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Methionine �-lyase is a pyridoxal 5′-phosphate dependent tetramer that catalyzes the
�,�-elimination of methionine in ammonia, methanethiol and �-ketobutyrate. MGL catalytic power
has been exploited as a therapeutic strategy to reduce the viability of cancer cells or bacteria.
In order to obtain a stable enzyme to be delivered at the site of action, MGL can be encapsulated
in a variety of matrices. As a reference encapsulation strategy we have prepared MGL nanoporous
wet silica gels. Immobilized MGL gels were characterized with regards to activity, stability, absorp-
tion, circular dichroism and fluorescence properties and compared with soluble MGL. We found that
MGL gels exhibit (i) spectroscopic properties very similar to MGL in solution, (ii) a higher stability
with respect to the soluble enzyme and (iii) catalytic activity six-fold lower than in solution. These
findings prove that MGL encapsulation is a suitable strategy for therapeutic applications.

Keywords: Methionine, Protein Drug, Protein Encapsulation, Pyridoxal Phosphate, Enzyme
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1. INTRODUCTION
Methionine �-lyase (MGL) (EC 4.4.1.11) is a homote-
trameric PLP-dependent enzyme that catalyzes the
�,�-elimination of methionine in ammonia, methanethiol
and �-ketobutyrate. In addition, MGL catalyzes the
�-replacement of L-methionine and its derivatives. As a
secondary reaction, MGL catalyzes the �,�-elimination of
cysteine and S-substituted cysteines and the �-replacement
reaction of these amino acids.1�2 MGL has been isolated
in bacteria and protozoa. The PLP coenzyme is bound
as a Schiff base to the active site lysine residue forming
the internal aldimine (Scheme 1). In the presence of the
substrate methionine or other substrate analogues, MGL
forms the external aldimine that in a multi-step process
is converted to products. Citrobacter freundii MGL inter-
nal aldimine, in which PLP is bound to Lys210, exhibits
an absorption band at ∼420 nm, attributed to the ketoe-
namine tautomer of the Schiff base, and a weak band

∗Authors to whom correspondence should be addressed.

at ∼330 nm, attributed to the enolimine tautomer of the
Schiff base.3 MGL external aldimines with some com-
petitive inhibitors absorb at ∼430 nm whereas quinonoid
intermediates formed along the catalytic processes cat-
alyzed by PLP-dependent enzymes absorb at ∼500 nm.4

The three-dimensional structures of MGL from Citrobac-
ter freundii5 as well as from other bacteria, including
Clostridium sporogenes (PDB code 5DX5) and Pseu-
domonas putida (PDB code 2O7C), and from protozoa
such as Trichomonas vaginalis and Entamoeba histolytica
have been solved. MGL belongs to the fold type I of the
PLP-enzyme structural family. Its polypeptide chain with
molecular mass of around 43 kDa is composed of two
domains, a small domain and a large domain, with PLP
located between the two domains within the enzyme active
site. MGL is a dimer of dimer with each active site con-
taining residues of the interacting subunit. Tyr113 in the
active site is highly conserved through MGLs from sev-
eral species.6–8 Cys115 replacement changes the substrate
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Scheme 1. Catalytic mechanism of MGL �,�-elimination reaction.

selectivity, as demonstrated in P. putida,8 T. vaginalis,9

C. freundii,10 and Clostridium sporogenes11 MGLs.
MGL catalytic power has been exploited towards the

development of drugs to reduce the viability of either
cancer cells or bacteria.12 Regarding the application in
cancer, the rationale is that tumor cells require an abun-
dant supply of methionine for proliferation.13�14 MGL
delivered in the proximity of cancer cells can lead to selec-
tive methionine degradation, thus to methionine starva-
tion, a condition that can also be partially obtained by a
rigid diet with methionine-depleted proteins.15�16 A sim-
ilar approach is applied for drugs against acute lym-
phoblastic leukemia, which contain E. coli L-asparaginase,
able to deprive leukemic cells of circulating asparagine.17

