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INTRODUCCION

Los moluscos son organismos ampliamente distribuidos a nivel mundial, sin
embargo debido a fenomenos como la explotacion excesiva de los recursos
pesqueros en general, asi como a los cambios climaticos, las estrategias de
produccion desde hace varias decadas se han enfocado a su produccién a través
de sistemas de cultivo. No obstante para poder etablecer las mejores condiciones
de produccion y entender el comportamiento que los organismos marinos presentan
en los ambientes marinos se requieren estudios que permitan un mayor

conocimiento de las mismas.

Los principales moluscos consumidos en el mundo son las almejas reina
(Doosinia ponderosa) y la japonesa (Ruditapes philippinarum), situdndose solo por
debajo del ostion (Bagnara Vivanco, 2008) y el calamar gigante. La produccion de
éste Ultimo organismo se ha visto mermada en los dltimos 5 afios en las costas
Mexicanas, atribuido entre otras a problemas climaticos como el fenébmeno de la
Nifia y el Nifio (Morales-Bojorquez et al., (2017). Lo que ha propiciado la migracion
del mismo hacia otras zonas del continente americano como Costa Rica y Peru. Los

fendbmenos de migracion se dan sobre todo por la basqueda de alimentacion.

Un nutriente importante dentro de la dieta de los organismos marinos son las
proteinas. En el caso particular del calamar se ha reportado que en su principal
organos digestivo el hepatopancreas, las principales actividad enzimatica es

proteolitica, como la tripsinica, quimotripsinica, aminopéptidica y carboxipéptidica.



Asi mismo se ha detectado alta actividad enzimética a pH &cidos en el
hepatopancreas las principales enzimas que se han estudiado son las proteasas
alcalinas (Ezquerra-Brauer et al. 2002; Osuna-Ruiz et al. 2010). Sin embargo, se
sabe que existe una alta actividad enzimética a pH acidos (Cardenas-Lopez y
Haard, 2005). Una de las principales enzimas lisosomales aislada del
hepatopancreas de muchos moluscos es la catepsina D (EC 3.4.23.5) (Tiscar et al.,

2004; Venugopal y Kumar, 2014).

La catepsina D se encuentra en todos los organismos actuando en el
recambio proteico (Balti et al., 2010; Davies, 1990). Esta enzima desempefia un
papel importante en la degradacion intracelular de hormonas polipeptidicas,
factores de crecimiento, la insulina, el glucagén (Benes et al., 2008) y también
participa en la activacion in vitro de los precursores enzimaticos de catepsinas B y
L aisladas del higado y rifidbn de rata (Nishimura et al., 1988). Asi mismo se ha
reportado que su actividad se incrementa ante el desarrollo de varios tipos de
carcinomas (Benes et al., 2008; Fusek et al., 2005). Se ha detectado en altas
concentraciones en los pacientes con el mal de Parkinson (Crabtree et al., 2014),
siendo también un blanco en el tratamiento de la enfermedad de Alzhéimer (Di
Domenico et al., 2016), asi como involucrada en la regulacion de la apoptosis o
muerte celular programada (Blanco-Labra et al., 1996).

En organismos marinos la catepsina D ha sido aislada de algunas especies
de peces como la carpa (Cyprinus carpio) (Goldman-Levkovitz et al., 1995), el
arenque (Clupea harengus ) (Nielsen et al., 2001), del mejillon (Mytilidae

galloprovincialis) y del hepatopancreas de calamares (Sepia) (Balti et al., 2010;
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Gildberg, 1987). En la langosta americana (Homarus americanus) se asocia con la
digestion encontrandose en el jugo gastrico (Rojo et al., 2010), mientras que en la
Lampetra japonica esta relacionada con el sistema reproductor (Xiao et al., 2015).
En otros invertebrados se encuentra presente en la digestion de proteinas del

alimento (Padilha et al., 2009; Rojo et al., 2010; Williamson et al., 2002).

Se sabe que la catepsina D jueba un papel fundamental tanto en el sistema
inmune como digestivo de los organismos vivos (Tiscar et al., 2004; Venugopal y
Kumar, 2014). Existen muchas estrategias que pueden tomar los organismos para
una adecuada protedlisis. Sin embargo, a nivel enzimético la principal es la sintesis
de enzimas con diversas caracteristicas, ya sea, enzimas que han incrementado su
eficiencia catalitica a expensas de la estabilidad térmica o, enzimas que aumentan
su estabilidad térmica a expensas de su eficiencia catalitica (Russell, 1998). La
catepsina D posee una alta eficiencia catalitica, por lo que se ha detectado que se
requieren concentraciones bajas de la enzima para que se lleve a cabo la reaccién
quimica, asi mismo se ha reportado que pueden inactivarse a temperaturas
moderadas, lo que permite detener los procesos enzimaticos sin comprometer la
integridad de los productos (Feller, 2013; Siddiqui et al., 2006).

