-
ing and explore the systematic effects imposed by the nano-
particles. Changes in the near-UV spectra are mainly
attributed to changes in the environment around Trp residues
therefore the tertiary structure of the protein. Thus, it has been

17508 | Nanoscale, 2015, 7, 17504-17515

used in the past for decoding the interactions between par-
ticles and proteins.**™*

There is a clear systematic effect of the nanoparticle con-
centration on the CD spectra of both isozymes, as shown in
Fig. 4. The CD spectra for HCAI in presence of PS-COOH is not
affected in the wavelength region ~285-300 nm. The signal is
decreased compared to the native spectrum in between wave-
lengths ~260-285 nm. Finally an increase in the CD signal in
the wavelength region ~240-260 nm is observed. In contrast,
trHCAIi spectrum is altered in a different way than HCAi; the
signal in the whole spectrum decreases as shown by the
arrows in Fig. 4. Moreover, the characteristic 296 nm minima
is blue-shifted for trHCAii on nanoparticles together with a sig-
nificant loss of the 287 nm minima. Unfortunately, the larger
PS-COOH particles induce heavy scattering at the lower wave-
lengths of the near-UV range therefore monitoring the tertiary
structure differences by CD is greatly hindered.

4. Discussion

Here, we have studied the effects of Si and PS-COOH nano-
particles of different sizes, on the unfolding dynamics of wild
type HCAIi and pseudo wild type trHCAIi. Silica and polystyrene

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Near-UV CD spectra of HCAi (35 pM) and trHCAIi (37 pM) with three different PS-COOH (26 nm) concentrations. Continuous lines are for
native protein (black), 0.1 mg ml™* PS-COOH (red) and 0.08 mg ml™* PS-COOH (blue). The arrows indicate the direction of the protein signal change

in presence of nanoparticles.

nanoparticles have been widely used in the past as model
systems for studying bionano interactions.'®?*™%° Both types
of particles bear net negative charge at the experimental
conditions and have similar {-potential values (Table S17).
However the hydrophobicity of the surfaces differs. This differ-
ence allows us to study the influence of the surface polarity on
the adsorption process. HCA is a well characterized enzyme
and the mentioned two isoforms differ 40% in sequence
whereas the overall structure overlaps in a larger extent.
Despite the sequence and structure similarity and the conser-
vation of the enzymatic function, the two isoforms are margin-
ally different in terms of inherent stability. HCAi is 6-7 kcal
mol™" more stable than trHCAii.”**" Accordingly, HCAi and
trHCAIi were shown to have different tendencies to unfold at
the surfaces in accordance with the definition of “hard” and
“soft” proteins respectively.”>**> In general, carbonic anhy-
drases were reported to have a molten-globule state, which
may be the reason that these proteins are prone to have
induced conformational changes.’** Nanoparticle adsorption
as an external factor, may lower the energy barrier between the
native and molten-globule state even further, making the
molten-globule state more accessible.

Exploring the destabilizing effect of nanoparticles on pro-
teins requires stable particles with defined physicochemical
properties. Here, the dialyzed particles were observed to be
stable for weeks according to visual examination and DLS
measurements. Moreover, the nanoparticle stability in pres-
ence of HCA is also an essential issue to be considered when
analyzing any type of experimental data; agglomeration of
nanoparticles can make the data interpretation complicated.
Agglomeration of the nanoparticles may happen due to the
screening of the surface charges of the nanoparticle by the
adsorbed protein which may trigger the process, acting as a
glue to stick nanoparticles together. We found that the
addition of the proteins to the nanoparticle solutions provokes
an increase of the mean hydrodynamic diameter of the particle
without significant broadening of the size distribution in most
of the cases (Fig. 1 and S17). The size increase is less than

This journal is © The Royal Society of Chemistry 2015

4 nm, and in general bigger for trHCAii than HCAi for both
types of nanoparticles. This may imply that trHCAii forms a
more extended layer (into the bulk solution) than HCAi. The
increase in the hydrodynamic diameter is compatible with the
formation of a protein monolayer around the nanoparticles in
which the proteins may partially have lost their native struc-
ture. Monolayer formation is in agreement with previous
reports for different nanoparticle-protein systems.>*>°

Protein adsorption to surfaces and interfaces is a widely
explored phenomenon that can be explained in four steps: (1)
bulk diffusion of the protein, (2) docking to the surface/inter-
face, (3) conformational changes of the protein dictated by the
mutual characteristics of the system, (4) lateral diffusion and
interactions of the proteins on the surface/interface.>” Hence,
in order to understand the overall adsorption effect of the
nanoparticle size and the two distinct surface chemistries on
the dynamics of protein unfolding upon adsorption, the
process needs to be broken into its steps and must be analyzed
independently.

