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The pyridoxal 5'-dependent enzyme methionine y-lyase (MGL) catalyzes the degradation of methionine. This
activity has been profitable to develop an antitumor agent exploiting the strict dependence of most malignant
cells on the availability of methionine. Indeed, methionine depletion blocks tumor proliferation and leads to an
increased susceptibility to anticancer drugs. Here, we explore the conjugation of MGL to gold nanoparticles
capped with citrate (AuNPs) as a novel strategy to deliver MGL to cancer cells. Measurements of Transmission
Electron Microscopy, Dynamic Light Scattering, Asymmetrical Flow Field-Flow Fractionation, X-ray Photoelec-
tron Spectroscopy, and Circular Dichroism allowed to achieve an extensive biophysical and biochemical char-
acterization of the MGL-AuNP complex including particle size, size distribution, MGL loading yield, enzymatic
activity, and impact of gold surface on protein structure. Noticeably, we found that activity retention was
improved over time for the enzyme adsorbed to AuNPs with respect to the enzyme free in solution. The acquired
body of knowledge on the nanocomplex properties and this encouraging stabilizing effect upon conjugation are
the necessary basis for further studies aimed at the evaluation of the therapeutic potential of MGL-AuNP complex
in a biological milieu.

1. Introduction

In quest for innovative and selective anticancer strategies, the use of
enzymes causing starvation-induced cancer cell death through removal
of essential nutrients is gaining recognition (Cioni et al., 2022; Fer-
nandes et al., 2017; Fung and Chan, 2017). Indeed, the FDA-approved
therapeutic administration of asparaginase, an asparagine-degrading
enzyme, for the treatment of acute lymphocytic leukemia is based on
cancer cells strong dependence on asparagine, and firstly acknowledged

the power and applicability of such nutrient deprivation strategy (Cioni
et al., 2022). In this context, the pyridoxal 5-phosphate (PLP)-depen-
dent enzyme methionine y-lyase (EC 4.4.1.11, MGL), which degrades L-
methionine to a-ketobutyrate, methanethiol and ammonia via y-elimi-
nation, can be envisaged as a potential antineoplastic agent (Cavuoto
and Fenech, 2012), since the proliferation of most malignant cells,
differently from normal cells, is strongly dependent on exogenous
methionine supply (Chaturvedi et al., 2018; Hoffman and Erbe, 1976).
The in vitro and in vivo efficiency and efficacy of MGL against various
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cancer types has been widely demonstrated (El-Sayed, 2010; Hoffman,
2015, 2019; Tan et al., 2010) and lately reviewed (Cioni et al., 2022;
Raboni et al., 2024). It is well proven that MGL in solution specifically
affects cultured cancer cell proliferation and survival, while it does not
significantly perturb non-malignant cells (Kulikova et al., 2017; Moro-
zova et al., 2013; Raboni et al., 2018). Insights into cellular and mo-
lecular events occurring during MGL-mediated methionine starvation of
cancer cells have been recently provided by histone modifications and
proteomic profiling studies (Montalbano et al., 2023; Raboni et al.,
2021). Besides, inclusion of MGL in different nanoporous or vesicular
systems (Gay et al., 2017; Koval et al., 2022; Machover et al., 2019;
Morozova et al., 2018; Xin et al., 2021) has been tested in vitro to assess
the effects on its functional and structural properties, and on cultured
cancer cells and/or in mouse models for therapeutic efficacy. Indeed,
immobilization to solid matrices may help to overcome the multiple
challenges (Dean et al., 2017) that the development of enzyme-based
therapeutics needs to face (de la Fuente et al., 2021; Marchetti et al.,
2022).

In this context, the possibility of applying the emerging knowledge
and tools of nanotechnology to pharmaceutical and biomedical sciences
is an attracting opportunity for the development of nanocomplexes
loaded with proteins/enzymes (but also small-molecule drugs and im-
aging agents) endowed with high efficacy and safety (Anselmo and
Mitragotri, 2016; Kopp et al., 2017; Shi et al., 2017; Tong and Kohane,
2016) for drug delivery and as diagnostics (Mitchell et al., 2021).

In this regard, gold nanoparticles have become more and more
attractive for multiple applications in biomedical research (Ajnai et al.,
2014; D’Acunto et al., 2021; Jazayeri et al., 2016; Yeh et al., 2012) due
to biocompatibility, preferential accumulation in tumor districts, and
peculiar and tunable optical properties (Sengani et al., 2017). In addi-
tion, gold nanoparticles are also enticing for their easy synthesis through
the well-established protocol of reduction of auric acid by sodium citrate
(Turkevich et al., 1951), a cheap, nontoxic, highly biodegradable, and
biocompatible reactant, which responds to the growing need for eco-
friendly synthesis processes. With its negatively charged carboxylates,
citrate provides charge stabilization of the gold nanoparticles (Al-Johani
et al., 2017; Park and Shumaker-Parry, 2014), but it is easily displaced/
replaced by proteins due to weak interactions with the gold surface.
Notably, the easily and widely functionalizable surface of the particles
promotes physical or chemical conjugation with numerous biomolecules
such as peptides and proteins in conditions compatible with their sta-
bility (Amina and Guo, 2020; Ielo et al., 2021). Association of proteins
with gold nanoparticles may thus be useful for loading proteins as cargo,
for active targeting through engagement with tumor surface receptors
and eventually cellular internalization (Amina and Guo, 2020; Dreaden
et al., 2011; Ghosh et al., 2010).

Interestingly, as other nanocarriers AuNPs have been reported to
exert different actions in protein-dependent contexts: they may either
favorably stabilize protein against denaturation (Bailes et al., 2012;
Capomaccio et al., 2016; Chatterjee et al., 2021; Verma et al., 2021)
and/or aggregation (Brancolini et al., 2019; Park, 2020) or cause protein
denaturation and loss of function (Gagner et al., 2011; Gagner et al.,
2012; Kumar and Dhawan, 2019; Tadepalli et al., 2017; Xia et al., 2020).
Therefore, the biophysical and biochemical characterization of protein-
coated AuNPs is of paramount importance to gather a deep under-
standing of the structure, composition, and function of the nanocomplex
(Ceccone and Shard, 2016; Hodoroaba et al., 2020; La Spina et al.,
2017).