MGL can be also exploited against bacteria, since it cat-
alyzes the degradation of substrate analogs, such as alliin
and S-substituted L-cysteine sulfoxides to form allicin or
S-alkylthiosulfinates, that have been demonstrated to be
potent antibacterial agents. The concomitant delivery of
MGL and substrate analogs to the site of infection might
represent a novel antibiotic strategy.18 For biopharmaceu-
tical applications against either cancer or bacterial infec-
tions, MGL needs to be properly formulated in order to
be protected from protease action and to increase stability,
thus increasing bioavailability. Towards this goal, protein
encapsulation represents a powerful strategy.19–21 Proteins
are encapsulated in micro- or nanoparticles formed by
a variety of different polymeric matrices, such as poly-
lactic (PLA) and poly(lactic-co-glycolic) acid (PLGA),
alginates or chitosan.22�23 Synthetic polymers, such as
PLA and PLGA, require organic solvents for dissolution,

with consequent risk of protein denaturation during parti-
cle formation. The main drawback of using natural matri-
ces like alginate and chitosan is the possible leakage of
entrapped protein due to the fast biodegradability of these
materials.
A stable protein encapsulation strategy, used for the

characterization of protein function and dynamics, has
been achieved using organosilicate precursors of differ-
ent polarities, such as tetramethylortosilicate (TMOS) or
tetraethylortosilicate (TEOS). These compounds polymer-
ize forming a silicate network that individually entraps
proteins and is characterized by nanopores that allow
substrate and product in and out diffusion, while immo-
bilizing the protein within the gel matrix.24�25 Silica
nanoparticles, given their high porosity and biocompat-
ibility, have attracted growing attention for biomedical
applications.26�27 In 2011, a silica nanoparticle drug deliv-
ery platform for targeted molecular imaging of cancer
was approved by the US Food and Drug Administration.28

A significant property of silica gels is that they are
optically transparent and several spectroscopies, includ-
ing UV-visible spectrophotometry, spectrofluorimetry and
circular dichroism, can be used for the characterization
of the entrapped proteins.29–32 Moreover, the resulting
nanoporous silica gels have been demonstrated to be a
powerful tool to stabilize proteins while preserving and
even enhancing their biological activities. This is achieved
by selecting distinct protein conformations. For example,
it was found that lipase gels exhibited about 1000 fold
higher activity than the soluble enzyme because the apolar
gel matrix stabilizes an open conformation of the enzyme
more prone to catalysis.33 We previously encapsulated
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the PLP-dependent enzymes tryptophan synthase,34 tyro-
sine phenol-lyase and tryptophan indole-lyase (TRPase),35

obtaining enzyme gels endowed with catalytic activity,
although about six-fold lower than the soluble enzyme.
Interestingly, encapsulation led to a shift of the tautomeric
equilibrium, stabilizing the enolimine species.
In the present work we have characterized and compared

soluble and silica gel-entrapped MGL from C. freundii
exploiting absorbance, fluorescence, circular dichroism,
chemical stability and activity.

2. MATERIALS AND METHODS
2.1. Protein Preparation
MGL from C. freundii was expressed in E. coli
BL21(DE3) and purified as described previously.36 The
protein was stored at −80 �C in buffer 100 mM potassium
phosphate, 1 mM dithiothreitol (DTT), pH 8.0.

2.2. Encapsulation of MGL in TMOS and
TEOS Silica Gels

MGL was encapsulated in silica gels following the proto-
cols reported previously.37–40 A solution containing tetram-
ethyl orthosilicate (TMOS), water and hydrochloric acid
was sonicated for 20 min at 4 �C. An equal volume of
10 mM potassium phosphate solution, pH 6.0, was added
to the sol and the mixture was deoxygenated for 40 min
at 4 �C under flux of nitrogen. The sol was mixed in
1:1 volume ratio with 5.7 mg/ml MGL solution. Encap-
sulation of MGL in TEOS was carried out following the
protocol reported by Brennan,40 with minor modifications.
In brief, 0.33 mL of 0.1 M HCl, 0.33 mL of H2O and
1.5 mL of TEOS were mixed in ice until a homogeneous
solution was obtained. The resulting solution was stored
at −20 �C. For gel preparation, 50 �L of TEOS solution
were mixed with an equal volume of MGL in 100 mM
potassium phosphate, pH 7.2, and layered on quartz plates
(8�4×15�3 mm). Usually protein concentration in gel was
2.2 mg/mL. After gelification with TMOS and TEOS,
quartz plates were placed in 100 mM potassium phosphate,
pH 7.2, and stored at 4 �C. The absence of protein leak-
age from gels was checked by activity assays on the gel
storage buffer. No protein was found to be released within
7 days after gel preparation.
TMOS silica gels were also prepared in the presence of

PEG 1000, PEG 8000 and sorbitol, known to be potential
protein stabilizers. These additives were mixed to the MGL
solution prior to the addition of the sol at 0.5 and 5% w/v
for PEGs and 0.25 M for sorbitol.