En cuanto a la caracterizacion estructural de la catepsina D en organismos
marinos, a la fecha se tienen reportes principalmente en crustaceos (Martinez-
Alarcon et al., 2018). Las cuales al compararse con la presente en el bazo bovino,
la proveniente de los crustaceos estudiados exhibe mayor eficiencia catalitica y
ausencia de estructuras tipo lazo en la estructura de la enzima. Estas diferencias

constituyen adaptaciones que le permiten a la catepsina D catalizar sus sustratos a

3



bajas temperaturas (Rojo et al., 2013). Estas caracteristicas estan asociadas a su
estructura secundaria principalmente a motivos Baaf; es decir, las hélices a y las
hojas B se van intercalando en la secuencia peptidica relacionados por un eje de
rotacién, y es aqui donde los dos motivos Baa forman una estructura que tipo red
(Bhattacharyya, 2016). En algunas proteinas existen residuos acoplados en algunas
de las hojas B centrales, principalmente al final de las mismas. Esta presencia de
acoplamiento les confiere estabilidad a las hélices a asi como también al hecho de
qgue se encuentran muchos residuos importantes en las asas de la proteina y otras
regiones accesibles al solvente (Bottoms et al. 2002).

A pesar de los estudios antes mencionados, en moluscos la informacion que
se tiene sobre la catepsina D en el tracto digestivo de los organismo es escasa, la
mayoria de los trabajos se han centrado en la actividad que la misma posee en la
region anatémica que mayormente se consume, su manto (Luna-Raya et al., 2014),
y aun no se conoce la biogénesis lisosémica en estos organismos ni cuales enzimas
participan en su digestion. Por lo tanto, debido a la gran diversidad biol6gica que
presenta el grupo de moluscos y al papel fisiolégico que la Catepsina D posee, se
requieren realizar mayores estudios que permitan profundizar mas en el
conocimiento de esta enzima. En este trabajo se llevo a cabo la extraccion y
purificacion de la catepsina D de tres moluscos de interés comercial la almeja
japonesa, la almejra reina y el calamar gigante. La caracterizacion de la enzima
purificada se realiz6 mediente el establecimiento de parametros bioquimicos
(masas moléculares), fisicos (pH y temperatura), cinéticos y estructurales. El
desarrollo de esta investigacion coadyuvara al conocimiento de las caracteristicas

bioquimicas y termodinamicas de la catepsina D. y sienta las bases para proximas
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investigaciones que permitan explorar cOmo las caracteristicas estructurales
responsables de la actividad de la enzima impactan en el desarrollo de los

organismos.
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DESARROLLO DEL TRABAJO DE INVESTIGACION

Para probar la hipétesis planteada, el trabajo experimental se dividio en tres etapas,
las cuales se describen en los siguientes tres capitulos

Capitulo 1: caracterizacion de la enzima catepsina D del hepatopancreas de
calamar gigante (Dosidicus gigas)

Este capitulo consiste en un manuscrito titulado Effect of Temperature and pH on
the Secondary Structure and Denaturation Process of Jumbo Squid
Hepatopancreas Cathepsin D. El manuscrito contiene informacién acerca del efecto

que puede tener el pH y la temperatura en la estructura secundaria de la proteina.

Capitulo 2: Caracterizacion de catepsina D del hepatopancreas de las almejas

japonesa (Ruditapes pHilippinarum) y almeja reina (Dosinia ponderosa)

Este capitulo consiste en el manuscrito efecto de la temperatura y ph en la
estructura secundaria y el proceso de desnaturalizacion del hepatopancreas de la

almeja reina (Dosinia ponderosa)

Capitulo 3: Cambios en actividad, estructura secundaria y proceso de
desnaturalizacion de catepsina D del hepatopancreas de la almeja reina

Dosinia ponderosa a diferentes condiciones de temperatura y pH.

Este capitulo contiene informacion sobre la caracterizacion y purificacion de
catepsina D del hepatopancreas de la almeja almeja reina (Dosinia ponderosa) y

como la temperatura y el pH afectan la estructura secundaria de la proteina.
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Effect of Temperature and pH on the Secondary Structure and
Denaturation Process of Jumbo Squid Hepatopancreas Cathepsin
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Abstract: Background: Cathepsin D is a lysosomal enzyme that is found in all organisms acting in
protein turnover, in humans it is present in some types of carcinomas, and it has a high activity in
Parkinson's disease and a low activity in Alzheimer disease. In marine organisms, most of the
research has been limited to corroborate the presence of this enzyme. It is known that cathepsin D
of some marine organisms has a low thermostability and that it has the ability to have activity at
very acidic pH. Cathepsin D of the Jumbo squid (Dosidicus gigas) hepatopancreas was purified and
partially characterized. The secondary structure of these enzymes is highly conserved so the role of
temperature and pH in the secondary structure and in protein denaturation is of great importance in
the study of enzymes. The secondary structure of cathepsin D from jumbo squid hepatopancreas
was determined by means of circular dichroism spectroscopy.

Objective: In this article, our purpose was to determine the secondary structure of the enzyme and
how it is affected by subjecting it to different temperature and pH conditions.