Therefore, the present study describes for the first time, to the best of
our knowledge, the functionalization of 20-nm citrate-capped gold
nanoparticles (AuNPs) with prokaryotic MGL to create nanomaterials
endowed with methionine depletion capability and establishes the
structural and functional implications of the formation of the nano-
complex on the enzyme integrity.

The MGL-AuNP complex was investigated by UV-visible absorption,
Circular Dichroism (CD) and X-ray Photoelectron Spectroscopy (XPS),
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Transmission Electron Microscopy (TEM), Dynamic Light Scattering
(DLS), Asymmetric Flow Field Flow Fractionation (AF4), and by assay-
ing MGL enzymatic activity. This extensive investigation enlightens
successful binding of active MGL to AuNPs and MGL activity retention
over time in the complex, and paves the way for the assessment of its
potential in more complex and more representative biological media.

2. Results and discussion
2.1. Characterization of citrate-capped gold nanoparticles (AuNPs)

Synthesis and purification of AuNPs are described in the experi-
mental section. Since spectrum features of the surface plasmon reso-
nance (SPR) band such as maximum absorption wavelength (Aspr) and
intensity are directly related to particle size, shape, and surface coating,
UV-vis absorption measurements provide a simple and prompt method
to characterize AuNPs (Ghosh and Pal, 2007; Haiss et al., 2007; Mul-
vaney, 1996; Shard et al., 2018). Fig. 1a shows the typical UV-vis ab-
sorption spectrum of the purified AuNPs, with the SPR band centered at
522 + 0.5 nm. Comparison between measurements performed before
and after the purification process indicates no changes in the shape and
intensity of the absorption spectrum and a very small shift of Agpr
(Fig. 1a, inset) assuring that the centrifugation procedure left AuNPs
practically unaltered in size and shape. The diameter of purified AuNPs
was estimated by measuring the ratio between the absorbance at the
maximum of SPR band (Asp,) and the absorbance at 450 nm (A4s0) (Haiss
et al., 2007). Different AuNP preparations provide Agp/Ass50 = 1.68 +
0.02, corresponding to a theoretical diameter of about 18.0 & 0.2 nm
(Haiss et al., 2007). AuNP concentration is calculated from A4s5¢ by using
the molar extinction coefficient 3.87 x 108 M~! em™!, as estimated for
gold nanoparticles with 18 nm diameter (Haiss et al., 2007). AuNP
suspensions with concentration around 6.5 x 10~% M were regularly
obtained. The estimated AuNP size based on SPR band spectral features
was confirmed by TEM (Fig. 1b-c) and DLS (Fig. 1d) experiments. TEM
images automated statistics (over around 350 particles) reveals a nar-
row, symmetric distribution of high-contrast spherical objects that can
be associated to spherical, metallic NPs with mean primary size around
18.4 nm and a FWHM of 2.4 nm. DLS measurements show an intensity
based hydrodynamic diameter distribution of NPs exhibiting a slightly
higher but rather similar mean and mode with a marked asymmetry in
the right end tail (see Table SI1 for numerical values) resulting in a
larger median size of ca. 23.7 + 0.5 nm. The tendency for DLS intensity-
based distribution to report large-size skewed distributions is well re-
ported in literature (Souza et al., 2015; Wilson and Prud’homme, 2021)
and it is not necessarily linked to the presence of aggregates but rather to
the stronger scattering by larger particles. Large field of view SEM im-
ages displayed in fact AuNPs of approximately spherical shape with
homogeneous size distribution and absence of aggregates (Fig. SI1). It is
worth mentioning that, since these techniques measure different prop-
erties (the bare core size of the nanoparticle by electron microscopy, the
hydrodynamic diameter by DLS), differences in the estimated sizes may
occur (and, at certain extent, are expected).

Given that the physicochemical characterization carried out does not
show a consistent presence of aggregates, purified AuNPs were used
without further manipulation, such as sonication and/or addition of
detergents.

2.2. Characterization of MGL binding to AuNPs

Preliminary attempts of MGL conjugation through EDC/NHS chem-
istry to PEGylated AuNPs showed strong perturbing effects resulting in
unsatisfactory conjugation yield and strongly reduced catalytic activity
for MGL (data not shown). This unfortunate, but not totally unexpected
result is in line with the fact that while covalent attachment allows
stable coupling of proteins to AuNPs, it may have strong consequences
on the catalytic activity. This can be due to restriction of enzyme
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Fig. 1. Characterization of purified AuNPs. a) UV-vis spectrum of AuNPs in MilliQ water. Inset shows the spectra before (black line) and after (red line) the AuNP
purification process; b) TEM images of purified AuNPs measured at 120 kV; c) purified AuNPs size frequency distribution measured via TEM (right axis, cumulative
distribution); d) purified AuNPs intensity-based distribution measured via DLS images (right axis, cumulative distribution). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

conformational freedom, steric constraints and involvement of catalytic
residues. On the contrary, structural and functional properties of the
enzyme cargo may be less disturbed by non-covalent conjugation.
Indeed, spontaneous adsorption is a more straightforward route and a
facile method that only requires simple mixing of AuNPs with the pro-
tein of interest, under predetermined optimal conditions, reducing
invasive manipulation steps. In our experience, physical absorption of
MGL to AuNPs was more successful and was thus preferred over covalent
conjugation.

At physiological pH, MGL is an anionic protein. The theoretical
isoelectric point (pl), as calculated from the amino acid sequence by the
ProtParam tool of ExPASy (Gasteiger, 2005) is 5.53. Above this pH, the
protein has a negative net charge, which increases as pH increases. At
physiological pH, AuNPs are negatively charged as the three carboxylic
groups of citrate exhibit pK, equal to 3.14, 4.77 and 6.39. As adsorption
of proteins on gold nanoparticles appears to be mostly driven by elec-
trostatic interactions (Wang et al., 2016), the binding between MGL and
AuNPs is favored at pH values lower than the protein pl. Indeed, no
binding of MGL to AuNPs was observed at pH 8, as verified by agarose
gel electrophoresis (data not shown). However, since MGL stability de-
creases as pH decreases, the adsorption of MGL on AuNPs was carried
out at pH 6, as a compromise, to reduce electrostatic repulsion and
preserve protein structure.

