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Protein-polyelectrolyte complexes are very interesting systems since they can be applied in many long-
established and emerging areas of biotechnology. From nanotechnology to industrial processing, these
complexes are used for many purposes: to build multilayer particles for biosensors; to entrap and deliver
proteins for pharmaceutical applications; to isolate and immobilize proteins. The enteric copolymer
poly(methacrylic acid-co-methyl methacrylate) 1:2 (MMA) has been designed for drug delivery although
its chemical properties allow to use it for other applications. Understanding the interaction between

gz;‘;‘;;ds" trypsin and this polymer is very important in order to optimize the mechanism of formation of this com-
Polymer plex for different biotechnological applications.The formation of the trypsin-MMA complex was studied

by spectroscopy and isothermal titration calorimetry. Structural analysis of trypsin was carried out by
catalytic activity assays, circular dichroism and differential scanning calorimetry. Isothermal titration
calorimetry experiments showed that the insoluble complex contains 12 trypsin molecules per MMA
molecule at pH 5 and they interact with high affinity to form insoluble complexes. Both electrostatic and
hydrophobic forces are involved in the formation of the complex. The structure of trypsin is not affected
by the presence of MMA, although it interacts with some domains of trypsin affecting its thermal denat-
uration as seen in the differential scanning calorimetry experiments. Its catalytic activity is not altered.
Dynamic light scattering demonstrated the presence of a soluble trypsin-copolymer complex at pH 5 and
8. Turbidimetric assays show that the insoluble complex can be dissolved by low ionic strength and/or
pH in order to obtain free native trypsin.

Calorimetric techniques
Bioseparation
Immobilization

© 2015 Elsevier B.V. All rights reserved.

1. Introduction interaction between TRP and polyvinyl sulfonic acid (PVS) and poly

acrylicacid (PAA). However, these are non-biodegradable polymers

Trypsin (TRP) is a protease widely used for numerous biotech-
nological and industrial processes [1]. TRP is a serin protease of
23.3 kDa with a high isoelectric point (11.4) and maximal catalytic
activity at pH 8-8.2 [2]. It has 223 amino acids, 31 of them can
present positive or negative charge according to the pH of the
medium. They are 14 lysines (pKa=10.5), 2 arginines (pK, =12.5),
2 histidines (pK; =6.0), 2 aspartic acids (pK; =3.9) and 2 glutamic
acids (pK; =4.3) [3]. At pH 5, the enzyme presents a theoretical net
charge of z=+7 distributed on the surface of the molecule.

TRP is widely used in many industrial and pharmaceutical areas.
Many studies were performed in our laboratory focusing on the
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and it is convenient to replace them with eco-friendly polymers,
such as carrageenan, alginate or a wide variety of other methacry-
lates (Eudragits®).

The enteric copolymer poly(methacrylic acid-co-methyl
methacrylate) 1:2 (MMA) is a biodegradable anionic copolymer
with an average molecular mass of 125,000 [4]. This polymer might
be soluble or insoluble depending on pH of the medium, tempera-
ture and the presence of certain ions and, therefore these kind of
polymers are known as smart or intelligent polymers [5,6], stimuli-
responsive polymers [7] or environmental sensitive polymers [8]. The
interaction between proteins and these polymers is primarily by
electrostatic forces to form complexes with various stoichiometry,
structures and phase states. The biofunctionality of the proteins
is not altered under most conditions, for this reason there has
been a growing interest in the biotechnological applications of
these complexes [9]. Systems containing protein-smart polymers
complexes are very useful in several applications such as drug or
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protein delivery [10,11], bioseparation [12], immobilization [13],
nanotechnology [14] and chromatography [15].

Globular proteins, such as TRP, and polyelectrolytes, such as
MMA, can interact to form stable soluble or insoluble complexes.
Many TRP molecules interact with one MMA molecule mainly
through electrostatic forces and the formation of the complex
highly depends on pH and ionic strength [16]. Although the TRP-
MMA complex has been used to immobilize TRP from pancreas of
mammalian, the complex was not completely characterized. In con-
sequence, the recovery of the enzyme immobilization obtained was
low [17].

