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ABSTRACT

Membrane-bound proteins can play a role in the binding of anionic gold nanoparticles (AuNP) to
model bilayers; however, the mechanism for this binding remains unresolved. In this work, we
determine the relative orientation of the peripheral membrane protein cytochrome ¢ in binding to
a mercaptopropionic acid-functionalized AuNP (MPA-AuNP). As this is non-rigid binding,
traditional methods involving crystallographic or rigid molecular docking techniques are
ineffective at resolving the question. Instead, we have implemented a computational assay
technique using a cross-correlation of a small ensemble of 200 ns long molecular dynamics

trajectories to identify a preferred non-rigid binding orientation or pose of cytochrome ¢ on MPA-
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AuNPs. We have also employed a mass spectrometry-based footprinting method that enables the
characterization of the stable protein corona that forms at long time-scales in solution but remains
in a dynamic state. Through the combination of these computational and experimental primary
results, we have established a consensus result establishing the identity of the exposed regions of
cytochrome ¢ in proximity to MPA-AuNPs and its complementary pose(s) with amino-acid
specificity. Moreover, the tandem use of the two methods can be applied broadly to determine the
accessibility of membrane binding sites for peripheral membrane proteins upon adsorption to
AuNPs, or to determine the exposed amino-acid residues of the hard corona that drive the
acquisition of dynamic soft coronas. We anticipate that the combined use of simulation and
experimental methods to characterize biomolecule-nanoparticle interactions, as demonstrated

here, will become increasingly necessary as the complexity of such target systems grows.

KEYWORDS: gold nanoparticle, molecular dynamics simulations, cytochrome c, lysine

modification, protein footprinting, mass spectrometry

Nanomaterials have a large and growing socioeconomic impact on industrial and academic fields
for their emerging use in applications from energy to medicine. They are often designed for a
specific function; however, understanding of the short- to long-term environmental effects of these
synthetically engineered nanoscale objects on biological systems and their molecular-scale
components, such as phospholipid bilayers and proteins is limited. As an example, when
nanoparticles (NPs) interact with proteins, they might alter the protein’s secondary, tertiary, or
quaternary structures critical to protein functionality, causing unexpected organismal stress,

toxicity or other unanticipated biological consequences.!
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It is well established that the characteristics of NPs, such as their composition, size, and ligand
coating, are crucial to their interactions with proteins and other biomolecules.? Both computational
modeling and advances in the experimental synthesis of NPs have enabled controlled synthesis of
NP shape, size, and surface chemistry to probe NP surface-specific interactions with biomolecules
and predict NP toxicity>* yet experimental characterization of the nano-bio interface with high
molecular-level sensitivity has been limited. A wide variety of direct and indirect methods exist to
examine protein-NP interactions.>® Experiments have focused largely on the acquisition of a
protein corona by NPs, more generally, and its effect on cytotoxicity.”!" To confidently identify
specific amino acid residues involved in protein-NP interactions, NMR and mass spectrometry
have been employed.>!'>!> While information-rich, NMR-based methods often require extensive
expertise, high concentrations, and can only be used on relatively small proteins at sufficiently
high concentrations. Instead, we turned our attention to mass spectrometry-based methods that
have been developed to determine the specific residues responsible for interaction between
biomolecules, called protein footprinting.!4!> Protein footprinting utilizes the differential solvent
accessibility of amino acids in a free protein relative to a protein that is complexed with another
biomolecule or material. This technique has been widely utilized to study many processes such as
protein-protein and protein-ligand interactions and has been successfully applied to protein-NP
systems.'®!? For example, Dordick and co-workers!” utilized lysine-specific acylation coupled
with matrix assisted laser desorption-ionization time of flight tandem mass spectrometry (MALDI-
TOF MS/MS) to propose which faces of cytochrome ¢, RNase A, and lysozyme interacted with 4
and 15 nm silica nanoparticles. When paired with molecular dynamics (MD) simulations, protein
footprinting can be used as a robust experimental technique to determine the accuracy of the

predicted models of protein-nanoparticle interactions and assist in improving simulations;
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likewise, the computational models can provide deeper insight into conformational information

that cannot be probed by surface accessibility experiments alone.

Molecular dynamics (MD) simulations at all-atom to coarse-grained scales has emerged as a useful
tool for exploring non-static binding partners such as that involving a protein (or proteins as in
corona formation) and a nanoparticle.?->* The difficulty in identifying the preferred orientation of
biomolecules towards a given NP using MD simulations is exacerbated by the near degeneracy of
many putative binding sights on the NP due to the self-similarity —if not quite uniformity— of
the NP. Nevertheless, if one samples the initial conditions sufficiently to remove biases that could
lead to local minima in the binding process, one can predict properties of the protein-NP system
such as protein face- and amino acid-specific interactions with NP ligands that drive the formation
and structuring of coronas on NPs. The corresponding experiments to such simulations have thus
far confirmed the general orientation of proteins on NPs via NMR?326 and the presence of salt-
bridge formation between carboxylate-terminated NP ligands and ammonium groups, as present
in the amino acid lysine, via infrared spectroscopy.?’ In the present work, the amino acid residue-
specific interactions predicted by simulation for a protein-NP system were validated
experimentally using mass spectrometry-based protein footprinting. We establish protein
footprinting as a complementary experimental technique to identify preferential binding of

proteins to NPs and reduce the number of initial starting configurations needed for simulations.

