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Abstract

Glutamate dehydrogenase (GDH) is a well known homohexameric enzyme and its
performance in immobilized form was systematically investigated in this work, in order to
provide a better understanding of the multimeric enzyme immobilization effects in relation to
the monomeric ones. For this purpose, GDH was immobilized on four different magnetic
supports and the outcome from such immobilization was characterized in terms of their
stabilization and activity. Immobilization procedures involving amine coupling via
glutaraldehyde cross-linking yielded the least stable ones, even lower than free GDH, showing
no recoverability. However, the immobilization procedures using larger aldehyde cross-linkers
presented higher thermal stabilities than free GDH and could be recycled at least 10 times,
with a nearly constant activity. Such differences in stability and activities were thoroughly
evaluated in terms of the enzymatic structure, which has guided the reasoning behind the
intriguing allosteric behavior of the immobilized GDH. The atypical allosteric response
exhibited by MagNP-APTS/GDH, MagNP@SiO,-APTS/GDH and MagNP-APTS/Glyoxyl-
Agarose/GDH led us to invoke the intrinsic disorder theory to explain the results. This theory
has proved an excellent tool to guide researches on immobilized enzymes and understand its

effects.
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Introduction

Enzyme immobilization is a technique used to obtain recoverable, stable and in several
cases, to generate a system with higher activities than the free protein ' 2. The properties of an
immobilized biocatalyst are related to the methodology and supporting material employed,
but they also depend on the amino acid composition of the enzyme’s surface ®. However,
despite of the extensive studies reported in this area *, the resulting enzyme activity is not easy
to predict ° and a previous knowledge of the catalysis is essential for the comprehension of
the new system resulting from the protein anchoring to a support®. Considering that the
catalytic properties of an enzyme are intimately dependent on the protein’s three-dimensional
conformation and the keyhole-lock relationship between enzyme and substrate ’, it is foreseen

that any perturbation of the protein’s native configuration will impact its activity; > 2.

In general, an impact on the enzymatic activity upon immobilization is determined by
the induction of microenvironment and conformational changes’ and the extent of impact
suffered by a multimeric enzyme after immobilization is expected to be larger than for

monomeric ones.'’’ The greater impact on multimeric enzymes can be related to enzyme

10-11

subunit dissociation or to disturbance in the subunits interactions in the quaternary -

structures after fixation on a support.”? Therefore, multimeric enzyme immobilization is a

13,14

rather complex problem since overcoming the issues about enzyme stabilization includes a

3b,10,12b,15,16 8b,17,18

supporting material design and study of immobilization procedures.

Another issue faced by multimeric enzymes immobilization is the disturbance of
allosteric mechanisms. Some proteins are ordered or disordered prior to ligand binding in

other parts of the molecule, regulating a long-range allosteric interaction within the

19,20

protein. As a consequence, any modification of these mechanisms through immobilization

21,22

can alter the precise distribution of states within the native state ensemble and modulate

the allosteric response of the whole system. An example of a useful multimeric enzyme is the

336 kDa homohexameric protein glutamate dehydrogenase (GDH) from bovine liver,”*** which

23,25

has its activity tightly controlled by a complex network of allosteric regulators and its

26

immobilization can induce differences in allosteric response.” In its immobilized form,

27-30

glutamate dehydrogenase is normally used as glutamate probes, employing different

12b,26c.,29,31

supports and methodologies for the attachment on a support. However, regardless of
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the extensive amount of study on GDH immobilization, the use of magnetic nanoparticles is

still in early stages.*

Therefore, bearing the challenge of obtaining a reusable and stable multimeric

123,33 24,34

biocatalyst and the demand of GDH stabilization and activation™", we performed the
immobilization of glutamate dehydrogenase on magnetite nanoparticles (MagNP) displaying
different characteristics. Aminopropyltrietoxisilane (APTS) was used as a surface modifier®® in
two different supports: one with no silica shell and the other one with a silica shell (MagNP-
APTS and MagNP@SiO,-APTS), employing glutaraldehyde as a cross-linking agent.*®
Differences in enzymatic activities between these two supports would be mainly due to iron
exposure to the protein’s surface.’” Glyoxyl-carboxymethylcellulose and glyoxyl-agarose®®
were the other two cross-linking agents chosen (MagNP@CMC and MagNP-APTS-Glyoxyl-
Agarose), both exhibit a higher loading of aldehyde groups that can help to afford high enzyme
loadings, but can also interfere in the catalytic reaction by greater diffusional limitations of the

1,3b,4,5,11a,39

substrates. Consequently, beyond the advantage of easy recoverability of magnetic

d,***' the difference between these

nanoparticles by the use of an external magnetic fiel
immobilization protocols in stabilization, activation and allosterism should also be
investigated. In this work , it became evident that different supports can yield contrasting GDH
properties, with higher or lower stability and activity, depending on the enzyme-attachment
methodology. The intrinsic disorder mechanism'®® was employed for each immobilized system

and proved to be an important tool for understanding the effect of different immobilization

protocols on the enzyme behavior.

Experimental Section

All reagents were purchased from Sigma-Aldrich and were used without previous
purification. Glutamate dehydrogenase (type Il) from bovine liver exhibited > 35 units/mg of
protein (one unit expresses the reduction of 1 pmol of a-ketoglutarate to L-glutamate per
minute in the presence of NADH (2.4 mmol L ) and ammonium ions at pH 7.3 and 25 °C).
Trypsin used in tryptic digestion was TPCK treated from bovine pancreas, exhibiting
>10,000 Benzoyl-L-arginine ethyl ester (BAEE) units/mg protein (One BAEE unit will produce a
A,s3 of 0.001 per minute at pH 7.6 at 25°C using BAEE as a substrate. One BTEE unit = 320 ATEE

unit).
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Synthesis of MagNP-APTS, MagNP@SiO,-APTS and MagNP@CMC

