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ABSTRACT: Immobilizing enzymes onto abiological surfaces is a key step for developing protein-based technologies that can be
useful for applications such as biosensors and biofuel cells. A central impediment for the advancement of this effort is a lack of
generalizable strategies for functionalizing surfaces with proteins in ways that prevent unfolding, aggregation, and uncontrolled
binding, requiring surface chemistries to be developed for each surface—enzyme pair of interest. In this work, we demonstrate a
significant advancement toward addressing this problem using a gold nanoparticle (AuNP) as an initial scaffold for the chemical
bonding of the enzyme acetylcholinesterase (AChE), forming the conjugate AuNP—AChE. This can then be placed onto chemically
and structurally distinct surfaces (e.g, metals, semiconductors, plastics, efc.), thereby bypassing the need to develop surface
functionalization strategies for every substrate or condition of interest. Carbodiimide crosslinker chemistry was used to bind surface
lysine residues in AChE to AuNPs functionalized with ligands containing carboxylic acid tails. Using amino acid analysis, we found
that on average, 3.3 + 0.1 AChE proteins were bound per 5.22 + 1.25 nm AuNP. We used circular dichroism spectroscopy to
measure the structure of the bound protein and determined that it remained essentially unchanged after binding. Finally, we
performed Michaelis—Menten kinetics to determine that the enzyme retained 18.2 4+ 2.0% of its activity and maintained that activity
over a period of at least three weeks after conjugation to AuNPs. We hypothesize that structural changes to the peripheral active site
of AChE are responsible for the differences in activity of bound AChE and unbound AChE. This work is a proof-of-concept
demonstration of a generalizable method for placing proteins onto chemically and structurally diverse substrates and materials
without the need for surface functionalization strategies.

KEYWORDS: protein immobilization, acetylcholinesterase, activity retention, protein structure, protein quantification,
gold nanoparticle functionalization

H INTRODUCTION significant deformation of the biological molecule as it interacts

Proteins provide a broad range of functions ranging from with the artificial substrate. This in turn results in a decrease or

enzymatic catalysis to electron transfer that can be exploited in complete loss of any function requiring a correct protein

devices for applications such as biosensing and biofuel cells, structure.' > Uncontrolled binding also often results in
provided that they can be immobilized onto an abiological

substrate such as metals, semiconductors, or nanomaterials. Received: October 3, 2022 s
Despite the promise of this strategy, there are two significant Accepted: November 23, 2022 B
hurdles that have prevented the advancement of new materials Published: December 12, 2022 R
and devices beyond a few exceptional examples. The first /a\ =)
challenge is that protein immobilization onto abiological —

materials often results in unfolding, aggregation, or other
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Scheme 1. Demonstration of the Use of NP—Protein Conjugates to Immobilize Proteins onto Different Substrates
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randomly oriented proteins, which can also decrease the
activity by partially or fully blocking the functional region of
interest such as an active site.””"" In response to this, there has
been significant interest in developing surface functionalization
strategies that optimize protein immobilization in a way that
both controls the orientation within the material and maintains
the integrity of the biomolecular structure and therefore
function; common techniques include adsorption, covalent
binding, and specific noncovalent binding such as DNA—DNA
interactions or biotin—streptavidin conjugates.“’lz_15 This,
however, highlights the second challenge: there is no
generalizable immobilization strategy for integrating a protein
into an abiological material, thus requiring unique methods be
developed and characterized for each new enzyme—substrate
pair investigated. To address both of these shortcomings, we
are working toward using nanoparticles (NPs) as an initial
protein immobilization platform to generate an NP—enzyme
construct to address the first obstacle. This construct can then
be easily immobilized onto a wide variety of surfaces such as
metals, semiconductors, and plastics to address the second
obstacle, as shown in Scheme 1. There are many reports of
using NPs as an immobilization platform for proteins because
these nanoscale materials have been shown to be useful for
applications such as drug delivery, imaging, sensing, and
catalysis.'®™>* Indeed, much work has gone into developing
conjugation strategiesg’n’m’25 and characterizing interactions
between the NP and the protein corona, a dense layer of
proteins that often surround an NP in solution.* However, full
characterization of protein—NP conjugates, such as quantifying
the number of bound proteins, changes in biomolecular
structure compared to solution, and how the presence of the
surface itself affects activity or other function, can be
challenging because of the presence of NP." In this work, we
focus on gold nanoparticles (AuNPs) as the immobilization
platform, analyzing the structure, function, and amount of
protein bound to the AuNP to address oversights in the
characterization of proteins conjugated to a wide variety of NP
materials.