2.3. Enzyme Activity
MGL activity was determined using L-methionine as a
substrate by measuring the rate of �-ketobutyric acid
production in the coupled reaction with D-isocaproate
2-hydroxy dehydrogenase (HO-HxoDH) monitoring the

decrease of NADH absorption at 340 nm (�	 =
6220 M−1cm−1
 at 30 �C. The reaction mixture contained
100 mM potassium phosphate, pH 7.2, 0.1 mM pyridoxal
5′-phosphate, 5 mM DTT, 0.2 mM NADH, 70 U HO-
HxoDH, and 30 mM L-methionine. Protein activity in sil-
ica gels was measured exploiting the same reaction with
prior sonication of the gel matrix to avoid limitation to
substrate diffusion, as described previously.35 In brief, the
micro-fragments of the gels obtained by sonication were
about 4 �m, as checked with a Zeiss microscope. The
fragment critical thickness over which rates are diffusion
controlled can be determined using the equation:41

dc = ��KM + �S0
∗D′/kcat�E


1/2

where kcat and KM are the catalytic parameters obtained
in solution for C. freundii MGL, E is the enzyme concen-
tration expressed in mM (0.07 mM), S0 is the substrate
concentration expressed in mM (30 mM), and D′ is the
diffusion coefficient of the substrate inside the gel. D′ can
be calculated from the equation:

D′/D = 1− �a2/r


where a is the average molecular radius (4 Å for molecules
with molecular weights in the range 200–350 daltons),
D (6×10−6 cm2/sec) is the diffusion constant in water for
substances with this range of molecular weights, and r is
the average pore radius of the gel, 40–50 Å (a value of
50 Å is used). The calculated value of dc is 150 �m, a
value significantly higher than the average gel thickness of
about 4 �m, indicating that diffusion of substrates within
the gel fragments does not limit the reaction rates.
The absence of protein leakage after sonication of the

gel was controlled by activity assays on the supernatant
after centrifugation of the gel microfragments. No activity
was detected, proving that sonication did not cause pro-
tein loss from the gel. The activity of MGL in solution
after application of the same sonication protocol did not
change. Since the addition of 5% PEG 1000 caused leak-
age of the protein in solution upon sonication, the activity
of immobilized MGL was calculated subtracting the activ-
ity of the supernatant to that of the microgel fragments
before centrifugation.
The kinetic parameters of MGL �,�-elimination in solu-

tion and in TMOS silica gels were determined using
methionine concentrations in the range between 0.05 mM
and 7 mM. The enzyme concentration was 0.15 �M for
soluble MGL and 1.8 �M for encapsulated MGL.

2.4. Absorbance and Fluorescence Measurements
Absorption spectra were carried out by a double beam
Jasco V-550 UV/Vis spectrophotometer. Fluorescence
measurements were performed using a Fluoromax-4 spec-
trofluorometer (Horiba Jobin Yvon, Milan, Italy). Exci-
tation wavelength of 295 nm, 330 nm and 415 nm
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were used, with an excitation and emission slit width of
5 nm. All the spectra were corrected for instrumental
response. To measure fluorescence emission from encapsu-
lated MGL, quartz plate with the protein-gel was placed in
a 10×10 mm fluorescence cuvette and held with its nor-
mal at 45� from the direction of the exciting radiation. The
front surface emission was collected at 90� from the exci-
tation. Given both the measurement setup and the increase
in light scattering with respect to the solution, the changes
in shape of fluorescence spectrum were considered more
reliable than changes in fluorescence intensity. All mea-
surements were carried out in 100 mM potassium phos-
phate, pH 7.2, at 9 �M MGL (monomer concentration) in
solution and 50–70 �M (monomer concentration) in gel
(estimated thickness about 1 mm).