Specifically, we examine the model system of horse heart cytochrome ¢ (cyt ¢) and 4 nm 3-
mercaptopropionic acid (MPA) coated gold NPs (AuNPs)—which we call MPA-AuNP throughout

this work. Cyt ¢ associates with anionic lipid domains in the inner mitochondrial membrane and
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is directly involved in the electron transport chain when bound to the membrane and indirectly in
cell apoptosis when removed from the membrane.?® The exact location of the anionic phospholipid
hosting region(s) in cyt ¢ and, therefore, the final orientation(s) of the protein on bilayers
containing anionic phospholipids has been highly debated,?*3° and some of us recently suggested
a possible resolution.’! Specifically, the degree of binding between cyt ¢ and the lipid bilayer was
found to exhibit preferred orientational binding sites in cyt ¢, and to vary depending on the model
bilayer composition.?! Experiments have shown that MPA-AuNPs only weakly associate with
supported lipid bilayers®? but associate strongly in the presence of cyt ¢ on bilayers proportional
to the number of cyt ¢ bound to the bilayer.3! AuNPs coated with polyacrylic acid were also found
to remove a small population of cyt ¢ weakly bound to the bilayer.’! These results suggest a
preferred cyt ¢ orientation such that cyt ¢ stably associates with the membrane, exposing a face to
solvent that preferentially attracts MPA-AuNPs, and a potentially interfering role of anionic NPs

in the regulatory membrane (dis)association of cyt c.

Here, we are interested in pursuing this question through a complementary approach by
investigating the degree to which a membrane binding protein, cyt ¢, binds regiospecifically to the
nanoparticle, rather than the bilayer. To this end, we will make reference to the binding sites33-3
of cyt ¢ to anionic cardiolipin-containing lipid domains: site N (Phe36, Gly37, Thr58, Trp59,
Lys60), site A (Lys72, Lys73, Lys86, Lys87), site C (Asn52), and site L (Lys22, Lys25, His26,
Lys27, His33). If there is to be binding between the three components —nanoparticle, cyt ¢, and
the bilayer— then the exposure of cyt ¢ to an NP would in turn also need to be preferentially

oriented. Thus, the aim of this work is to interrogate the binding of cyt ¢ to NP so as to establish
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the nature of their mutual binding interaction and its implications on three-body interactions, such

as in the case of cyt c-assisted binding between NPs and a bilayer.

The MD simulations reveal the preferred non-rigid binding orientation of the peripheral membrane
protein cyt ¢ on anionic AuNPs that persists in the AuNP hard corona at long time-scales, as
confirmed by mass spectrometry-based footprinting experiments. The combined bottom-up
modeling and protein footprinting methodology also reveals the consequent corresponding
solvent-accessible protein faces and amino acids. The latter are available to drive the acquisition
of additional biomolecules in the formation of a soft corona,’3¢-3% and to preferentially bind to
anionic membranes.3! We thereby infer the possible preferred organizational structure of NP-cyt
c-membrane complexes with biological implications due to potential NP interference in cyt ¢
(dis)association from membranes which forms a prediction of this work. Our integrated approach
can be applied to NPs and proteins, each with a broader range of surface chemistries, to develop a
database and an associated set of design rules for the interaction between NPs and proteins, and

represents an important strategy for the mapping of related systems.

RESULTS AND DISCUSSION

Cytochrome c¢ Structure and Orientation with Mercaptopropionic Acid (MPA)-
Functionalized AuNPs (MPA-AuNPs). Despite being perhaps the most thoroughly investigated
peripheral membrane protein, the full characterization of the preferred binding of cyt ¢ to arbitrary
nanoscale constructs such as membranes or nanoparticles is incomplete. Absent crystal structures
of cyt ¢ bound to MPA-AuNP (which may not be possible because the binding may not be rigid),
the precise site(s) or preferred binding orientation(s) on MPA-AuNPs can nevertheless be assessed

via atomistic molecular dynamics (MD) simulations. Sites A, C, L, N (Figure 1), and several
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lysine residues have been implicated as possible candidates for the non-rigid binding site of cyt ¢
to MPA-AuNP. 29:30.39-43 n our MD simulations, we focused on observables that characterize their
relative positions. For simplicity, we labeled six opposing faces of cyt ¢ by associating each with
a plane of a cube, and arbitrarily chose Face 1 to be one that was particularly electropositive.
Specifically, the residues that are closest to this plane are Gly37, Arg38, Lys60, Glu61, Glu62,
Lys99. The orientation around Face 1 was constrained by choosing Face 2 to be identified with
Glu66, Glu69, Asn70, Lys73, Lys87, and Arg91. The remaining planes were then associated as
follows: Face 3 with Thr48, Thr49, Asp50, Ala51, Lys53, and Asn54; Face 4 with Asp2, Val3,
Glu4, Lys5, Lys7, and Lys8; Face 5 with Glu21, Lys22, Gly23, Gly24, Lys25 and His26; and Face
6 with Lys13, GIn16, Thr28, Lys72, Lys79, and I[le81. We ran six molecular dynamics trajectories,

each with a different face of cyt ¢ facing the MPA-AuNP as the starting orientation (Figure 2).