The use of AuNPs as an initial scaffold presents several key
advantages. AuNPs are straightforward to synthesize and
characterize and have interesting optical and electronic
properties that are garticularly useful in areas such as sensing
and catalysis.'**~** Importantly for biomolecule applications,
AuNPs can be easily solubilized in aqueous solution at
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physiological pH wusing capping ligands that prevent
aggregation. In previous works, we reported on a water-stable
peptide—AuNP conjugate using self-assembled monolayers
(SAMs) of a mixture of hydroxy-terminated oligo-ethylene
glycol (OEG) terminated alkylthiols (SH-C,-OEG) and azide-
terminated OEG alkyl thiols (SH-C,;-OEG-N;) to cap the
AuNPs. The azide-terminated moiety was then used to
covalently bind a peptide to AuNPs using copper-catalyzed
Huisgen cycloaddition (“click”) chemistry.””*° This demon-
strated that SH-C -OEG-capped AuNPs are robust to these
reaction conditions in aqueous solution and when covalently
bound to a peptide and thus can also potentially be used for
binding to an entire protein.

We have previously studied the effects on the activity and
structure of adsorbing a monolayer of the enzyme
acetylcholinesterase (AChE) onto a planar gold surface,
observing that although the enzyme retained approximately
10% of its activity, it subsequently maintained that activity over
100 days in buffer solution at 4 °C.”" This was particularly
striking when contrasted to the native aqueous enzyme, which
was observed to become completely inactive after 6 days in the
same buffer solution, demonstrating that immobilization onto a
surface imparted stability on the structure and function of the
enzyme. In the work reported here, we take a significant step to
generalize this effort by demonstrating the immobilization of
AChE on S nm AuNPs capped with carboxylic acid-tailed
pegylated alkylthiols (AuNP—COOH). AChE is a serine
hydrolase that hydrolyzes the neurotransmitter acetylcholine
and is a particularly efficient enzyme, with a catalytic rate that
approaches diffusion control, 10° M™' s7.*> AChE was
covalently bound to AuNP—COOH using carbodiimide
crosslinking chemistry to react the COOH groups on the
AuNP surface with solvent-exposed lysine residues on
AChE.>*** The resulting AuNP—AChE construct was then
characterized by investigating the activity, the structure, and
quantity of AChE bound per AuNP. We then determined the
effects of covalent binding on the AChE by investigating
changes in the activity and structure of the enzyme. Knowing
the amount of AChE bound to AuNPs is critical to compare
the activity of AChE when it is bound to the AuNP versus
dissolved in solution. We demonstrate that this well-
characterized protein—NP construct can serve as an initial
building block toward the goal of developing a generalizable
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strategy for immobilizing proteins on a wide variety of different
chemical surfaces and substrates.

B RESULTS AND DISCUSSION

Synthesis of AUNP—AChE. Prior to synthesis of AuNP—
AChE, commercial AChE was purified by size exclusion
chromatography.” The AuNPs used in this work were
determined to have 4.7 & 1.2 nm Au cores using transmission
electron microscopy (TEM) (Figure S1A) and were function-
alized with (11-mercaptoundecyl)tri(ethylene glycol)-
carboxylic acid (SH-C,;-OEG;-COOH) ligands. These
AuNPs were readily soluble in aqueous solution and remained
so after reaction with AChE, with no significant difference in
Au core size before and after reaction (5.2 + 1.3 nm) (Figure
S1B). AChE was bound to AuNP—COOH by activating the
COOH ligands with 1-ethyl-3-(3'-dimethyaminopropyl) car-
bodiimide HCl (EDC) and sulfo-N-hydroxysuccinimide
(sulfo-NHS) to make them reactive to the lysine residues in
AChE. While this strategy does not immobilize proteins onto
an AuNP in a specific orientation, it is a reliable and simple
attachment method that can potentially be used to bind most
proteins to NPs since surface lysine residues are ubiquitous.'”
A control was run where AuNP—COOH was incubated with
AChE without prior exposure to EDC/sulfo-NHS. Unbound
AChE was then separated from the AuNP—AChE conjugates
by centrifugation. Successful covalent binding of AChE to
AuNP—COOH was confirmed using attenuated total reflec-
tance infrared spectroscopy (ATR-IR) to monitor the
appearance of amide I and amide II bands (carbonyl stretching
and N—H bending of the amide backbone) at 1653 and 1550
cm™!, respectively, which were indicative of the presence of
protein.”® Samples were concentrated using spin filters and
then dropcast onto the ATR crystal. The spectra were
normalized to the C—O stretch at 1120 cm™ to account for
peak height differences between runs. As can be seen in Figure
1, amide I and II bands were present in both the control and
the sample, though the peaks in the sample were approximately
three times more intense than those in the control. The
presence of these peaks in the control indicated that the
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Figure 1. Infrared spectra of AuNPs reacted with AChE, where the
control (blue) had no activating agent versus the sample (red),
showing characteristic amide bands at 1653 and 1550 cm™'. Spectra