Methods: Circular dichroism technique was used to measure the modifications of the secondary

ARTICLE HISTORY structure of cathepsin D when subjected to different treatments. The methodology consisted in
dissecting the hepatopancreas of squid and freeze drying it. Then a crude extract was prepared by

Received: December 20, 2018 mixing 1: 1 hepatopancreas with assay buffer, the purification was in two steps; the first step
ﬁ';ﬁ‘:i,%‘c‘fifgﬁg consisted of using an ultrafiltration membrane with a molecular cut of 50 kDa, and the second step,
a pepstatin agarose resin was used to purification the enzyme. Once the enzyme was purified, the

DOF purity was corroborated with SDS PAGE electrophoresis, isoelectric point and zymogram. Circular
10.21749 208665266661 9405124333 dichroism is carried out by placing the sample with a concentration of 0.125 mg / mL in a 3 mL
" quartz cell. The results were obtained in mdeg (millidegrees) and transformed to mean ellipticity

CrossMar per residue, using 111 g/mol molecular weight/residue as average. Secondary-structure estimation

from the far-UV CD spectra was calculated using K2D Dichroweb software.

Results: It was found that « helix decreases at temperatures above 50 °C and above pH 4. Heating
the enzyme above 70°C maintains a low percentage of « helix and increases p sheet. Far-UV CD
measurements of cathepsin D showed irreversible thermal denaturation. The process was strongly
dependent on the heating rate, accompanied by a process of olipomerization of the protein that
appears when the sample is heated, and maintained a certain time at this temperature. An amount
typically between 3 and 4% a helix of their secondary structure remains unchanged. It is consistent
with an unfolding process kinetically controlled due to the presence of an irreversible reaction. The
secondary structure depends on pH, and a pH above 4 causes o helix structures to be modified.

Conclusion: In conclusion, cathepsin D from jumbo squid hepatopancreas showed retaining up to
4% o helix at 80°C. The thermal denaturation of cathepsin D at pH 3.5 is under kinetic control and
follows an irreversible model.

Keywords: Jumbo squid, cathepsin D denaturation, circular dichroism, oligomerization, Far-UV CD, hepatopancreas.
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Effect of Temperature and pH on the Secondary Structure

1. INTRODUCTION

Cathepsin D is a lysosomal enzyme found in most
organisms acting on protein turnover [1]. The activity of this
enzyme in humans is high in some types of carcinomas
(breast cancer) [2], Parkinson's disease [3], and is a target in
the treatment of Alzheimer's disease [4]. In marine species,
cathepsin D is associated with the reproductive system of
some organisms, in fish its activity is increased before
spawning, functioning as a biomarker; hence, fish farmers
can use the activity of this enzyme to take the necessary
measures in production. In some species such as Japanese
lamprey (Lampetra japowica) and American lobster
(Homarus americanus), cathepsin D has been proposed as a
digestive enzyme [5, 6].

The functionality of any protein is closely related to its
structure [7, 8]. Circular Dichroism (CD) is a technique for
detecting conformational changes that may be associated
with the activity, regulation, structure of a protein, changes
in DNA or in any molecule. CD spectroscopy measures the
variation in absorption of left and right circularly polarized
light as it passes through a chiral or optically active
substance. Thus, conformational transitions can also
monitored by far-UV CD [9]. Circular dichroism allows
determining the secondary structure of any protein because
at those wavelengths the chromophores are the peptide bonds
[10], enabling the calculation of percentage of o helix, f
sheet and random coils [11]. It is possible also to observe
modifications in the structure of proteins by the interaction
with other molecules such as drugs or antigens that can
affect its functionality, changes in chirality are a good
indication of the continuous changes of folding and,
especially, of the modifications of the secondary and tertiary
structure [12]. CD can also be used as a function of
temperature to  determine the thermodynamics of
denaturation of the protein. When the deployment of a
protein is reversible and there is only a single deployment
transition, the thermodynamic parameters evaluated by CD
are similar to those that can be estimated using differential
scanning calorimetry [13].

There is very scarce information on the structure of
cathepsin D, only the structure of human cathepsin D is
known [14, 15]. In some invertebrates, cathepsin D is
secreted in the hepatopancreas to digest food
extracellularly [16, 17]. In Japanese common squid
(Todarodes pacificus) [18] and pelagic squid (Todarodes
sagiftatus) [19] cathepsin D is secreted by the
hepatopancreas and is involved in the digestion of food.
In some clams such as Lamelidus corianus participates in
the digestion of food [20]. In most marine organisms it is
a thermolabile enzyme [5, 21].

The range of activity of catepsin D is in pH range of 3 to
5. However, most have an optimal pH of 3 and lose activity
above its optimum. Optimal temperature is in the 40 to 50 °C
range [22]. Cathepsin D is known to contain very little
content of o helix [14, 23]. However, there are no reported
three-dimensional structures of cathepsin D from marine
organisms. This enzyme is a specific endopeptidase that
hydrolyzes hydrophobic amino acids located in a
microenvironment that is generated when there are more
than two nearby hydrophobic amino acids. Therefore,
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secondary specificity becomes very important in this type of
enzymes because they prefer a hydrophobic amino acid at
the P2 site specifically for amino acids such as Glu, Phe and
Leu, and in the P2’ residue and basic residues in P3 [24-26].