Figure 1. Representative initial orientation of cytochrome ¢ (cyt ¢) near the 4 nm
mercaptopropionic acid-functionalized AuNP (MPA-AuNP). The five centers of
mass (COMs) on cyt ¢ (shown to the right of the MPA-AuNP) used to monitor the
distances Ax to the bare AuNP surface are color coded for site A (green), site C
(orange), site L (blue), site N (red), and the cyt ¢ (black) COM. In the MPA-AuNP,
gold atoms are shown as orange beads, and the ligands are shown as a stick model
highlighting sulfur atoms, oxygen atoms, and the carbon chains in yellow, red, and
cyan, respectively. Note: the MPA ligand layer is ~5 A, and this distance can be
subtracted from Ax to obtain distance from the ligand-coated AuNP surface.

Figure 2. The starting orientations of cyt ¢ around the MPA-AuNP for Trajectories
1-6, as labeled by the face of the protein and corresponding die shown coming out
of the page to the reader. The face of the protein initially pointing towards the NP
is indicated by the face of the bottom of the die. For example, trajectory 1 has face
2 initially pointing towards the NP, and that face can be seen from the initial
structure of trajectory 2. The color scheme representing the COMs of the cyt ¢
binding sites and the atoms and ligands on MPA-AuNP is the same as in Fig. 1.
Sodium ions are shown as gray beads.
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Relative Orientation of Cytochrome ¢ in Close Proximity to MPA-AuNPs. The relative
orientation of cyt ¢ in each of the trajectories was tracked using the relative distance between the
COMs of selected sites and the bare AuNP surface shown in Figure 1. The values of these figures
of merit along the trajectories from a representative sample of initial orientations of cyt ¢ are shown
in Figure 3 and correspond to the structures shown in Figure 2 and in Figure S1.2 in the
Supporting Information. The steady descent of the cyt c COM towards the AuNP surface suggests
non-rigid association of the protein with the AuNP. The three trajectories not shown here either
had the cyt ¢ effectively remain in the initial orientation (either near site A or site L), or did not
quite relax to any structure within the 200 nanosecond simulation. The three shown here display
relaxation from different orientations, and all three settle into configurations with either site A or
L facing the MPA-AuNP, suggesting that they are the preferred non-rigid binding orientations. In
some trajectories, cyt ¢ reaches a minimum in which site L drives the binding but site A is not
quite on the opposite end. Further detail on the orientation is captured in Figures 4 and 5, which
show the distances from specific residues on sites A and L, respectively. Lysine residues that are
within 10 A of the AuNP surface suggest salt-bridge formation with the MPA ligand layer. In those
trajectories which lead to structures with good overall binding for site A, residue K86 is closest to
MPA-AuNP. This does not necessarily mean that the interaction between K86 and the NP is
driving the binding because it is the totality of the interactions facing the NP for the preferred
orientations of cyt ¢ that drives the binding. However, the tendency for the proximity of K86 does
suggest specificity in the relative orientation of the binding. That is, the contact is nearly centered
at residue K86 for site A, whereas all of the residues associated with site L are in near proximity,
including K22. Both of these sites are accessible through the footprinting methods being used

experimentally in this work (vide infra).
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Figure 3. The distance Ax between the COM positions of the cyt ¢ binding sites
and the MPA-AuNP surface, as highlighted in Fig. 1, are monitored for trajectories
3, 4, and 6. The green, blue, orange, red, and black curves are the measured
distances between the bare AuNP surface and the COM of'site A, site L, site C, and
site N or the cyt ¢ COM, respectively.

Figure 4. The distance Ax between the specific groups of amino acids—residues
K72, K73, K86, and K87, and the COM of site A—in the anionic phospholipid
binding site A of cyt ¢ and the surface of the MPA-AuNP for trajectories 3, 4, and
6.