The aims of this work were optimize the medium conditions that
favor the interactions that allow the formation of the TRP-MMA
insoluble complex and to analyze the conformational stability of
TRP binding to MMA.

2. Material and methods
2.1. Chemical

Trypsin from porcine pancreas was purchased from Sigma
Chem. Co. (USA) and the polymer MMA, was generously donated by
Evonik Degussa Argentina S.A. Sodium citrate/TRIS-HCl and potas-
sium phosphate buffer solutions of different pH were prepared at
a concentration of 100 mM and 50 mM, respectively. The pH was
adjusted with NaOH or HCl in each case. Stock solutions of 2.5%
(w/w) MMA and 1 mM TRP pH 3.00 were prepared in appropriate
buffer and the pH adjusted using HCIL.

2.2. Phase diagrams of the TRP-MMA complex

To study the effect of the pH on the formation of the insol-
uble TRP-MMA complex at 25 °C, three solutions containing TRP
and MMA were prepared at different TRP/MMA molar ratios (2.70;
5.34 and 13.35) with 100mM citrate/TRIS-HCl buffer pH 3.00
and titrated with alkali and acid in order to cover the whole pH
range. The absorbance at 420 nm (turbidity) was measured every
0.50 units of pH using a Jasco 520 spectrophotometer with a ther-
mostatized cell of 1 cm of path length. Finally, turbidity was plotted
vs. pH [18]. These phase diagrams show the pH range where the
TRP-MMA complex is soluble or insoluble.

2.3. Circular dichroism (CD) of TRP in the presence of MMA

The CD spectra of TRP (0.25 mM) in the absence and presence
of MMA (0.5% w/w) were performed in a Jasco spectropolarimeter,
model J-815. The ellipticity values were obtained in mdeg directly
from the instrument and 7 cycles were carried out to obtain the
spectra. The samples were prepared with 50 mM phosphate buffer
pH 5.00. The experimental error in spectral measurements is +5%.

2.4. Enzymatic activity assay

TRP activity was determined with the substrate a-N-benzoyl
DL-arginine-p-nitroaniline (BAPNA) using a method modified from
Gildberg and Overbo [19]. BAPNA was prepared in 50 mM TRIS-HCI
buffer pH 8.20 at a final concentration of 0.85mM. The reac-
tion is followed by measuring the absorbance at 400 nm of the
released reaction product p-nitroanilide (molar absorptivity of
10,500 M~! cm~1) for 90 s. The absorbance of all solutions was mea-
sured using a Jasco 520 spectrophotometer. The activities were
calculated from the slope of the absorbance 400 nm vs time straight
lines. One unit of activity (U) was defined as the amount of enzyme
required to release 1 pumol of p-nitroanilide per min.

In order to evaluate the enzyme stability at 25°C in the pres-
ence of the MMA, TRP was incubated with different concentrations

of MMA and the enzymatic activity was measured. The solutions
were prepared with 100 mM citrate/TRIS buffer pH 5.00 and the
concentration of TRP was the same for each molar ratio tested.

2.5. Isothermal titration calorimetry (ITC)

Measurements were performed at 25 °C by using a VP-ITC titra-
tion calorimeter (MicroCal Inc. USA). The sample cell was loaded
with 1.436 mL of 0.3 mM TRP solution and the reference cell con-
tained Milli-Q grade water. Titration was carried out using a 300 p.L
syringe, consecutively adding 5 L aliquots of 0.175% (w/w) MMA
solution to the cell containing the TRP solution. The experiments
were performed in 50mM citrate buffer pH 5.00, 50mM cit-
rate buffer pH 5.00 supplemented with 1.00M NaCl and 50 mM
TRIS-HCI buffer pH 8.00, respectively.

