1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript

-, HHS Public Access
«

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2017 October

217.

Published in final edited form as:
J Phys Chem C Nanomater Interfaces. 2016 October 27; 120(42): 24231-24239. doi:10.1021/acs.jpcc.
6b08469.

Electrostatic Interactions and Protein Competition Reveal a
Dynamic Surface in Gold Nanoparticle—Protein Adsorption

Ailin Wang, Y. Randika Perera, Mackenzie B. Davidson, and Nicholas C. Fitzkee"
Department of Chemistry, Mississippi State University, Mississippi State, Mississippi 39762,
United States

Abstract

Gold nanoparticle— (AuNP-) protein conjugates are potentially useful in a broad array of
diagnostic and therapeutic applications, but the physical basis of the simultaneous adsorption of
multiple proteins onto AuNP surfaces remains poorly understood. Here, we investigate the
contribution of electrostatic interactions to protein—AuNP binding by studying the pH-dependent
binding behavior of two proteins, GB3 and ubiquitin. For both proteins, binding to 15-nm citrate-
coated AuNPs closely tracks with the predicted net charge using standard pKj; values, and a
dramatic reduction in binding is observed when lysine residues are chemically methylated. This
suggests that clusters of basic residues are involved in binding, and using this hypothesis, we
model the pKj shifts induced by AuNP binding. Then, we employ a novel NMR-based approach
to monitor the binding competition between GB3 and ubiquitin in situ at different pH values. In
light of our model, the NMR measurements reveal that the net charge, binding association
constant, and size of each protein play distinct roles at different stages of protein adsorption. When
citrate-coated AuNPs and proteins first interact, net charge appears to dominate. However, as
citrate molecules are displaced by protein, the surface chemistry changes, and the energetics of
binding becomes far more complex. In this case, we observed that GB3 is able to displace
ubiquitin at intermediate time scales, even though it has a lower net charge. The thermodynamic
model for binding developed here could be the first step toward predicting the binding behavior in
biological fluids, such as blood plasma.
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INTRODUCTION

Upon exposure to a solution containing gold nanoparticles (AuNPs), proteins spontaneously
adsorb to the nanoparticle surface, leading to the formation of a stable surface coating, or
biocorona.1=4 However, recent studies have demonstrated that the composition of the
biocorona is not fixed in biological fluids and can vary over time depending on the tissue,
protein concentration, binding affinity, and other physical factors, including size and
charge.>8 This complexity is important, because in addition to nanoparticle size,? the
surface chemistry of protein-coated AuNPs plays a critical role in cellular uptake and
physiological response.19-12 Protein-functionalized AUNPs have been proposed as potential
drug-delivery vectors,13-16 but functionalized AuNPs must be resilient to competition from
other proteins as well as environmental changes. Unfortunately, in many cases, it remains
impossible to predict how changes to the bulk solution will affect protein-coated surfaces.

Early studies of competitive adsorption investigated the binding of proteins in blood plasma
to glass surfaces. These studies identified what is now termed the “Vroman effect”:1
Smaller, more abundant proteins were observed to bind to glass surfaces first, followed by
larger proteins, which were believed to have higher affinity. This general behavior has been
observed in several other studies. For example, a previous study of competitive protein
adsorption suggested that the residence time of an adsorbed protein on a polystyrene surface
depends on its molecular weight, concentration, and surface affinity and that the order of
protein adsorption follows the Vroman sequence.18 In another study, Choi et al. used the
Vroman effect to develop a protein sensor for detecting the extent of protein displacement on
bare-gold compared to hydrophilic surfaces.1® However, other studies appear to contradict
the expected displacement behavior. In one of these, Cedervall et al. observed that small
proteins, as opposed to larger ones, could ultimately dominate on NP surfaces. In their study,
human serum albumin was ultimately displaced by the much smaller apolipoprotein A-I on
acrylamide polymeric nanoparticles.2? Another study found that the final composition of
proteins on the NP surface can actually change as the serum concentration itself is altered.2!
From these studies, it is evident that the composition of the biocorona in multicomponent

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2017 October 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 3

systems does not reflect the concentration of proteins and that, although the VVroman effect is
a useful generalization, it does not universally apply. Ultimately, any predictive model of
competitive binding to nanoparticles will depend on the complex interplay of interactions
between specific proteins and the nanoparticle surface itself.22