Figure 5. The distance Ax between the specific groups of amino acids—residues

K22,K25, K26, K27 and K33, and the COM of site L—in the anionic phospholipid

binding site L of cyt ¢ and the surface of the MPA-AuNP for trajectories 3, 4, and

6.
Cytochrome ¢ Secondary and Tertiary Structure Conformations. While the relative distance
and orientation of cyt ¢ to the MPA-AuNP surface were revealed through the simulations reported
in the previous section, these do not clearly tell us which of the two local minima—with binding
at sites A or L— is preferred. To help resolve this question, we monitored the radius of gyration
as shown in Figure 6 and RMSD of cyt ¢ as shown in Figure S1.8 throughout the 200 ns
trajectories. As a control on the size of the protein, we ran a 200 ns trajectory of cyt ¢ solvated by
the same density of TIP3P waters as used in the protein-NP simulations, and provide those values
in Figure S1.3 in the SI. As seen there, the radius of gyration, R, of the free cyt ¢ in solution is
approximately 13.6 A in agreement with the experimentally observed value** at 13.5 A. The
trajectories that bind to site L, such as that from trajectory 3 (Figure 3,5a), remain at R, values
comparable to that of the free protein. On the other hand, in the case of the structures binding at

site A (from trajectories 4 and 6, Figure 4b,c), both the R, and RMSD increase as cyt ¢ approaches

the MPA-AuNP, suggesting the proteins open up in response to an interaction with the MPA-
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AuNP. This further suggests that non-rigid binding at site A may be strengthened by internal
energy changes (which compensate for the internal restructuring), while the non-rigid binding at
site L is driven by entropic considerations (which permit a large set of orientations to be stable.)
This finding in the simulations agrees with the experimental observations in that both sites are
found to have some degree of non-rigid binding, and the specific sites exposed to solvent in the
final configurations seen here correspond to those seen to be available in the footprinting results
(vide infra). In all trajectories, the RMSD values for the heme group remain nearly constant
throughout the trajectory, and the heme group is not directly involved in binding, as previously

shown in simulations of cyt ¢ on Ag surfaces.*

Figure 6. The radius of gyration R, of cyt ¢ vs. time along each 200 ns MD
trajectory (right panels) as a function of the distance Ax between the cyt c COM
and the surface of the MPA-AuNP (left panels).

Cytochrome ¢ Circular Dichroism. The secondary and tertiary structure of both free cyt ¢ in
water and cyt ¢ adsorbed on MPA-AuNPs were examined by circular dichroism (CD).* The far-
UV CD spectra of free cyt ¢ has two negative peaks at 208 and 222 nm, corresponding to the
helical character of the protein (Figure 7).46 The ratio of the 222 nm and 208 nm signal can be
utilized to evaluate the a-helices of proteins.*” Canonical o-helixes have an expected range of
1.25-1.75.%8 The 222/208 nm ratio is 1.72 in free cyt ¢ and corresponds to reported CD spectra of
cyt ¢.4-33 In comparison, while cyt ¢ incubated with MPA-AuNPs exhibits minima at the same
wavelengths, the global minimum has switched from 222 nm to 208 nm, resulting in a lowered
222/208 nm ratio of 0.77. A similar shift, while not as pronounced, has been observed in studies

of cyt ¢ adsorbed to multiwall carbon nanotubes and glutathione-capped AuNPs.4%-3
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Figure 7. Circular dichroism spectra for cyt ¢ free and incubated with MPA-

AuNPs. The CD spectra of free cyt ¢, 4 uM in H,O (pH 8.6), is shown in black and

cyt ¢ + MPA AuNP (18 nM) is shown in red.
To estimate the percent composition of secondary structures, the CD spectra were further
deconvoluted using CONTIN (Figure 8).°* The regular o-helix composition decreased upon
adsorption to MPA-AuNPs (28% versus 17%). A corresponding increase was calculated in the
content of distorted a-helix structures (8% versus 12%) and regular -sheet content (3% versus
12%). Increase in B-sheet composition of cyt ¢ has been reported to correlate to conformational
changes, which increase exposure of the heme site.>> Taken in combination with the protein
deformation observed in the molecular dynamics simulations (vide supra), the secondary and

tertiary structure of cyt ¢ are distorted upon interaction with MPA-AuNPs.

Figure 8. Secondary structure calculations. Contributions to cyt ¢ secondary

structure were determined by fitting CD spectra using CONTIN. Contributions

from regular a-helix, distorted a-helix, regular B-sheet, distorted -sheet, turn, and

unordered are shown in black for free cyt ¢ and red for cyt ¢ incubated with MPA-

AuNP.
Cytochrome c Lysine-Specific Protein Footprinting. The binding sites indicated to be important
for particle interaction by the molecular dynamics simulations are all lysine-based. Previous
studies of cyt c-nanoparticle systems have identified that the electrostatic interaction of lysine
residues with negatively charged ligands is important.!7-18:4349-52 [n addition, lysine residues have
been found to have a higher propensity to penetrate the NP surface-bound water layer due to their

flexible side chain, thereby facilitating binding.** Dordick and co-workers!” determined site A

preferentially interacted with 4 and 15 nm silica NP. However, in a previous report Dordick and

ACS Paragon Plus Environment

11



oNOYTULT D WN =

ACS Nano

co-workers®® did not observe a change in cyt ¢ structure upon adsorption to 4 nm silica NPs, but
did for larger NPs. The preferential binding of both sites A and L in cyt ¢ observed in our
simulations and the deformations observed by both simulation and CD experiments suggest that

the binding interactions are likely not the same with 4 nm MPA-AuNPs.