Given the high sensitivity of Agpr to changes of electron distribution
on the nanoparticle surface, UV-vis absorption spectroscopy is an
effective technique to monitor the interaction of proteins with AuNPs

and evaluate the binding affinity (Yang et al., 2013). Fig. 2a shows the
absorption spectra of AuNPs in the presence of increasing amounts of
MGL. No rising in the spectrum baseline is observed at increasing pro-
tein concentrations. This finding suggests that addition of MGL does not
induce nanoparticle aggregation, or at least not enough to affect the
light scattering signal and the spectrum shape. When MGL concentration
increases, Agpr shifts gradually from 522 nm to 527 nm (Fig. 2a, inset)
concomitantly with an increase up to 20 % in the absorbance intensity,
as measured by integrating the area of the spectrum in the region from
450 nm to 700 nm. Both Agpr and absorbance values reach a plateau
when MGL concentration is higher than 0.2 x 107® M, suggesting that
saturation of binding sites for the protein on the AuNP surface is ob-
tained. No significant Agpr shift or intensity increase in the surface
plasmon resonance band were observed when the conjugation experi-
ment was conducted at pH 8 (Fig. SI2), confirming the relevance of the
charge on the MGL surface to determine the protein binding on AuNPs.

The Langmuir adsorption isotherm model is usually applied to
analyze the interaction between proteins and AuNPs, although its
application requires some caution (Latour, 2015). Firstly, the Langmuir
model requires the system to be in equilibrium, that is, the adsorption of
the protein onto nanoparticles is reversible during the experimental
time, as it is this case, where the interaction of proteins with the AuNPs
is mainly of an electrostatic type. Only over time, most of the adsorbed
protein molecules irreversibly bind to AuNPs (Wang et al., 2016) pre-
sumably because of the irreversible oxidation of cysteines on the AuNP
surface (Wang et al., 2014). The second warning is the use of the total
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Fig. 2. Changes in AuNP absorption spectrum at increasing concentrations of MGL. a) Absorption spectra of AuNPs suspensions in the absence and presence of
different concentrations of MGL. Inset shows AuNP spectral shift at increasing MGL concentration. b) Relative maximum absorption wavelength shift (squares, solid
line) and absorbance increase (circles, dash line) fitted to a Langmuir adsorption isotherm model. [AuNP] = 4.5 x 10710 M; 0 < [MGL] < 5.8 x 107 M; buffer is 10
mM BTM, pH 6, in the presence of 10 pM pyridoxal 5-phosphate (PLP), the MGL cofactor. All spectra were acquired at room temperature and corrected for the PLP

contribution to the absorbance.

protein concentration instead of that of the free protein, as required by
the Langmuir model. This approximation is justified by the small con-
centration of AuNPs (0.45 nM) as compared to that of the protein
(Fig. 2a). Assuming that the observed spectrum changes are entirely due
to binding of MGL to AuNPs, the association constant of the interaction
is estimated by fitting the Agpg shift data to a Langmuir isotherm (Yang
et al., 2013).

A3 B = K[MGL,,./ (1 + KMGL],,, ) ¢))

where A) is the shift in Agpg measured at a given MGL concentration and
AMmax is the maximum shift measured, in our case AAmax = 5 nm. K, is
the association constant whose inverse is equivalent to the protein
concentration required to reach the half-maximum effect, i.e., the
saturation of half of the binding sites on the AuNPs. The trend of
AN/ Ahmax With respect to MGL concentration is shown in Fig. 2b. Fitting
the experimental data of Fig. 2b to Eq. (1) produces a K, equal to (5.9 +
1.0) x 107 ML An independent and comparable estimate of K, (K; =
(4.3 £ 0.5) x 107 M~ 1) is obtained from the change in absorbance in-
tensity by replacing in Eq. (1) AM with AA (increase in integrated
absorbance measured at a given MGL concentration), and Alpax with
AApax (maximum absorbance increase measured at the plateau)
(Fig. 2b). The estimated K, is in agreement with values reported in
literature for the adsorption of proteins such as bovine serum albumin
(Vangala et al., 2012) or a-synuclein (Yang et al., 2013) on AuNPs of
comparable hydrodynamic diameter.

2.3. Purification and biochemical characterization of MGL-AuNP
complex

According to the aforementioned estimated K, value, the MGL con-
centration ensures over 95 % AuNP saturation during the conjugation
reaction. Removal of unbound or loosely bound MGL was obtained by
centrifugation (10,000 g for 10 min), following the scheme shown in
Fig. SI3. It is worth mentioning that the suspension of AuNPs pre-
cipitates rapidly even under mild centrifugation conditions in the
conjugation buffer (10 mM BTM/10 pM PLP, pH 6) in the absence of
MGL, and, differently from in water, it forms aggregates difficult to
disperse. This finding may not be surprising because it is known that
addition of electrolytes decreases the stability of metal particle sus-
pensions as they mask the citrate negative charges causing an imbalance