2.5. Circular Dichroism
Spectra were acquired on a Jasco J-715 spectropolarime-
ter in the 190–260 nm range. Spectra were recorded for
a solution containing 3 �M (monomer concentration),
100 mM potassium phosphate, pH 7.2, in a quartz cuvette
with optical pathway of 1 mm. A 1 mm thin film of TMOS
gels containing 3 �M MGL was laid on a quartz slide and
soaked in 100 mM potassium phosphate, pH 7.2, within a
quartz cuvette with optical pathway of 5 mm.

2.6. MGL Stability
Chemical denaturation of both soluble and encapsulated
MGL was carried out in 100 mM potassium phosphate,
pH 7.2, at 25 �C, at increasing guanidinium hydrochlo-
ride (GdnHCl) concentration. Samples were incubated for
6 hours before spectroscopic measurements. Fluorescence
spectra were unchanged after a further 6 hours incubation.
At each denaturant concentration, the extent of spectrum
shift was determined from the displacement of the center
of mass of the fluorescence spectrum, �c,

42�43 defined as
follows:

�c = ���−1×F�
/�F� (1)

where F� is the fluorescence emission at wavelength �.
The reversibility of the unfolding reaction was assessed

by measuring the degree of recovery of the center of mass
of the fluorescence spectrum upon removal of denaturant.
The protein, both in solution or encapsulated in TEOS and
TMOS, was incubated in the presence of 6 M GdnHCl.
The recovery was conducted transferring the quartz plates
with encapsulated protein or diluting 30-fold the solution
of denatured protein in 100 mM potassium phosphate,
0.1 mM PLP, 1 mM DTT, pH 7.2. Samples were kept at
25 �C and the refolding reaction was followed until the
signal reached a constant value.

3. RESULTS AND DISCUSSION
3.1. Absorbance and Fluorescence Spectra
The absorption spectrum of MGL from C. freundii is char-
acterized by the typical protein band at 280 nm, a small

band at 330 nm, assigned to the enolimine tautomer of
the Schiff base of PLP, and a more prominent band cen-
tered at 420 nm, assigned to the ketoenamine form of PLP
(Fig. 1(A)). As a comparison the spectrum of the model
PLP-valine Schiff base is reported. In the apo form bands
associated to PLP absorbance disappeared as expected
(Fig. 2(A)).
The fluorescence emission spectra of MGL, obtained

upon excitation at 295, 330 and 415 nm, are reported in
Figures 1(B–D), respectively. The fluorescence spectrum
obtained by excitation at 295 nm exhibited an emission
maximum centered at 333 nm (Fig. 1(B)). This emis-
sion, that originates from the single Trp residue of MGL
per subunit, Trp252, suggests that this residue is located
in a partially apolar environment. Indeed, the inspection
of the three-dimensional structure of C. freundii MGL
shows that Trp252 is located at the interface between
monomers, in the center of the tetramer (Fig. 3(A)), sur-
rounded by apolar residues (Fig. 3(B)). In the apo form
of MGL the fluorescence intensity upon excitation at
295 nm increased significantly with respect to that of
the holo form (Fig. 2(B)) indicating either a quenching
of the Trp emission by the bound PLP or a conforma-
tional change that reduces non radiative emission pro-
cesses. The former case seems unlikely by the absence
of any emission band at higher wavelengths (see also
below).
The fluorescence spectrum upon excitation at 330 nm,

the wavelength where the enolimine tautomer absorbs,
exhibited a band at 388 nm and a shoulder around 500 nm
(Fig. 1(C)). The excitation spectrum of MGL monitored at
400 nm (data not shown) indicates that this emission orig-
inates from species absorbing at either 330 nm or 280 nm.
The former species is the enolimine tautomer. The lat-
ter species might be due to either a weak energy transfer
between Trp252 and PLP, a process previously observed
in other PLP-dependent enzymes,44–46 or a direct PLP
absorption band centered at 290 nm. The distance between
Trp252 and PLP is about 22 Å, and the planes of PLP and
Trp rings are almost perpendicular (PDB 2rfv). Whereas
the distance between Trp and PLP is within the possibil-
ity for an energy transfer,47 the relative geometry of Trp
and PLP well accounts for its absence. Therefore, because
the absorption of PLP-valine Schiff base showed a band at
410 nm and one at 280 nm (Fig. 1(A),48), it is likely that
the Schiff base absorbance at 280 nm is responsible of the
emission at 400 nm observed for MGL. The emission at
wavelengths higher than 480 nm observed upon excitation
at 330 nm is likely due to an excited state proton trans-
fer converting the enolimine to ketoenamine with emis-
sions at 500 nm that is typical of the direct emission of
the ketoenamine tautomer. This emission band was previ-
ously observed in other PLP dependent enzymes, including
O-acetylserine sulfhydrylase48 and tryptophan synthase.49