However, structural characteristics of the enzyme could
help to establish a useful model for studying the evolution of
enzymes as well as their relationship with folding and
protein structure, it could also serve to understand the
relationship between flexibility, activity, and stability,
because cathepsin D may be considered the precursor to
other aspartic proteases [27, 28]. In general, changes in
secondary structure are to external parameters such as
temperature, inhibitor concentration or pH [23]. In order to
improve understanding changes in the secondary structure of
cathepsin D in the hepatopancreas of jumbo squid, UV,
fluorescence and circular dichroism analyses of a pure
preparation of cathepsin D were carried out, determining the
effect of temperature, pH and thermal denaturation, as well
as its role in enzymatic stabilization of jumbo squid
(Dosidicus gigas).

2. MATERIALS AND METHODS

Jumbo squid (Dosidicus gigas) was captured in waters of
Santa Rosalia in the Gulf of California (28°40°107 N,
112°383 W] during spring 2016. Organisms were kept on ice
and transported to Hermosillo to the laboratory of marine
products at the University of Sonora. The hepatopancreas
were dissected, freeze-dried, and kept at -80°C for all
experiments.

2.1. Cathepsin D Extraction and Purification

The raw extract was prepared by mixing 1:1 w/v of
freeze-dried hepatopancreas with sample buffer (100 mM
sodium acetate pH 5.5) [17, 29]. The protein preparation was
desalted by ultrafiltration (UF) using 50 kDa MWCO
membranes (Amicon, Millipore, US). UF is a low pressure
membrane separation process based in the size difference in
of solutes. This technique separates the molecules according
to a specific size in two fractions, one of proteins greater
than 50 kDa in retentate fraction and proteins less than 50
kDa in filtrate fraction [30, 31]. Purification of the enzyme
was performed by injecting the filtrate fraction to a 10 mL
pepstatin agarose affinity chromatography column [20] with
a washing stage with sample buffer. For elution, 20 mM Tris
buffer pH 8.5 was used. SDS-PAGE Electrophoresis was
carried out and performed according to Laemmli (1970). The
gel was stained with 0.1% Coomassie blue for band
visualization [32]. Protein in solution was monitored by
following absorbance at 280 nm during chromatography and
protein concentration was determined by Bradford assay
using bovine serum albumin as standard for eluted fractions
[33]. Purity of the enzyme was attained when there was a
single band in SDS-PAGE and IEF, and maximum enzyme
activity in both general and specific substrates.

2.2. Activity of Cathepsin D

The enzyme assay was performed following Barrett [34]
methodology for a general protease assay and Yasuda [35]
methodology with modifications for a specific cathepsin D
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assay. The general assay consisted of mixing 600 puL
haemoglobin with 600 puL 100 mM glycine buffer pH 3.5
with 50 pL of the sample, incubated for 10 min at 37°C, the
reaction was stopped with 10% TCA (trichleroacetic acid)
and centrifuged at 5000 x g for 5 min, after which the Abs
was measured at 280 nm against a blank. All samples were
done in triplicate [29, 34]. The specific assay consisted of
using a specific fluorogenic substrate for cathepsin D
consisting of N-Acetyl-Arg-Gly-Phe-Phe-Pro-7-amido-4-
trifluoromethyl-coumarin (AcRGFFP-AFC). The assay was
performed taking 10 pL of 200 mM AcRGFFP-AFC in 80
pL of 100 mM glycine buffer pH 3.5. The substrate and
buffer were pre-incubated for 2 min at 45°C. The reaction
started with the addition of 10 pL of the sample for 10 min,
then adding 320 pL of 100 mM glycine pH 9.5 and 10 pL of
0.6 U/mL enzyme dipeptidyl-peptidase IV. The reaction was
stopped by adding 2 mL of TCA at 5%. Cathepsin D cleaves
the bond of substrate on Phe-Phe amino acids, leaving one
fragment containing N-Acetyl-Arg-Gly-Phe (AcRGF) and
the other fragment containing Phe-Pro-7-amido-4-
trifluoromethyl coumarin (FP-AFC), the enzyme dipeptidyl
peptidase IV was used to cleave the bond of the FP amino
acids and release the molecule of AFC. The released AFC
was measured in a fluorometer at 400 nm excitation and 505
nm emission. Control consisted of adding 1.6 mL of 0.5%
trichloacetic acid TCA before the substrate was added [35].