between repulsive and attractive forces (Derjaguin, 1941; Verwey,
1948). As a result, the colloids collapse when the gold nanoparticles
adsorb onto one another to produce aggregates. However, polymeric
coatings are reported to act as a physical barrier to prevent nanoparticle
aggregation (Moore et al., 2015). The hydrophilic nature of several
polymers such as poly(ethylene glycol) or poly(vinylpyrrolidone) im-
parts colloidal stabilization through short-range repulsive hydration
forces (Guerrini et al., 2018). Similarly, adsorption of proteins, which
contain numerous charged groups, can provide nanoparticles with steric
and electrostatic stabilization. Indeed, our observation that there is no
evidence of AuNPs aggregation after centrifugation in the conjugation
buffer upon addition of MGL agrees with a stabilizing effect of protein on
AuNPs colloid. However, to minimize possible aggregation processes,
only two centrifugation steps at 10,000 g for 10 min at 20 °C were used
to remove unbound MGL. Typical UV-vis absorption spectra of super-
natants recovered from the first (S1) and second (S2) centrifugation step
and the pellet of the second centrifugation (P2) are shown in Fig. SI4.
The unaltered shape of the AuNPs spectra after the purification steps
suggests the absence of nanoparticle aggregation. After each purification
step, the amount of MGL and AuNPs is estimated from the absorbance
measured at 280 nm and 450 nm, respectively. Due to the mild centri-
fugation conditions applied, the AuNPs are incompletely pelleted in
each centrifugation step and only 50 % of the starting amount is
collected as pellet (P2) at the end of the purification procedure. MGL
activity on each fraction is measured by the discontinuous colorimetric
assay with 2,4-dinitrophenylhydrazine (DNPH). As estimated by both
the Aggp and activity measurements, about 90 % of the initial amount of
MGL is collected in S1 and only 3-4 % remains in S2. Interestingly, the
specific activity in S1 (4.9 U mg™!) and $2 (5.1 U mg ™) is almost un-
changed with respect to MGL in solution (5.3 U mg™!), suggesting that
the transient electrostatic interactions with AuNPs and/or the subse-
quent separation procedures do not significantly affect the catalytic
properties of the enzyme.

The quantification of MGL in the final conjugated product, P2, either
by measuring the absorbance at 280 nm or by classical colorimetric
protein quantification methods is very difficult due to AuNPs signal
interference. Activity measurements led to estimate that 1.5-2 % of the
initial enzymatic units of MGL are present in P2. Aware that some un-
bound MGL may still be present in P2, aliquots of this sample were
centrifuged at higher speed (16,000 g for 10 min) to obtain complete
precipitation of the MGL-AuNP complex and allow the recovery of a
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colorless supernatant, S3 (Fig. SI3). Enzymatic activity measurements
show that the amount of unbound MGL in S3 ranges from 10 % to 15 %
of that contained in P2. Using the calibration curve shown in Fig. SI5 and
assuming that the specific activity of the enzyme does not change upon
interaction with AuNPs, the amount of active MGL tightly bound to
AuNPs can be determined from the difference in activity between P2 and
S3. We thus estimated the binding capacity of MGL, i.e., the number of
MGL molecules bound per AuNP (Nyigr, = [MGL]pound/[AuNPs]), to be 5

+ 1. Geometrically, the maximum number of protein molecules (Nyax)

that can adsorb as a monolayer on a single nanoparticle can be deter-
mined by:

Nygar = 4(R/ 1) 2

where R and r are the radii of AuNP and MGL, respectively. For the
AuNPs the estimated diameter is obtained by TEM and DLS measure-
ments (® = 18 nm), a value in good agreement with that obtained from
SPR band spectral features. A diameter of 7.6 nm can be estimated for
the MGL monomer, from the X-ray structure (PDB file 2RFV), while a
diameter of 10 nm is calculated for the tetramer as the biological as-
sembly generated by PISA software for the same PDB file. With these
assumptions and according to Eq. (2), the maximum number of MGL
bound per AuNP is 13, about 2.5 times higher than the value estimated
by activity measurements. It should be emphasized that our estimated
binding capacity refers only to the active protein, while partially active
and/or denatured, therefore inactive, protein molecules may also
occupy the surface of the AuNPs. The difference between the measured
number of bound MGL molecules and the estimated upper limit might be
thus in part ascribed to the formation of an inhomogeneous protein layer
due to steric hindrance as well as to the presence of a fraction of partially
active or inactive bound proteins, undetectable by activity measure-
ments. We used circular dichroism to investigate the effect of conjuga-
tion on the structural integrity of MGL. The CD spectrum of MGL
conjugated to AuNPs is compared to the CD spectrum of unconjugated
MGL in solution in Fig. 3. Binding of MGL to AuNPs apparently induces a
marked decrease in protein secondary structure content. In principle,
this result could arise from a partial loss of structural integrity upon
interaction with the AuNPs surface, or from a significant fraction of the
AuNP-bound protein molecules having a strongly altered secondary
structure, consistent with the discrepancy between the theoretical
number of molecules covering AuNPs surface and the measured number
of active molecules. However, the strong absorbance of AuNPs in the UV
region prevents detailed quantitative analysis of data.

2.4. Physicochemical characterization of MGL-AuNP complex

Characterization of size and size distribution, state of dispersion,
surface functionalization and influence of AuNPs on protein structure is
of paramount importance since these properties determine the perfor-
mance of nanomaterials, including the degree of protein adsorption,
cellular uptake, biodistribution patterns, and clearance mechanisms
(Nel et al., 2009).

Size and size distribution of AuNPs and MGL-AuNPs in solution were
investigated through the AF4 system coupled to the DLS in flow mode.
This instrumental setup is able to detect the presence of multiple pop-
ulations in the samples and to measure the size of the separated particle
fractions, thus improving the performance of the DLS measurement.
Fig. 4 shows the combination of the UV-vis detector signal (at 525 nm)
and the Z-average from the DLS measurement during the analysis of
AuNPs and MGL-AuNPs. After conjugation, the particles show a longer
retention time in the AF4 separation channel corresponding to a larger
size (and/or changed surface properties) compared to protein-free
AuNPs. In addition, MGL-AuNPs show a broad elugram only partially
overlapping with the original AuNPs peak, which suggests that almost
all AuNPs bind MGL. In specific, most of the MGL-AuNP population
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presents an elution time of 16 min and a hydrodynamic diameter of 35.3
+ 0.5 nm, while AuNPs elute at 13 min and have a hydrodynamic
diameter of 24.5 + 0.5 nm. These data, together with the TEM obser-
vations, suggest a hydration layer of about 3 nm in the presence of
stabilizing citrate ions. Replacing the citrate with MGL results in the
formation of a hydrated protein corona with about 7 nm thickness
around the particles. This estimated thickness is lower than that ex-
pected for a closely packed protein monolayer (approximately 10 nm,
diameter of the MGL in the tetrameric structure). This modest discrep-
ancy between the expected and the measured layer thickness might be
related to changes in the protein structure induced by the adsorption of
MGL to the AuNP surface. Processes such as protein spreading and/or
partial unfolding of a fraction of bound protein molecules can be hy-
pothesized. These considerations on the structural changes of MGL
following binding to AuNPs are supported by the CD data and the esti-
mated number of active protein molecules below the maximum binding
capacity.

