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Abstract

Gold nanoparticles (Au NPs) have attracted much attention due to their potential applications in
nano-medicine. While numerous studies have quantified biomolecular adsorption to Au NPs in
terms of equilibrium binding constants, far less is known about biomolecular orientation on
nanoparticle surfaces. In this study, the binding of the protein a-synuclein to citrate and (16-
mercaptohexadecyl) trimethylammonium bromide (MTAB) coated 12 nm Au NPs is examined by
heteronuclear single quantum coherence NMR spectroscopy to provide site-specific measurements
of protein-nanoparticle binding. Molecular dynamics simulations support the orientation
assignments, which show N-terminus binding to the Au NP for citrate-capped NPs, and C-
terminus binding for the MTAB-capped NPs.
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Introduction

Gold nanoparticles (Au NPs) have optical and electronic properties conducive toward
advanced biomedical applications such as cellular imaging?, drug delivery?, and
photothermal therapy.3-8 The surface chemistry of Au NPs can be modified to meet specific
needs and requirements, such as managing cellular uptake, cytotoxicity, and providing
targeting capabilities.®-14 Previous work has shown that protein orientation on gold
nanoparticle surfaces can modulate protein activity, and can be used as a conformation-
specific antigen to raise antibodies to cytotoxic oligomeric intermediates implicated in
neurodegenerative diseases.®16 Understanding the fundamental aspects of protein
adsorption to nanoscale curved surfaces is an integral part of predicting the impact of NPs
on biological systems.

a-Synuclein (a-syn) is a protein that is highly localized in the presynaptic termini of human
brains.1” It belongs to the synuclein family of proteins, along with g and y synuclein, and
consists of 140 amino acid residues.18 a-Syn is an intrinsically disordered protein in
aqueous solutions with an atypical charge distribution; its N terminus is cationic and its C
terminus is anionic at physiological pH.1° a-Synuclein’s conformation depends upon
chemical environment.20 For example, it has been shown that a.-syn binds to anionic lipid
micelles and vesicles, via its N-terminus and seven imperfect Lys-Thr-Lys-Glu-Gly-Val
motifs, adopting an a-helical secondary structure.2227 In the presence of polyamines such
as putrescine and spermidine, a-syn shows B-sheet character, which is highly indicative of
the aggregation states of amyloid proteins.28 a-Syn has also been shown to have affinity for
cationic metal ions such as copper(ll) to its C-terminal domain, owing to the high density of
acidic amino acids.29-31 The aggregation of a-synuclein is a hallmark feature of Parkinson’s
disease, dementia with Lewy bodies, and other neuronal afflictions.32-34 Thus, there is great
interest in measuring the conformation and aggregation state of a-syn as a function of
environment and developing a detailed atomic-level understanding of these binding
events.35:36
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In previous work from our lab, the binding of micromolar concentrations of a-syn to ~0.1 —
1 nM anionic citrate-coated 20 nm Au NPs was extensively studied.37 Protein adsorption
isotherms were measured via optical spectroscopic titrations, and a laborious trypsin
digestion/mass spectrometry method was developed in order to gain information about
bound protein orientation.3” Observed peptide fragments indicated that the C-terminus was
more available for digestion, suggesting that a-syn bound to citrate-capped Au NPs via its
N-terminus. Analogous experiments were undertaken to examine the interaction of a-syn
with cationic poly(allylamine) hydrochloride (PAH) coated 20 nm Au NPs.38 In contrast to
the citrate-coated Au NPs, PAH Au NPs experienced severe agglomeration upon interaction
with a-syn, forming webs of entangled nanoparticles and proteins that seemed to indicate
seeded beta sheet formation in solution. The effects of agglomeration were reflected in the
UV-Vis spectra as massive red-shifts of the plasmon peak, preventing a proper fit to
adsorption isotherms. This observation is consistent with the result of the coupling of
plasmon resonances when noble metal nanoparticles are close in proximity.3° These
previous results suggested that cationic nanoparticles, in general, might promote a.-syn
aggregation.