4.1. Adsorption to the nanoparticle surface

To determine whether the equilibrium number of protein per
particle surface area changes with respect to particle size,
ITC was used. The calorimetry data shows that the binding
capacity per surface changes with PS-COOH nanoparticles’
size (Table 1). The 26 nm particles harbor the most trHCAIii
per surface area whereas the number drastically falls for 49 nm
particles. The least Ng,r value is found for the 94 nm
particles for trHCAii. A similar trend is observed for
HCAi although Ny, values are less than half the trHCAii
values, indicating a lower stoichiometry for the nanoparticle-
HCAi system. Data analysis for the n values for 94 nm
PS-COOH and HCAI system could not be performed due to the
lack of heat signals. However, this fact does not exclude the
existence of interaction for this nanoparticle-protein pair. For
example, if the nanoparticle-protein association process was
driven purely by entropy, no enthalpic heat profile would be
observed. From taking into account the trend observed for

Nanoscale, 2015, 7, 17504-17515 | 17509
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trHCAIi, it can be concluded that HCAi most likely does not
bind to the 94 nm particles.

The density of the protein layer at the PS-COOH
nanoparticle surface increases as the size of the nanoparticle
decreases. Opposite trends have often been observed for
other systems. Lindman et al showed that the Ny
reaches the saturation level for hydrophobic polymeric nano-
particles over 100 nm but smaller nanoparticles (70 nm)
has lower degree of saturation.*’ The studies on the interaction
of albumin on gold nanoparticles report the increase of
protein adsorbed per surface area as the nanoparticle
size increases, accompanying the formation of multilayers
on nanoparticle surfaces that are larger than 10 nm.***® Simi-
larly, the binding of IgG and protein A to gold nanoparticles
shows the same trend regarding the of gold
nanoparticles.

Given that we observe an opposite effect of size on the
number of protein adsorbed per surface area for the hydro-
phobic PS-COOH nanoparticles compared to the reports in the
literature, the difference must arise from very fundamentals of
the process; the driving forces that act on the adsorption of
the protein on the nanoparticle. Adsorption can be simplified
as a two step process; first the protein approaches to the
surface and binds loosely in the native state at random posi-
tions on the surface. After the initial docking, the protein can
undertake conformational changes and form non-covalent
protein—nanoparticle bonds that help to stabilize the protein
on the surface therefore leading to a stronger adsorption.®
Yet, the initial binding and following reorganization can be
affected by lateral interactions between the adsorbed proteins.
The equilibrium coverage on the surface is therefore deter-
mined by the balance of the stabilization of the protein at the
surface and the intermolecular protein interactions on the
surface.

size

Polar contacts
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A denser HCA layer was observed for both variants on
hydrophobic 26 nm PS-COOH nanoparticles in our experi-
ments. Regardless of the polarity of the surface, a denser
protein layer on the nanoparticle surface suggests that the
lateral interactions are minimized as smaller the particle gets.
Taking into account that the main driving force for the adsorp-
tion of proteins on hydrophobic surfaces is the hydrophobic
effect, formation of polar contacts (hence extensive confor-
mational changes) is not essential for the adsorption. Given
the limited conformational changes of both proteins on 26 nm
hydrophobic PS-COOH surface (discussed in the next section),
the charge distribution of the protein may presumably not be
altered. Therefore repulsive protein—protein interactions can
play an important role on the formation of the adsorbed
protein layer and may lead to a scarce layer flatter the particle
gets. On the other hand, protein-protein repulsions are geo-
metrically minimized due to the increased curvature in the
26 nm particles, allowing a denser protein layer. A general
scheme of adsorption to hydrophilic and hydrophobic surfaces
can be seen in Fig. 5. This hypothesis is supported by the
thermodynamics of the adsorption process as observed in the
ITC experiments (Fig. S2a and bf). For each HCAs, the associ-
ation on 26 nm nanoparticles at low protein coverage exhibits
a favorable exothermic process that competes with an
endothermic process. Initially dominating exothermic process
can be the formation of non-covalent bonds between the
COO™ groups of the nanoparticles and available residues in
the protein. However the contribution of this process is com-
pensated at high protein coverage probably by the endo-
thermic contribution of the intermolecular lateral repulsions.
Moreover, the initial exothermic process is only seen at very
low coverage for PS-COOH 49 nm indicating that for bigger
nanoparticles, contribution of the lateral repulsions is con-
siderably larger resulting in low surface density. Long range