are normalized to the C—O stretch peak at 1120 cm™.

211

separation process did not completely remove the unbound
protein, likely because it was adsorbed onto the AuNP. The
presence of some adsorbed proteins likely conflates the
amount of protein per AuNP and might convolute structural
measurements; this is discussed extensively below. Never-
theless, these spectra demonstrate that introducing the
activating agents increases the amount of protein on the
AuNPs, showing that the protein was indeed covalently bound
and that the AuNP—AChE conjugate was successfully
synthesized.

Quantifying the Number of AChE Bound per AuNP.
The ratio of protein to AuNP in the AuNP—AChE was then
determined using a modified amino acid analysis (AAA)
procedure reported by Oliverio et al.>” Accurately quantifying
the number of bound enzymes per AuNP, whether or not they
remained functional, was crucial for comparing the activity of
AChE when bound to AuNP versus the native aqueous enzyme.
It was also necessary to assess the structure of the AuNP-
bound protein using circular dichroism(CD) spectroscopy
(discussed below).”® To perform this assay, the sample was
digested in 6 M HCI at 110 °C for 24 h to hydrolyze the
peptide bonds in the protein to generate free amino acids. The
HCI was then evaporated and the hydrolysates reconstituted in
pH 8.5 sodium bicarbonate buffer. The free amino acids were
then derivatized with 2,4,6-trinitrobenzenesulfonic acid
(TNBS), and the absorbance was measured at 420 nm. A
calibration curve using known concentrations of AChE was
constructed to relate the absorbance at 420 nm to the mass of
AChE (Figure 2). The mass of protein in the AuNP—AChE
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Figure 2. Calibration curve showing the relationship between mass of
AChE and absorbance at 420 nm on samples that have been
hydrolyzed in HCI for 24 h and derivatized with TNBS. Error bars
indicate the standard deviation of three measurements.

samples was determined using linear regression, and the mass
was used in turn to determine the average number of AChE
per AuNP. For the AuNP—AChE samples, equivalent amounts
of AuNP—COOH were hydrolyzed in HCI for background
subtraction since AuNPs at high enough concentrations could
contribute to background absorbance at 420 nm. Using this
assay, it was determined that the AuNP—AChE conjugation
resulted in 3.3 4+ 0.1 AChE per AuNP. The geometric surface
area of the AuNP available to bind to enzymes, calculated
using the average NP radius previously determined by TEM,
was approximately 26 nm?. The largest diameter of the AChE
catalytic unit is approximately 7 nm based on the crystal
structure.”® Given these dimensions, we determined that the

https://doi.org/10.1021/acsabm.2c00834
ACS Appl. Bio Mater. 2023, 6, 209—217


https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00834/suppl_file/mt2c00834_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00834/suppl_file/mt2c00834_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c00834/suppl_file/mt2c00834_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00834?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00834?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00834?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00834?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00834?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00834?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00834?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c00834?fig=fig2&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c00834?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials www.acsabm.org

A 25 B 2s r v - v r C s T v
Native aqueous enzyme Experimental Experimental
2 Bound to AuNP 1 2F BestSel Fit |4 BestSel Fit

1
0.5
0
-0.5
-1
15 » - . - - 1.5 1.5

190 200 210 220 230 240 250 190 200 210 220 230 240 250 190 200 210 220 230 240 250

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 3. Representative CD spectra of AChE before and after covalent binding to AuNPs. (A) Overlaid spectra of AChE bound to AuNPs
(orange) versus native aqueous AChE (blue). Spectra of (B) native aqueous AChE and (C) AuNP—AChE (blue) overlaid with their respective
BestSel fits (red).