Aggregation effects often present an enormous obstacle to studying the interactions of
ligands to nanomaterials. Especially in the case of agglomerated plasmonic nanoparticles,
not only are optical techniques invalid due to inter-particle effects as described earlier,
physical changes to the sample itself (such as settling) impede the ability to properly
perform analytical measurements (Scheme 1). However, electrostatic forces are not the only
factor in mediating protein-nanomaterial interactions; previous studies have shown that NPs
with similarly charged coatings elicit different cellular responses, further emphasizing the
importance of surface chemistry.0 We find that a recently-synthesized cationic ligand, (16-
mercaptohexadecyl) trimethylammonium bromide (MTAB, Scheme 1), provides for a
monolayer-protected surface that does not promote a-syn aggregation and therefore allows
for clean interpretation of protein orientation on different Au NPs.

In this study, we employed NMR heteronuclear correlation spectroscopy, which allows for
the analysis of complex chemical processes at a molecular level. 4 For example, the
heteronuclear single quantum coherence pulse sequence (HSQC) is an NMR experiment that
provides correlations between a proton and a directly attached spin-half nucleus,

typically 13C or 15N atom. A 1H-1°N HSQC gives a fingerprint of the protein backbone
structure. This experiment is commonly used as a starting point for protein resonance
assignment and structure determination, and specifically has been used in previous studies of
a-syn.22:23.26-28 Fo|lowing this approach, here we use HSQC NMR to give information on
a-syn’s adsorption and interaction with citrate-coated and MTAB-coated Au NPs. As far as
we know, this is the first study of this kind, which combines NMR methods with
nanoparticle surface chemistry to infer protein display on NP surfaces.

Materials and Methods

Synthesis of citrate-coated gold nanoparticles

All reagents were purchased from Sigma-Aldrich and used as received without further
purification. 12 nm citrate nanoparticles were synthesized as previously described.*2 Briefly,
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2.5 mL of 0.01 M HAuCI4-3H20 was added to 97.5 mL of ultrapure water, and the solution
was heated to a rolling boil. Then, 3 mL of 1% w/w sodium citrate was added, and the
solution was kept at a boil for 40 more minutes. After the heat was turned off, the solution
was allowed to cool naturally, and an additional 0.5 mL of 1% w/w sodium citrate was
added to ensure stability of the sample. To purify, the Au NPs were centrifuged at 8,000 rcf
for 20 min. The supernatant was discarded, and the remaining sample was re-dispersed in
ultrapure water.

MTAB coating of gold nanoparticles

(16-mercaptohexadecyl) trimethylamoonium bromide (MTAB) was prepared according to
the procedure published by Zubarev, et al.#3 Starting reagents were purchased from Sigma-
Aldrich and used without purification. To coat citrate-capped Au NPs with MTAB, 300 uL
of 600 nM 12 nm citrate-capped Au NPs was added to a 1.5 mg/mL solution of MTAB,
which had previously been heated at 60° C for 30 min. The solution was allowed to incubate
at room temperature for 3 hours before excess MTAB was removed. To remove excess
MTAB, the Au NPs were centrifuged twice at 8,000 rcf for 20 min each, and the supernatant
was discarded. The resultant pellet was re-dispersed in ultrapure water.

Production of a-synuclein

a-Syn was prepared using £. col/i BL21(DE3)/pET28a-AS grown at 37 °C as described
previously using an enhanced LB medium (containing 2 mM MgCl, and 0.2x Studier trace
elements) with 30 pg/ml kanamycin.#445 For the 15N-labeled sample, the cells were grown
at 37 °C in Studier Medium M containing 3 g/L glucose and 2 g/L 15N ammonium chloride,
10 ml/L 15N BioExpress, 0.1x BME vitamins, and 30 pg/ml kanamycin.#> At a cell density
of Aggo = 0.8, the temperature was lowered to 25°C. When the cell density reached Aggg=
1.3, protein expression was induced using 0.5 mM isopropyl B-D-1-thiogalactopyranoside.
Cells were harvested 14 h post-induction. >N ammonium chloride and °N BioExpress
were obtained from Cambridge Isotope Laboratories, Tewksbury, MA. BME vitamins (no.
B6891) were from Sigma-Aldrich, St. Louis, MO.