When MGL was excited at 415 nm, the wavelength where
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(C) (D)

(A) (B)

Figure 1. (A) Absorption spectrum of MGL in 100 mM potassium phosphate, 1 mM DTT, pH 8.0 (solid line), and PLP-valine (dashed line).
(B–D) Fluorescence emission spectrum of MGL in 100 mM potassium phosphate, 1 mM DTT, pH 7.2, upon excitation at (B) 295 nm, (C) 330 nm
and (D) 415 nm.

the ketoenamine tautomer of PLP absorbs, an intense emis-
sion band centered at 494 nm was observed (Fig. 1(D)).
The excitation spectrum of MGL recorded at 500 nm indi-
cates that the emission is originated from absorption bands

(A) (B)

Figure 2. Comparison between the absorption spectra (A) and the fluorescence emission spectra (B) of holo- (solid line) and apo-MGL (dashed
line) in 100 mM potassium phosphate, 1 mM DTT, pH 7.2. Fluorescence spectra (�ex = 295 nm) are normalized to the respective protein absorbance
at 295 nm.

at 420, 330 and 290 nm (data not shown). Thus, this
confirms the excited state proton transfer of enolimine to
ketoenamine as well as the involvement of a PLP band
centered at about 290 nm.
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(A) (B)

Figure 3. Crystal structure of MGL tetramer (PDB 2RFV). A. Schematic model of a tetramer. Catalytic dimers are shown in green/blue and red/cyan
colors. PLP-binding sites are shown as yellow balls. Trp252 is shown as ball-and-stick representation. B. Stereoview of the hydrophobic center
of tetramer.

3.2. Activity of TMOS and TEOS MGL Gels
MGL was encapsulated in silica gel as a reference entrap-
ment method in order to evaluate the ability of the enzyme
to retain its structure and activity upon immobilization.
Two precursors, either TMOS or TEOS, were used to
assess the potential detrimental effect of the release dur-
ing gel preparation of residual amounts of methanol and
ethanol, respectively, on enzyme activity and structure. It
is worth noting that the resulting silicate matrix is formed
by the same network of silicate bonds when the hydrolysis
is complete, as it usually occurs.

MGL activity was measured on a gel micro-suspension
prepared upon sonication of gels obtained from either
TMOS or TEOS. MGL gels exhibited six-fold lower spe-
cific activity than in solution, indicating that encapsulation
reduces the catalytic efficiency of MGL but does not abol-
ish it. The kinetic parameters for MGL �,�-elimination in
solution and in TMOS silica gels are reported in Table I.
The catalytic efficiency of the encapsulated enzyme is
6.9-fold lower compared to the soluble enzyme. A ten- to
three-fold decrease in activity was also observed for tryp-
tophan synthase,34 tyrosine phenol-lyase and tryptophan
indole-lyase35 in nanoporous silica gels.

During the gel polymerization, the gel matrix creates a
cage around the protein molecule.50 The presence of small
molecules as additives during gel formation can modu-
late the pore size and influence the interaction between
the protein and the gel matrix.32 The effect of osmolytes
as sorbitol and of two different PEG molecules during

Table I. Catalytic parameters of soluble and encapsulated C. freundii
MGL.

KM (mM) kcat (s
−1
 kcat /KM (mM−1 s−1


C. freundii 0.81±0.1 7.90±0.3 9.75
MGL in solution
C. freundii 1.30±0.2 1.85±0.1 1.42
MGL in TMOS silica gel

the encapsulation process was explored in the attempt to
enhance the activity of immobilized MGL.51–53 The addi-
tion to the sol of MGL in the presence of PEG 8000 caused
immediate protein precipitation at either 0.5 or 5% final
PEG concentration. The activity of encapsulated MGL
with 0.25 M sorbitol decreased of 10% (specific activity
of 1.61 U/mg compared to 1.80 U/mg of MGL encapsu-
lated without additives), indicating that sorbitol does not
produce a significant improvement. The activity remained
stable with 5% PEG 1000, but under this condition a par-
tial loss of the protein in the solution occurred upon soni-
cation, possibly due to the formation of larger pores. The
encapsulation of MGL in the presence of 0.5% PEG 1000
produced an increase in the activity of 25%, indicating that
this concentration of low MW PEG represents a beneficial
additive for the encapsulation of MGL in silica gels.