2.3. Circular Dichroism (CD) Spectroscopy

Circular dichroism spectra were performed on a Jasco J-
815 spectropolarimeter equipped with a Peltier temperature
controller, using 1 cm path length quartz cell in the far-UV.
The samples contained a final concentration of 0.125 mg/mL
of purified cathepsin D [36]. Three analysis samples were
collected and averaged to obtain the final spectra in all cases.
The results were obtained in mdeg (millidegrees) and
transformed to mean ellipticity per residue, using 111 g/mol
molecular weight/residue as average. Secondary-structure
estimation from the far-UV CD spectra was calculated using
K,D Dichroweb software [37, 38].

2.4. pH Effect on Secondary Structure

Effect of pH on the content of the secondary structure
was obtained by placing the enzyme in different buffers at
different pH values, ranging from 2 to 7 with 0.5 intervals.
All buffers avoided the use of chlorine element and were
chosen according to their appropriate pKa In each case, the
baseline was corrected with the buffer.

2.5, Thermal Denaturation

The thermal denaturation was followed by circular
dichroism, using an enzyme concentration of 0.128 mg/mL
in 50 mM sodium acetate buffer pH 3.5. The spectra were
obtained using quartz cuvettes with 1 cm of optical path. The
temperature was controlled with a Peltier. The thermal
denaturation was followed by the change in ellipticity at 220
nm. The temperature change in the sample was 10-80°C and
carried out at different heating rates (0.5°C/min, 2°C/min
and 4°C/min with an accuracy of £ 0.02°C/min).
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The reversibility of the transition was performed
measuring the change in ellipticity at 220 nm. The increases
in temperature were 1°C/min, from 5°C to 80°C, after which,
solution was cooled rapidly at a rate of 15°C/min until
reaching room temperature (25°C), the difference between
the two ellipticities was expressed as the irreversibly
denatured protein fraction.

3. RESULTS AND DISCUSSIONS

3.1, Purification and SDS Page

The chromatographic profile shows a single peak of
protein eluted with Tris buffer at pH 8.5 (Figure 1). The
purification stages are shown in Table 1. Approximately
3.3 mg/mL of the enzyme was obtained and the specific
activity resulting from purification was 9680 = 93 U/mg with
a protein recovery yield of 21% of the original activity and
94 fold purification. The activity in the washing peak before
elution was negligible. However, in the elution peak, a
maximum activity of the enzyme was detected. In Figure 2
(A-D) the cathepsin D purification steps are shown. Figure 2
E shows the isoelectric point of 5.2 and Figure 2F shows a
zymogram of the purified fractions with a single band. The
purity of the enzyme was verified by SDS-PAGE, obtaining
a single band of 38.5 kDa (Figure 2D).

35 r 300
:'|
3 [ b 250
25 ' k
£ \ ]l || F 200 2
= ! ' 3
2 i 1 F 150 2
£ 15 Buffer change | “ | IOO%
1 lr Y 2
1 AN
035 ,fi\ 1 *\ F 50
0 L= * » I, Ad-gd o
aq 10 20 30 40 50 60 70
mL

—a—abs 280 - & = Activity U/mL

Figure 1. Affinity chromatography in pepstatin agarose of jumbo
squid hepatopancreas extract, the column was equilibrated with 50
mM sodium acetate buffer in 20 mM NaCl at pH 5.0, followed by
50 mM Tris-HCI pH 8.8. The continuous line symbolizes
absorbance at 280 nm, the hyphen line symbolizes the activity with
the substrate ACRGFFP-AFC.

3.2. Structural Analysis by Circular Dichroism

3.2.1. Effects of Temperature

The increase in temperature can inflict an increase in the
kinetic energy of the molecules, a disorganization of the
aqueous envelope of the proteins and the destruction of weak
interactions and disorganize the structure of the protein so
that the hydrophobic interior interacts with the aqueous
media and the aggregation and precipitation of the denatured
protein occurs [39]. Figure 3 shows the spectrum of circular
dichroism at different temperatures. The spectrum was
characterized by having an intense and positive band at 189
+ 3 nm, an intense and negative band at 205-225 + 5 nm.
with a minimum of 119. These peaks are characteristic of
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Figure 2. SDS-PAGE of purified cathepsin D from jumbo squid (Dosidicus gigas) hepatopancreas. (A) wide range molecular weight
markers, (B} crude extract, (C) 50 kDa membrane (D) Cathepsin D in affinity chromatography using pepstatin agarose, (E) IEF of cathepsin
D purified from jumbo squid hepatopancreas, (F) zymogram of cathepsin D purified from jumbo squid hepatopancreas.

Table 1. Purification table of cathepsin D from jumbo squid (Dosidicus gigas) hepatopancreas.
Total Activi Total Protein i ivi Purification Yield
- Total Yolume (mL) (Units) “ (mg) ng ;:npt:::;‘i:? (X) %)
Crude extract 100 34300 3322 103 +3 1.0 100
UF Membrane (50 kda) 80 23600 145 162412 1.5 69
Affinity fractions 30 7260 0.75 968098 94 21

secondary P-sheet structures suggesting that this is the
predominant structure in the enzyme [40]. However, at
temperatures of 5 and 10°C and above 45°C the o-helix
changes with a minimum at 210-220 + 1 nm and 209 £ 2 nm
with an intense band at 190 nm, which suggests the main
structure continues to be B sheet but the o-helix undergoes
modifications. The most affected secondary structure were
the o helices [41].