Purification of a-syn began by re-suspending a cell pellet from 1 L of culture medium in
100 mM Tris, pH 8 containing 1200 units TurboNuclease (Accelagen, San Diego, CA). The
cells were lysed either by sonication or French Press. The lysate was boiled for 10 minutes,
cooled, and the precipitant and cell debris removed by ultracentrifugation (1h at 100,000
rcf). The supernatant was loaded on a 60-mL anion-exhange column (Q Sepharose FF) and
eluted using a linear gradient of 0-0.8 M NaCl. a-Syn eluted at ~0.3 M NaCl. Pooled
fractions containing a.-syn were concentrated using a stirred cell and loaded on a 26/60
Sephacryl S-200 HR gel filtration column in 10 mM Tris, pH 8, 1 mM EDTA, and 150 mM
NaCl. Sodium azide (0.01%) was added to the pooled S-200 fractions containing a-syn
monomer. The protein was stored at 4 °C. The yield of purified a-syn was 50-60 mg/L
growth medium, for both expression conditions. For titrations involving natural abundance
a-syn, the sample was dialyzed into 10 mM Na phosphate, pH 7. For NMR, 15N

and 13C/1®Na-syn was dialyzed into 20 mM HEPES, pH 7. The Q Sepharose resin and the
S-200 column were obtained from GE Healthcare, Piscataway, NJ.
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NMR spectroscopy

All NMR spectra of a-syn were collected at 4 °C on an Agilent VNMRS 750 MHz or
Unitylnova 600 MHz spectrometer with a 5-mm indirect detection triple

resonance TH{13C/1°N} triaxial PFG probe. For intrinsically unstructured proteins, HSQC
spectra are most often collected at 4 °C, to minimize exchange of amide protons with water.
The structure of a-syn remains unchanged between 4 °C and room temperature. The
Biopack pulse sequences (VNMRJ3.2 or VNMRJ2.1B) were used for HNCACB,
CACA(CO)NH, 1H-15N SOFAST-HMQC, and 1H-15N HSQC experiments.

Resonance assignments

15N, 13Ca and 13CB chemical shifts were assigned from 2D tH-15N SOFAST HMQC,

3D 1H-13C-15N HNCACB and CBCA(CO)NH spectra. The 3D experiments were collected
with a spectral width of 10 ppm in the 1H dimension (1532 points), 80 ppm in the 13C
dimension (64 points), and 30 ppm in the 15N dimension (32 points). The 15N SOFAST-
HMQC experiment had a spectral width of 10 ppm in the 1H dimension (1532 points), and
40 ppm in the 15N dimension (400 points). The 1H-15N HSQC spectra were recorded with a
spectral width of 14 ppm and 36 ppm in the 1H and 1°N dimensions, respectively. An
acquisition time of 0.061 seconds was used in the direct 1H dimension, with 200 points in
indirect 15N dimension (t1), and a pulse delay of 1 s. Between 168 and 200 scans per t1
increment were collected (except samples with 20 uM a-syn, which were collected with 352
scans per increment).

All spectra were processed using NMRPipe.46 In the 3D experiments, FIDs were zero-filled
to 2048, 512, and 256 points in the 1H, 13C, and 15N dimensions, respectively. In the 1H-1°N
HSQC and 1°N SOFAST-HMQC experiments, FIDs were zero-filled to 2048 points in the
1H dimension, and 512 points in the 15N dimension. The 90 degree shifted sine-bell square
window functions were used in processing these spectra, as well as linear prediction to the
next power of 2. The processed spectra were analyzed with SPARKY.4’ Peak assignments
on the spectra of bound a-syn were made by copying the entire set of assignments from the
HSQC spectrum of free 30 UM a-syn, then pasting onto the HSQC of bound a-syn. Due to
small changes in the chemical shifts of the backbone peaks of a-syn upon binding to the
NPs, minor adjustments were made to ensure that all labels were centered.