The resulting data set was fitted using MicroCal ORIGIN 7.0 soft-
ware supplied with the instrument and the intrinsic molar enthalpy
change for the binding (AHy), the binding stoichiometry (n), and
the intrinsic binding constant (k) were obtained. The equation for
determining the heat associated to each injection is:

2
M AHy Vo 1 X 1 X e
_ MMARYo X Xy A 1
Q 3 ( * ke T M, \/( e T th> th> (1)

where V) is the active volume cell, X; is the bulk concentration
of ligand and M is the bulk concentration of the macromolecule in
Vo [20].

The mathematical model equation selected to fit the ITC data
was derived from a model that assumes the polyelectrolyte
molecule binds to several protein molecules, all with the same
affinity. In other words, the polyelectrolyte was considered as a
macromolecule having n independent and equivalent sites, all of
which have the same affinity constant, K, for the ligand (TRP) [21].

The heat associated to the MMA-TRP interaction (AH;,) was cal-
culated using the Eq. (2):

AHb = AHt - AHd - AHdissol (2)

where AH; is the total heat associated to each MMA aliquot added
to the TRP solution, AHy is the heat of dilution of the MMA in buffer
in the absence of TRP and AHyjss is the heat of MMA dissolution.
The heat associated to the dilution of TRP in buffer during the exper-
iment was negligible. Then AH,, was plotted vs. MMA/TRP molar
ratio and the affinity constant (K) and number of MMA molecules
(n) bound per TRP molecule were calculated by non-linear fitting.

The intrinsic molar free energy change (AG°) and the intrinsic
molar entropy change (AS°) for the binding reaction were calcu-
lated by the fundamental thermodynamic Eqgs. (3) and (4):

AG’ = —RTInK 3)

ASOZAH;AG 4)

2.6. Differential scanning calorimetry (DSC)

Thermal denaturation of TRP in the absence and presence of
MMA was performed with a high sensitivity MicroCal Inc. differ-
ential scanning calorimeter (model VP-DSC) [22]. The solutions of
0.3mM TRP were prepared in 50 mM citrate buffer pH 5.00 and
50 mM TRIS-HCI buffer pH 8.00; in the absence and presence of
polymer (MMA/TRP molar ratio=0.092). The scanning was per-
formed in triplicate, between 25 and 85 °C ata scan rate of 30°Ch~!
and a constant pressure of 28 psi. Buffer baseline scans were deter-
mined by 10 repetitions and subtracted from TRP transition scans
prior to normalization and analysis of the denaturation of TRP.
Finally, the values of the excess heat capacity were obtained [23].
These calorimetric data were analysed using the software MicroCal
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Fig. 1. Phase diagram of the TRP-MMA complex at different TRP/MMA molar ratios: (@) without TRP; (a) 2.70; (M) 5.34 and (¢) 13.35. Medium 100 mM citrate/TRIS-HCI.

Temperature 25°C.

Inc. ORIGIN 7.0, according to the methodology recommended by
IUPAC. The parameters obtained from this analysis were: the tem-
perature at which maximum heat exchange occurs (Tp,), the area
under the peak, which represents the enthalpy of transition assum-
ing that the process is reversible (AH, ) and the vanit Hoff enthalpy
(AHyy). The evaluation of AHyy gives an idea of the mechanism of
the unfolding process of the TRP [24].

2.7. Dynamic light scattering (DLS)

The measurements were carried out using an ALV/CGS-3
equipped with a 22 mW He-Ne laser (632.8 nm) as light source;
at scattering angle of 90° and a temperature of 25 °C. The viscos-
ity and refractive index was 0.89222 cP and 1.332 for all systems,
respectively. The matching liquid for the refractive index was cis-
decalin.

Several experiments were carried out in 50 mM buffer citrate
pH 5.00; 50 mM citrate buffer pH 5.00 supplemented with 1.00 M
NaCl and 50 mM TRIS-HCI buffer pH 8.00. Solutions of TRP, MMA
and mixtures of both were prepared in each buffer. The concen-
tration of TRP and MMA were 0.1 mM and 30 wM, respectively. In
the experiment performed with the mixture of both at pH 5.00,
100-fold lower concentrations where used in order to avoid the
appearance of turbidity.