3.3. Spectroscopic Properties of TMOS and
TEOS MGL Gels

The absorption spectra of MGL in solution and encap-
sulated in silica gels from either TMOS (Fig. 4(A)) or
TEOS (data not shown) are comparable. This finding sug-
gests that the equilibrium distribution between enolimine
and ketoenamine tautomers does not change in the encap-
sulated enzyme. The fluorescence emission bands of MGL
either TMOS-derived or TEOS-derived gels are very simi-
lar to those observed in solution both for the excitation at
295 nm (Fig. 4(B)), indicating that Trp252 environment is
unaltered upon gelification, and for the excitation at 415 nm
(Fig. 4(D)). On the other hand, the emission band obtained
upon excitation at 330 nm appeared to be shifted to shorter
wavelengths than that of the soluble enzyme (Fig. 4(C)).
Circular dichroism (CD) spectra were recorded for MGL

in solution (Fig. 5). The spectrum is typical of a protein
containing both alpha and beta secondary structure ele-
ments. The analysis of the soluble enzyme carried out with
K2D (Dichroweb) calculated a value of 52% alpha, 24%
beta and 24% random, in relatively good agreement with
the percentage of secondary structure elements derived

J. Nanosci. Nanotechnol. 18, 2210–2219, 2018 2215
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(C) (D)

(A) (B)

Figure 4. A. Absorption spectrum of MGL encapsulated in TMOS silica gels soaked in 100 mM potassium phosphate, pH 7.2 (solid line). The
absorption spectrum of soluble MGL is shown for comparison (dashed line). B–D. Fluorescence emission spectra of MGL encapsulated in TMOS
silica gels soaked in 100 mM potassium phosphate, pH 7.2, upon excitation at (B) 295 nm, (C) 330 nm and (D) 415 nm.

from the 3D structure of MGL (2RFV) that are 40% alpha,
15% beta and 45% random. Discrepancies might be due
both to limitations of fitting software and small differ-
ences between solution and crystal structure. When CD

Figure 5. CD spectra of MGL in 100 mM potassium phosphate, pH
7.2 (solid line) and upon encapsulation in TMOS silica gels soaked in
the same buffer (dashed line).

spectra of TMOS MGL gels were recorded and analyzed
(Fig. 5), it was found that the content of secondary struc-
tures for soluble and encapsulated MGL was the same,
indicating that encapsulation in silica matrices did not alter
the enzyme secondary structure.

3.4. MGL Stability in Solution and in Silica Gels
Encapsulation of proteins in nanoporous silica gels is
reported to affect stability with respect to thermal and
chemical denaturation, or long-term storage.32 The sta-
bilizing effect of encapsulation of the protein has been
previously observed,54–57 although conflicting results have
been observed.58�59 The stability of MGL either in solu-
tion or entrapped in TEOS silica gels was investigated
monitoring absorbance (Figs. 6(A–B)) and fluorescence
(Figs. 7(A–D)) changes as a function of GdnHCl con-
centration. Figure 6(A) shows that, for soluble MGL, the
presence of 6 M GdnHCl caused the shift of the PLP
absorption band from 420 nm to 390 nm, the wave-
length typical of free PLP, suggesting that the coenzyme
was released from the protein. For MGL encapsulated
in gels (Fig. 6(B)), the addition of GdnHCl caused the

2216 J. Nanosci. Nanotechnol. 18, 2210–2219, 2018



IP: 5.53.118.130 On: Sat, 16 Jun 2018 16:51:40
Copyright: American Scientific Publishers

 Delivered by Ingenta

Morozova et al. Soluble and Nanoporous Silica Gel-Entrapped C. freundii Methionine �-Lyase

(A) (B)