immobilized enzymes do not form a protein corona around the Table 1. Percentage of Structural Elements of AuNP—AChE
AuNP and that the enzymes are not overcrowded. A scale and Native Aqueous AChE as Determined by BestSel
model of this is shown in the middle portion of Scheme 1. One Deconvolution of the Respective CD Spectra
limitation of the AAA assay is that it is an ensemble
: i : structural element AuNP—AChE AChE
measurement and thus gives no insight into heterogeneous
distribution of proteins per AuNP. AChE exists as a tetramer in a-helix 8.4 11.6
solution,™ so it is possible that there are AuNPs not bound to P-sheet 30.7 252
any AChE while others are bound to multiple sets of tetramers. B-turn 14 12
Quantification of bound protein is an important character- others 469 sL1
ization step that is often overlooked in the bio/abio literature.
Indeed, despite the fact that the quantification of proteins is a Figure 3B,C respectively. The a-helical character (8.4% versus
relatively simple process in solution, it remains a challenge to 11.6%) and slightly increased f-sheet and f-turn character
routinely measure the number of bound proteins on NPs since (30.7% versus 25.2 and 14% vs 12% respectively) remain largely
the presence of NPs tends to complicate and interfere with the the same between the bound and native aqueous enzyme,
well-established protein quantification techniques.””~** The respectively. These spectra demonstrate that covalent binding
method demonstrated here significantly simplifies this of AChE on AuNPs using EDC/NHS cross-linker chemistry
characterization step and should be applicable for a wide does not have a significant effect on the structure of the
variety of inorganic materials. In addition, these results also protein. This information is important for disentangling
demonstrate that there is ample surface area on the AuNP left potential contributions to differences in the activity of the
available to bind the conjugate to a macrosurface. This is bound protein.
important as it shows that it is plausible to use NP—protein Measuring the Activity of AUNP—AChE. To determine
conjugates as an initial binding step to binding proteins to the effect of binding on the function of AChE, an activity assay
surfaces. was performed on the AuNP—AChE construct to compare
Secondary Structure of AChE Bound to AuNPs. function to the native aqueous AChE. This assay, developed by
Protein function is intimately related to its structure, and Ellman,>” measures the activity of AChE by monitoring the
protein binding to NPs has been shown to have an effect on amount of a thioester variant of AChE’s natural substrate
the protein’s structure.”'>**~* It was therefore important to acetylcholine, acetylthiocholine (ATCh), hydrolyzed by AChE
characterize the structure of the bound protein to determine into thiocholine in a specific time frame. Ellman’s reagent, 5,5-
whether any observed decrease in function was potentially a dithio-bis-(2-nitrobenzoic acid) (DTNB), was added to react
result of unfolding or other deleterious structural change of the with thiocholine and released 1 equiv of thio-2-nitrobenzoic
protein once in contact with the AuNP. To this end, we turned acid (TNB) anion. The absorbance of the TNB anion could
to CD spectroscopy to determine the secondary structure of then be measured at 412 nm to determine the amount of
AChE based on the UV adsorption of circularly polarized light ATCh hydrolyzed per second by AChE. After adding all
by the protein’s amide bonds."”*”****™3° CD was performed reagents, the reaction was quenched with the addition of 2%
on solution-phase AChE and the AuNP—AChE construct to sodium dodecyl sulfate (SDS) after 2 min and the absorbance
observe the effect of covalent binding on the secondary at 412 nm measured. The activity of AuNP—AChE was
structure of the protein with solvent blanks (10 mM phosphate compared to the activity of the control (AChE reacted with
buffer) for background subtraction. The spectra were fit using AuNPs in the absence of EDC/NHS), where equivalent
the online deconvolution server BestSel to determine amounts of AuNPs were added for both the sample and
conformational fractions.*®*' As shown in Figure 3A, control. The activity of AChE was measured in units of specific
qualitatively, the CD spectra of bound versus unbound AChE activity (U), which is defined as the ymol substrate hydrolyzed
were very similar, with the only notable differences being a per min. As shown in Figure 4A, the sample is significantly
slightly lower dip at 222 nm and a taller peak at 195 nm for more active than the control, 0.150 £ 0.006 U versus (0.24 +
unbound AChE. These minimal changes were reflected in 0.08) X 107 U. This indicates two things. First, it suggests that
spectral deconvolution (Table 1) to determine the conforma- the amount of non-covalently bound AChE previously
tional fractions. The spectral deconvolution fits compared to observed using ATR-IR discussed earlier is negligible and
the CD spectra for bound and unbound AChE are shown in that the centrifugation is sufficient to separate AuNP—AChE
212 https://doi.org/10.1021/acsabm.2c00834
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mixture. (B) Activity retention of AuNP—AChE over time stored at 4 °C. The same sample was measured over the course of three weeks. (C)
Calibration curve relating specific activity to the amount of AChE in pmol. Error bars indicate the standard deviation of three measurements.
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from unbound AChE. It also shows that the AAA assay
described above quantified mostly covalently bound proteins
as opposed to proteins simply adsorbed on the AuNP. Second,
it demonstrates that the AChE remains active once covalently
bound to the AuNP. The fact that the protein retains its
function is unsurprising given the results from CD that
demonstrated that the enzyme structure remains mostly
unchanged. We measured the activity of AuNP—AChE over
time to monitor the stability of the bound protein after
synthesis; this is shown in Figure 4B. The activity remained the
same over the course of three weeks (after which the
experiment was ended), demonstrating that binding to the
AuNP imparted stability on the enzyme. We have previously
reported that native aqueous AChE completely loses activity
after 6 days of storage at 4 °C but remains stable when
adsorbed onto a flat macroscopic Au surface.”’ The data
presented in Figure 4B corroborates the observation that
immobilization onto a scaffold of some kind, regardless of its
size, imparts stability on the enzyme’s function. This is
significant since it shows that the act of immobilizing proteins
onto a platform is not only key to integrating proteins into
inorganic materials but is also in fact beneficial to the stability
and function of any device using this strategy over time.