Changes in o helix and p sheet are shown in Table 2. It
was observed that temperature affected mainly o helix,
essentially in the loops formed from this type of secondary
structure. Also the parameters of the secondary structure can
be altered by the exposition of hydrophobic groups. The
conformational transition that the protein undergoes is
probably the result of exposure of the hydrophobic cavities
and a disturbance of the microenvironments around the
aromatic amino acid residues [42]. These changes are
common in proteins such as ribonuclease A, which is an
example of a protein that is mainly made up of f§ sheet [43].

The deformation of o helices at low temperatures most
probably reflects transient o helix states that are stabilizing
to disordered structures with increasing temperature [44]. In
the case of wild boar (Sus scrofa) pepsinogen, it has a
maximum of 193 nm and a minimum of 217 nm [45]. The

spectra of these proteases are very similar and so the
secondary structure content is very similar.
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Figure 3. Circular dichroism spectrum of Cathepsin D from jumbo
squid (Dosidicus gigas) hepatopancreas at different temperatures:
A) 5, 40 and 45°C, and B) 50 and 80°C.
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Table 2. Content of secondary structure of Cathepsin D from
jumbo squid (Desidicus gigas) hepatopancreas at
different temperatures.

°oC Content of Content of
« Helix (%) P Sheet (%)
5 6.2510.08 46,88 £0.39
10 7.23+0.41 45.85°+0.57
15 7.35%40.13 45.9000.27
20 7.88%:0.07 47.144°£0.27
25 8.65%40.16 44.11°£0.04
30 8.35%+0.23 44.53°+0.23
35 8.8140.51 44394028
40 8.95%30 44.45°40.37
45 8.25%10.25 48.47°£0.65
50 5.20*°0.15 48.40% .04
35 5.19*0.22 48.797:0.047
60 5.77°0.26 48.52%£0.40
65 5.42°+0.08 47.09%40 59
70 5.50%+0.13 47.43%710.50
75 5.21%%0.11 47994019
80 4.56"£0.406 48.00°£0.27

Averages with same superscript letter within a column are statistically equal
in Tukey's test at p=0.05. Random coil not shown because the content
remains constant.

The stability of the a helix depends on several factors and
among the main are the amino acids that are present in the
protein, the position of these amino acids within the helix
and the interactions that may occur between the lateral
chaing of the amino acids that are forming this type of
secondary structure are responsible for the modification of
this structure [46]. The lateral chains located on the external
part of the o helix avoid major steric impediment problems.
Amino acids such as Ala, Glu, Leu, and Met are frequently
found in helices [47]. Amino acids such as Pro are
considered to be o-helix terminators because their a C does
not have the freedom of rotation and because they are
integrated into a ring, it interferes with the formation of
hydrogen bridges [48]. Other amino acids such as Gly, Tyr,
and Ser almost do not form part of these structures, due in
part to the steric configuration of these amino acids, for
example, amino acids with large R groups such as tyrosine
and tryptophan or with small R-groups such as Gly
destabilize a-helices in general the amino acids with polar
groups are the worst helix formers due to freezing of the
additional -CH2- bond that separates the main chain from the
polar group [41, 47]. Another cause of instability of the a
helix is the total dipole moment of the complete helix due to
the individual dipoles of the C = O groups involved in the
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hydrogen bond. When an a helix is stable, it usually ends up
with a charged amino acid which neutralizes the dipole
moment [41, 47, 48].

Considering that only some amino acids are present in
the o helix, the formation or deformation of a helix
structures is a process that is driven by enthalpy and it
depends on several factors like variations of pH, temperature
changes and solvent composition alterations [8, 49]. In the
case of temperature increase, the o helix begins to search for
a more stable conformation [50]. In some cases, the
deformation of the a helix adopts other types of
conformations that give it more stability such as the [ sheet
[49]. In this way, the change of secondary structure at
different temperatures can be explained. The rapid separation
of the secondary structure at elevated temperatures usually
indicates minimal hydrophobic interaction suggesting that
hydrophobic interactions are not important for stabilizing o
helix, but they are important in § sheet formation and
stabilization [51-33]. The a helix structure is more easily
formed than a 3 sheet. However, P sheet is more stable and is
not affected by temperature and pH changes [51].

3.2.2. Effect of pH on the Secondary Structure

The stability of the secondary structure of cathepsin D is
different at different pH conditions. This could be due to the
effects of ionization that a side chain can acquire on the
secondary structure of proteins [23]. Table 3 shows that the
increase in pH modifies the content of the secondary
structure and the o helix are possibly deformed and changed
into new structures, mainly B sheet. Something similar was
detected in human cathepsin D. At pH 7, the content of
secondary structure changes and the pH acts as a regulator
by modifying the secondary structure, basically deforming o
helixes into B sheets [23]. Changes in this type of structures
may be due to the type of residues present, for example, the
presence of Gly and Pro could alter the structure due to their
high AG® of formation [8].