The surface composition of the AuNPs and MGL-AuNPs is reported in
Table 1. Table 1 also reports quantitative data related to MGL (398
amino acids, C1900H301N5190577S16 MW 42877.9 g/mol) drop-casted on
flat Au films. High resolution C1s, S2p, N1s core level spectra obtained
by XPS analysis of MGL are shown in Fig. 5, whilst high-resolution core
level spectra for AuNPs and MGL-AuNPs are compared in Fig. 6.

The analysis of the control MGL deposited on the Au film shows C, N,
O concentrations in agreement with the theoretical values (Table 1). The
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Fig. 4. AF4-DLS measurement of AuNPs (red) and MGL-AuNPs (black) showing UV-VIS detector absorbance signal (at 525 nm, continuous lines) on the left axis and
the Z-average hydrodynamic diameters (dots) on the right axis. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Table 1

Average and standard deviation values for samples elemental concentrations.
Residual trace elemental signals to balance account collectively for about 1% of
the total signal for each sample and are assigned to Si, K and Na. XPS survey
spectra related to AuNPs and MGL-AuNPs are shown in Fig. SI6.

Au o C N S

(at.%) (at.%) (at.%) (at.%) (at.%)
AuNPs* 11.8 £ 2.6 134+ 1.4 74.0 + 2.6 - -
MGL- AuNP 2.0+0.1 23.0+1.1 65.6 £ 1.9 9.3+1.6 <1
MGL - Augm 13.0£1.6 14.7 £ 0.7 63.6 £ 0.7 8.7+1.2 <1l
MGL stoich.’ - 19.1 63.1 17.2

" With citrate capping, measured after two centrifugation steps.
" Close to detection limit, not precisely quantifiable, < 1 %.
§ Stoichiometry calculated according to brute formula: C900Hs01N5150577S16-

slight difference in N, O and C theoretical and experimental concen-
trations can be ascribed to small amounts of surface hydrocarbon
contamination at levels usually present in standard XPS samples prep-
aration (Smith, 2005; Stevens et al., 2013; Walton et al., 2016). The
quantitative analysis of AuNPs reveals a large amount of C and O
attributable to the citrate capping. The analysis of the MGL-AuNP
complex presents some interesting differences compared to the case of
model MGL films deposited on Au flat surfaces: the nanoparticles show a
strongly reduced Au signal, whilst the signals from the protein and the
citrate layer (N1s, Cls and Ols) are increasing. In particular, N1s is
specific to the bound protein and its ratio with the underlying Au sub-
strate is increasing from N/Augijjm = 0.6 to N/Aunp = 4.8. The increase
could indicate that on AuNPs a denser protein layer is formed with
respect to equivalent flat surfaces. Moreover, no sulfur signal was
observed indicating that sulfur content of the attached MGL is below the
detection limits of XPS. This is not surprising considering the low level of
sulfur present in the protein (Table 1).

Analysis of the high-resolution core level spectra also provides in-
formation about the interaction between MGL and AuNPs. The Cls core
level of MGL (Fig. 5a) can be fitted with 4 components, CC/CH (285 eV,
4,1.5 %), C-O/C-N (286.3 eV, 36.9 %), C = O/C-O-N (288.2 eV, 15.3 %);

COOH/COOR (289.2 eV, 1.7 %), respectively. A single doublet at about
163 eV (S2ps/2), with a spin—orbit splitting of 1.3 eV, related to C-S
bonding is observed on the S2p spectrum (Fig. 5b) (Das et al., 2012;
Desimoni and Brunetti, 2015; Gordon et al., 2003). Finally, the N1s
(Fig. 5¢) shows two components at about 400 and 401 eV attributable to
unprotonated and protonated amine/amide species, respectively
(McArthur et al., 2014; Stevens et al., 2013; Vanea and Simon, 2011).

The Cls core level spectra of AuNPs show a completely different
shape before and after interaction with MGL (Fig. 6a-b). In particular,
the Cls spectrum of the bare AuNPs shows the presence of a major
component at about 286.7 eV attributable to C-O citrate moieties and
minor components related either to Au-COO™, C = O and/or O-C-O
bonds (287.8 eV, indicated globally as “COO” peak in Fig. 6) and COO
(R) at 289.2 eV (La Spina et al., 2017; Park and Shumaker-Parry, 2015).
However, a relatively strong component at 285.00 eV attributable to
hydrocarbons is also observed. These data indicate that, beside the cit-
rate molecules, other carbonaceous species likely introduced during the
sample preparation are present on the nanoparticles surface. After the
interaction of the MGL molecules with AuNPs, the Cls spectrum
(Fig. 6b) changes dramatically showing an envelope typical of protein
films and similar to that of the MGL sample reported in Fig. 5a (Belsey
et al.,, 2015). These data support the quantitative analysis reported in
Table 1 and indicate a quite strong interaction between the AuNPs and
MGL with displacement of most of the citrate. In fact, the changes in the
MGL secondary structure observed with the CD measurements also
indicate a remarkable effect of the nanoparticles on the protein folding
possibly related to the interaction of cysteines with AuNPs as well as to
the relatively low pH used in this study.

The overlayer thickness of the citrate and MGL on the nanoparticles
can be calculated from XPS data using a model proposed by A. Shard
(Shard, 2012). This model calculates overlayer thicknesses using elec-
tron mean free path data, material electron densities and measured
elemental concentration. For the core size of bare AuNPs, the diameter
of 18.4 nm provided by TEM was used. Diameters estimated using TEM
and XPS data for AuNPs and MGL-AuNPs are reported in Table 2. For
reference, hydrodynamic diameters of AuNPs and MGL-AuNPs in
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solution measured by DLS coupled with AF4 are also reported in Table 2.
In this Table the numerical results of the different sizing techniques are
reported: AuNP metallic core size as measured indirectly by surface
plasmon resonance wavelength (first column) and directly by TEM
image analysis (second column); the protein shell thickness as measured
by XPS using the electron attenuation lengths method (third column,
total size NP is obtained adding the Au core diameter measured by TEM)
and the total core-shell system hydrodynamic diameter as measured by
AF4-DLS (fourth column). It is worth noting that a slight difference in
the estimated diameter values is compatible with the different states of
the sample: XPS experiments are performed in ultra-high vacuum (p ~
108 mbar) and water contribution is thus neglected, whilst AF4-DLS
data refer to the hydrodynamic diameter. However, both techniques

confirm at least one monolayer of protein molecules bound to the
AuNPs. A coating thickness of about 3.15 nm was estimated by modeling
XPS data measured onto dried samples. This value is similar to the data
calculated from the difference (about 5.4 nm) between the hydrody-
namic radii of nanoparticles with and without the MGL layer obtained in
DLS-AF4 analysis.