The synthesis of MagNP-APTS and MagNP@SiO,-APTS has been described

elsewhere.?*

The MagNP@CMC material was generated from freshly prepared magnetic
nanoparticles by treating with 0.5 % aqueous alkaline solution of carboxymethyl-cellulose
(CMC), pH 12, under stirring and reflux for 30 min. The nanoparticles were magnetically
concentrated, and washed with deaerated water, yielding stable colloidal solutions displaying
average global particle size of 90 nm (based on DLS) and magnetic core of about 25 nm (SEM).
MagNP@CMC particles were further dried at 100 °C for 12 hours. Activation of the hydroxyl
groups from the CMC shell was performed by suspending 500 mg of MagNP@CMC in 3 mL of
deionized water, followed by the addition of 250 pL of 2 mol L™ NaOH solution (containing 6.7
mg of NaBH,) at 0°C. Then, 180 pL of glycidol was added dropwise and the reaction proceeded
for additional 16 hours at room temperature. The particles were then washed with water (3x
10 mL) and 15 mg of NalO, dissolved in 5 mL of water was added. The reaction proceeded for 3

hours and after that period, the particles were washed with water (10x 10 mL) and kept in

suspension (200 mg/mL).
General procedure of GDH immobilization on MagNP-APTS

MagNP-APTS (0, 1, 2, 4, 8 and 16 mg) suspended in 100 pL of TRIS-HCI buffer solution
(pH 7.5, 0.1 mol L") was mixed with 100 pL of a GDH solution (0.523 mg/mL, 2 U in 0.1M Tris-
HCI buffer pH 7.5). To this mixture glutaraldehyde (0, 2, 5, 10 and 15 ulL of a 0.2% solution in
water) was added and the suspension was stirred at 120 rpm for 5, 10, 15 or 20 minutes, at 0
°C. The immobilized enzymes were confined by using an external miniature Nd,Fe,;,B magnet
(1 cm?, 11 kOe from MagTek), and washed 3 times with 0.1 mL of TRIS-HCI buffer solution (pH
7.5, 0.1 mol L'"). The best immobilization conditions were obtained by using 2 mg of MagNP-
APTS, 2 plL of a glutaraldehyde solution and stirring for 5 minutes, which afforded the system
MagNP-APTS/GDH. (Amount of immobilized GDH: 0.05 mg/2 mg MagNP-APTS).

General procedure of GDH immobilization on MagNP@SiO,-APTS

MagNP@SiO,-APTS (0.6, 1.2, 2.4, 4 and 8 mg) suspended in 100 uL of TRIS-HCI buffer
solution (pH 7.5, 0.1 mol L™") was mixed with 100 pL of a GDH solution 0.523 mg/mL (2 U).
Then, glutaraldehyde (0, 2, 5, 10 and 15 pL of a 0.2% solution in water) was added and the
resulting mixture was stirred at 120 rpm for 2.5, 5, 10 or 15 minutes, at 0 °C. The immobilized
enzymes were confined by using an external miniature Nd,Fe;4B magnet, and washed 3 times

with 0.1 mL of TRIS-HCI buffer solution (pH 7.5, 0.1 mol L™"). The best immobilization conditions
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were obtained by using 1.2 mg of MagNP@SiO,-APTS and 10 ulL of a glutaraldehyde solution
and stirring time of 5 minutes, which afforded the system MagNP@SiO,-APTS/GDH. (Amount
of immobilized GDH: 0.05 mg/1.2 mg MagNP@SiO,-APTS).

General procedure of GDH immobilization on MagNP-APTS/Glyoxyl-Agarose

MagNP-APTS (1, 2, 4, 8 and 12 mg) suspended in 100 uL of TRIS-HCI buffer solution (pH
7.5, 0.1 mol L") was mixed with 100 pL of a GDH solution 0.523 mg/mL (2 U). Then a 150
mg/mL suspension of glyoxyl-agarose (10, 25, 50, 125 and 150 ulL) was added to the enzyme-
nanoparticle mixture and the resulting mixture was stirred at 120 rpm at 0 °C for 2, 5, 10 or 20
minutes. The immobilized enzymes were confined by using an external miniature Nd,Fe;4,B
magnet, and washed 3 times with 0.1 mL of TRIS-HCI buffer solution (pH 7.5, 0.1 mol L™). The
best immobilization conditions were obtained by using 12 mg of MagNP-APTS, 50 pL of
glyoxyl-agarose and stirring time of 5 minutes. The MagNP-APTS/Glyoxyl-Agarose/GDH
material exhibited 0.05 mg of immobilized GDH for 12 mg of MagNP-APTS.

General procedure of GDH immobilization on MagNP@CMC

MagNP@CMC (10, 20, 30, 40 and 50 pL) from a 200 mg/mL stock suspension was
mixed with a certain volume (50, 100, 150, 200 and 150 uL) of GDH solution (0.523 mg/mL, or
2 U in 0.1M Tris-HCI buffer pH 7.5). The resulting mixture was stirred at 120 rpm for 2.5, 5, 10
or 20 minutes, at °C. The immobilized enzymes were confined by using an external miniature
Nd,Fe;4,B magnet, and washed 3 times with 0.1 mL of TRIS-HCI buffer solution (pH 7.5, 0.1 M).
The best immobilization conditions were obtained by using 30 uL of MagNP@CMC suspension,
100 pL of the GDH solution and stirring time of 5 minutes. The MagNP@CMC/GDH material
exhibited 0.05 mg of immobilized GDH for 2 mg of MagNP@CMC.

Enzyme Activity measurements

The as-prepared magnetic GDH were added to an optical quartz cuvette together with
20 pL of a 0.1 mol L™ glutamate solution, 50 pL of a 2.4 mmol L™ NAD* solution and 900 pL of
buffer solution. The activity was measured by monitoring the absorbance increase at 340 nm
associated with the NADH formation at 25 °C. A fixed time of 10 minutes was maintained for

all the reactions and the yields between each system were compared.

For the determination of the optimum pH, the experiments were performed at 252C
and for the optimum temperature, the experiments were performed at pH 7.5 (Tris-HCI buffer

solution 0.1 mol L")
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Thermodynamic measurements

Determination of Sy was performed at 252C, pH 7.5 with 0.1 mol L™ Tris-HCI buffer
solution, 50 L of NAD" (stock solution 0.9 mmol L™) and glutamate concentration from 0 to 5

mM. Measurements of AH" and AS” were performed at 20, 21, 22, 23 and 252C and pH 7.5.
Trypsin (BRP, European Pharmacopoeia Reference Standard) digestion

The enzyme (free or immobilized) was washed three times with a 0.1 mol L™ phosphate
buffer solution with pH 7 and 0.1 mol L™ EDTA. From this content, three aliquots were

separated:

a) 10 pL of the GDH solution/suspension together with 5 plL of trypsin (1 mg/100 puL)
b) 10 pL of the GDH solution/suspension together with 0.1 mL of ADP (0.1 mol L") and 5
uL of trypsin (1 mg/100 L)
c) 10 pL of the GDH solution/suspension together with 0.1 mL of GTP (0.1 mol L") and 5
pL of trypsin (1 mg/100 pL)
The tubes were incubated at 25 °C for 12 h. The digestion content was analyzed by MALDI-
TOF.