Simulation of a-synuclein’s interactions with gold nanoparticles

Parameters for the MTAB and citrate ligands were assigned using the CHARMM general
forcefield (ver. 2b8)48:49 through use of ParamChem (ver. 0.9.7.1),%051 while a-synuclein
was characterized using the CHARMM protein forcefield (ver. ¢32b1).%2:53 The initial
structure for a-synuclein was taken from the RCSB Protein Database.?3 The MTAB and
citrate ligand coverages used were 3.7 and 2.65 molecules/nm?, respectively. The surface
density for MTAB was estimated using previously published experimental data quantifying
the density of MTAB molecules on a gold nanorod at 3.7 molecules/nm?2;43 recent x-ray
photoelectron spectroscopy data for citrate-capped Au NPs suggests that both 1.7 citrate
molecules/nm? and 1.7 oxidized citrate molecules/nm? exist on the surface.>* All systems
were solvated in TIP3 water with 20 mM sodium chloride added to neutralize the system
and to fulfill the role of the HEPES buffer. Each system was simulated using the NAMD
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molecular dynamics package.>® All systems were visualized and analyzed using VMD.%6
The simulations used periodic boundary conditions, a particle mesh Ewald (PME) method,
and Langevin dynamics with a damping constant of y gng = 1.0 ps~L. In both systems the
Au NP core was kept fixed during the simulations, while the rest of the system was
equilibrated. In the first 10 ns, a-synuclein was fixed in space roughly 1 nm away from the
NP surface. Then the a-synuclein was released, and the citrate-NP system was simulated for
45 ns, while the MTAB-NP system was simulated for 51 ns (reasonable time for selective
adsorption but not folding).

In addition, the systems were then simulated for 5 ns with bulk van der Waals (vdW)
coupling added between gold NP and the rest of the system. The vdW cutoff was extended
from 10 A to 16 A. To describe the bulk vdW coupling to all the molecules in the system,
we madified the vdW coupling of the surface shell atoms of our NP to characterize the high
strength of the bulk gold vdW coupling.5” Polarization and image charging of gold was not
considered.

Results and Discussion

For Au NPs and other noble metal nanoparticles that exhibit strong plasmon bands, typical
biomolecule-NP titration experiments consist of monitoring either plasmon shifts by UV-
visible spectroscopy, or hydrodynamic size in solution by dynamic light scattering. One
difference between NMR methods and these typical NP methods is the far higher NP
concentrations required (300x) for NMR, as well as the need for isotopically labelled
protein. However, protein NMR techniques afford single-residue resolution /n situ
observation of structural and dynamical changes in proteins as they are exposed to different
chemical environment. Related studies at the nano-bio interface has allowed for
understanding of protein interactions with various types of nanoparticles®8:5%; recent
pioneering work using NMR has provided deeper insight into protein behavior following
adsorption to nano-scale surfaces.0-63 The study of protein adsorption onto NPs using
NMR benefits from the clear change in relaxation parameters of protein bound to the NP.
Due to the slow tumbling rate of protein-nanoparticle complexes, the bound and rigid
portions of the protein upon binding will have increased relaxation rates and broad
linewidths. Protein molecules, or portions thereof, that are not bound will exhibit linewidths
consistent with rapid (<10 ns) tumbling.4 In measurements described here, the NP acts as
an anchor to slow down the portions of protein that are bound to it, resulting in a severe
increase in linewidth and concomitant reduction of peak height, which report the portions of
the protein bound to the NP.