We used the homodyne intensity-intensity correlation function
G(q, t) where g, the amplitude of the scattering vector, is given by
Eq. (5) [25]:

4misin (6/2
. msnr;( /2) 5)

For a Gaussian distribution of the intensity profile of the scat-
tered light, G(q, t) is related to the electric field correlation function
&(q, t) by Eq. (6) [26]:

G(q,1)=B(1+Blg(q 1)) (6)

where B is the experimental baseline, § is a constant depending on
the number of coherence areas generating the signal (0<8<1) and
T is the decaying time.

The statistical and mathematical analysis of the correlation
function relates q and t with the diffusion coefficient D through
Eq. (7):

1

D= ——
> xT

(7)

The hydrodynamic ratio R}, of each particle was calculated using
the Einstein-Stoke equation (8) [27]:

k,T
D=
67tnRy, ®)

The software GENDIST (GenR 94 v. 4.0) was used to perform the
inverted Laplace transform using the REPES algorithm (Regularized
Positive Exponential Sum Program) and to determine the Ry,.

2.8. Data analysis

All experiments were performed in triplicate and all graph-
ing and statistical analysis were carried out using the software
SigmaPlot 10.0 for Windows (unless otherwise noted) which uses
the Marquardt-Lavenberg algorithm [28].

3. Results and discussion
3.1. Phase diagrams of the TRP-MMA complex.

Fig. 1 shows the phase diagrams of the TRP-MMA complex. It
can be seen that the formation of the TRP-MMA complex was highly
influenced by the pH medium. At pH lower than 6.00, TRP and MMA
molecules possess opposite charges and so, the insoluble complex
between the two is formed. Between pH 5.00 and 6.00, turbidity is
only due to the presence of the insoluble complex. Below pH 4.50,
turbidity is due to the insoluble MMA and the insoluble complex.
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Fig. 2. Enzymatic activity of TRP at different TRP/MMA molar ratios. Medium 100 mM citrate/TRIS-HCI pH 5.00. Temperature 25 °C. Values are mean+S.D. (n=3).

The increase in the pH above 6.00 induced a large decrease in tur-
bidity values, which suggests that no amount of insoluble complex
is formed. The pH selected to perform the subsequent assays was
5.00 in order to obtain the insoluble TRP-MMA complex.

These experiments indicate that the maximum quantity of com-
plex is formed at pHs 4-5.5 (TRP/MMA molar ratio around 13) and
allowed us to design ITC experiments.

3.2. Circular dichroism of TRP in the presence of MMA

The secondary structure of a protein can be determined by CD
measurement in the far UV (260-200 nm) region. The changes due
to interaction of MMA with TRP on the secondary structure of the
protein were followed by CD measurements at pH 5.00. The chro-
mophores in this wavelength region are peptide backbone itself.
The peptide backbone exhibits intense circular dichroism bands
whenitislocated inregular, rigid confirmations of the protein back-
bone chain. In the far-UV region, the CD spectrum of TRP comprises
of strong negative ellipticities at 208 and 222 nm. The negative
ellipticity at 208 nm is more negative than that at 222 nm, indi-
cating that TRP presents rich regions of a-helix and 3-sheet [29].

The shape of the spectra of TRP obtained in the absence and
presence of MMA was not modified in the presence of the polymer
(data not shown). Also, the intensity of the peaks at 208 nm and
220nm did not significantly change. These findings indicate that
the secondary structure of the TRP is not altered when it is form-
ing an insoluble complex with the MMA. Besides, it is necessary to
evaluate the enzymatic capacity of the TRP in the presence of MMA.

3.3. Enzymatic activity of TRP in the presence of MMA

Fig. 2 shows a plot of enzymatic activity of TRP vs. TRP/MMA
molar ratios. It can be seen that the enzymatic activity remains
the same at each molar ratio tested (including the experiment per-
formed in the absence of MMA). This indicates that the catalytic
site of TRP is not altered by MMA.