Physical Measurements

UV-visible (UV-Vis) spectra were recorded on a Hewlett Packard 8453-A diode- array
spectrophotometer.

For the atomic force microscopy (AFM) measurements the samples were prepared by
depositing 5 L of the nanoparticle solution over mica (Ted Pella Inc.), and allowing it to dry in
a clean laminar flow chamber. The AFM images were collected on a PicoSPM | microscope
(Molecular Imaging, MI) with PicoScan 2100 (M) controller coupled with MACMode (MI) unit
for intermittent contact AFM, MAC Mode SFM, and magnetic force microscopy (MFM). Data
acquisition was obtained using a PicoScan (MI) device with the scan rate between 0.5 and
1.0 Hz operating from 256 to 512 points per line. For the AFM and MACMode SFM
measurements, silicon tips with high aspect ratio from Nanosensors and Agilent (Type |l
MACLevers, k~ 2.8 N/m; f~ 60 kHz) were employed. The MFM images were obtained using
silicon tips with magnetic coating of PPP-MFMR model (Nanosensors, k~ 2.8 N/m; f~ 60 kHz),
and operating with interleave mode enabled with the lift mode active from 25 nm to 100 nm.
The magnetic domains were detected by using the phase contrast imaging.

Confocal Raman Spectroscopy measurements were recorded on a WITec Alpha 300R

microscope equipped with a Nd:YAG laser (A = 532 nm) and a Nikon objective (20x NA = 0.8).
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Results

The supporting materials employed for glutamate dehydrogenase immobilization were
composed of magnetite particles covered with: (A) aminopropyl-triethoxysilane (APTS), (B)
silica and APTS, (C) glyoxyl-agarose and (D) glyoxyl-B-celullose, as shown in Figure 1.
Essentially, two groups were derived from these supports: (A), (B) involving the reaction of the
amine groups with glutaraldehyde as cross-linking agent, and (C), (D) involving the direct
reaction with the available aldehyde groups. In the first group (B) possesses a silica shell
coating the magnetic nanoparticles and preventing the iron exposure at the surface, while (A)
does not have this feature.®” In the other group, support (C) is made of MagNP-APTS and
glyoxyl-agarose, allowing several magnetic nanoparticles to attach to glyoxyl-agarose surface,
while support (D) has glyoxyl-B-celullose coating the magnetic nanoparticles. The reason of
using a mixture of MagNP-APTS and glyoxyl-agarose in case C was related to the size of cross-
linking agent used for the immobilization. Since glutaraldehyde is small, it permits a direct

interaction between enzyme and nanoparticle, while a larger cross-linker should prevent it.

A NH,
R+,
O-sf
o 9
oS TN\NH,
0.?
o-Si
R’ N—\
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C \L D O\L
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02y QO 0 )
o égQNHZ \?/Cl)
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H,C i O~ 0 o) O-R3
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Figure 01. Schematic representation of the supports used for GDH immobilization. (A) MagNP-
APTS, (B) MagNP@Si0O,-APTS, (C) MagNP-APTS/GlyoxylAgarose and (D) MagNP@CMC. The

reactive groups are drawn in red.
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A complete optimization of the immobilization protocols was performed, changing the
amount of magnetic nanoparticles, cross-linking agent and reaction time (Support
Information). The best protocols were chosen on the basis of the highest catalytic conversions
for each methodology and were characterized according to their thermodynamic properties,
pH-dependence, temperature-dependence, atomic force microscopy, recycling, allosteric
response, Raman spectroscopy and tryptic digestion behavior. Before enrolling in the
characterization, it should be noted that in any immobilization procedure, new interactions
between enzyme and the components of the support can result from the immobilization,

influencing its final conformation.”**

This statement was confirmed by the thermodynamic
properties shown in Table 1, in which, a significant decrease of AS* and AH? (calculated from
the Eyring equation®) is observed upon immobilization, in relation to free GDH [10,11] (Table
1, entry 1). The diminishment of AS* can result from the protein-solvent interactions*® ¥/, e.g.
from water molecules structuring around exposed hydrophobic aminoacid residues during
catalysis®® or either from an internal structure modification of the protein,*® generating a rigid
structure.® It is difficult to describe the exact mechanism responsible for lowering the AStin
the immobilized GDH, but since immobilization fix the enzyme through several points available
on a support, it is plausible that an overall stiffening is occurring. On the other hand, AH also
decreases for all immobilized systems, as can be seen in Table 1, indicating a decrease in the

temperature dependence of the enzyme in catalysis,” as observed in Figure 3.

Likewise, distinct substrate affinity (Sos) is obtained after the immobilization
procedures. For instance, by comparing the free and immobilized GDH, there is a noticeable
increase in glutamate affinity for MagNP@SiO,-APTS/GDH, MagNP-APTS/Glyoxyl-Agarose/GDH
and MagNP@CMC/GDH in relation to free GDH as evidenced by a decrease in Sy values in
Table 1, whereas MagNP-APTS/GDH exhibits lower substrate affinity than free GDH (Table 1,

entry 2).

Table 1.Values of Sos, AHY, AS* and n (Hill coefficient) for free and immobilized bovine liver

GDH.
Entry System S 0.5 AH: AS* N Kcat “
(umol LY (kcal mol™)* (cal mol™)* (s?)
1 Free GDH 190 34 110 2.1 0.12
2 MagNP-APTS/GDH 350 13 38 3.9 0.27
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MagNP@Si0O,-APTS/GDH 75 16 50 3.5 0.19
MagNP-Glyoxyl Agarose/GDH 75 10 28 1.6 0.89
MagNP@CMC/GDH 15 8 25 1.2 1.21

* Per active site.

a- measured at 37°C and pH 6.8.