To determine the extent of AChE’s retention of activity, the
number of active AChE’s per AuNP must be measured. We
used Ellman’s assay described above to determine the number
of active AChE proteins per AuNP by constructing a
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calibration curve that relates the activity to the amount of
protein, seen in Figure 4C. Linear regression was applied to
determine that on average, there were 0.36 + 0.04 active AChE
proteins per AuNP. This number was divided by the number
of AChE per AuNP that was measured by AAA (3.3 + 0.1) to
find that 10.9 + 1.3% of bound proteins remained active. It is
important to remember that this result is based on ensemble
measurements and thus cannot distinguish between all AChE
present in the sample performing at 10.9% of their expected
capacity versus 10.9% of AChE molecules being 100% active.
This comparison demonstrates that covalent binding does
indeed have a significant effect on the function of the protein
despite having a minimal effect on the structure of the protein
as discussed earlier. The reduction of the protein’s activity is
likely due to a combination of some structural changes and the
orientation of the bound protein. One way to potentially
improve the activity retention is to control the orientation of
the bound protein using site-specific conjugation. Many such
strategies have been developed such as biotin—streptavidin
conjugates'»>*** and bio-orthogonal reactions such as
tetrazine ligation and azide-alkyne click chemistry.”*° These
strategies could prove difficult for use in AChE however, as
they require mutations to the protein and recombinant AChE
expression is difficult.’” It is important to note, however, that
despite the dramatic reduction in the enzyme’s activity, this
AuNP—AChE construct can still be useful for different
applications. For example, AChE is inhibited by organo-
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phosphates common in pesticides and chemical nerve agents
and thus loses activity in the presence of these com-
pounds.”®*~® This is a mechanism that can be exploited for
sensing of these organophosphates using the AuNP—AChE
conjugates bound to a surface.

Further insights into the relationship between the changes in
structure and the activity were investigated using Michaelis—
Menten kinetics, which measures enzyme activity as a function
of substrate concentration. This was performed on both the
AuNP—AChE construct and native aqueous AChE.*"®" The
data were fit to the Michaelis—Menten model (eq 1):

Ky + [S] (1)
where v is the initial rate of reaction, Vy,, is the maximum
achievable rate, [S] is the concentration of the substrate, and
Ky is the Michaelis constant, which is equal to [S] at (1/2)
Ve The activity is normalized by the amount of protein in
the sample resulting in an activity unit of U mg™', which allows
for a direct comparison to be made between bound AChE and
native aqueous AChE. These results are shown in Figure S. For
both the native aqueous and the bound AChE, the increase in
activity with respect to substrate concentration was linear until
saturated at high concentrations of ATCh. However, there
were several noteworthy differences between AuNP—AChE
and unbound AChE. The V,,, of AuNP—AChE was
significantly lower at 680 + 57 U mg™' (Figure SA) versus
the 3728 + 276 U mg™' of unbound AChE (Figure SB).
Taking the ratio of Vy,, of AuNP—AChE to that of unbound
AChHE resulted in an 182 + 2.0% retention of activity for
AChE once it was covalently bound to AuNPs; this was slightly
higher than the 10.9% activity retention discussed previously,
but the values are comparable. Another notable difference was
the activity of AChE at high concentrations of substrate. Native
aqueous AChE exhibited a steady decrease in activity at higher
concentrations of substrate as a result of substrate inhibition
(Figure 5B).°" However, this was not the case for AChE once
bound to AuNPs (Figure SA); once the activity of AuNP—
AChE reached Vy,,, it plateaued and did not show evidence of
substrate inhibition as [S] increased. Finally, the Ky; of AuNP—
AChE (0.057 + 0.027 mM, Figure SA) was similar to that of
unbound AChE (0.067 + 0.025 mM, Figure SB). This
indicates that the affinity of the protein for the substrate
remains mostly the same once bound to AuNPs.