To interrogate preferential binding, we utilized lysine-specific protein footprinting.!# This strategy
enables the identification of lysine residues that are differentially accessible in the native versus
nanoparticle-bound forms of cyt c. This is accomplished by acetylation of only solvent accessible
residues followed by characterization of the extent to which each lysine is modified using mass
spectrometry-based methods (Figure S2.9). Lysine acetylation with acetic anhydride is not
suitable for a buffer-free system, as acetic acid is produced and would decrease the pH. Instead,
we labeled with N-acetoxy-succinimide, which has a neutral by-product.’® At neutral pH, labeling
was not observed, even at 10,000 molar equivalents of N-acetoxy-succinimide (data not shown).
The pI of cyt ¢ is 10.4;%7 to increase labeling, the pH was adjusted to 8.6, at which the MPA
carboxylic acids will be negatively charged while the majority of lysine residues will remain
positively charged. To determine if the basic pH would alter the structure of cyt ¢, CD spectra at
both neutral pH and pH 8.6 were collected and found to be the same (Figure S2.6), consistent with

previous studies which found no structural change in cyt ¢ between pH 3 and 12.%8

TEM measurements reveal the MPA-AuNPs have a core diameter of 4.5 = 1.2 nm (Figure S2.2);
however, DLS measurements of 19.6 = 0.3 nm indicate a degree of nanoparticle aggregation. To
minimize protein-protein interactions that would confound our ability to directly determine

protein-NP interactions, we sought to determine an appropriate concentration of cyt ¢ to AuNP.
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We determined the number of cyt ¢ adsorbed per MPA-AuNP aggregate to be 9 and 15 at 50%
saturation by dynamic light scattering and UV-Vis, respectively (Figure S2.5).>° A colorimetric
titration with indicated monolayer coverage was reached between 20 to 40 cyt ¢ to MPA-AuNP
aggregate (Figure S2.6); therefore, we utilized a ratio of 10:1 cyt ¢ to MPA-AuNP. Finally, to
ensure recovery of the entire protein from the nanoparticle, we dissolved the AuNP with a solution

of potassium cyanide (KCN) before digestion of the protein with chymotrypsin.®°

Chymotrypic digests of labeled cyt ¢ and of labeled cyt ¢ from complexes with MPA-AuNPs were
subjected to nanoLC-MS/MS for peptide mapping. These data were analyzed by PEAKS 8.5 PTM
profiling (Bioinformatics Software Inc).%! There was a decrease in modification upon incubation
with MPA-AuNPs for all three lysine residues in site L (Figure 9: K22, K25, K27), in addition to
K86 of site A and K79, indicating decreased solvent accessibility either due to particle binding or
protein deformation. On the other hand, two lysine residues in site A (K72 and K73), as well as
K39 exhibited an increase in acetylation, and therefore solvent accessibility, suggesting they are
not integral in the interaction of cyt ¢ with 4 nm MPA-coated AuNP. This also implies that these
residues may become more solvent exposed due to protein deformation on the NP surface.
Examination of the location of the lysine residues—illustrated in Figure 10—with decreased
acetylation upon interaction with MPA-AuNP reveals that they are close in space. Nakano and co-
workers® have previously identified K13, K25, K27, K79, and K86—of which K25 and K27 are
associated with site L and K86 is associated with site A—as the probable interaction site of cyt ¢
with 11-mercaptoundecanoic acid coated Au surfaces, in line with our results indicating that the

lysine residues of site L, as well as K79 and K86 preferentially interact with the MPA-AuNP.
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Figure 9. Degree of lysine modification determined by nanoLC-MS/MS. Site L
(K22, K25, K27) exhibits a decrease in acetylation when incubated with MPA-
AuNPs (red) compared to free cyt ¢ (black) as do K86 of site A and K79. Site A
exhibits an increase in labeling at lysines 73 and 74, as well as K5 and K39, upon
incubation with MPA-AuNPs. Error bars represent the standard error of three
independent experiments. Included spectral data had peptide identification with p
< 0.01 and modification site identification with p < 0.01. Statistical analysis was
performed with non-parametric one-way ANOVA (a = 0.05; *** p <0.001; **p <
0.01; *p <0.05).

Figure 10. Horse heart cyt ¢ (1AKK). Lysines K5, K72, K73, and K39 had an
increase in percent modification upon MPA-AuNP incubation (magenta). Lysines
K22, K25, K27, K79, and K86 had a decrease in percent modification upon MPA-
AuNP incubation (green). Lysines K7, K8, K60, K87, K88, K99, and K100 had no
change in percent modification (cyan). Lysines K13, K60, and K53 were not
detected by LC-MS/MS (gray).

Figure 11 summarizes the collective findings between the experiments and simulations. Two of
the putative binding sites to cardiolipin, sites A and L, are seen to have some degree of preferred
non-rigid binding to MPA-AuNP. Neither subspace of structures is perfectly aligned with the
corresponding cardiolipin binding site because not all of a given site’s residues are in proximity
to MPA-AuNP at equilibrium. The poses that they take on are aligned, and exhibit similar
orientation between simulation and experiment in so far as the lysine residues that are seen to be
exposed or not exposed in the experiment are commensurate with the poses from the simulation.
In these two orientations, the residues of sites A and L become less solvent accessible by either

facing the MPA-AuNP surface or neighboring cyt ¢ in the protein corona.