The multimeric enzyme system of GDH also includes subunits cooperativity and the
extent of this cooperativity was compared using Hill coefficient (n, Table 1) **. Essentially, what
is measured is an estimative of the affinity for other ligand molecules before and after
immobilization, with n>1 indicating a positive cooperativity, while n=1 indicates no
cooperativity. > Under the conditions of this work, free GDH presented n of 2.1, although after
its immobilization on MagNP-APTS and MagNP@SiO,-APTS the n value increased, indicating an
enhanced positive cooperativity. However, in the case of MagNP@CMC and MagNP-
APTS/Glyoxyl-Agarose, the enzyme modification seems to produce systems with almost no
cooperativity, turning the n value very close to 1. This can be associated with the multi-point
binding, promoted by the polymeric coating on the magnetic nanoparticles, preventing the
enzyme dissociation and increasing the stability as observed by Garcia-Galan et al.'*® These
features are also connected to the system thermal stability (Figure 2), since the systems with
smaller n presented higher thermal stability than the free enzyme and glutaraldehyde

immobilized GDH (MagNP-APTS/GDH and MagNP@SiO,-APTS/GDH) cases.

Ln (% of original activity)

]
w

T T T T T T T T T v T
0 5 10 15 20 25 30
Time / minutes
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Figure 2. Enzyme inactivation at 502C and pH 7.5. Free GDH (solid line,0), MagNP-APTS/GDH
(o), MagNP@SIO,-APTS/GDH  (V), MagNP-APTS/Glyoxyl-Agarose/GDH  (A) and
MagNP@CMC/GDH (9).

In agreement with the AH* values (Table 1), temperature-dependence catalysis for the
immobilized systems presented a more constant dependence of pH vs activity, as can be seen
in Figure 3. Free GDH (Figure 3, V) reaches 100 % of glutamate conversion at 32°C, while
MagNP-APTS/GDH (Figure 3, 0) has its highest conversion (21%) at 25°C, which is also the
optimum temperature for MagNP@SiO,-APTS/GDH (Figure 3, A), obtaining 30% of glutamate
conversion. Immobilization of GDH through glyoxyl-agarose (Figure 3, o) presents a maximum
conversion of 40% at 32°C, while MagNP@CMC/GDH (Figure 3, <) has two apparent
maximums, one at 25°C and the other at 47°C with conversions around 70%, which can be

associated with a broad range of working temperature.
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Figure 3. Influence of temperature at pH 7.5 on catalysis for free GDH (V), MagNP-APTS/GDH
(o), MagNP@SiO,-APTS/GDH (A), MagNP-APTS/Glyoxyl-Agarose/GDH (o) and
MagNP@CMC/GDH ().

Another feature displaying differences between the immobilized systems and free GDH
was the catalytic behavior at different pHs, Fig. 4. An optimum pH at 8.8 was found for free
GDH, with glutamate conversion around 30%, while MagNP@SiO,-APTS/GDH and MagNP-
APTS/Glyoxyl-Agarose/GDH had their optimum pHs at 7.5, with conversions of 25% and 12%,

10
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respectively. This decrease in optimum pH was also observed by Petach et al.>* , who reasoned
that the NH," ion does not diffuse away from the bond enzyme, therefore, the local
environment around the immobilized enzyme seems more basic. A reduction of 0.8 unit in the
optimum pH is observed for MagNP@CMC/GDH (Figure 4,$) and surprisingly presents
conversions around 70%, a value 2.5 times higher than free GDH. Remarkably, MagNP-
APTS/GDH (Figure 4, O) presents an increase in its catalytic activity with the increase of pH,
reaching 18% of conversion at pH 9.8. An increase in the optimum pH was also observed by
Barbotin et al. ***, who also assumed an increase of pH in the NH,"/NHs equilibrium.

70 % -y

60
50 s %
40
30-
20-

10

Glutamate conversion / %

6 7 8 9 10

Figure 4. Influence of pH on catalysis at 25 °C for free GDH (V), MagNP-APTS/GDH (o),
MagNP@SiO,-APTS/GDH (A), MagNP-APTS/Glyoxyl-Agarose/GDH (o) and MagNP@CMC/GDH
().

The greatest advantage of immobilized enzymes in contrast to free proteins, is their
recyclability. Therefore, a study on the reuse of supported GDH was evaluated at the optimum
pH and temperature for each system. MagNP-APTS/GDH and MagNP@SiO,-APTS/GDH were
active only during the first reaction cycle as can be seen in Figure 5, while MagNP@CMC/GDH
although exhibiting the best performance in the first reaction cycle, showed a reduced activity
after the second cycle and kept an average of 30% conversion up to the 10" cycle. The most
stable system among the immobilization methods was MagNP-APTS/Glyoxyl-Agarose/GDH,
demonstrating a nearly constant glutamate conversion activity around 40%, during the 10

monitored cycles.

11
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Glutamate Conversion / %

Cycle / number

Figure 5. Recyclability of the immobilized systems: MagNP-APTS/Glyoxyl-Agarose/GDH (a);
MagNP@5i0,-APTS/GDH (b); MagNP@CMC/GDH (c) and MagNP-APTS/GDH (d).

For a deeper investigation on the immobilized GDH, topology and phase contrast
images were obtained via Atomic Force Microscopy (AFM). In all the systems, after the drying
process, a subsequent aggregation was observed with the application on mica, even under
highly diluted conditions. This aggregation lead to the formation of clusters of variable sizes as
shown in the typical topographic and phase contrast images in Figure 6. Better information
can be taken from the phase contrast images, since mica and the magnetic nanoparticles are
hard and anything displaying an opposite contrast can be considered as soft >, as for example,
the enzyme and agarose/cellulose. Therefore, in the phase contrast image for MagNP-
APTS/GDH, MagNP-APTS/GlyoxylAgarose/GDH and MagNP@CMC/GDH (Figure 6 A, C and D-lI),
apparently, magnetic nanoparticles are anchored on organic aggregates. This situation is likely
to be reversed in MagNP@SiO,-APTS/GDH system, with the inclusion of magnetic particles in

the aggregates, since almost no contrast is observed in Figure 6B-II.

12
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Figure 6. Atomic Force Microscopy images: (I) Topography, (Il) Phase contrast for: (A) MagNP-
APTS /GDH, (B) MagNP@SiO,-APTS/GDH, (C) MagNP-APTS/Glyoxyl-Agarose/GDH and (D)
MagNP@CMC/GDH.
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Collectively, all these data indicate that conformational changes took place during the
immobilization processes. Suggestion of 3D conformational changes of GDH are explicitly in
MagNP-APTS/GDH as the less stable system, in MagNP@CMC/GDH as the most active system
and in MagNP-APTS/Glyoxyl-Agarose/GDH as the most recyclable system. Therefore, other

information are needed for a more comprehensive view of these systems.