The explanations for both of these observations are likely
related to changes in the structure of AChE once bound to the
AuNP and the orientation of the enzyme relative to the AuNP
substrate. The observation that points to a possible explanation
is the lack of substrate inhibition in AuNP—AChE. The
mechanism of substrate inhibition for AChE has been explored
in depth and can provide insights into structural changes
occurring in the bound enzyme that are also consistent with
the lower Vy,.°> AChE has two locations where the substrate
can potentially bind (shown in Figure 6): the catalytic anionic
site (CAS) and the peripheral anionic site (PAS).**~% The
CAS, which is where substrate hydrolysis occurs, is located
toward the bottom of the active site gorge, whereas the PAS is
located toward the mouth of the active site gorge. At high
concentrations, substrate binding to the PAS causes allosteric
changes that have been shown to have inhibitory effects on the
activity of AChE.“"* Since AuNP—AChE does not exhibit this
substrate inhibition, it is possible that the substrate is unable to
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Figure 6. Crystal structure of electric eel AChE (PDB: 1EEA)
showing the locations of the CAS and PAS. The residues of the
catalytic triad in the CAS (Glu 327, His 440, and Ser 200) and the key
residue in the PAS (Trp 279) are highlighted in red and yellow,
respectively.

bind to the PAS either due to slight unfolding at the mouth of
the active site gorge or the protein is oriented on the AuNP in
a way that blocks substrate access to the PAS. However, at
lower substrate concentrations, substrate binding to the PAS
has also been shown to increase the rate of catalysis since the
PAS can shuttle substrate molecules into the active site
gorge.66 Therefore, if the PAS in the AuNP—AChE construct is
indeed prevented from binding to the substrate, this could
explain the overall lower V), observed in the substrate-bound
AChE. One way to test this hypothesis would be to observe the
binding of the bound AChE to substrates that are specific to
the PAS. One such substrate is thioflavin T, which is a
fluorescent ligand that binds specifically to the PAS and has
enhanced fluorescence when bound.®® If the PAS is indeed
inaccessible for substrate binding once bound to the AuNP, we
would expect to see no change in the fluorescence of thioflavin
T when added together with the AuNP—AChE. This, however,
highlights a significant limitation of using a AuNP-based
platform; this assay, and indeed every assay measuring binding
to the PAS, has been reported for the native aqueous AChE.
The presence of AuNPs will significantly complicate this
characterization since AuNPs are strong quenchers of
fluorescence.”®” Developing assays that are compatible with
the AuNP is a significant thrust of future work, both in our
laboratory and elsewhere.

B SUMMARY AND CONCLUSIONS

In this work, we covalently attached AChE to functionalized
AuNPs using carbodiimide crosslinking chemistry to synthe-
size AuNP—AChE conjugates. These conjugates were then
thoroughly characterized to determine the amount, structure,
and activity of the bound protein. All of these metrics were
compared to unbound AChE to determine the effects of
covalent binding to the functionalized AuNP on the structure
and function of AChE. It was determined with amino acid
analysis that on average, 3.3 + 0.1 AChE were bound per
AuNP and that the structure of the protein remains largely
intact after binding using CD spectroscopy. Using activity and
kinetics assays, bound AChE retained 10.9 + 1.3% of its
activity and exhibited no substrate inhibition when compared
to unbound AChE. We also observed that the protein retains
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the same level of activity three weeks after binding to the
AuNP, demonstrating that immobilization imparted stability
on the enzyme activity. The mechanism for this promising
observation is currently under investigation. We propose that
the changes in activity were likely the result of inability of the
substrate to bind to the PAS at the mouth of the active site
gorge either due to a combination of the orientation of the
protein with respect to the AuNP and minor structural changes
to the protein. Although the protein lost a significant amount
of its activity as a result of binding, we demonstrate that we can
fully characterize the protein—AuNP conjugate, which we can
then immobilize onto different kinds of surfaces. Future work
will focus on binding this AuNP—AChE conjugate to surfaces
such as silicon, plastics, and metals as a logical next step as we
have shown that there is ample surface area on the AuNP
available to bind to a macrosurface. This will then demonstrate
a first proof-of-concept toward a generalizable strategy for
immobilizing proteins onto different kinds of surfaces.