Electrostatic interactions have been indicated as one of the potentially important physical
forces involved in competitive binding. For example, Lundqvist et al. found that the surface
charge of nanoparticles influences the composition of the protein corona formed from
human plasma.23 Specifically, they observed that nanoparticles with a positive surface
charge attract a different distribution of proteins than neutral or negatively charged
nanoparticles. Similarly, Boulos et al. found that the kinetics of the adsorption of BSA onto
positively charged AuNPs is significantly faster than that onto negatively charged or neutral
ones.24 Another important study identified that introducing different surface charges on
AuNPs can influence the orientation of adsorbed a-synuclein.2® Electrostatic interactions
are ultimately dependent on the pH of the surrounding environment, and this implies that all
of the effects described above will be pH-dependent. These effects might be particularly
important in nanoparticle-based cancer therapeutics, given that the pH gradient across the
cell membrane in tumors could be as much as one pH unit.28 The relationship between
electrostatics, protein binding, and competition is an important one, but many unanswered
questions remain about the thermodynamic and kinetic determinants of binding as they
relate to charge—charge interactions.

Here, we investigate how electrostatic attraction can influence both affinity and competition
in protein—~AuNP adsorption. For two proteins, GB3 and ubiquitin, the binding behavior is
strongly pH-dependent, suggesting that the protein adsorption is mainly driven by
electrostatic interactions. Although these proteins are not representative of those found in
blood plasma and other bodily fluids, both GB3 and ubiquitin are well characterized and
serve as useful platforms for understanding the biophysics of protein—nanoparticle
interactions. For both proteins, a thermodynamic model is used to determine a reference-
state (pH-independent) association constant, and the model is consistent with small to
moderate pKj shifts (<1.6) upon binding. Using the model, we predict the results of
competitive binding as a function of pH, and we design a novel NMR-based approach to
measure competition in situ. We find that competition favors the protein with the higher net
charge; however, the time-dependent composition of the protein corona changes with pH,
suggesting that, although electrostatic interactions remain important, a physical model for
adsorption must also account for the changing nature of the surface itself.

MATERIALS AND METHODS
Synthesis of Citrate-Stabilized AuNPs

Gold(11) chloride trihydrate and sodium citrate dihydrate were purchased from Sigma-
Aldrich. The 15-nm AuNPs were synthesized by the citric acid reduction method.2” After
100 mL of 1 mM HAUCI4 had been heated to boiling, 10 mL of 38.8 mM sodium citrate
solution was immediately mixed with the gold solution. The mixture was kept boiling for 20
min. After being allowed to cool, the AuNP solution was centrifuged at 9000g for 45 min.
The concentrated AuNP solution was sonicated for 6 min at power level 1 on a Branson

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2017 October 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al. Page 4

sonicator. Nanoparticles were assessed by UV-visible spectroscopy and transmission
electron microscopy.28:29 The absorbance maximum was observed to be at 520 nm, as
predicted for this size,2% and the average nanoparticle diameter was observed to be 13.7
+ 1.8 nm (Figure S2).

Protein Preparation and Methylation

All ubiquitin and GB3 protein variants were expressed and purified according to methods
described previously.39 Isotopic labeling was modulated by the selective addition of 15N-
ammonium chloride or 13C-glucose to the M9 growth media. GB3 lysine variants were
generated using site-directed mutagenesis (Agilent) and confirmed using DNA sequencing
and mass spectrometry.

Methylation of GB3 protein was performed by reductive alkylation.3! Starting with 0.5 mM
GB3 in water at pH 7.0, 4.0% (v/v) formaldehyde was added to a final concentration of
0.16%. After mixing by inversion, the protein solution was centrifuged at 16000g for 2 min.
Sodium cyanoborohydrate was added as a reducing agent to a final concentration of 25 mM.
The reaction mixture was incubated at room temperature, and the reaction was quenched
after 1 h by adding ammonia (final concentration of 0.08% by volume). The reaction
mixture was dialyzed against water, and complete methylation was confirmed by mass
spectrometry.