In this regard, Raman spectroscopy is one of the most important tools for structural
characterization of proteins. *® Changes in the secondary and/or tertiary structure of proteins
during a biochemical transformation >’ can be detected by the identification of specific bands
associated with a-helix and B-sheet elements. *® However, typically, the interpretation goes in
the direction of the shapes of amide | and amide Ill bands. > In our case, free and immobilized
GDH were submitted to a Confocal Raman Spectroscopy monitoring before and after
glutamate and NAD" addition (Figure 7). According to such studies, it was evident that free
GDH (Figure 7A) doesn'’t present spectroscopic changes with the addition of glutamate (Figure
7A, red line) and NAD" (Figure 7A, blue line), keeping the amide | band centered at 1634 cm™.
The systems that resemble free GDH in this behavior are MagNP@SiO,-APTS/GDH (Figure 7C)
and MagNP-APTS/Glyoxyl-Agarose/GDH (Figure 7D) with the amide | band at 1634 and 1629
cm™, respectively. Also, MagNP@SiO,-APTS/GDH and MagNP-APTS/Glyoxyl-Agarose/GDH

didn’t present spectroscopic changes upon the substrates addition.

The initial spectrum of MagNP-APTS/GDH (Figure 7B) has its amide | band maximum at
1633 cm™ (black line, Figure 7B). When glutamate is added to this enzyme its amide | band
maximum is blue shifted to 1662 cm™ (red line, Figure 7B), with the rise of a small band at
1733 cm™, which indicates the presence of hydrophobic groups around a carboxyl that changes
its position upon glutamate binding.*® With the addition of NAD" (blue line, Figure 7B) amide |
band red shifts to 1650 cm™.

The most distinct system is MagNP@CMC/GDH (Figure 7E) with an amide | band at
1660 cm™ (black line, Figure 7E), corresponding to a decrease of intermolecular B structures,
however, with the addition of glutamate these structures seem to have an increase in the
contribution of intermolecular B structures, presenting a maximum at 1623 cm™.** When NAD*
is added, a band at 1733 cm™ arises, indicating that the carbonyl of an aminoacid from the

NAD" binding site is close to a hydrophobic site.*°

The emergence of the band at 1733 cm™ can be further inspected, since it indicates an
approximation between hydrophobic and carboxylic groups. Therefore, an examination of the

3D structure of bovine liver GDH structure (PDB code, 3MW9) with PyMol program, revealed
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the residues K90, K126, K114 and R211 as the amino acids responsible for glutamate binding **
and residues V255, E275, S276, Q330 and S327 responsible for NAD" binding. Close to the
carbonyl of E275 in NAD" binding site there is a phenylalanine residue (F252), as can be seen in
Figure 7, which could be the source of hydrophobic moiety in MagNP@CMC/GDH after NAD"
addition. The system MagNP-APTS/GDH has a similar band which only arises after glutamate
addition. In the last case, carbonylic groups from R211 and K90 can approximate to Y382 and
F122, respectively, after inclusion of glutamate in its binding site, due to their proximity (Figure

8) and possible change the active site conformation.

More importantly, unfolding can be observed in Confocal Raman Spectroscopy, by the

%862 The extended amide Il

sharpening of bands present in amide Il region (1230-1300 cm™)
region is meaningful since the coupling of N-H and C,-H deformations is very sensitive to
geometry and generates informative band structures.”® In our experiments, GDH uncoiling is
highly perceptible after glutamate addition in MagNP@CMC/GDH system (Figure 7 E2), with a
noticeable increase of the bands in amide Ill region. This feature can be observed at a smaller
extent in MagNP-APTS/Glyoxyl-Agarose/GDH, while the other systems have inconclusive
amide Ill region. In MagNP@CMC/GDH system, a refolding is also readily observed after NAD*

addition, with the restitution of a similar spectra of the one prior to the substrates addition

(Figure 7 E3).

-

Relative Raman Intensity

1200 1400 1600 1800 1200 1400 1600 1800
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Figure 7. Confocal Raman Spectra for (A) free GDH, (B) MagNP-APTS/GDH, (C) MagNP@SiO,-
APTS/GDH, (D) MagNP-APTS/Glyoxyl-Agarose/GDH, (E) MagNP@CMC/GDH before (black line,

1) and after glutamate addition (red line, 2) and NAD" addition (blue line, 3).
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Figure 8. Representation of the NAD" and glutamate binding sites in GDH. Residues in purple
are responsible for substrate binding. Residues in turquoise possess an aromatic moiety

capable of interacting to carbonyls from the active sites.

Allegedly, it is expected to observe different allosteric responses in immobilized GDH,
since GDH allosterism demand subunits to interact and sense each other®, and upon
immobilization, different 3D conformations were achieved, as were evidenced by Raman
spectra (Figure 6). The antenna from GDH is engaged in the allosterism, ** since the closure of

65 23

one subunit requires a distortion at the back portion of the antenna . For example, the

% 23 In our

inhibition through GTP requires an antenna deformation while GDH closes.
experiments, increasing concentrations of the allosteric regulators, ADP, GTP and ATP *® were
evaluated by comparison of the initial reaction rates (Tables 2, 3 and 4, respectively).
Increasing concentrations of ADP, activated all the immobilized GDH but MagNP-APTS/GDH,

which exhibited a slight inhibition, as evidenced by the decay of Vi, (Table 2, entry 2).
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Table 2. Initial reaction rates of free and supported GDH at increasing concentrations of ADP.