2.5. Protein stability in MGL-AuNP complex

Maintenance of stability and biological activity of nanoparticle-
conjugated proteins over time is a fundamental requirement to envi-
sion a therapeutic use. In order to evaluate how adsorption on AuNPs
may affect MGL functionality, the enzyme activity over time of MGL-
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Table 2
Comparison of the diameter of AuNPs, AuNP-citrate and MGL-AuNPs estimated
using TEM, XPS, and DLS coupled with AF4.

Diameters (nm)

SPRband  TEM XPS' AF4-DLS*
AuUNPs [Dcore] 18.0 = 18.4 + - -
0.2 1.2
AUNPs [®ore-citrate] - - 22.4 + 245 +
2.1 0.5
MGL-AUNPS [@core-protein] - - 30.4 £ 353+
6.5 0.5
Protein Shell thickness - - 6.0 + 0.9 8.6 0.7

[tshen]

— not measured, not measurable.

§ protein-shell thickness is measured with XPS, MGL-AuNPs diameter is
calculated via @core-shell = Peore + 2*tshen. Samples are in a dry form.

" MGL-AuNPs hydrodynamic diameter is measured with AF4-DLS, protein-
shell (hydrodynamic) thickness is calculated via [®core-shell — Pcorel/2 = tshell-

AuNP complexes (P2) is compared to the activity of two different sam-
ples of MGL free in solution: MGLyp¢reated (i-€., MGL never reacted with
AuNPs), and S3 (the unbound MGL that remains in the supernatant upon
the harsh centrifugation of P2). Fig. 7 shows the dependence of the re-
sidual activity, namely the activity normalized to that measured at time
zero, over 7 days. It is evident that after one week for both samples of
MGL free in solution (MGLyntreated and S3), the activity is reduced by
approximately 90 %, while the activity of the MGL-AuNP complex de-
creases slowly over time and maintains about half of its initial level over
the same time range. These results indicate a relatively stable interaction
between the catalytically active molecules of MGL and the AuNP sur-
face, and preservation of the catalytic activity of the adsorbed protein
over time, with respect to the free protein in solution maintained at the
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same conditions of temperature and pH.

To the best of our knowledge, there are few cases in the literature
documenting the maintenance over time of the catalytic activity or the
preservation of the structural properties of proteins adsorbed or conju-
gated to AuNPs (Capomaccio et al., 2016; Homaei and Etemadipour,
2015; Wang et al., 2020). Many benefits related to the immobilization of
proteins on solid supports, including gold nanoparticles, have recently
been reported (Chatterjee et al., 2021; Ellis et al., 2020; Verma et al.,
2021). It has been proposed that multi-point attachment and/or re-
striction of protein mobility result in a thermodynamic or kinetic sta-
bilization of the native state (Alam et al., 2021; Capomaccio et al., 2016;
Chatterjee et al., 2021; Ellis et al., 2020; Ndlovu et al., 2020; Rodrigues
et al., 2021; Verma et al., 2021; Weltz et al., 2020). Further, since the
unfolded state occupies more space than the folded one, it has been
hypothesized that the crowding effect induced by the high density of
protein molecules on the nanoparticle surface can thermodynamically
favor the folded state (Minton, 2001; Wang et al., 2020). Based on this
hypothesis, the higher stability of the fraction of active MGL adsorbed on
AuNPs might be attributed to conformational constraints to enzyme
mobility, which delay the enzyme inactivation. Greater stability of MGL
to chemical denaturation after encapsulation in silica gel was previously
assessed and was related to the restriction of protein mobility within the
confined space of the silica cage pores (Morozova et al., 2018).

3. Conclusions

The nano-conjugation of proteins to gold nanoparticles is an active
area of research due to potential biomedical and nanotechnological
applications. In this context, the most important feature to be assessed
preliminarily to any other test in biological context is that the nano-
conjugated proteins retain their native conformation as well as their
functionality. Despite a wide body of investigations, current
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Fig. 7. Comparison over time of the residual catalytic activity of MGL bound to AuNPs (sample P2, black squares) and free in solution (sample S3, blue triangles;
MGLyntreateds red circles) stored in 10 mM BTM/10 pM, pH 6, assayed in 100 mM KP, pH 8. S3 is the supernatant obtained from P2 centrifugation just before the
activity measurements; MGLynreated iS @ sample of MGL stored in solution in the absence of AuNPs at the same temperature and pH conditions as P2. For each sample,
the activity measured at different times was normalized to that measured at time zero. Error bars represent the standard deviation from three independent activity
measurements. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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understanding of the protein—nanoparticles interactions is still limited,
and a variety of behaviors have been observed. Indeed, whether proteins
will retain their function upon adsorption appears to be a protein-
specific effect difficult to predict. Hence, characterization of the
protein-AuNP conjugates in terms of protein conformation, stability and
function is of great interest.