NMR Measurement of pH-Dependent Adsorption and Competition

Solutions of protein (20 uM) were prepared in 20 mM phosphate buffer at pH 5.5, 6.6, 7.5,
and 8.3 and in 20 mM ammonium acetate buffer at pH 4.6. After the addition of 6% D,0
and 200 uM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS), each protein sample was
mixed with 20, 40, and 60 nM AuNP solution and incubated overnight (18 h). 1°N
heteronuclear single-quantum coherence (HSQC) NMR spectra were collected on a 600
MHz Bruker Avance |11 cryoprobe-equipped instrument as described previously.30 Briefly,
the signal decrease in the presence of AuNPs is quantifiably related to the amount of
adsorbed protein. Error bars were determined as the standard error of the mean for three
independent measurements of protein adsorption.

For competition experiments, 13C-labeled wild-type (WT) GB3 and 1°N-labeled ubiquitin
were mixed in 20 mM phosphate buffer at pH 5.6 and 7.9. After the addition of 6% D,0 and
200 uM DSS, the protein solutions were mixed with AuUNPs. The final concentrations of
GB3, ubiquitin, and AuNPs were 25 UM, 25 uM, and 80 nM, respectively. NMR spectra
were recorded at intervals of 0.5, 2, and 18 h. Signal filtering of 1°N- and 13C-attached
protons was performed using a half-filter experiment,32 with a WATERGATE element for
water suppression.33:34 For each data point, three separate spectra were collected: one each
for no filtering, 13C filtering, and 1°N filtering. Relative concentrations were measured
relative to the DSS signal, recorded in a spectrum with no filtering.
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RESULTS AND DISCUSSION

Evidence for Electrostatically Driven Binding

Previously, we reported an NMR-based technique for measuring the maximum apparent
adsorption capacity of AuNPs.30 In that work, we found that the native protein radius of
gyration (/) accurately predicted the adsorption capacity for a data set of six proteins,
including GB3 and ubiquitin, which were foud to have adsorption capacities of 200 + 5 and
156 + 12 proteins per 15-nm AuNP, respectively. Because GB3 (56 residues, 10.6-A Ry) is
smaller than ubiquitin (76 residues, 12.0-A Ry), more GB3 can bind to the surface of the
AUNP.

Here, we observed that the apparent binding capacities of the AuNPs for these two proteins
are both pH-dependent. Our original work was performed at low pH (~5), but as the pH was
increased and the net charge went from positive to neutral, the apparent binding capacity
also decreased. Both GB3 and ubiquitin exhibit a decrease in adsorption capacity to
approximately 125 proteins per AuNP at pH 8.3 (Figure 1A). This is reasonable, given that
our AuNPs are coated in citrate and have a negative net charge after synthesis.3> To our
knowledge, however, such an effect has not been previously reported. Protein structure is
sensitive to pH and can unfold under acidic conditions,3® but neither GB3 nor ubiquitin
demonstrated substantial changes as a function of pH, as monitored by 1°N HSQC spectra
(Figures S3 and S4). This suggests that the observed changes originate from protein charge
and not a conformational change. The isoelectric points (pl) of GB3 and ubiquitin, predicted
from model pKj values, are 4.8 and 6.8, respectively. At or above the pl, the protein adopts a
neutral or negative net charge, which would repel the net charge of the citrate-coated AUNP.
From this observation, we hypothesized that binding is primarily driven by electrostatic
interactions.

To confirm this hypothesis, we disrupted the electrostatic interactions by reductively
methylating all lysine residues on GB3.31:38 Chemical methylation retains the positive
charge of lysine residues but sterically disrupts electrostatic interactions through the addition
of two methyl groups. GB3 has seven Lys amine groups that can be methylated, in addition
to its N-terminus. Complete methylation was confirmed by liquid chromatography-mass
spectrometry (LCMS) (Figure S5), and 1°N HSQC demonstrated that the GB3 structure was
unperturbed (Figure S6). Surprisingly, at pH 7, methylation reduced the apparent binding
capacity of GB3 by more than 70%, from 127 + 15 to 35 + 4 proteins per AuNP (Figure
1B). This impaired binding supports our hypothesis that protein charge substantially
influences the physical mechanism of AuNP adsorption. We initially attempted to monitor
adsorption capacity as a function of salt concentration. The increased ionic strength from
high salts reduces the strength of electrostatic interactions.3%40 However, the concentrated
AuUNPs used in our studies tended to aggregate at the high salt concentrations typically used
in such studies.*