Initial Reaction Rates, Viia (Mol Ls™)

Entry System OuM ADP 10pM ADP 50uM ADP  100uM ADP
1 Free GDH 1,5x107 2,2x10” 2,2x10” 2,1x10”
(+9 x10%) (+6 x10®) (+2 x10%) (3 x10%)
2 MagNP-APTS/GDH 6,9 x10°® 6,3 x10° 5,4 x10°® 4,3x10®
(3 x10%) (3 x10®) (+1 x10%) (+1 x10%)
3 MagNP@SiO,- 3,9x10° 4,9 x10® 1,5 x10” 2,5x107
APTS/GDH (+9 x107) (+2 x10®) (+2 x10%) (+6 x10®)
4 MagNP-APTS/Glyoxyl- 1,1x10” 1,0 x10” 1,8 x10” 2,8x107
Agarose/GDH (+5 x10%) (3 x10%) (x4 x10%) (+2 x107)
5 MagNP@CMC/GDH 5,7x10°® 3,3x107 6,8 x10” 8,2 x10”
(3 x10%) (+2 x107) (+1 x107) (1 x107)

Glutamate dehydrogenase natural inhibitor, GTP,*” only inhibited free GDH and

MagNP@CMC/GDH (Table 3, entries 1 and 5). The systems MagNP-APTS/Glyoxyl-Agarose/GDH

and MagNP@SiO,-APTS/GDH essentially weren’t affected by increasing concentrations of GTP

(Table 3, entries 3 and 4). Curiously, MagNP-APTS/GDH exhibited activation upon increasing

GTP concentrations (Table 3, entry 2).

Table 3. Initial reaction rates of free and supported GDH at increasing concentrations of GTP.

Initial Reaction Rates (Viyiial (MolL™s™))

Entry System OuM GTP 10uyM GTP  50uM GTP  100pM GTP

1 Free GDH 6,4x10” 4,2x10” 9,2x10°® 4,4x10°®
(2 x10%) (+5 x10%) (7 x10®) (+1x10%)

2  MagNP-APTS/GDH 8,3x10° 3,8x10° 5,34 x10° 8,7 x10®
(1 x107) (2 x107) (+1 x10°) (7 x107)

3 MagNP@SiO,- 1,8x10” 1,3x10” 1,6x107 1,2x107
APTS/GDH (+4 x10°®) (+2 x10®) (+2 x10®) (+4 x10®)

4  MagNP-APTS/Glyoxyl-  6,0x10® 5,26x10° 9,2x10° 7,3x10°®
Agarose/GDH (+2 x10%) (29 x107) (2 x10®) (6 x107)

5 MagNP@CMC/GDH 4,7x10” 2,4x107 1,17x10” 1,8x107
(+1 x107) (29 x10%) (+1 x10%) (+2x10%)

Due to the difference in allosteric response to ADP and GTP, and lack of information

whether adenine or triphosphate moiety were the responsible moieties for the distinct

responses, increasing concentrations of ATP were also evaluated. The ATP- based allosterism is
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more complex than ADP and GTP ones®®, since it inhibits glutamate dehydrogenase at low (1-
100 pmol L) and high (1-10 mmol L") concentrations due to binding at the GTP site, but at
intermediate concentrations (100 pumol L™ to 1 mmol L) it becomes an activating agent as it
binds to the ADP site.’*® Consequently, it would be expected that systems with ADP-
activation behavior, to be activated when intermediate concentrations (100 pmol L to 1
mmol L") of ATP and vice versa. From the immobilized GDH systems, consistently, MagNP-
APTS/GDH shows the most unusual behavior, being inhibited at 100 uM of ATP, while at higher
concentrations of ATP, it did not exhibit allosterism (Table 4, entry 2). The other systems, in

higher or minor magnitudes, exhibited a similar behavior to free GDH.

Table 4. Initial reaction rates of free and supported GDH at increasing concentrations of ATP.

Initial Reaction Rates (Vinisal (MolLs™))

Entry System OuMATP 100pM imM 10mM 100mMm
ATP ATP ATP ATP

1 Free GDH 9,8x10°  1,1x10” 1,6x107  9,0x10°%  1,6x10°
(+2x10%)  (+1x10%)  (+¥2x10%) (+2x10%) (+2x10%)

2 MagNP-APTS/GDH 2,8x10%  3,4x10® 1,2x10%  2,4x10®  2,8x10%
(+1x10%) (+1x10%)  (¢¥1x10%) (+¥1x10%) (+2x10%)

3 MagNP@SiO,- 4,4x10%  5,7x10° 6,0x10%  7.9x10  3,5x10°®
APTS/GDH (+1x10%)  (¥8x10°)  (¥2x10°) (+7x10"%) (+2x10%)

4  MagNP-APTS/Glyoxyl- 1,6x10%  2,4x10® 2,9x10%  7,9x10°  3,8x107
Agarose/GDH (+2x10%)  (¢7x10°)  (¥3x10°) (¢¥7x10°) (+3x107)

5  MagNP@CMC/GDH 3,16x10%  1,0x10” 1,3x107  2,4x10°  3,1x10°
(+1x10%) (+9x10%)  (¥8x10%) (+1x10°) (+2x10%)

In support to the allosteric kinetics, enzyme digestion studies using trypsin were
carried out and the fragments were analyzed by MALDI-TOF. A careful analysis of the
fragments was performed in accordance to the amino acid sequence of GDH in a similar
manner to Wacker et al.”° aiming the evaluation of sites blockage and any possible
conformational change of GDH upon immobilization to magnetic supports. The enzymatic

digestion was carried out in the presence and absence of the allosteric molecules.

The most intense peaks observed in these digestion experiments are highlighted in
Figure 9. Essentially, 10 main fragments are obtained: 1-11, 450-469, 291-305, 12-19, 28-33, 9-
40, 156-174, 137-154 and 476-501, which showed to be characteristic of the enzyme motion

after addition of ADP or GTP. For instance, in the case of free GDH in the absence of ADP and

18
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GTP the main fragment is composed by the amino acids sequence 1-11 (m/z 1353), followed
by the fragment 450-469 (m/z 2311) and 291-305 (m/z 1714). In the presence of ADP and GTP,
the fragment 1-11 remains the major one, however in smaller extent. Exposure of the
fragments 12-19 (m/z 100) and 28-33 (m/z 715) is detected when GDH is in presence of GTP.
Both fragments (12-19 and 28-33) are directly opposite to the GTP site (Figure 8, yellow line),
indicating the enzyme conformation change upon GTP binding. On the other hand, ADP
increases the preferential digestion of the fragment 450-469, which is opposite to its binding

site.