Figure 6. Denaturation of MGL in GdnHCl. Comparison between absorption spectrum of native (solid line) and unfolded in 6 M GdnHCl (dashed
line) state of MGL. A. 100 mM potassium phosphate, pH 7.2 and B. TEOS-derived silica gels.

disappearance of the absorption band at 420 nm with the
concomitant appearance of a weak intensity band of free
PLP at 390 nm. This occurs because free PLP escapes
from gel and equilibrates with the surrounding medium,

(A) (B)

(C) (D)

Figure 7. Changes of fluorescence emission upon denaturation. Comparison between fluorescence emission from native (solid line) and in 6 M
GdnHCl (dashed line) MGL, in solution and encapsulated in TEOS gels. A and C: MGL in solution; B and D: encapsulated MGL. A and B:
�ex = 295 nm; C and D: �ex= 330 nm.

that has a volume about 40-fold larger compared to the gel
volume. The release of the coenzyme took place already
at low concentration of denaturant for both soluble and
encapsulated MGL (data not shown).

J. Nanosci. Nanotechnol. 18, 2210–2219, 2018 2217
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Figure 8. Equilibrium denaturation curves in 100 mM potassium phos-
phate, pH 7.2, at 25 �C. Samples are: Soluble MGL (squares), and MGL
encapsulated in TEOS (circles) or in TMOS (stars). The line through
the points represents the best fit of the experimental data to Boltzmann
equation.

The spectral characteristics of the fluorescence emission
of encapsulated MGL, excited at 295, 330 and 415 nm,
at different concentrations of denaturant were similar to
that of the protein in solution. In the presence of 6 M
GdnHCl the maximum of fluorescence emission, upon
excitation at 295 nm, moved from 333 nm to 350 nm
(Figs. 7(A–B)), the emission wavelength typical for the
unfolded form of a protein. Enzyme denaturation is accom-
panied by a two-fold increase in the fluorescence inten-
sity, indicating PLP release. Upon direct excitation of
the coenzyme at 330 nm, the unfolded MGL showed an
increase in the emission intensity and a shift of the max-
imum to 396 nm (Figs. 7(C–D)), wavelength typical of
free PLP. Only little changes in the shape and intensity of
the fluorescence spectrum were observed upon excitation
at 415 nm (data not shown).
The dependence of MGL fluorescence emission on

GdnHCl concentration was determined by measuring the
displacement of central of mass of protein emission, cal-
culated as described in Materials and Methods, at increas-
ing denaturant concentration (Fig. 8). The comparison of
the denaturation curves indicates that the apparent unfold-
ing midpoint, 2.2± 0.1 M in solution and 3.0± 0.1 M
in silica gel, is shifted toward higher concentration of
denaturant upon encapsulation (Fig. 8). It is likely that
during encapsulation, proteins are trapped within the sil-
ica cage in pores tailored to their size and the restriction
of protein mobility within this confined space results in
thermodynamic stabilization of native states.60 A straight-
forward analysis of the equilibrium curves obtained for
MGL and the determination of meaningful thermodynamic
parameters were prevented by the lack of complete recov-
ery. Control refolding experiments for MGL in solution
showed the appearance of large amount of aggregates. It is
feasible that the aggregation is due to the exposure of

sticky hydrophobic regions of the protein. Similar aggrega-
tion of denaturation intermediates has been observed for a
wide variety of proteins.61–63 Within the gel network, inter-
protein interactions are prevented and removal of denatu-
rant after complete unfolding in 6.0 M GdnHCl results in
a partial recovery of the initial fluorescence center of mass
(data not shown) with no evidence of aggregation.

4. CONCLUSIONS
Our results indicate that encapsulated MGL retains most
of the structural features of the soluble enzyme. The stabil-
ity of MGL towards chemical denaturation increases upon
immobilization. The reduction in activity is likely due to
some conformational constraint during the catalytic cycle.
This is also confirmed by the increase in activity measured
upon addition of PEG 1000 during the polymerization pro-
cess. However, the decrease in catalytic efficiency does not
hamper the possibility to exploit entrapped MGL for the
development of either an anti-cancer or antibiotic agent.
Encapsulation of MGL in silica gels or in different matri-
ces might represent an effective strategy to enhance the
stability of the protein towards proteases in the body, to
increase the bioavailability, and to reduce side effects due
to protein immunogenicity.
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