An Electrostatically Driven Thermodynamic Model for Binding

To explore the energetics of AUNP—protein interactions, we developed a thermodynamic
model for binding. Close examination of the electrostatic surfaces*2 of GB3 and ubiquitin
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reveals localized clusters of basic residues (Figure 2). Our model assumes that, after initial
protein—AuNP association, these clusters of residues determine the surface interaction
energy. This hypothesis is supported by our results in the preceding section, as well as recent
work identifying an interaction between the basic N-terminus of a-synuclein and citrate-
coated AuNPs.25 Moreover, the ubiquitin surface is similar to what was identified in earlier
studies of ubiquitin-surface interactions.#3-46 Each cluster of ionizable residues experiences
different pKj; values depending on whether the protein is adsorbed on the AuNP surface or
exposed to solution (Figure 3A). For simplicity, model-compound pK; values are used for
the solution state, and each residue type is assigned an identical pKj shift. Specifically, all
aspartic acid residues in the binding cluster are assumed to experience an identical pKj shift,

from the model-compound pKf,ASp to the adsorbed value of ijAsp, where b and f
correspond to bound (adsorbed) and free states, respectively. Because Asp has a negative

charge at neutral pH, when it interacts unfavorably with the citrate on the AuNP surface, its

pKEASp should shift up relative to the model-compound value. We assume that lysine
residues, which are effectively fully deprotonated in our experiments, as well as residues not
involved in binding, do not experience pKj shifts. Therefore, our reference state is a state in
which all Asp and Glu residues at the binding site are deprotonated (negatively charged) and
all other ionizable residues are protonated. This reference state corresponds to the expected
ionization state of the protein in solution at pH 7. The reference state has an intrinsic, pH-
independent binding affinity of Kij, and it is possible to predict the apparent association
constant at any pH (Kapp) given Kip, the number of Asp and Glu residues at the binding site
(M), and the corresponding p&; shifts. The pH-dependent binding affinity Agpp can then be
related to the apparent binding capacity, measured by NMR spectroscopy as the slope of the
detected binding capacities(e.g., Figure 1C). A complete mathematical derivation of the
model is included in the Supporting Information (SI).

Our previous study3’ suggested that GB3 and ubiquitin remain globular on AuNP surfaces,
and another work indicated that some enzymes can retain their function when adsorbed on
nanoparticles.*® Therefore, we did not consider structural rearrangement in our model. GB3
and ubiquitin share similar shapes, with a single a-helix packed against a B-sheet.*”:48 The
interaction surfaces for both proteins are predicted to lie on the exposed face of each p-sheet,
where several Lys and Arg residues cluster into a basic surface (Figure 2A,B). For GB3, this
patch includes three core Lys residues (K4, K13, and K50) flanked by three acidic residues
(E15, D46, and D47). For ubiquitin, the patch is larger and includes three Lys residues (K6,
K48, and K63), three Arg residues (R42, R72, and R74), and a His residue (H68), in
addition to two acidic residues (D39 and E64).

Confirmation of the GB3 Binding Site by Mutagenesis

Although the interaction surface identified by electrostatics calculations for ubiquitin is
consistent with those found in previous studies,**46 to our knowledge, no prior work has
investigated the interacting surface of GB3. To test the location of the GB3 binding site, we
generated a series of single-site variants, systematically replacing all lysine residues with
alanine. Then, we measured the AuNP binding capacity as before for these seven variants.
As expected on the basis of our hypothesis, the residues in the binding region identified by
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the electrostatic surface calculations were the most disruptive to the AUNP-GB3 interaction
(Figure 2C, Table S1). Whereas WT GB3 has a surface coverage of 200 protein molecules
per 15-nm AuNP, changing K4, K13, and K50 to Ala reduced binding to levels of 150
molecules per AUNP on average (p < 0.001 for all three variants). These data strongly
suggest that these three residues comprise the binding site and that electrostatic interactions
at this site drive the initial association between GB3 and citrate-coated AuNPs. This result
also supports the predicted site identified by our electrostatic calculations, and it is in
general agreement with a previous experimental study that found that the basic N-terminal
residues of a-synuclein were preferentially attracted to the citrate-coated AuNP surface.2>
With the binding site for GB3 confirmed, we proceeded to fit parameters in our
thermodynamic model.