Adsorption of a-syn to anionic citrate Au NPs

Previously, HSQC spectra of a-syn monomer in sodium phosphate buffer (pH 7.4) solution
have been assigned and published by multiple research groups.22:6> However, the conditions
under which experiments in this study were performed are slightly altered, due mostly to
considerations of NP aggregation in high salt content. It has been previously demonstrated
that a-syn and citrate/PAH coated Au NPs retain stability in 20 mM HEPES buffer (pH 7),
so this was chosen as the buffer for this study.
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As amino acid backbone chemical shifts are sensitive to conditions such as buffer and pH,
the peaks of a-syn in an 1H-1°N HSQC spectra collected in 20 mM HEPES buffer are
expected to shift slightly when compared to 1H-1°N HSQC spectra collected under different
conditions. Being a disordered protein, the HSQC spectrum of a-syn will have regions of
overlap in the 2D spectra. Thus, to perform resonance assignments of a-syn in 20 mM
HEPES buffer, we utilized 3D HNCACB®® and CBCA(CO)NH®’ data sets in addition to the
2D 1H-15N SOFAST-HMQCS8, Using the HNCACB sequence, we observed strong
correlations from NH groups to Ca. and C atoms within an amino acid residue, and weak
correlations to Ca and CP atoms in the preceding residue. On the other hand, the
CBCA(CO)NH experiment only shows correlations from NH groups to Ca and Cp atoms in
the preceding residue. Using a combination of this data along with the SOFAST-HMQC
experiment, which shows H-N correlations, we were able to assign the chemical shifts

of 15N, 13Ca, and 13Cp atoms to 88% of amino acids in monomeric a-syn in 20 mM
HEPES buffer (pH 7). A table of chemical shifts can be found in the Supporting Information
(Table S1) and has been deposited to the BioMagRes Databank as accession number 26557.

In previous work, an extensive amino acid digestion was performed to quantify the number
of a-syn proteins for monolayer coverage on citrate-capped Au NPs of different sizes.3”
Using this data, we extrapolated that a protein concentration of 30 UM a-syn would provide
monolayer coverage for 300 nM of 12 nm Au NPs. Comparison of 1H-1°N HSQC spectra of
30 M a-syn bound to 300 nM 12 nm citrate Au NPs and *H-15N HSQC spectra of free a.-
syn reveals that in addition to small changes in chemical shifts (Figures 1 and S2), the major
effect of NP incubation is the change in intensity of a subset of protein peaks. Analysis of
the HSQC spectrum shows that a large portion of signals corresponding to amino acids
located near the N-terminus experience a large reduction in signal strength compared to the
spectrum of free a-syn, indicating that effective correlation time has been increased upon
binding to the Au NPs, while other portions of the protein exhibit stronger signal intensities.
This observation is consistent with reported mass spectrometry on partially digested a.-syn
adsorbed to citrate Au NPs.3” Due to the overlap of peaks in the HSQC spectrum of a-syn
(Figure S2), signal intensities from certain residues such as Lys-6, Lys-10, and Ala-19
appear greater than the general trend. Although some broadening and loss of signal intensity
is observed for all sites in the protein, it is notable that signals from sites near the C-terminus
—such as Ala-140, Glu-139, Gly-132, Glu-130, Ser-129 etc.—have higher, and similar,
normalized intensities and that a gradual decrease in intensity is observed in the signals
progressively closer to the putative Au NP binding region. In particular, Asn-103, Gly-101,
Leu-100, Thr-92, Ala-89 Gly-84 and Thr-81 show decreased intensities relative to the C-
terminal residues (residue labels and corresponding location in bar graphs shown in green in
Figure 1). We attribute this intensity pattern to the restricted diffusion of the C-terminus
when tethered via the N-terminus to the Au NP. Sites closer to the bound region have the
most restricted motion, and therefore longer effective correlation times and weaker signals.