B EXPERIMENTAL SECTION

Materials and Chemicals. H,SO,, NaOH, NaCl, Na,HPO,, 2-
(N-morpholino) ethanesulfonic acid (MES), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), ethanol, and toluene were
purchased from Fisher Scientific. Acetylthiocholine iodide, Type VI-S
acetylcholinesterase from electric eel (Electrophorus electricus), 1-ethyl-
3-(3’-dimethyaminopropyl) carbodiimide HCl (EDC), sulfo-N-
hydroxysuccinimide (sulfo-NHS), 4-(dimethylamino) pyridine
(DMAP), tetraocetylammonium bromide (TOAB), picrylsulfonic
acid, HAuCl,, NaBH,, anhydrous MgSO,, and Amicon Ultra 0.5 mL
30 kDa and 100 kDa molecular weight cutoff filters were purchased
from Millipore Sigma. SH-C,;-PEG;-COOH was purchased from
Biochempeg.

AuNP—COOH Synthesis. AuNPs capped with SH-C,;-PEG;-
COOH ligands (AuNP—COOH) were synthesized according to a
previously published procedure.’*®® Briefly, an aqueous solution of
HAuCl, (0.142 M, 1 mL) was added to a solution of TOAB (0.030
M, 10 mL) in toluene and stirred for 30 min. An aqueous solution of
NaBH, (1.5 M, 1 mL) was then added to the reaction mixture and
allowed to stir overnight. The reaction mixture was then transferred to
a separation funnel, and the aqueous layer was discarded. The organic
phase was then washed with H,SO, (0.1 M, 10 mL), NaOH (0.1 M,
10 mL), and deionized water (10 mL) sequentially. This washing
procedure was repeated three times. An aqueous solution of DMAP
(0.1 M, 10 mL) was added to the separation funnel and was shaken
vigorously for 5 min. The two phases were allowed to separate as the
AuNPs transferred from the organic phase into the aqueous phase,
resulting in DMAP-capped AuNPs (AuNP—DMAP). The aqueous
layer was then collected and the organic layer discarded. Absorbance
at 506 nm was used to measure the concentration of the AuNPs (¢ =
8.5 % 10° M~ em™).%’

A solution of SH-C,;-PEG;-COOH (10 mM, 700 uL) in ethanol
was added to the AuNP-DMAP (1.15 uM, 1.5 mL) and left
overnight at room temperature. The resulting AuNP—COOH was
then purified from free ligands by centrifugation in Amicon Ultra 0.5
mL 30k spin filters at 14,000g for 8 min. The AuNPs were then
resuspended in pH § 10 mM MES buffer. This process was repeated
eight times. The resulting AuNP—COOH in pH 5 MES buffer were
then stored at room temp in the dark until use. Transmission electron
microscopy (TEM, JEOL 2010F) was used to determine the size
distribution of the AuNPs (n = 200).

AChE Purification. AChE was purified using a previously reported
procedure.’** Briefly, 6.5 mg of AChE solid was dissolved in 650 uL
of running buffer (10 mM phosphate, 400 mM NaCl, pH 7) and
injected into a Superdex 200 size exclusion column. AChE was
collected as a single peak and concentrated with Amicon Ultra 0.5 mL
10k spin filters at 14,000g. The AChE was then solvent exchanged
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into 10 mM pH 8 HEPES buffer and used immediately for
conjugation with AuNP—COOH.