Estimation of pK4 Shifts and Binding Affinities of AuNP-Bound GB3 and Ubiquitin

At the high concentrations needed for NMR measurements (60 nM or higher), AuNPs tend
to aggregate at extremes of pH, either lower than 4.5 or higher than 9.0. This limits the pH
range over which binding can be reliably measured and tested using our model. To reduce
the number of parameters and simplify the model, we constrained the parameters according
to simple physical principles. First, because all Asp and Glu residues experience roughly the
same environment on the NP surface, all of these residues were assumed to have similar

pK > values in the AUNP-bound state. Second, because Lys and Arg already strongly favor
an ionized state at the pH values used in our experiments, we assumed no pKj shifts upon
binding for these residues. Fitting was insensitive to histidine p K shifts in ubiquitin, and
GB3 lacks His residues altogether, so histidines were not included. Finally, maximal binding
capacities from our previous work were used without optimization.30 This leaves two

parameters (& > and Ki,) that could be fit reliably from our data (Table 1 and Figure 3B).
After parameter optimization, the model accurately describes the observed experimental
results over the measured pH range (GB3, 2 = 0.9999: ubiquitin, /2 = 0.98) and produces
physically realistic values for the parameters. The association constants fall in the same
range as those observed using both radioisotope labeling®® and fluorescence
measurements.®! Although it has been observed that the inner filter effect can complicate
fluorescence measurements of AuNP adsorption,>?2 it seems clear that protein—AuNP
adsorption reproducibly yields dissociation constants in the low micromolar range,
regardless of the approach used.

An examination of the fit parameters reveals several trends for the two proteins. First, the
Asp and Glu pKj values in both GB3 and ubiquitin appear to shift upward to values near 5.2
(Table 1). We believe that this represents the first quantitative estimates of pKj shifts for
protein—nanoparticle binding. The observed values make physical sense, given the negatively
charged surface of the citrate-coated AuNPs. Because the two proteins exhibit similar shifts,
this suggests that all exposed acidic residues experience similar chemical environments on
the AuNP surface. Second, the intrinsic reference-state Kj, value, corresponding to a fully
deprotonated binding site, is approximately twice as favorable for ubiquitin as it is for GB3.
As described above, Kiy, refers to a state in which the acidic residues at the binding site are
deprotonated and the rest of the protein is unperturbed. Ubiquitin has a higher net charge
than GB3, and therefore, Kj, is expected to be correspondingly higher based on the chosen
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reference state. However, a third consequence is also evident: As pH is lowered and acidic
residues are neutralized, GB3 binding is predicted to become more favorable with respect to
that of ubiquitin. This is because of the number of acidic residues in each protein’s binding
site. As GB3's three residues become neutral at low pH, the electrostatic repulsion
diminishes to a greater extent than what is seen in ubiquitin’s binding site, which has only
two acidic residues. Thus, the apparent (pH-dependent) Kzp, value is predicted to become
more favorable for GB3 below approximately pH 5.3 (Figure 3C). This change is predicted
even though ubiquitin always maintains a higher net charge than GB3 (Figure 3D).

Binding Competition between Ubiquitin and GB3

The parameters from our model predict that the AuNP—-ubiquitin interaction will be favored
over GB3 at pH 6-9. At lower pH, the GB3 binding affinity is predicted to increase relative
to that of ubiquitin for reasons described above. To test this prediction, we developed an
NMR-based method to monitor competitive binding in situ as a function of time. Briefly, a
50:50 mixture of 13C-GB3 and 15N-ubiquitin was prepared, and adsorption for each protein
was quantified independently and nondisruptively using an NMR half-filter experiment
(Figure 4A).32 When AuNPs were added to a mixture of ubiquitin and GB3, it was observed
that neither GB3 nor ubiquitin reached their maximal binding potentials; instead,
competition occurred. For the 50:50 mixture of GB3 and ubiquitin used here, if the two
proteins interacted identically with the AuNP surface, one would expect their AUNP
adsorption behaviors to be similar, because they have approximately the same size. On the
other hand, if one protein interacted more strongly with the surface, it should exhibit
quantifiably larger binding. Here, we express binding as a fraction of the maximum possible
protein bound at a given pH (Figure 4B,C). For example, at pH 5, a maximum of 200 GB3
molecules or 156 ubiquitin molecules can bind a 15-nm AuNP. By this definition, a binding
fraction of 0.5 for each protein would imply that 100 molecules of GB3 were bound to the
AUNP at this pH, along with 78 molecules of ubiquitin. Because of the size difference
between GB3 and ubiquitin, the fractions do not necessarily add up to 1 and instead strictly
reflect the binding observed during competition relative to single-protein binding.