Circular dichroism and enzymatic activity experiments have
demonstrated that the secondary structure of TRP is not altered
when it is forming a complex with MMA. In order to further analyse
the effect of MMA in the structure enzyme, calorimetric techniques
were used.

Table 1
Thermodynamic and binding parameters of the TRP-MMA interaction obtained by
ITC. Values are mean +S.D. (n=3).

Parameters Value

n (MMA mol/TRP mol) 7.94.102+9.10%

K (M) 1.14.10% +£4.104
AH®° (kcal/mol) 542+0.5

AS° (e.u.) 210+9

AG® (kcal/mol) —8.31+0.05

3.4. Isothermal titration calorimetry

Fig. 3 shows the binding-isotherm graph obtained plotting AH
vs. MMA/TRP molar ratio. The experimental data was fitted to a
single set of identical sites model. It was assumed that many TRP
molecules binds to a single MMA molecule with the same affinity
constant K. The parameters calculated are summarized in Table 1.

It can be seen that, on average, 12.57 TRP molecules were bound
to one MMA molecule. The affinity constant showed a high value
indicating that the interaction between the TRP and the MMA is
very strong. The AH}, (normalized per mol of MMA injected) was
positive, indicating that the interaction between the TRP and the
MMA is an endothermic reaction and so, needs to absorb heat from
the medium. Finally, the positive value of AS° indicates that the
disorder of the system increases due to the release of structured
water molecules.

ITC experiments performed in the presence of NaCl showed val-
ues of heat similar to those obtained when measuring the heat
of dilution of the polymer. This result indicates that the TRP and
the MMA are not interacting when NaCl concentration reaches
1.00M in the buffer (data not shown) and suggests that electro-
static interactions play some role in the formation of the complex.
Nevertheless, the positive values of AH° and AS° were consistent
with the presence of hydrophobic interactions between TRP and
MMA when both are forming an insoluble complex.

3.5. Differential scanning calorimetry

Figs. 4 and 5 show the thermal unfolding of TRP. It can be
seen that both the shape and the integrated area of the melt-
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Fig. 3. Binding isotherm of the interaction between TRP and MMA. Model: single set of identical sites. Medium 100 mM citrate/TRIS-HCI pH 5.00. Temperature 25 °C.
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Fig. 4. Thermal unfolding of TRP in the (A) absence and (B) presence of MMA. Medium 100 mM citrate/TRIS-HCI pH 5.00.

Table 2
Denaturation parameters of TRP unfolding in the absent and presence of MMA.Values are mean+S.D. (n=10).
System Transitions Tm (°C) AHcal(kcal/mol) pH
TRP 1 51.6+0.2 257425 5.00
2 43.1+0.1 16.2+1.7
3 62.8+04 3.8+09
TRP-MMA 1 48.8+0.1 17.6+2.2
1” 55.7+0.2 11.5+1.7
2 42.4+0.1 7.1+0.8
3 63.6+0.1 1.7+03
TRP 1 51.4+0.1 13.2+0.7 8.00
2 43.5+0.1 555+0.8
TRP-MMA 1 50.6+0.3 65.2+3.6
2 43.0+0.2 40.5+3.5
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Fig. 5. Thermal unfolding of TRP in the (A) absence and (B) presence of MMA. Medium 100 mM citrate/TRIS-HCI pH 8.00.

ing curve were modified when the experiment was performe
in buffer pH 5.00 (pH of complex formation) and pH 8.00 (pH «
maximal activity), in the absence and presence of MMA. The paran
eters obtained by deconvolution of each curve are presented i
Table 2.

It can be seen that TRP presented three transitions at pH 5.0
This indicates that the three domains independently unfold or
from each other. In the presence of MMA, the first transition ws

split into two transitions with smaller values of AH,, indicatirg
that MMA strongly interacts with this domain altering its mechi& 150 |

nism of unfolding. It is worth pointing out that the Ty, of the ne'S
transitions was 3 °C apart from the Ty, of the first transition and th:
the sum of both AH_; resulted in the AH,, of the first transitior

The second and third transitions showed a decrease in the value
of AH, but no change in Tr. These findings suggest that MM
also interacts with these domains but does not alter their therm.
stability.