The NP-dependent changes in the a-syn spectrum increase in proportion to the NP:a-syn

stoichiometric ratio, reminiscent of the effects previously observed by Bax and co-workers
upon titration of phospholipid vesicles into solutions of a-syn.26:27 For example, when we
decreased the concentration of a-syn to 20 UM while maintaining the Au NP concentration
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at 300 nM (Figure S4), the differences in intensities of peaks arising from free and bound
portions of the protein increased to where the bound residues were no longer detected (and
to a greater extent than attributable to the dilution of protein). Additionally we observe that
at this stoichiometry, more residues near the N-terminus vanish below the detection limit of
the NMR. The assigned peaks in this HSQC spectrum show an amplified trend: signals
arising from amino acids located near the N-terminus, notably residues Val-3, Met-5, Lys-6,
Gly-7, and Leu-8 (residue labels shown in green in Figure S4) experience a large reduction
in intensity, confirming that that binding of a-syn to 12 nm citrate Au NPs occurs via the N-
terminus. Although there are a myriad of possible arrangements that a-syn could adopt, the
observation of signals from amino acids near the C-terminus consistent with the known
random coil chemical shifts of a-syn demonstrates that the C-terminus interacts minimally
with the NP surface.

Adsorption of a-syn to cationic MTAB Au NPs

We next investigated the effect of NP surface charge on the binding of a-syn to Au NPs by
NMR. Due to agglomeration effects of a-syn on PAH-coated Au NPs, we adapted previous
work by Zubarev et a/to synthesize MTAB as a cationic ligand for Au NPs.43 When MTAB
is added to citrate-coated Au NPs, it allegedly displaces the citrate, and forms a monolayer
on the surface (although recent work suggests that citrate still lingers on the surface in the
form of trimers even with thiol adsorption).>* Evidence of ligand exchange can be shown
through C potential measurements, as citrate and MTAB coated NPs will have opposite
surface charges. The C potential of Au NPs was -13.44 + 1.77 mV before the MTAB
exchange, and +27.99 + 1.45 mV after. Binding of a-syn to MTAB NPs was confirmed
through light scattering measurements, which show an increase in the hydrodynamic
diameter from 24.9 + 1.3 nm to 36.9 + 1.9 nm upon addition of 300 nM a-syn to 2.8 nM 12
nm MTAB Au NP, suggesting monolayer adsorption of the 5.3-nm protein.3’ To study the
binding of a-syn to MTAB-coated particles, spectroscopic titrations were performed to
monitor the plasmon shift of the Au NP as a function of protein concentration (Figure 2).
Using the same method of analysis as before,3” an equilibrium association constant (K},) of
7.9+ 1.1 x 106 M1 was calculated, somewnhat less than the binding constant for a-syn to
citrate-capped Au NPs (6.61 + 1.3 x 10’ M1, Figure S5).

The HSQC spectrum for 30 UM a-syn bound to 300 nM cationic MTAB 12 nm Au NPs is
both noticeably different from citrate NPs (Figure 1) and shows no indication of
aggregation, even at the relatively high NP concentrations required for NMR (Figure 3).
Upon peak assignment and analysis of the HSQC spectrum, we observe that signals from
amino acids located near the C-terminus undergo a decrease in intensity, nearly the “mirror
image” of the citrate NP data (as mentioned previously, peak overlap in the HSQC spectrum
will cause amino acid such as Tyr-136 Glu-139 to have peak intensities that are higher than
expected). Therefore, our data strongly support the interpretation that a-syn binds to
positively charged 12 nm MTAB Au NPs via its C-terminus. The reversal of binding is
consistent with the amino acid composition of a-syn, with a much greater density of acidic
amino acids towards the C-terminus of a-syn, allowing for favorable electrostatic
interactions with positively charged surfaces (Figure 3).38 The affinity of the C-terminus of
a-syn for cationic objects has been documented in previous studies, which agrees with our
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observation of the reversal of binding orientation upon surface charge modification.29-31
However, the surprising result is that this flipping of the solvent-facing domains of a-syn is
so cleanly resolved by switching the NP surface ligand from anionic and polar citrate to
cationic yet also hydrophobic MTAB. Again, as in the case of a-syn interacting with citrate
NPs, little to no changes in chemical shifts of the amino acid peaks in the HSQC spectra of
a-syn and MTAB NPs support the interpretation that the protein remains disordered and
does not adopt any defined secondary structure upon adsorption with the MTAB NP. The
lack of defined protein structure is supported by circular dichroism measurements of a.-syn
with citrate and MTAB NPs, (Figure S9).