Several factors are thought to influence competitive binding: overall net charge,
thermodynamic favorability (Kzpp), binding kinetics, and protein size. Recent work
demonstrated that AUNP adsorption is under kinetic control and that the order of addition of
adsorbed compounds can affect a nanoparticle’s corona.®® This observation is compatible
with the extremely slow exchange kinetics observed for protein—AuNP conjugates.30:37
However, competition experiments such as the ones performed here can nevertheless probe
binding energetics, as the more strongly interacting protein will be drawn to the AUNP
surface in a mixture of two different proteins. As time progresses, the dynamic nature of the
surface is revealed as adsorption is monitored over time (Figure 4B,C). Thus, these
experiments have a distinct advantage over mass-spectrometry-based measurements, where
quantitation of adsorption is complicated by the removal of proteins from the NP
surface.’245

At pH 7.9 (Figure 4B), ubiquitin was found to bind at approximately 40% of its maximum
binding potential and to stay constant for the duration of the 18-h experiment. GB3, on the
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other hand, exhibited lower binding initially, but ultimately reached 40% of its maximal
single-protein binding as well. No changes were observed beyond 18 h. Although this
behavior likely reflects the fact that ubiquitin interacts more favorably than GB3 at pH 7.9,
GB3 is clearly able to bind significantly at longer time scales once ubiquitin has already
coated the AuNP surface. Prior work suggested that single-protein adsorption is nearly
complete after 1 h,39:55 put here, competition appears to have slowed the binding kinetics
considerably. This observation might result from the fact that ubiquitin partially occludes the
AUNP surface, making it more difficult for GB3 to interact with the remaining negatively
charged surface area of the AuNP. In addition, competition between GB3 and ubiquitin near
the surface might disrupt the mobility of ubiquitin that has already bound, slowing the
adsorption process further.

The situation was strikingly different at pH 5.6 (Figure 4C). Here, ubiquitin was found to
bind with even greater affinity initially, approaching 65% of the maximum observed for
single-protein binding. Thus, it seemed that ubiquitin wanted to bind with greater affinity at
lower pH, possibly resulting from its larger overall net charge (Figure 3D). GB3 was found
to bind less initially at low pH, to a small but statistically significant amount. Although this
is contrary to what our model predicts, it makes sense given the increased net charge of
ubiquitin. However, at 2 h, GB3 binding appeared to displace ubiquitin, displacing it from
the surface, whereas GB3 binding continued to increase. This is consistent with a model in
which, at early times, ubiquitin is rapidly drawn to the AuNP surface on account of its high
net charge. Then, as the distributions of proteins near the surface equilibrates, GB3 is able to
gradually diminish ubiquitin binding from its initial levels because of the higher relative
affinity of its binding surface. At the final time, GB3 binding is lower than 50% of its
maximum single-protein value, but the ubiquitin binding is down significantly from the
initial measurement at 30 min.

Combined, these data point to both strengths and weaknesses in our model, and they suggest
a dynamically changing nature of the AuNP surface throughout the course of our
experiments. When first exposed to nanoparticles, both proteins spontaneously approach the
surface. Given that ubiquitin always outbinds GB3, this initial approach appears to be driven
largely by electrostatic attraction, owing to ubiquitin’s greater net charge. We hypothesize
that this initial attraction is nonspecific and results in a higher density of ubiquitin near the
AUNP surface (Figure 5A). After this initial nonspecific association, however, proteins begin
to bind more specifically as a biocorona is formed.29 At this stage of adsorption, the binding
surface identified by mutagenesis and electrostatics calculations is most relevant. At high
pH, ubiquitin is intrinsically more favorable than GB3, and therefore, ubiquitin, with its
higher local concentration, adsorbs to the surface and cannot afterward be easily displaced.
GB3 is also adsorbed, but to a lesser extent, binding to exposed surface without displacing
ubiquitin (Figure 5B). At low pH, ubiquitin is also driven to the surface because of its high
charge, but after this initial association, the higher affinity of the GB3 binding site allows
GB3 to displace some of the bound ubiquitin as it adsorbs onto the AuNP surface (Figure
5C). This behavior occurs only at low pH, when the acidic residues on the GB3 binding site
are partially protonated and attraction to GB3 is therefore stronger. At long time scales, the
situation becomes more complex; the AuNP, now stripped of most of its citrate, no longer
behaves like a negatively charged sphere. Adsorption at these longer time scales is likely
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driven by a combination of van der Waals and protein—protein interactions on the AUNP
surface. Thus, although our thermodynamic model and mutagenesis data are useful in
explaining the displacement of ubiquitin by GB3 at low pH at early time scales, additional
considerations are needed to describe competition in its entirety, and it becomes clear that
competitive adsorption, even for a two-protein system, is a very complex process.