Figure 11. Two possible orientations of cyt ¢ non-rigidly bound to MPA-AuNP
consistent with the simulations and experiments are shown here: (a) K22 (in site L)
and K86 and 87 (both in site A) facing the NP, and (b) K86 and K87 (both in site
A) and K22 (in site L) facing the NP. In both orientations, K39 and K72 (in site A)
are opposite to the MPA-AuNP and the most solvent accessible. K86 is closer to
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the MPA-AuNP surface than K87, making it less solvent accessible, in agreement
with footprinting experiments.

CONCLUSION

A central tenet of this work has been the advantages for combining experimental footprinting and
computational molecular dynamics methods to efficiently converge on an optimal binding
structure in long-lived hard coronas®® even when binding is not fully specific or rigid. This was
shown through the particular interaction between cyt ¢ and 4 nm MPA-AuNPs, but the overall
tandem strategy is general and represents a promising approach to quickly identify and verify
potential binding regions. It can be used, for example, to probe preferential binding orientation
and deformability of proteins in a NP size-dependent manner, as previously observed by
simulations and experiments.®*% A key aspect to the success of the footprinting was the
confirmation, suggested by the simulations, that lysine residues can be used as reporters for
determining the possible poses of cyt ¢ in relation to MPA-AuNP. Similarly, the results of the
footprinting, in supporting the MD simulations, removed the need for determining a larger number
of trajectories so as to reduce the error from the ensemble averaging of trajectories that would have

come at large computational cost.

Previously, we observed a preferred binding site of cyt ¢ on anionic lipid domains and the binding
of MPA-AuNPs to membranes proportional to the number of cyt ¢ on the membrane, using MD
simulations and quartz crystal microbalance with dissipation monitoring experiments,
respectively.’! Through MD simulations and protein footprinting in this work, we show that cyt ¢
can adopt two different but specific orientations in non-rigidly binding to MPA-AuNP. The
solvent-exposed faces resulting from the preferred orientations of cyt ¢ on membranes are thus

available for cyt ¢ to bind to MPA-AuNPs if that process is additive. Thus, protein footprinting
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and MD simulations of peripheral membrane proteins adsorbed onto NPs provide a critical
component to understand the role of cyt ¢ in facilitating the binding of NPs to membranes. Given
the technical challenges of exploring this three-way interaction, our ability to make these
connections through pairwise studies is of particular significance. More generally, this
combination of experimental and computational tools will find broad utility for the exploration of
many pairwise and multi-component interactions to investigate mechanisms of protein corona

formation and potentially, predict particle toxicity by the structure and reactivity of its corona.

MATERIALS AND METHODS

Materials. Gold(IIl) chloride trihydrate (HAuCl,; 3H,0, >99.9%), 3-mercaptopropionic acid
(99%), sodium borohydride (NaBH4, >95%), cyt ¢ from equine heart (BioUltra, >299% SDS-
PAGE), N-hydroxysuccinimide (98%), acetic anhydride (ACS reagent, >98%), triethyl amine
(NEt;, ACS reagent grade), sodium hydroxide (ACS reagent), TRIS hydrochloride (ACS reagent,
>99%), and tetrahydrofuran (THF, ACS reagent grade) were purchased from Millipore Sigma.
Potassium cyanide (KCN, 99%) was purchased from Acros. All aqueous solutions were prepared
with 18 MQ MilliQ water. Glassware was cleaned prior to nanoparticle synthesis with aqua regia

and rinsed thoroughly with MilliQ water.

Molecular Dynamics (MD) Simulations. To characterize the molecular interaction between cyt
¢ (with structure 1AKK from the PDB)%’ and ligand-coated gold nanoparticles (AuNPs), several
molecular dynamics (MD) simulations were performed with the two species in a large periodic
box. The overall charge on the protein is +11.0, and the spatial charge distribution is shown in
Figure S1.1. The AuNP model consisted of a fully atomistic, 4 nm gold core of 2123 atoms with

fully deprotonated mercaptopropionic (MPA) acid ligands grafted uniformly on the AuNP surface,
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following previous work,®® at a ligand density of 5.6 molecules nm? as determined by
experiment.® The CHARMM?36 force field was used for protein-AuNP simulations.’®’! Before
the AuNPs and cyt ¢ were combined into one simulation, we first performed separate
equilibrations. The protein and AuNP were solvated in a TIP3P water box that provided an 8 A
padding between the molecules and the sides of the box. The solution was then neutralized and
ionized using sodium and chloride ions to below physiological salt concentrations (0.01 M). These
systems first underwent an energy minimization for 200,000 steps using the conjugate gradient
algorithm. Thereafter, the system was equilibrated for 1 ns under NPT (constant pressure and
temperature) conditions using a standard numerical barostat and thermostat as described below.
For the protein system, backbone atoms as well as the iron and surrounding nitrogens on the heme
group were held fixed during the process. Meanwhile, the gold atoms were similarly constrained
for the nanoparticle’s NPT equilibration. The final coordinates from these simulations were the
initial conditions for 1.6 ns NVT (constant volume and temperature) equilibrations. During these
relaxations, the previously imposed constraints on the atoms were gradually released. Specifically,
a constraint with a 10 kcal mol™' A2 force constant was applied for the first 200 ps, followed by
200 ps with a 5 kcal mol™' A2 constraint, and then 200 ps with a 1 kcal mol™' A2 constraint.