Lateral Repulsions

B

Lateral Repulsions

\ Hydrophobic Interaction

Fig. 5 Scheme of the interactions that determine the conformational change and the adsorption for curved and flat surfaces. (a) Polar (b) apolar

surfaces.
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lateral repulsions at low protein coverage have also been
reported previously by Duinhoven and coworkers.®*

Protein adsorption to the polar surfaces is postulated to
happen via replacing the intramolecular polar contacts (that
stabilize the native fold of the protein) with the formation of
new polar contacts with the surface.” Accordingly, a flatter
surface with respect to the protein provides the largest contact
area for interactions, therefore presumably facilitating a stron-
ger protein adsorption and coverage on the nanoparticle
surface, as demonstrated in Fig. 5. The significant difference
between the adsorption of trHCAii and HCAi to the PS-COOH
nanoparticles mimics the behavior observed previously for
trHCAii and HCAi adsorption on Si nanoparticles and presum-
ably the determining factor is the difference in the stabilities
of the proteins. Therefore the poor adsorption of HCAi onto
negatively charged particles is probably due to the smaller
gain in the conformational entropy at the surface (since HCAi
is a “hard” protein) that cannot compensate the electrostatic
penalty which originates from the same sign net charges of
the HCAi and PS-COOH nanoparticles. trHCAii on the other
hand, classified as a “soft” protein, can partially unfold at the
nanoparticle surface with a subsequent gain in the confor-
mational entropy that favors the adsorption process.**

4.2. Conformational changes are dependent on protein and
the particle nature

Conformational changes or rearrangements of a protein on
the nanoparticle surface often occur and contribute to the
protein adsorption process. ANS fluorescence is an ensemble
method that reports the sum of the unfolding of the protein
on the particle surface together with the unbound and intact
protein. Therefore, to break the cumulative signal into individ-
ual contributions solely result from conformational changes,
the amount of bound protein to each nanoparticle size at the
equilibrium must be known which is determined by the
association constant in a reversible adsorption process. Conse-
quently, the extent of protein structural changes for each par-
ticle size can be correctly estimated. It is important to note
that a quantitative measure of the unfolding extent cannot be
achieved by using ANS as a reporter. This is because of the
amount of hydrophobic patches exposed is not linearly corre-
lated to the extent of unfolding. Especially at the extreme cases
of unfolding, where protein exists as a linear polypeptide
chain, the hydrophobic patches are nonexistent.

The conformational changes of HCA variants on Si nano-
particles have been widely investigated by using a variety
of methods. An earlier study by Lundqvist and coworkers
showed that the HCAi and trHCAIi are destabilized by Si nano-
particles of 6, 9 and 15 nm and the effect gets pronounced
with decreased curvature of nanoparticle.>® This is in line with
our results even though the particle sizes are significantly
bigger. The ANS signals for trHCAIi on the Si surfaces indicate
that the protein undergoes conformational changes after
the initial docking event regardless of the size of the nano-
particle. On the other hand, HCAIi is more resistant to surface-
induced unfolding and only the biggest Si nanoparticle causes

This journal is © The Royal Society of Chemistry 2015
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a significant conformational change as shown by the ANS fluo-
rescence intensity over time. The lack of the difference
between the protein-nanoparticle and protein in bulk signal
for the smallest nanoparticles in the case of HCAi could be
due to the low binding of this variant to the nanoparticle
surface.