In this paper, we report the first example of conjugation to 20-nm
AuNPs of MGL, an enzyme capable of depleting methionine thus spe-
cifically reducing the survival of cancer cells. Different biophysical ap-
proaches were instrumental to prove the effective interaction of the
protein with AuNPs and to characterize the particle size, particle dis-
tribution and surface properties of the conjugate. Indeed, data from
TEM, AF4-DLS and XPS analysis are consistent with the presence of a
protein monolayer stably adsorbed on the nanoparticle surface. A
binding constant of 5 x 10”7 M~! for the MGL-AuNP complex could be
estimated by measuring the changes induced by MGL binding on the
AuNP surface plasmonic resonance band. Circular dichroism measure-
ments highlight the occurrence of changes in the protein secondary
structure upon binding, at least for a fraction of the adsorbed protein
molecules. Despite this, our data show that significant enzymatic ac-
tivity of MGL was preserved upon formation of the MGL-AuNP complex
and maintained over time longer than free protein in solution. We
estimated at least 5 active MGL molecules adsorbed per nanoparticle,
but partially inactive or denatured molecules are likely to contribute to
the composition of the protein monolayer and the overall CD spectrum.

Indeed, preservation of catalytic activity and increased stability upon
adsorption of enzymes to AuNPs are critical issues in the choice of the
appropriate conjugation strategy and represent important advantages
for the future prospective biomedical applications of our nanocomplex.
Building on the encouraging results of this study, relevant questions
regarding stability and activity in biological fluids will need to be
addressed in the future to foster prospective therapeutic applications of
MGL-AuNPs nanocomplexes.

4. Materials and methods
All chemicals were acquired from Sigma-Aldrich (Milan, Italy).
4.1. Expression and purification of methionine-y-lyase (MGL)

E. coli BL21(DE3) cells containing the plasmid with the gene of
C. freundii MGL were grown and the enzyme was purified according to
the protocol previously described (Manukhov et al., 2006). Briefly, cells
were suspended in the lysis buffer (100 mM KP pH 8.0 containing 0.1
mM PLP, 1 mM EDTA, and 5 mM DTT) and lysed by sonication. Cell
debris was removed by centrifugation. A solution of 2 % (w/v) prot-
amine sulfate was added to a final concentration of 0.33 % (w/v). The
supernatant was applied to a HiPrep DEAE-Sepharose FF column
equilibrated with the lysis buffer. The enzyme was eluted with the lysis
buffer supplemented with 500 mM KCl, concentrated, and stored in lysis
buffer at —80 °C. Before conjugation to AuNPs, aliquots of the MGL
solution were transferred in 50 mM Bis-Tris Methane (BTM) plus 50 pM
PLP, pH 6, by using centrifugal filter units 10,000 NMWL (Millipore,
MA, USA). The concentration of MGL was determined by measuring the
absorbance at 280 nm [¢%1% = 0.8] (Morozova et al., 2010).

4.2. Enzymatic activity assay

The catalytic activity of MGL was measured by a discontinuous assay
in 100 mM KP buffer, pH 8. Appropriate aliquots of protein were added
to the substrate (L-Methionine, 25 mM final concentration) and incu-
bated at 37 °C for 20 min. Then, 2,4-dinitrophenylhydrazine (DNPH)
reagent (1 mM DNPH in 1 M HCI) was added to a final concentration of
0.3 mM, and incubated at 37 °C for 10 min. During this time, the
a-ketobutyrate is derivatized as a phenylhydrazone. The color of the
phenylhydrazone is developed by the addition of NaOH to a final
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concentration of 0.4 M. After mixing, the absorbance of the mixture was
measured at 450 nm (Friedemann, 1943; Mesquita et al., 2014). The
contribution at 450 nm due to any compounds, such as AuNPs or PLP,
was duly subtracted.

4.3. Synthesis of gold nanoparticles (AuNPs)

Citrate-capped gold nanoparticles were synthesized following the
procedure described (Frens, 1973; Turkevich et al., 1951), with some
modifications. Briefly, aqueous solution of auric chloride (HAuCly, 1.2
M) and trisodium citrate dihydrate (Nas-citrate, 0.038 M) were pre-
pared. MilliQ deionized water (50 mL) was heated to the boiling point
before the addition of 17 pL of HAuCly solution. When the solution
reached again the boiling point, Nas-citrate (3.8 mL) was added. A light
pink color appeared after a few minutes and gradually darkened to deep
red purple. The resulting solution was allowed to boil for additional 20
min, under vigorous magnetic stirring. Then, AuNP suspension was
slowly cooled to room temperature and afterwards purified by a
centrifugation/resuspension process to decrease electrolyte and reaction
side product concentration (Balasubramanian et al., 2010). Before
starting the centrifugation process, 0.05 % Tween 20 was added to the
suspension to avoid AuNP aggregation. Centrifugation period, speed and
temperature were opportunely chosen to minimize nanoparticle aggre-
gation and maximize the recovery. AuNP suspension was high-speed
centrifuged (25000 rpm x 20 min, 20 °C) by an Optima™ L-90 K Ul-
tracentrifuge (Beckam Coulter, USA), the supernatant was removed and
replaced with an equal volume of MilliQ ultrapure water. The obtained
suspension was again centrifuged at the same conditions. The second
supernatant was almost completely removed obtaining about 2 mL of
AuNP suspension with absorbance at 450 nm around 25. The adopted
purification procedure allowed the recovery of almost all the synthe-
sized AuNPs (95-98 %), as estimated by UV-vis absorbance measure-
ments. Size and molar extinction coefficient at 450 nm of purified AuNPs
were estimated from the UV-vis spectrum, according to Haiss et al.,
2007 (Haiss et al., 2007). If the initially added Au®" was completely
reduced to Au’, the gold concentration in the final suspensions was
about 10 mM. Purified AuNP suspensions stored at 4 °C were stable over
a long period (at least a year), as assessed by the unaltered UV-vis
spectrum features.

4.4. UV-vis absorption measurements of MGL binding to AuNPs

Different concentrations of MGL ranging from 0 to 1.2 pM were
incubated with 0.45 nM AuNPs in 10 mM BTM/10 pM PLP, pH 6.
Addition of PLP, the coenzyme of MGL, is necessary to preserve the
enzymatic activity. Samples were prepared directly in the plastic cu-
vettes subsequently used for absorption measurements, incubated at
room temperature for 2 h and stored at 4 °C overnight. Binding of MGL
to AuNPs was monitored by UV-vis absorption measurements in the
range 350-800 nm at room temperature by a V-550 JASCO Spectro-
photometer (JASCO, Japan).