Finally, the system was allowed to equilibrate unconstrained for one 1 ns.

Once the protein and nanoparticle were equilibrated, the protein was placed in six different starting
orientations with respect to the nanoparticle using PyMOL (Figure S1.2). By sampling all six of
these orthogonally defined faces, we sampled the state space of possible orientations so as to obtain
a statistically meaningful characterization of the relative preferred binding orientations. The center
of mass of cyt ¢ was held tangentially to the nanoparticle at a distance of approximately 30 A, as

shown in Figures 2, 3, and S1.4. This initial placement was intended to increase the amount of
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protein surface area that is exposed to the nanoparticle, without overly biasing any particular
binding site. The initial configurations were subsequently solvated with a 14 A layer of TIP3P
water. The nanoparticle and protein were placed along the longest diagonal of the simulation box
with box volumes of approximately 1,000,000 A3 and average box length of 100 A, which varied
slightly depending on the dimensions of the protein configurations relative to the AuNP. These
combined AuNP-cyt ¢ systems were ionized and equilibrated using the same procedure as when
they were equilibrated separately. After equilibration, 200 ns production runs with NVT conditions

were used for data collection.

All simulations in this work were carried out using NAMD.”? Particle Mesh Ewald (PME) with a
1.0 A grid spacing was used to describe the electrostatics. Periodic boundary conditions and scaled
1-4 exclusions were also used throughout all simulations with a 12 A pairwise-interaction cutoff
and a switching function between 8 and 12 A to address the nonbonded interactions. Additionally,
all bonds were constrained using the SHAKE algorithm to allow for a 2 fs time step. Normally,
long range electrostatics were only calculated every 10 fs, whereas short range nonbonded
interactions were fully determined at every time step. However, when needed, the frequency of
nonbonded force calculations was increased, or the time step was decreased, or both, during the

equilibration steps to address errors within associated with the SHAKE algorithm.

Temperature was kept at a constant 300 K using a Langevin thermostat. It had a 5 ps™! damping
constant and was not coupled to hydrogens. For NPT steps, pressure was maintained at 1
atmosphere using a Langevin piston, with a period of 100 fs and decay rate of 50 fs. Under these
conditions, the simulation box was allowed to expand isotropically in all dimensions. No Langevin

piston was used for NVT simulations, and the dimensions of the box did not change.
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MPA-AuNPs Synthesis. The MPA-AuNPs were synthesized by an adapted existing protocol as
follows.”? Briefly, 0.1 M HAuCl; (1.5 mL) was added to nanopure water (700 mL) in an
Erlenmeyer flask followed by 0.1 M MPA (0.17 mL). The solution was adjusted to approximately
pH 8.5 by the addition of 1 M NaOH solution, and stirred for 10 min. Then freshly made 0.1 M
NaBH, (5 mL) was added, resulting in a rapidly color change to a deep red-brown. The reaction
was stirred for 2 h at ambient temperature. The MPA-AuNPs were then concentrated by a
customized flow reactor with a 50 kDa MWCO membrane (MilliporeSigma) to an approximate
volume of 30 mL.”* The concentrated MPA-AuNPs were then purified by diafiltration with 1 L of
nanopure water via the flow reactor. The nanoparticles were characterized by UV-vis
spectroscopy, transmission electron microscopy (TEM), dynamic light scattering measurement
(DLS), and {-potential analysis. Complete characterization data is provided in the Supplemental
Information.

Circular Dichroism. A solution of cyt ¢ was prepared at 4 °C in MilliQ water at pH 8.6 (adjusted
with 0.1 M NaOH). MPA-AuNPs were added for a final AuNP concentration of 18 nM and
incubated overnight at 4 °C before measurements were taken, with the pH closely monitored. CD
spectra were acquired on a JASCO J-815 Spectropolarimeter (JASCO Corporation, Tokyo, Japan)
equipped with a temperature regulator. Approximately 250 puL of solution in 1 mm quartz cuvettes
were measured at 20 °C, a bandwidth of 1.00 nm, a scanning speed of 50 nm/min, and baseline
corrected to either a water blank for cyt ¢ or an MPA-AuNP blank for cyt ¢ and MPA-AuNP
conjugates. The CD traces shown are an average of 10 scans, which were smoothed with a
Gaussian-weighted moving average filter (MATLAB and Statistics Toolbox R2018a). The percent
composition of secondary structures was calculated from the CD spectra using the CONTIN