Simultion of a-syn’s adsorption to Au NPs

That protein orientation on nanoscale surfaces is controlled by surface chemistry is further
supported by atomistic molecular dynamics simulations. From the molecular dynamics
simulations shown in Figure 4, the N-terminus region is attracted to the negatively charged
citrate NP, but does not interact with the cationic MTAB Au NP. Conversely, the C-terminus
region of a-syn is strongly attracted to the MTAB NP, and strongly repelled from the citrate
NP due to Coulombic coupling. To quantify these effects, we calculated the distance from
each amino acid (center of mass) to the closest charged or neutral ligand atom over the last 3
ns of each simulation, searching a range up to 100 A. In order to account for the effects of
local pH (crowded charged ligands), only ten percent of bound ligands were charged, while
the remaining ninety percent were left neutral; calculation of distances to the closest charged
or neutral ligands represent the most accurate situation of a-syn’s interaction with the actual
NP. From 48 ns to 50 ns in the simulation of a-syn’s interaction with citrate-capped Au NPs,
the average distance of residues Met-1 through Glu-20 to the citrate ligand shell was 14.9 A;
in contrast, the average distance of residues Pro-120 to Ala-140 to the citrate ligand was 54.1
A. In the case of a-syn’s interaction with MTAB nanoparticles, between 54 ns and 56 ns, the
average distance of residues Pro-120 through Ala-140 to the nearest ligand atom is 5.4 A; in
contrast, the average distance of residues Met-1 through Glu-20 to the nearest ligand atom is
32.3 A. In both cases, there is a drastic difference in the average distance of either terminus
from the corresponding ligand shells, which suggests preferential binding via the termini of
a-syn.

Additionally, our simulations suggest that the center region of a-syn is strongly attracted not
only to the anionic citrate NP, but also to the cationic MTAB NP. Indeed, distance
calculations reveal that the average separation of residues Thr-75 through Leu-100 to the
nearest citrate ligand atom is 6.5 A (from 48-50 ns), and the average distance between
residues Thr-75 and Leu-100 to the nearest MTAB ligand is 3.8 A (from 54-56 ns) in each
respective system (Figure S10). This central region of a-syn, also known as the NAC
domain (non-Ap component of Alzheimer disease amyloid), is composed of largely
hydrophobic amino acid residues, and is thought to be heavily involved in the aggregation of
a-syn due to intramolecular hydrophobic forces.69,70 It is possible that unfavorable
hydrophilic-hydrophobic interactions are driving the NAC domain towards the surface of the
Au NP in order to minimize contact between hydrophobic residues and the surrounding
solvent. However, fine structural details of the simulated systems may slightly differ from
the actual protein conformations on the NP surfaces, since we do not simulate the crowding
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effects of neighboring proteins and other potential features such as gold surface image
charging. Nevertheless, the simulations seem to fully corroborate our NMR results that
suggest a reversal of protein binding orientation upon the changing of surface charge of the
Au NP.