Table3. The content of secondary structure of Cathepsin D
from jumbo squid (Desidicus gigas) hepatopancreas at

different pH.
- Content of Content of Content of
u Helix (%) B Sheet (%) Random Coil
(%)

235 6.44°40.16 38.09°+0.58 47°+1.50
3.5 8.24%+0.70 43.91°+0.57 48°+0.52

4 2.73*40.24 39.94°+0.31 4940 .85

5 4.05°+0.18 43.10"+1.13 47°+2.25

6 3.48**0.13 39.05°+0.68 47230

7 3.53**+0.27 38.39°40.92 46°+1.33

Averages with same superscript letter within a column are statistically equal
in Tukey’s test at p=0.05.

The K2D analysis on the Dicroweb page indicates that if
pH is above optimum, the protein structure is predominantly
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p sheet but the o helix is 8%. However, the increase in pH
causes the reordering of amino acids, this suggests that pH is
of great importance for enzymatic activity and promotes the
appearance of random coils or § sheet [37]. For protein Z19
belonging to the a zein group from comn (Zea mays L) it
was found that pH increases the denaturation velocity [54].

The data suggests that the rate of denaturing depends on
pH and grows with increasing alkalinity of the medium. In
the case of the Brugia malayi parasite, the proteins were
highly resistant to denaturing, the modification of the
secondary structure is minimal in o helix and changes only
occur at high pH, maintaining up to 50% of the secondary
structure [55]. In contrast, the cathepsin D of jumbo squid
easily loses o helix structure one pH unit above its optimal
point, suggesting that it plays a very important role in
secondary structure.

The denaturation of the protein due to pH can be
explained due to the different ionization of the amino acids
present in the protein. For example Glu and Asp, that at
alkaline pH wvalues are transformed to glutamate and
aspartate due to the introduction of negative charges in the
protein structure, thus promoting electrostatic interactions
with the adjacent carboxyl group, structural instability is due
to the reaction that can occur between the lateral chains of
amino acids that are not forming a helix with those that are
in a type of secondary structure [8, 51, 54, 56].

The activity of cathepsin D in pH and temperature
experiments showed a non-linear relationship. As pH and
temperature moved away from the optimal, the activity
decreased. The optimum pH and temperature were 3.5 and
45°C respectively. The reduction of activity is attributed to
the loss of stability of the enzyme due to modification of the
secondary structure. It has been found that at basic pH, a p
sheet blocks the active site of the enzyme, while at acidic pH
(far from the optimal), the enzyme exhibits low activity
probably due to autolysis [23]. As the temperature is
increased, the thermodynamic stability of the protein
approaches that of the working temperature. At the
physiologically operational temperature conformational
dynamics and specific activity increase and decrease outside
the physiologically operating temperature [57].

3.2.3. Thermal Unfolding of the Cathiepsin D

Thermal transition of protein denaturation depends on the
heating rate because the unfolding process is under kinetic
control and may be due to the presence of an irreversible
reaction or to the change in the dynamic properties of the
atoms inside the molecule, transitions generally appear at
high temperatures, while at low temperatures simple
harmonic vibrations predominate [58-61].

There is a direct relationship between the increase in
temperature and electrostatic interactions, there is a greater
amount of energy that strengthens the molecule, making the
structure more rigid, rejecting conformational fluctuations
[62]. Electrostatic interaction shows fortification with the
increase of temperature, due to the diclectric property
dependent on the temperature of the aqueous environment.
This temperature increase indicates the presence of a positive
entropic contribution because the electrostatic interaction
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itself is free energy. The positive entropy is related to the
orientation of the water molecules with increasing
temperature, this is manifested in the temperature
dependence of the diclectric constant [63]. The electrostatic
interactions are stabilized at 70°C, but at 10°C only half of
them are active, which makes their structure unstable [64].

Supposing that the folding of the protein is a two-state
process, the midpoint of denaturation would be that
temperature (Tm) in which the folded and unfolded state are
in equilibrium [65, 66]. Figure 4 shows thermal transition
curves using circular dichroism at different heating rates and
it is observed that the changes begin to appear around 50°C,
which coincides with the change in o helices the enzyme
shown in table 2. It is also observed that the Tm is modified
according to the heating rate, a speed of slow heating of
0.5°C/min presents a Tm of 60°C while at higher speeds of
2°C and 4°C/min the Tm is modified passes to 65°C, this
may be due to the fact that at lower heating speeds the
protein can be stabilized by means of hydrogen bridges
protect the hydrophobic microenvironment that is inside the
molecule [67]. Samples heated to temperatures above 60°C
showed no reversibility of the circular dichroism signal when
cooled to 25°C. Three processes may be involved in the
dissociation of proteins: the first is the rupture of the ionic
bonds, the second is that secondary structure begins to
dissociate hidden surfaces of exposure and the third is the
loss of cations [68, 69].
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Figure 4. Cathepsin D from jumbo squid (Dosidicus gigas)
hepatopancreas thermal transition curves as a function of the
heating rate at pH 3.5. The process was followed by ellipticity

monitoring at 220 nm. Heating rates: 0.5°C / min (dash point dash
line), 2.0°C / min (continuous line), 4.0°C / min (dashed line).