program in CDPro.>*
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Lysine-Specific Protein Footprinting. Lyophilized horse heart cyt ¢ (10.0 mg) was dissolved in
MilliQ water (1.00 mL). This stock was stored at —20 °C. Concentrations of cyt ¢ at pH 8.6 in H,O
were confirmed by UV-Vis spectroscopy at 408 nm (extinction coefficient 106,000 M-! cm!). A
cyt ¢ solution of 100 nM was prepared in a 500 mL volumetric flask (704 pL of 71 uM cyt ¢ stock)
and the pH was adjusted to 8.6 with 0.1 M NaOH. To a 250 mL volumetric flask was added MPA-
coated AuNPs (4.31 mL of 580 nM) and the 100 nM cyt ¢ solution was used to bring the volume
to 250 mL. The resulting solution was 10 nM MPA-coated AuNPs and 100 nM in cyt ¢, for a
protein:NP ratio of 10:1. The solutions were allowed to equilibrate overnight at ambient
temperature. Immediately before the lysine acetylation reaction, the pH was checked to ensure it

remained at 8.6.

The free 100 nM cyt ¢ and 10 nM AuNP incubated 100 nM cyt ¢ were split into 10 mL aliquots in
50 mL Falcon tubes. To each reaction was added 60 mM N-acetoxy succinimide (166 pL, 10 pumol,
10,000 equiv.). The reaction was gently swirled and allowed to react for 1 min at ambient
temperature. Then 60 mM Tris (166 puL, 10 pumol, 10,000 equiv.) was added to quench unreacted

N-acetoxy-succinimide.

The AuNPs were dissolved according to an altered procedure by Lee and co-workers.”> To the
crude mixture of both free cyt ¢ and AuNP incubated cyt ¢ was added 0.4 M KCN (1.0 mL). KCN
should not affect cyt ¢ for mass spectrometry analysis; however, free cyt ¢ samples were also
treated with KCN to ensure identical sample preparation. Important safety note: Only work with
KCN in a ventilation hood and ensure solutions remain at a basic pH to avoid formation of toxic
HCN gas. The mixtures were incubated at 60 °C for 10 min, during which time the AuNP solution

turned clear. Cyt ¢ was then recovered by using a 10 kDA MWCO filter (Millipore Sigma) at 8,000
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rpm and then evaporated to dryness (Eppendorf Vacufuge Plus). Cyt ¢ was reconstituted in 10 mM
ammonium bicarbonate buffer (pH 7.4) and denatured at 95 °C for 15 mins. Cyt ¢ was then
digested by chymotrypsin at 37 °C overnight in a 1:40 chymotrypsin/ cyt ¢ ratio. The digestion
was stopped by addition of 20 uL. 10% TFA and the peptides were evaporated to dryness in vacuo.
The samples were prepared for LC-MS/MS analysis with C18 ZipTips (Millipore) according to

manufacturer’s specifications.

NanoL.C-MS/MS Analysis. LC-MS/MS was performed on a Thermo Scientific Orbitrap Elite and
a Luna C18 column (Phenomenex; 75 um inner diameter, 20 cm length, 100 A pore size). All MS
measurements were performed in the positive ion mode via higher-energy collisional dissociation
(HCD). Precursor ions were measured at a resolution of 60,000 in the Orbitrap analyzer. The top
ten most intense ions from each MS scan were chosen for isolation, fragmentation, and detection.
Biological triplicates were analyzed with three nanoLC-MS/MS analyses, with the exception of
one biological set of cyt ¢ bound to MPA-AuNP, which was analyzed twice by nanoLC-MS/MS

as the third run did not have sufficient signal.

Peptide Identification and Percent Modification. Peptide identification and percent
modification were carried out with PEAKS 8.5 software (Biolnformatics Software Inc.). The data
were searched against the UniProt database. Variable lysine acetylations (+42.01 m/z) were set as
modifications and chymotrypsin digestion specificity was set for two missed cleavage sites. On
average, 95% sequence coverage for cyt ¢ was observed for all samples. Full search parameters
are included in the Supplemental Information. For percent modification calculations, only peptides
with a p value < 0.01 and residue modification assignments with a p value < 0.01 were included

in the calculations to ensure confidence in assignment. Statistical analysis of the data was
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performed with non-parametric one-way ANOVA (a =0.05; ***p <0.001; **p <0.01; *p <0.05).
Peptide and residue modification assignments for three lysines (K13, K53, and K60) did not meet

the statistical parameters for confident identification and were not reported.
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Supporting Information. Results from simulations of free cyt ¢ in TIP3P solvent and
simulations of MPA-AuNP with the other initial orientations of cyt ¢ not presented here in the
main text. Additional methods and results for the synthesis and characterization of MPA-AuNPs
and characterization of cyt ¢ adsorption onto MPA-AuNPs. This material is available free of

charge via the Internet at http://pubs.acs.org.
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