It is expected therefore, to observe similar patterns of digestion when inhibition or
activation is observed, independently of the regulator used. This assumption was proved to be
correct, since MagNP-APTS/GDH when in presence of its inhibitor, ADP, presented the
fragment 12-19, which is characteristic of GTP binding to free GDH. This fragment is also
observed in MagNP@SiO,-APTS/GDH without allosteric regulators and in MagNP-APTS-
GlyoxylAgarose/GDH in the presence of both GTP and ADP. Another important fragment to be
highlighted is fragment 156-174, which is only observed for MagNP@SiO,-APTS/GDH and
MagNP-APTS-GlyoxylAgarose/GDH when in presence of GTP, which suggests an antenna
torsion and possible blockage of GTP site. The fragment 476-501, seen in MagNP@SiO,-
APTS/GDH, is associated with an internal conformation of free GDH and occurs both in
presence of ADP and GTP, thus, possibly, a partial protein unfolding occurs to expose internal

structures of GDH after the addition of allosteric regulators for MagNP@SiO,-APTS/GDH.

MagNP@CMC/GDH is perhaps the most similar system to free GDH, since fragments 1-
11, 291-305 and 450-469 are favored in the digestion experiments. The addition of ADP to this
system, permits a preferential fragmentation of 137-154, which would indicate an exposure of

the internal parts that connects the subunits.
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Figure 9. Main fragments in a monomer that are obtained in the tryptic digestion before and
after the addition of ADP and GTP. In red, blue and green are the main, second and third most

abundant fragments, respectively. In yellow is the indication of the ADP and GTP binding sites.
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Discussion

The obtained results corroborate to a conclusion that each magnetic support is
influencing to a certain extent the final 3D structure from glutamate dehydrogenase. For
instance, glutaraldehyde-based immobilization gives less stable enzymatic systems (Figure 1,
supports A and B), while larger aldehyde cross-coupling results in higher stability of GDH

(Figure 1, supports C and D), in agreement to other reported studies’”*

. This singularity is also
pronounced in the allosteric-response experiments, with ADP activation of all immobilized
systems but MagNP-APTS/GDH. In addition, GDH inhibition occurs in free GDH and
MagNP@CMC/GDH, though in MagNP-APTS/GDH, GTP actually acts as an activator, and in the
other systems, MagNP-APTS/Glyoxyl-Agarose/GDH and MagNP@SiO,-APTS/GDH, GTP doesn’t
have a marked influence in their catalysis. Even more surprisingly are the results with ATP,

because MagNP-APTS/GDH is inhibited at activating concentrations, while the other systems

had similar activity to free GDH.

A classical argument on allosterism is around the influence of conformational changes
between two well-defined structures, with protein flexibility playing an essential role.” In
glutamate dehydrogenase for example, it is said that GTP preferentially binds via the
phosphates to 1s0216 and Ser217 to the open form of GDH ¢, while ADP binds via adenosine
to Arg463 in an hydrophobic site of both forms of GDH, apo and holo . However, allosteric
behavior is not exclusive of highly ordered enzymes, since even disordered proteins > and
proteins with no conformational change’’ display this behavior, meaning that there is an
entropic contribution to allosterism. ”> In account to entropic contributions, are the works
describing environmental conditions that change the cooperativity between subunits which
transform an activator into a repressor, or vice-versa. This theory is called intrinsic disorder

mechanism **?

. The first description of this theory was reported by Cooper and Dryden ”7, who
guide to the dynamics of proteins and consider that intramolecular motions (hinge-bending,
breathing, local unfolding, among others) influence the overall allosterism. For instance, local
unfolding has been shown to give thermodynamic stability due to the reduction of a protein’s
domain flexibility and result in allosteric response.’® In addition, it is known that increase in

binding affinity can be due to local unfolding, enhancing protein’s conformational flexibility.”

80

As a consequence from these relationships between intramolecular motions and
allosterism we might develop a theory behind the anomaly in our GDH immobilized systems. In
this study, the lowest Sys is observed in MagNP@CMC/GDH (Table 1), implying the highest

substrate affinity among all GDH used and consequently, a higher protein flexibility. The
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elasticity of GDH on MagNP@CMC leads to a larger globally extended conformation since it
should accompany the reduction in binding affinity. As could be observed in Raman
spectroscopy (Figure 7 E), GDH supported on MagNP@CMC uncoiled after glutamate addition
and this local unfolding was less evident in MagNP-APTS/Glyoxyl-Agarose/GDH and
MagNP@SiO,-APTS/GDH (Figure 7 C and D), which present the second lowest Sy (Table 1).

Without changing a protein’s conformation, Petit et al.

observed a reduced binding affinity
when a a-helix was removed from a protein. In our case, it is believed that MagNP-APTS is
bond on the GDH’s antenna (allosteric response experiments: Tables 2, 3 and 4 and trypsin
digestion), and precisely MagNP-APTS/GDH, is the system with a diminished substrate binding
affinity. Comparing MagNP-APTS/GDH behavior to Petit et al. ® study, the almost 2 fold

increase in Sy for MagNP-APTS/GDH can be attributed to an entropic nature of glutamate

binding which can be also related to its peculiar allosteric response.®

In another study, tethering a protein through a a-helix produced a more thermal-
stable protein than when the attachment was through a flexible loop ®. From this finding It is
expected that MagNP-APTS/GDH to be tethered through a loop since it is the least thermal
stable system. A careful analysis of GDH antenna indicates that 27% of the more exposed loops
are concentrated in the antenna region, therefore, due to the fact that MagNP-APTS/GDH is
the least thermal stable system and has the most abnormal allosteric response, it would
indicate a higher probability of GDH immobilization on MagNP-APTS via the loop of the
antenna. Following this reasoning, MagNP@SiO,-APTS/GDH should also be immobilizing GDH
through a loop, since it is the second least thermal-stable system. The tryptic digestion and
allosteric-response experiments suggest that GTP binding site is possibly blocked, suggesting
that MagNP@SiO,-APTS is most probably bond to GTP site. From the 3D structure from GDH,
there is an indication that 36% of the exposed loops are next to GTP binding site, which

corroborates to our assumption of immobilization next to the GTP binding site.