Synthesis of AUNP—AChE. To a solution of AuNP—COOH in
10 mM pH S MES buffer (0.5 uM, 125 uL) was added a solution of
47.9 mg EDC (0.25 mmol) and 108 mg sulfo-NHS (0.5 mmol) in
250 uL of 10 mM pH 5 MES buffer. The reaction mixture was shaken
at 1000 rpm for 1S min at room temperature, after which unreacted
EDC/sulfo-NHS was separated from the AuNPs using Amicon Ultra
0.5 mL 100 kDa spin filters at 21,000g. The AuNPs were resuspended
in 10 mM pH 8 HEPES buffer, and this process was repeated three
times. The resulting sulfo-NHS-activated AuNP—COOH was then
added to 250 uL of 1 mg/mL™" pure AChE solution and was shaken
at 1000 rpm at 4 °C overnight, resulting in AuNP—AChE conjugates.
To separate out the unreacted AChE, the reaction mixture was spun
at 60,000g for 20 min, which resulted in the AuNP—AChE collected
at the bottom of the centrifuge tube. The supernatant was then
removed and the AuNP—AChE resuspended in 150 uL of 10 mM pH
7 phosphate buffer. This process was repeated eight times. The
AuNP—AChE was then used immediately for activity and structure
measurements. The solution was stored at 4 °C for stability
measurements over three weeks.

Activity Measurements. The activity of native aqueous AChE
and AChE bound to AuNPs was measured using a spectroscopic assay
developed by Ellman.** This assay substitutes the native substrate of
AChE, acetylcholine, with a thioester variant, acetylthiocholine
(ATCh). AChE hydrolyzes the ATCh into thiocholine and acetate,
after which the thiocholine is labeled with DTNB. The reaction
results in the release of the thio-2-nitrobenzoic acid (TNB) anion,
which absorbs strongly at 412 nm (& = 1.36 X 10* M~ cm™") and was
used as a measure of ATCh hydrolyzed over a specific time.

To perform this assay, 3 mL of 100 mM pH 8 phosphate buffer was
added to a disposable cuvette followed by 20 uL of 0.01 M DTNB
solution in 100 mM pH 7 phosphate buffer and 0.018 M sodium
bicarbonate. To this was added 2 uL of 0.056 M AuNP—AChE
followed by 5 uL of 0.075 M ATCh. The reaction was quenched with
100 uL of 2% SDS to inactivate the AChE after 2 min, after which
measurements at 412 nm were taken. Each assay was performed in
triplicate.

Attenuated Total Internal Reflection Fourier-Transform
Infrared Spectroscopy (ATR-FTIR). ATR-FTIR was used to
analyze the ligand shell of the AuNP—COOH and to confirm
AChE binding. These measurements were collected on a Vertex 70
FTIR (Bruker) with a liquid N,-cooled HgCdTe (MCT) detector and
a Ge ATR accessory (Harrick). A solution of 0.50 uM AuNP—COOH
or 0.056 yuM AuNP—AChE in deionized water was concentrated
using Amicon Ultra 0.5 mL 100k spin filters, 10 uL of which was then
dropcast onto the ATR crystal to dry. A total of 500 scans was taken
for each measurement at 4 cm™' resolution. The spectra of a clean
ATR crystal were used for background subtraction. Baseline
corrections were performed using OPUS software (Bruker). All
spectra were normalized to the C—O stretching band at 1120 cm™.

Circular Dichroism (CD) Spectroscopy. CD was used to
measure the secondary structure of native aqueous AChE and bound
to AuNPs. Spectra were measured on a JASCO J-815 CD
spectrometer (JASCO). A 1 mm pathlength quartz cuvette was
used for all measurements. Spectra were recorded from 260 to 190 nm
with the bandwidth set to 1 nm, 4 s response time, and 50 nm min™"
scan rate. A blank spectrum of 10 mM pH 7.5 phosphate buffer was
used for background subtraction. Spectra for AuNP—AChE were
obtained from an average of 100 scans, while spectra for native
aqueous AChE were obtained from an average of 10 scans.

Amino Acid Analysis (AAA). A modified AAA protocol reported
by Oliverio et al. was used to determine the number of AChE per
AuNP.*” A calibration curve was created using varying concentrations
of pure AChE in solution. To a 50 uL solution of 0.056 uM AuNP—
AChE was added 100 uL of 6 M HCL. The resulting solution was left
in a heating block at 110 °C for 24 h. The vials were then opened and
left at 110 °C to evaporate the HCl. The dried samples were then
resuspended in 100 uL of 100 mM pH 8.5 sodium bicarbonate, which
was then pipetted into a clear flat-bottom 96-well microplate. To this
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was added 50 uL of 0.01% TNBS solution in 100 mM sodium
bicarbonate. The microplate was then kept at 37 °C for 2 h, after
which 50 pL of 10% SDS was added. Absorbance at 420 nm was then
read on a Synergy H4 Hybrid Multi-Mode Microplate Reader
(BioTek). Each assay was performed in triplicate.
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