The complexity of adsorption revealed by our competition experiments, together with the
pH-dependent behavior of binding, suggest several important considerations for future
studies of biocorona formation on AuNP surfaces. First, although studying single-protein
adsorption can provide deep insight into protein—nanoparticle interactions, biological fluids
are composed of complex protein mixtures,>® and the behaviors of protein mixtures cannot
be easily inferred from the behaviors of their individual components. Studies such as these,
as well as other studies monitoring competition,” will be essential for understanding how
protein mixtures influence adsorption as a function of time. These experiments are needed to
drive new theoretical models for protein—protein and protein—surface interactions and could
potentially lead to the development of better nanoparticle-based therapeutics.®’ Second, it is
likely that simulations of AuNP—protein interactions®® are not currently long enough to
capture the complexity of both binding and competition. Tavanti et al. performed some of
the first simulations of protein competition on a AuNP surface,8 and their course-grained
approach was able to capture the behavior of multiple fibrinogen and insulin molecules as
they competed for binding to a AuNP surface. Although their work represents the best
attempt to date to model competitive binding, it is nevertheless limited to 100 ns of
simulation time and cannot predict the pH-dependent effects observed here. Finally, NMR
spectroscopy is becoming an increasingly useful tool for characterizing protein—nanoparticle
interactions. Although NMR spectroscopy has been used to characterize the interactions of
individual proteins with surfaces in the past,2%:46:59-64 to our knowledge, this work
represents the first NMR-based study of multiple-protein binding to nanoparticle surfaces.
We believe that the ability to measure competition conveniently and nondisruptively will
prove exceedingly useful for investigating more complex systems in the future.

CONCLUSIONS

In summary, we have investigated the contribution of electrostatic interactions to protein—
AUNP binding by studying two model proteins, GB3 and ubiquitin. We observd e a strong
pH dependence of binding, and we found that binding is substantially reduced when lysine
residues are methylated. Both of these results suggest that charge interactions dominate the
adsorption of proteins on citrate-coated AuNPs. We have proposed a specific binding surface
for GB3 and ubiquitin based on mutagenesis and electrostatic surface calculations, and using
these structural data, we developed a thermodynamic model for predicting the outcome of
competitive binding experiments. Although the model can explain the displacement of
ubiquitin by GB3 at low pH, other considerations are needed to explain how binding evolves
over time. We propose that competitive binding is a complex process, influenced by the fact
that the nanoparticle surface is constantly changing during the first hour after nanoparticles
are exposed to protein mixtures. Although more work is needed, thermodynamic models
such as the one presented here should prove to be a useful first step toward predicting
adsorption in complex biological fluids such as blood plasma.
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Figurel.
Evidence for electrostatically driven binding. (A) Apparent binding capacities for GB3

(upper panel) and ubiquitin (lower panel) as measured using 'H NMR spectroscopy.3’
Binding is strongly dependent on pH. The red curve (right axis) represents the net charge
calculated using model-compound pK; values. (B) Apparent binding capacities of
unmodified GB3 (red triangles) and GB3 with methylated lysine residues (black circles) at
pH 7. Binding was measured at multiple AuUNP concentrations, and the slope of the best-fit
line measures binding capacity. The inset shows lysine (red) and methylated lysine (black).
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Error bars in this and all other figures represent the standard deviations from at least three
independently prepared samples.
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Figure 2.
Proposed binding sites for (A) GB3 and (B) ubiquitin binding to citrate-coated AUNP