Further studies on the Si particle curvature effect on the
conformational changes of human serum albumin,"® ribo-
nuclease A°® and cytochrome ¢®* share the same observations
as our findings, that the curvature decrease leads to a greater
unfolding of the protein. Norde has proposed a model for the
adsorption mechanism where the unfolding of a protein is
beneficial in terms of the ability of forming polar contacts
with the surface. Eventually, new hydrogen bonds are formed
between amino acid residues that were previously involved in
forming a secondary structure, and the hydrophilic surface sta-
bilizing the protein in the new conformation.” This process is
more favorable the flatter the surface gets compared to the
protein size, as mentioned in the adsorption section because
of the larger contact area. We believe that the driving forces of
conformational changes seen here are the result of a combi-
nation of the model proposed by Norde and a slight difference
of {-potential of Si particles as seen in Table S1.

HCAi and trHCAIi adsorbs on the PS-COOH nanoparticles
with a clear dependence on the particle size. The confor-
mational changes detected by ANS fluorescence also show the
very same correlation between the nanoparticle size and
unfolding. At the early stages of the experiment, trHCAii on
26 nm PS-COOH particle surfaces are disrupted the most, fol-
lowed by 49 nm and 94 nm. The initial difference between
trHCAii-26 nm and trHCAIii-49 nm system is compensated by
time and gradually converge to the same ANS intensity. If we
take into account that the Ny, for 26 nm particles is more
than double the value of the N+ for 49 nm particles, reaching
the same ANS intensity plateau could be an indication of a
different extent of conformational changes; such that trHCAii
eventually relaxes to a higher extent on the surface of the
49 nm particles than in the 26 nm particles. Another evidence
for the difference in the unfolding behavior of the trHCAIii on
26 and 49 nm is the time that is required to reach equilibrium
in ANS intensity; in trHCAIi-26 nm case, equilibrium is
reached rapidly at a single step whereas in the case of trHCAii-
49 nm system, a fast process is accompanied by a slow process
that eventually reaches the plateau much later. The mentioned
difference in dynamics of unfolding and the additional slow
process could be a requisite to further unfold and create new
contacts with the surface which in turn compensate the repul-
sive lateral interactions that have a bigger role for 49 nm nano-
particle as discussed in the previous section. The low signal
evolution for 94 nm particles compared to 49 nm particles
may be mainly due to the low stoichiometry of the trHCAIii-
PSCOOH 94 nm complex (Ngyr = 10 + 1) combined with the
detection limits of the assay. Likewise, HCAIi is also affected
the most by 26 nm particles. However, no detectable changes
were observed for HCAi and 49 nm PS-COOH nanoparticle
system. This may again be associated to the detection limit of
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the ANS fluorescence method because the Ny, value is
smaller than 10. As discussed in the adsorption section, HCAi
presumably does not adsorb to the 94 nm nanoparticles hence
it is not surprising that the ANS intensity is equal to the bulk
protein control intensity over the time.

In order to validate the structural changes in the protein on
the nanoparticle surfaces, CD experiments were done. There is
a vast majority of the studies in the literature that employ far-
UV CD for this purpose. However, near-UV CD is advantageous
over far-UV CD because slight relaxation of the tertiary struc-
ture can be pointed out which may not necessarily be obvious
by the secondary structure determining methods.*"®* More-
over, artifacts to the signal originated from the light scattering
of the colloidal dispersions are much less severe in the near-
UV range. The spectra of trHCAIii in the presence of PS-COOH
particles in Fig. 4 show uniform alterations in the whole wave-
length region, 240-300 nm. The effect on the whole wavelength
region resembles previously observed CD spectra of the inter-
action between trHCAii and Si particles, note that the referred
spectra included contributions only from 100% bound
protein.** CD is an ensemble method, in which the resulting
signal comprises the signal from bound proteins on nano-
particles and free proteins in bulk. This fact should be taken
into consideration when interpreting the data, as experimental
conditions can have a direct impact on the signal output.
Taking into account the experimental conditions in our CD
experiments, only less than 10% of the total protein is
expected on the nanoparticle surface. Therefore the difference
in the signal of the native and the nanoparticle bound protein
is significant (Fig. 4), considering that 90% of the protein is in
native state in bulk.