The data presented here suggest that while surface charge plays a large role in dictating the
binding orientation of a-syn to Au NPs, there remain some variations in the adsorption of a-
syn to these NPs which depends on the chemistries of ligands with similar charges. While
both PAH and MTAB act as cationic surface ligands for Au NPs, the interaction of a-syn
with PAH-coated and MTAB-coated NPs is very different. Comparison of the structures of
PAH and MTAB reveal chemical differences that can influence intermolecular forces,
potentially resulting in an effect on protein behavior. For example, the ammonium
headgroup of MTAB is unable to participate in hydrogen bonding due to the lack of protons
or lone pairs, making it a poor candidate as either a hydrogen bond donor or acceptor.
Furthermore, the three methyl groups present a barrier for any potential interactions with the
headgroup. On the other hand, the ammonium ions of PAH allow for hydrogen bonding
interactions as well as stronger electrostatic attractions due to the steric accessibility of the
cation (Scheme 1).

Conclusion

Our experiments demonstrate the impacts of modifying Au NP surface chemistry on protein
adsorption as observed by NMR. We were able to manipulate the surface charge of a 12 nm
Au NP with citrate and MTAB to control the binding orientation of a-syn, as observed by
NMR. Furthermore, this observation of the reversal of binding orientation was corroborated
by molecular dynamics simulations of a-syn interacting with both anionic citrate and
cationic MTAB Au NPs. The ability to precisely control the surface chemistry of Au NPs
opens possibilities to tailor nanoparticles to accurately mimic nanoscale systems of interest,
to study protein adsorption onto surfaces of different chemistries and curvatures, and have
molecular control of protein display on organelle-sized engineered nano-objects. Knowledge
of protein behavior in the presence of different surface chemistries grants predictive power
in the future design and implementation of biologically functional nanomaterials.
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HSQC spectrum of 30 uM a-syn bound to 300 nM 12 nm citrate Au NPs (red) in 20 mM
HEPES (pH 7), overlaid on an HSQC spectrum of free a-syn (blue). The concentration of
protein was selected by extrapolating from previous work to provide monolayer coverage.3’

b) Intensities of signals corresponding to the peaks of a-syn bound to citrate Au NPs,

normalized to the spectrum of free a-syn (Figure S3). Residue labels (a) and bars (b) shown
in green refer to particular amino acids mentioned in the text. Negative data heights arise

from random noise.
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(a) UV-Vis traces of 1.4 nM MTAB Au NPs titrated with 0-350 nM a-syn (black: 0 nM,
red: 9.8 nM, blue: 19.6 nM, magenta: 29.4 nM, olive: 39.1 nM, green: 48.6 nM, violet 67.6
nM, purple: 86.2 nM, orange: 99.9 nM, dark yellow: 135.9 nM, light gray: 179.4 nM, pink:
265.7 nM, navy: 342.1 nM). (b) Shifts of plasmon peak (A\) plotted against a-syn
concentration. The red trace is a fit of the data using a Langmuir adsorption isotherm.
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a) HSQC spectrum of 30 UM a-syn bound to 300 nM MTAB Au NPs (green) in 20 mM
HEPES (pH 7), overlaid on an HSQC spectrum of free a-syn (blue). b) Intensities of signals
corresponding to the peaks of a-syn bound to MTAB Au NP, normalized to the spectrum of
free a-syn (Figure S3). Negative data heights arise from random noise.
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Figure 4.
VMD rendering of a-syn’s simulated interaction with individual citrate-capped (a) and

MTAB-capped (b) Au NPs, where 10 % of citrate and MTAB ligands are charged
(highlighted in red and blue, respectively). Scale bar is 10 angstroms. Distances from each
amino acid to the nearest ligand are shown in Figure S10.
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I /
M

Scheme 1. The effect of surface chemistries of 20 nm Au Nps upon interaction with a-syn
Au NPs NPs are shown as gold spheres, citrate as red cubes, PAH polymer as green lines,

and (16-mercaptohexadecyl) trimethylammonium bromide (MTAB) as blue cylinders. While
citrate NPs remain in a well-dispersed state upon binding to a-syn, PAH-coated NPs
experienced agglomeration as a result of exposure to a.-syn.3® The use of MTAB as a ligand
is the subject of this work.
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