surfaces. (Left) Electrostatic surface of each protein as calculated by APBS.*2 (Right)
Illustration of ionizable residues proposed to be involved in binding. Specific residues are
identified in the text. The proteins are oriented so that the nanoparticle-binding side faces
down. (C) Lysine residues in GB3, shaded by the apparent number of GB3 molecules bound
when each lysine is changed to alanine (using 15-nm AuNPs at pH 6.4). Yellow indicates
near-maximal binding for the Ala mutant (200 per 15-nm AuNP), whereas red indicates
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diminished binding. Residues in red map closely to the proposed AuNP-binding site. The
PDB entries used for GB3 and ubiquitin are 20ED*” and 1UBQ,*8 respectively.
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pH-dependent model for protein—AuNP binding. (A) Thermodynamic cycle demonstrating
binding for a single site. Kjy and Kapp are the intrinsic and apparent association constants,

respectively, relative to the reference state described in the text; k! and x> are the acid
dissociation constants of protein in the free and bound states, respectively. The model used
in the text uses multiple binding sites (described in the SI). (B) Measured pH-dependent
binding capacities of GB3 (red) and ubiquitin (black) after model fitting. Triangles represent
the average observed binding for three independent measurements, and solid lines represent
the fitted model. (C) Apparent binding affinity (In Aapp) vs pH for GB3 and ubiquitin,
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demonstrating an increase for GB3 at low pH. (D) Net charge per protein (2) of the GB3 and
ubiquitin molecules as a function of pH using model-compound pK; values.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2017 October 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wang et al.

Relative Intensity

Relative Adsorption
Capacity

>

Page 21

10 9 8 7
Ubiquitin & 'H (ppm)

|
| (Yl | ‘

4

ASsaRaS. :
GB3 6 'H (ppm)

B. — Ubiquitin
. - GB3

fal
~J
1

0.7 -

o
()]
1

0.6 1

o
NN
1K A

0.4 -

O
&)}
1

0.5 -

A

C. — Ubiquitin

- GB3

—A

pH 7.9

©
w

0.3

pH 5.6

Time (hr)

Figure 4.

0 5 10 15 20 0 5 10 15 20

Time (hr)

Binding competition between GB3 and ubiquitin. (A) (Left) Amide proton NMR spectra
of 15N-labeled ubiquitin and (right) aliphatic proton spectra of 13C-labeled GB3 in the
absence (black) and presence (red) of AuNPs. Each spectrum was obtained from a sample
containing a mixture of the two proteins. A quantifiable decrease in signal for each protein
was observed upon AuNP binding. (B,C) Kinetic profiles of binding competition between
ubiquitin (black) and GB3 (red) at pH (B) 7.9 and (C) 5.6. The amount of bound protein,
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relative to the maximum for each protein in the absence of competition, was measured 0.5,
2, and 18 h after addition of AuNPs.
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§
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Figureb.
Competition between GB3 (gray) and ubiquitin (blue) for AUNP surfaces under differing

conditions. (A) At early stages of adsorption, the nanoparticle surface is coated with citrate,
and ubiquitin, with a higher net charge, is drawn to the AuNP. (B) At high pH, ubiquitin
dominates, and GB3 cannot displace it from the surface. (C) At low pH, the increased
positive charge allows GB3 to displace ubiquitin as it binds. Citrate molecules are not drawn
to scale and instead represent regions of negatively charged surface.
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Table 1

Model Parameters for pH-Dependent Protein—AuNP Binding

GB3 Model Parameters?

A DpK; M
pK, pK,
Asp 3.6 5.22+0.09 1.6 2
Glu 43 5.22+0.09 0.9 1
Lys 105 105 0.0 3
reference state: K, = (1.2 +0.1) x 10°
Ubiquitin Model Parameters?
¢ b MpK, N
pK, pK,
Asp 3.6 5.18+0.07 1.6 1
Glu 43 5.18+0.07 0.9 1
Lys 105 105 0.0 3
Arg 125 125 0.0 3

reference state: K, = (2.3 £0.2) x 10°

aTotaI adsorption capacity for GB3 is 200 per 15-nm AuNP.

bTotaI adsorption capacity for ubiquitin is 156 per 15-nm AuNP. Details are given in the text.
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