A closer inspection of the trHCAii CD spectra in Fig. 4
reveals that the 296 nm minima is blue-shifted and a signifi-
cant loss of the 287 nm minima is observed. These obser-
vations can provide information about the structural effects of
trHCAii caused by PS-COOH. Freskgard et al. characterized
individual Trp contributions to the native HCAii near and
far-UV CD spectrum.®® The authors found that all seven Trp
residues contribute to the entire near-UV spectrum, to
different extents. The major contributions to the native HCAii
spectrum were found to be the product of two individual resi-
dues, Trp97 and Trp245, which give rise to the two distinct
negative minima around 287 and 296 nm. In our study, the
variant that is studied (trHCAIii) has Trp5 and Trp16 removed
but in the light of what is reported in the literature, those Trp
residues are among the intermediate contributors to the
fingerprint near-UV CD spectrum of HCAii. Observed
blue-shift at 296 nm and signal loss at 287 nm indicates
that the environment has changed around Trp245 and
Trp97. Trp245 is located at the surface of the protein (Fig. S47)
hence a blue-shift indicates a greater solvent accessibility of
this residue when adsorbed on PS-COOH nanoparticles. Trp97,
however is inside the hydrophobic core of the protein
(Fig. S4t), thus the disappearance of the 287 nm minima indi-
cates that Trp97 is more mobile when adsorbed on PS-COOH
nanoparticles. Our observations differ from previously pub-
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lished structural changes for HCAIii in presence of Si nano-
particles followed over time by Lundqvist and coworkers®® and
may indicate different conformational changes induced by
PS-COOH compare to Si nanoparticles.

The CD spectra for HCAi in the presence of PS-COOH par-
ticles do not show the same spectral alteration as trHCAii. Fur-
thermore, it differs from the spectral alterations caused by Si
particles on HCAI, as reported in a previous study.** The CD
spectra for HCAI in presence of PS-COOH are not affected in
wavelength region ~285-300 nm and CD signal decreases (i.e.
loss of native structure) in wavelength region ~260-285 nm.
Moreover, CD signal increases in wavelength region ~240-260
nm, meaning that the structure around one or several Trp resi-
dues change in a way that the side chain gets more restricted.
HCAI’s individual Trp contributions to the CD signal has not
been investigated in the same way as HCAii. However, two
native near-UV spectra may be speculated to resemble each
other as the positions of the individual Trp residues are highly
conserved as seen in Fig. S47 except of the additional Trp245
in HCAii. Therefore assuming the contributions of the
different Trp residues in the two isoforms are similar, Trp 98,
124, 193 and 210 of HCAi may be speculated to significantly
contribute to the signal at the wavelength region 240-260 nm
whereas Trp 6 and 17 have a much lower contribution, due to
their higher rotational freedom in the native structure
(see Fig. S47). Thus, an increase of signal in this region may
indicate a restriction in the mobility of Trp 6 and 17,
suggesting a preferential orientation for the adsorption of
HCAIi on PS-COOH.

In general, the near-UV CD spectra further supports the
findings of ANS fluorescence for HCA and 26 nm PS-COOH
system. Furthermore, the CD data also support that the pro-
teins interacts differently with Silica and PS-COOH.

4.3. Time scales

Despite the net negative charge of both Si and PS-COOH nano-
particles and HCA variants at the experimental conditions, the
proteins adsorb and unfold on the nanoparticle surface
(except of HCAi 49 and 94 nm pairs). However, the difference
between the dynamics of unfolding of HCAs upon adsorption
to Si and PS-COOH are striking. PS-COOH induces a milise-
cond timescale conformational change on the HCAs whereas
Si induces hour timescale conformational changes.

The driving forces of the protein adsorption to surfaces and
interfaces have been discussed broadly as a result of many pio-
neering work in the field. However, the driving forces towards
the hydrophobic surfaces are scarcely covered compared to
hydrophilic surfaces. In many cases, the proteins are found to
be readily adsorbed on the hydrophobic nanoparticles rather
than hydrophilic particles.>®” Proteins are amphiphilic mole-
cules therefore not only polar but apolar patches exist on the
surface. This facilitates the adsorption of a protein to a hydro-
phobic surface, which is mainly driven by the hydrophobic
effect and possibly enhanced by other favorable non-covalent
interactions. Even though the protein stays attached to the
surface, higher degrees of freedom upon unfolding and the

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Scheme of the energy profile with respect to the reaction co-
ordinate for the adsorption process of a “soft” protein on a surface. Pink
and blue lines represent the energy levels for the adsorption on the
polar and apolar surfaces, respectively.

contribution of solvation of water and counter-ions from the
surface makes it entropically favorable.'”