However, the conjecture of possible conformational states that are favorably
immobilized should accompany the other behaviors of the immobilized systems, such as for
example, the allosteric response experiments. To answer whether GDH allosterism is largely
dependent on entropy issues more than on enthalpy ones, the relative stability of all the

possible states should be addressed.”>®*

Here, to determine the most probable states present
in the immobilized systems, a comparison between fragments from free GDH and immobilized
GDH was performed. After the determination of states with higher probability of occurring, the
local folding/unfolding of these states was assumed according to Hilser et al.’®® method

(Supplementary Material).
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First of all, free GDH is assumed to bear 8 possible states for each monomer as shown
in Figure 10. Hence, the homohexameric structure would have 36 possible states, but for sake
of simplification, we are assuming just one monomer. The next step is to determine whether a
molecule is activating or inactivating, which would mean a positive or negative AGjy
(difference of the free energy of unfolding each domain and the energy of breaking the
interactions between domains), for activator and inhibitor molecules, respectively. Therefore,
upon ADP addition, the domain responsible for ADP binding will be preferentially stabilized
and states 1,2,3 and 4 (Figure 10) will possess a higher probability in the ensemble. Since ADP
is an activator of GDH, AG,,, has a positive value, meaning that domains from ADP and
glutamate binding are positively coupled. The positive coupling indicates that breaking the
interaction between ADP and glutamate sites will be unfavorable, consequently, after addition
of glutamate and NAD, a stabilization of glutamate binding site occurs, increasing the
probability of finding states 1 and 3 in the ensemble (as shown in Figure 10). For GTP
interaction, an opposite effect is observed, since AG;,, has a negative value (interaction
between GTP and glutamate binding sites) and the unfolded states dominate the ensemble
probabilities (states 1,2,6 and 7). Comparing the addition of allosteric regulators with an
ensemble without regulators (preferential states 1,2,5 and 6) it is clear that ADP addition
increases the probability of active GDH in solution, while GTP decreases this probability,

demonstrating this effect in the total enzyme activity.

To illustrate this methodology in an immobilized GDH, we have chosen MagNP@SiO,-
APTS/GDH system, since its visualization is straightforward. Fragmentation of this system
indicate the existence of fragment 12-19 in the presence and absence of the allosteric
regulators ADP and GTP. This fragment suggest the major probability of conformations where
GTP site is folded, as shown in Figure 10 (states 1, 2, 6 and 7). ADP addition increases the
probability of states 1 and 2, while GTP addition has no influence on the ensemble probability
as can be seen in Figure 10. This result corroborate to the experimental data obtained, with

GTP not acting as an inhibitor for MagNP@Si0,-APTS/GDH system.
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Figure 10. Representation of GDH monomer conformation ensemble for free GDH (white
hexagons) and MagNP@SiO,-APTS/GDH (pink hexagons). The highest probability states are

shown in the hexagons, while all the other states are present in lower probabilities.

The same reasoning can be used for the other 3 immobilized systems, as can be seen
in the supplementary material. Briefly, MagNP-APTS/GDH possibly presents as major
conformations in the initial ensemble the unfolded glutamate and NAD" binding site, which
would also explain the higher S5 for this system. This statement can be reasoned by the
trypsin digestion experiments and by Raman spectroscopy, in which, the later indicates a
folding of the glutamate binding site after addition of glutamate (amide | band shift from 1633
to 1662 cm™). The increase in optimum pH can be also reasoned by the conformational
change, since pK, of K126 increases in 1 unit of pH (from 8.8 to 9.8), shifting to a pK, of an
exposed lysine (=10.3), which agrees with the higher percentage of unfolded states in the
initial ensemble. More importantly, one can highlight the difference on immobilization and

obtained dynamics for systems MagNP-APTS/GDH and MagNP@SiO,-APTS/GDH, since their
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difference is only on the iron exposure to the surface. MagNP-APTS/GDH have as an initial
ensemble, a higher probability of unfolded states (high Sqs), which may be due to iron
coordination and interaction to the enzyme residues, while MagNP@SiO,-APTS/GDH would
have a silica shell preventing this interaction, but the immobilized preferential conformation
using the silica-shell magnetite is in the inactive form, which explains the lower K. for

MagNP@Si0,-APTS/GDH (0,19 s™) than for MagNP-APTS/GDH (0,27 ™).

The pK, of K126 in MagNP@SiO,-APTS/GDH and MagNP-APTS/Glyoxyl-Agarose/GDH is
also modified (pK,=7.5). However, their Raman spectra is very similar to free GDH’s one and
the argument behind the different catalysis are based on the tryptic digestion and the initial
ensemble states. Differently from MagNP@SiO,-APTS/GDH, system MagNP-APTS/Glyoxyl-
Agarose/GDH exhibits as most probable states the completely folded one and the ADP
unfolded one. The first state is active and the second one is inactive and since GDH has the
glutamate-site most probably immobilized in the folded conformation, the higher
recoverability of this system could be explained as the favoring of active and folded
conformational states. Another system that presents a folded preference of glutamate binding
site is MagNP@CMC/GDH, but in that case, 75% of the states are active, therefore, the higher
activity (2.5 time higher than free GDH) exhibited for this system is explained as the

immobilization of preferential active states.

As a conclusion of this theory, the immobilization of GDH on different magnetic
supports resulted in distinct enzymatic activities majorly due to the stabilization of different
dynamic-conformational states, which is a result of the system’s entropy. The only system
that actually behaves abnormally is MagNP-APTS/GDH, and this deviation is possibly due a
negative AG;,; energy between ADP and glutamate binding sites, while a positive AG;, is
observed between GTP and glutamate binding sites, resulting in ADP/ATP([ATP]= 100 pmol L™ -

1 mmol L'1) inhibition and GTP/ATP ([ATP]=1-100umol L™ and 1-10 mmol L) activation.

Conclusion

Upon immobilization on four different magnetic supports, glutamate dehydrogenase
presented unusual catalytic behavior. The highly active MagNP@CMC/GDH was shown to be
not as stable as MagNP-APTS/Glyoxyl-Agarose/GDH, while MagNP-APTS/GDH presented
opposite allosteric responses. The intrinsic disorder mechanism was used to understand these
behaviors, bringing explanations on the probability of each system to be active or inactive with

ADP and GTP additions. MagNP@SiO,-APTS/GDH was majorly immobilized on its inactive
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conformation, therefore, clarifying the reason behind the null effect observed in
MagNP@SiO,-APTS/GDH catalysis after GTP addition. On the other hand, the highest activity
of system MagNP@CMC/GDH can be explained by the existence of active major
conformations, than in the free enzyme. In conclusion, the intrinsic disorder mechanism
proved to be an important tool for understanding immobilized enzymes and the influence of

the support on the protein total ensemble.
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