4.5. Synthesis and purification of the MGL-AuNP complex

The synthesis reaction of MGL-AuNP complex was performed in low-
binding microcentrifuge tubes. Aqueous AuNPs (100 L, 4.57 x 108 M)
were added to 500 pL of MGL (1.1 mg/mL) in 12 mM BTM/12 pM PLP,
pH 6, to obtain a final 10 mM BTM/ 10 pM PLP buffer. The reaction mix
was incubated at room temperature for 2 h and subsequently stored at
4 °C overnight. Then, MGL-AuNP suspension was centrifuged (10,000 g
for 10 min) two times at 20 °C on an Eppendorf 5417R centrifuge
(Eppendorf AG, Germany) to remove unbound MGL, following the
scheme shown in Supporting Information (Fig. SI3). After the first
centrifugation step, supernatant S1 was collected for further analysis
while the pellet P1 was washed in 1.5 mL of 10 mM BTM/10 pM PLP
buffer, pH 6, and centrifuged again under the same conditions.
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Afterwards, the second supernatant (S2) was removed, and the pellet
was conserved for the subsequent biochemical and spectroscopic char-
acterization of the MGL-AuNP complex. MGL concentration in S1 and S2
was determined by measuring sample absorbance at 280 nm, corrected
for AuNP contribution at this wavelength. S1, S2, P2 were also analyzed
for MGL enzymatic activity.

4.6. Dynamic light scattering (DLS)

DLS measurements were carried out in a Zetasizer Nano ZS90
(Malvern, UK) to determine size and size distribution of synthetized
AuNPs. Aliquots of 100 pL of AuNPs ([AuNPs] = 5 x 10~8 M) were
diluted in 5 mL of MilliQ water and measurements were performed at
25 °C.

4.7. Scanning electron microscopy (SEM)

10 pL of 10~° M AuNP suspension in MilliQ water were applied on a
silicon oxide support and left overnight to dry in a Ny atmosphere. SEM
measurements were performed at 30 kV by SEM FE (Field Emission)
JEOL 6500F (JEOL, Italy) and analyzed by the software ImageJ (NIH).

4.8. Transmission electron microscopy (TEM)

3 uL of AuNPs or MGL-AuNPs suspensions were deposited on For-
mvar Carbon coated 200 mesh copper grids (Agar Scientific, USA) and
dehydrated overnight in desiccator before analysis at 120 kV by JEOL-
JEM 2100 instrument (JEOL, Italy). Primary size distribution was
assessed by counting at least 350 particles by ImageJ software coupled
with Particle sizer plugin.

4.9. Asymmetrical flow field-flow fractionation (AF4) equipped with DLS
(AF4-DLS)

Samples were concentrated by centrifugation to a nominal concen-
tration of 1 mM. AF2000 Multiflow FFF system (Postnova Analytics)
equipped with an on-line PN3212 spectrophotometer UV-vis detector
(Postnova Analytics) and with an on-line DLS detector (Malvern) was
used to measure the size distribution of AuNPs and MGL-AuNP complex.
The AF4 channel had a 280 mm long separation channel, with 350 pm
spacer. The membrane was made of regenerated cellulose with 10 kDa
cut-off membrane. Particle suspensions were injected through a 100 pL
loop in the AF4 channel using phosphate buffer 1 mM, pH 7.4 as carrier.
The parameters for the AF4 separation were set as follow: during 5 min
injection and focusing time, the sample flow was 0.25 mL min~! with a
focus flow of 1.25 mL min~* and cross-flow of 1 mL min~!. These con-
ditions ensured the complete transfer of the sample. This step was fol-
lowed by a 1-minute transition step to the starting conditions of the
elution. The elution step started with a cross-flow of 1 mL min~!, which
decreased as a power function (exponent = 0.45) to 0.1 mL min~! over
35 min and was kept constant for further 10 min. In each step, the
outflow to the detector flow was set at 0.5 mL min~!. The separation of
MGL-AuNP particles to AuNPs were identified using the absorbance at
525 nm, which is specific for AuNPs localized surface plasmon reso-
nance band.

4.10. Circular dichroism (CD)

Samples of MGL-AuNP complex and MGL in solution were diluted in
Milli-Q H»0 to appropriate concentrations. MGL-AuNPs concentration
was 0.31 mM and MGL was 25 pg/mL. Spectra were obtained at 25 °C
with a Jasco-spectropolarimeter (Jasco CD J810, Inc., Easton MD, MA,
USA) equipped with a Peltier temperature-controlled cell holder. Sam-
ples were loaded in a quartz cuvette with 0.5 cm optical length and each
spectrum was obtained as an average of 4 scans, from 300 to 190 nm,
with a 1-nm bandwidth pass and corrected for baseline contribution.

10
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4.11. X-ray photoelectron spectroscopy (XPS)

For each sample, 150 pL of nanoparticle suspension was drop casted
onto a clean Si substrate. The samples were dried in a desiccator and
overnight in the load lock at p = 6.6 x 10~® mbar before transfer in the
analysis chamber. XPS measurements were performed in an Axis Ultra
spectrometer (Kratos, Manchester, UK), using a Ka Al monochromatic
source (hv = 1486.6 eV) operating at 150 W and X-ray spot-size of 400
x 700 pm? in hybrid mode. The residual pressure of the analysis
chamber during the analysis was less than 1 x 108 mbar. For each
sample, both survey spectra (0-1150 eV, pass energy 160 eV) and high-
resolution spectra (pass energy at 20 eV) were recorded. Surface charge
was compensated by a magnetic charge compensation system and the
energy scale was calibrated by setting the Cls hydrocarbon peak to
285.00 eV. The take-off angle for the acquisitions was 90° with respect
to the sample surface. The spectrometer was calibrated following the
procedure described in the document (ISO, 2010).

The data were processed using Vision2 software (Kratos Analytical,
UK) and the analysis of the XPS peaks was carried out using a com-
mercial software package (Casa XPSv2023, Casa Software Ltd., UK).
Peak fitting was performed with no preliminary smoothing. Asymmetric
Gaussian-Lorentzian product functions were used to approximate the
line shapes of the fitting components after a U 3 Tougaard-type back-
ground subtraction (Major et al., 2020).
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