On the other hand, the adsorption of proteins on hydro-
philic surfaces is greatly influenced by electrostatic inter-
actions. The adsorption of a protein on a same charge sign
hydrophilic nanoparticles requires extensive conformational
changes to overcome the unfavorable surface-protein repul-
sions. Moreover the energy barrier that is needed to be over-
come for the protein to dock on the surface is exceptionally
higher compared to the hydrophobic surfaces therefore the
final equilibrium is reached much slower (Fig. 6). The energy
barrier for a protein to dock on a hydrophobic surface (despite
of the same charges) is much lower due to the favorable contri-
bution of the hydrophobic effect. Furthermore, subtle confor-
mational changes on the hydrophobic surfaces may lead to a
faster overall adsorption process. Therefore, we hypothesize
that the difference in the time-scales of unfolding for both
HCAs on different types of surfaces arise from the simple fact
that the time that is needed for a protein to form favorable
contacts and minimize its energy differs depending on the
polarity of the surface.

The variation of the unfolding times between the two HCA
variants on the same surface is a result of the inherent protein
stability, as discussed earlier. HCAi has a stronger resistance
to adapt to a surface therefore the energy barrier corres-
ponding to the protein rearrangements at the surface that is
depicted in Fig. 6, is higher for HCAi than trHCAIi, eventually
leading to slower dynamics. The difference between the
unfolding dynamics of HCAi and HCAii has been observed
earlier by Lundqvist et al. with NMR measurements.’® The
authors followed the loss of NMR signals from the two iso-
zymes on 6 and 9 nm Si nanoparticles over a time period and
found that the HCAii immediately loses its native structure
whereas much prolonged incubation of HCAi and Si nano-
particles lead to the loss of native NMR signals. The authors
report a fast on-off exchange of HCAi on Si particles as well,
pointing to a low affinity between HCAi and the nanoparticle
surface. The combination of low affinity to surface and the

This journal is © The Royal Society of Chemistry 2015
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resistance to conformational changes results in slow dynamics
for the “hard” HCAi compared to “soft” trHCAIi.

5. Conclusions

Here, we have performed a detailed study on the effect of
different sizes of the negatively charged silica (hydrophilic)
and polystyrene with carboxyl functional groups (hydrophobic)
nanoparticles on the unfolding behavior of two isoforms of
human carbonic anhydrase enzyme. We show that the
dynamics of the binding-induced structural rearrangements of
HCAs on hydrophobic nanoparticles take place in seconds
whereas hydrophilic particles impose an hour-scale process.
Here, we propose a simple model for the adsorption process in
order to provide a combined explanation to the effects of size
and polarity of nanoparticles together with inherent protein
stability. The discrepancy between the timescales for different
surfaces are dependent on the relative weight of two main pro-
cesses involved in the adsorption, namely the initial docking
and structural rearrangements. The timescale of the initial
docking is determined by the energy barrier of the process,
which is tightly regulated by the surface properties of the
nanoparticles. Furthermore, alongside the effect of the surface
properties, the inherent stability of the protein contributes to
the dynamics of the structural rearrangements. Higher ten-
dency to unfold at a surface renders faster adsorption
dynamics. We show that the adsorbed protein per nanoparticle
surface area inversely correlates with the size of PS-COOH
nanoparticles and the unfolding extent at the particle surface
varies. Considering a reversible process and the homogeneity
of the particle surface, this finding indicates a higher coverage
of the surface due to the reduction of unfavorable interprotein
interactions arising from the conformational rearrangements.
Finally, the size of Si nanoparticles (polar) is found to be
directly proportional to the extent of adsorption induced struc-
tural rearrangements. This finding further supports the
model, in which a higher contact area for bigger sized nano-
particles leading to extensive conformational changes.
Mentioned changes in turn may decrease the interprotein
interactions.
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