At pH 8.00, TRP presented the first and second transitior
observed at pH 5.00 with different AH,;. In the presence of MM,
the AH_, of the first transition was higher than in the absence «
MMA, while the AH_,; of the second transition was smaller. Thes
results indicate that MMA interacts with both domains withot
altering their thermal stability.

3.3. Dynamic light scattering

Fig. 6 shows the profile of R}, obtained for different systems. It
can be seen that when the polyelectrolyte was incubated at pH 5.00,
the particles presented an Ry, of 252.9 nm. On the other hand, when
pH was 8.00; two populations of particles with different R}, existed:
121.4nm and 155.6 nm. TRP showed an Ry, around 4.4 nm at both
pH.

When TRP and MMA were incubated together at pH 5.00, the R,
measured was around 15 nm; much smaller than the R;, measured
when the system only contains MMA at the same pH. This indicates
that TRP and MMA interact at pH 5.00 to form a complex that is
soluble due to the low concentrations of both the enzyme and the
polyelectrolyte.
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Fig. 6. Hydrodynamic ratio (Ry,) of different systems: (ll) MMA alone, MMA-TRP
and MMA-TRP, 1.00 M Nadl, at pH 5.00; (ll) MMA alone and MMA-TRP pH 8.00; ()
TRP pH 5.00 and 8.00. Medium 100 mM citrate/TRIS-HCl. Temperature 25 °C. Values
are mean=+S.D. (n=3).

When TRP and MMA were incubated together at pH 5.00, adding
NaCl (1.00 M) to the medium, the R}, measured had the same value
as the R, measured in the system with MMA at pH 5.00. This indi-
cates that the ionic strength inhibits the formation of the insoluble
complex and corroborates the (partial) electrostatic nature of the
interactions that drive the formation of the complex. These results
agree with ITC experiments (Fig. 3).

Finally, a system prepared with TRP and MMA at pH 8.00 showed
two populations of particles: one with Ry, of 85 nm and the other
with Ry, of 120 nm. It can be seen that the Ry, around 120-121 nm is
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presented in the system TRP-MMA pH 8.00 as well as in the system
MMA pH 8.00. On the other hand, both systems differed on the Ry, of
the second population: 85 nm in the presence of TRP and 155.6 nm
in its absence. This difference indicates that TRP and MMA interact
at pH 8.00 to form a complex. This complex is soluble since the
solubility curves showed that a system prepared with TRP and MMA
at pH 8.00 has no turbidity (Fig. 1).

4. Conclusions

Turbidimetric experiments indicate that the maximum quantity
of complex is formed at pHs 4-5.5 when the TRP/MMA molar ratio
is around 13. Similarly, ITC experiments at pH 5 demonstrate that
12.57 molecules of TRP bound to a molecule of MMA with high affin-
ity. ITC results also demonstrate that the mechanism of interaction
between TRP and MMA involves both hydrophobic and electrostatic
interactions. However, according to the thermodynamic parame-
ters, hydrophobic interactions are predominant.

DSC experiments show that MMA alters the mechanism of
unfolding of TRP, however, the Ty, is not modified enough to risk
the thermodynamic stability of the enzyme. Furthermore, CD and
enzymatic activity experiments indicate that the structure and cat-
alytic capacity of TRP are not altered when it is forming a complex
with MMA.

DLS experiments demonstrate the formation of a soluble TRP-
MMA complex at pH 8.0. Also, DLS experiments performed at pH
5.0 showed that a soluble complex is formed prior to the formation
of the insoluble complex. Each soluble complex is formed because
of low charge density of TRP (at pH 8.0) and low TRP concentration,
respectively.

Understanding the mechanism of formation of the TRP-MMA
complex helps to optimize the biotechnological processes and/or
technologies based on these complexes.
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