In the case of cathepsin D, turbidity was observed in the
solutions when heating above 70°C and more than 10 min.
This suggests that irreversibility may be associated with
unfolded protein aggregation. The turbidity changes are
related to changes with the protein unfolding since the
turbidity of the sample coincides at the temperature that
begins the unfolding of the protein. In conclusion, the
unfolding of cathepsin D is due to the unfolding of a-helix
structure, this leads to intrinsic irreversibility that interferes



538 Protein & Peptide Letters, 2019, Vol 26, No. 7

with thermodynamic analysis. A similar behavior was
detected for apolipoprotein C1 and for asparaginase 2 in
which the aggregation was detected from 63°C [58], also for
Aspergillus  acid proteases, in which a change and
aggregation were detected from 70°C [70].

The native structure of cathepsin D was not completely
lost, yet the B sheet structure increased and the random coils
remained constant. Based on these results, the enzyme could
have begun to suffer from changes in the disposition of o
helix towards [ sheets. These changes can be detected as an
increase in the B sheet structure percentage. In the sorghum
protein kafirin, the formation of aggregates start at 40°C and
apparently prevent deformation of the o helix [71]. On the
Z19 corn protein, it was found that the lack of changes in o
helix may be due to the great role played by disulfide bridges
that stabilize the protein since in this protein the disulfide
bridges are present in great quantities [54, 71]. In the case of
human cathepsin D, it has only 4 disulfide bridges, so a
lower stability is expected. Therefore, it is reasonable that at
this temperature the secondary structure will no longer
recover [14-15, 23]. In the case of subtilisin, the temperature
at which the secondary structure is not recovered is 61 to
71 °C depending on the rate of heating, the denaturation is a
function of the heating rate because it could offer no time to
adapt and so it is believed that there may be intermediate
states of secondary structures such as in the case of enolase,
which, as it is warming up, tends to dissociate its quaternary
structure and aggregate, which prevents the o helix from
being lost [68, 72]. When the sample was cooled rapidly, it
retained 3-4% of the o helix.

Another important aspect is its melting temperature of
60°C, which is very similar to that reported for pepsinogen
(62°C) [73]. It was observed that the process is markedly
irreversible [60], for ribonuclease (63°C) and for chymo-
trypsinogen (57°C). However, it is higher than that reported
for trypsin (54°C) and much lower than that reported for
myoglobin (85°C), insulin (73°C) and lysozyme (66°C) [73].

The denaturation unfolding process was dependent on the
heating rate, it is kinetically controlled due of an irreversible
reaction, being the rapid speed of heating the condition that
affects denaturation of the protein the least [60].

CONCLUSION

In conclusion, cathepsin D from jumbo squid
hepatopancreas showed a tendency towards the conservation
of secondary structure retaining up to 4% o helix at 80°C.
These processes in the thermal denaturation are irreversible
at low temperature.

The secondary structure of cathepsin D from jumbo squid
hepatopancreas depends on the conditions of temperature
and strongly depends on pH. The thermal denaturation of
cathepsin D at pH 3.5 is under kinetic control and follows an
irreversible model [23].

These findings are important for establishing the
foundations for further studies aimed at the potential uses of
the cathepsin D from jumbo squid (Dosidicus gigas) and also
for understanding its role in protein hydrolysis.
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Abstract

Cathepsin D from the Japanese clam (Ruditapes phillipinarum) hepatopancreas was purified
and partially characterized by affinity chromatography on pepstatin agarose. The purification
fold and yield were 37 X and 19% respectively, with a molecular weight of 36.5 kDa
estimated by SDS-PAGE. The isoelectric point was 6.6 determined by isoelectric focusing.
The optimal activity of the enzyme was found from pH 3.0 to 3.5 and an optimum
temperature at 45°C for hemoglobin substrate. The stability remained constant at a pH of 3
to 7, retaining more than 50% of its activity at 60 min and rapidly losing the activity at pH 2,

8and 9. As for temperature, the activity it remained above 50% at 1 hour and 30 °C. However,

it decreases rapidly from and above 40 °C. The protein structure is highly conserved, but

19



when temperature and pH change, there are corresponding changes in secondary structures
a-helix and the B-sheet, as well as between the disordered structures and the B-turns, when
one increases the other decreases to find a more stable conformation. Therefore, the role of
pH and temperature in protein denaturation is of paramount importance. These changes are
important for its relevance in the functionality of the protein. The process of denaturation of
the enzyme is not dependent on the rate of heating and is not accompanied by oligomerization

of the protein. A small percentage a-helix (1.5 and 4%) remains unchanged.

Keywords: Japanese clam, hepatopancreas, cathepsin D, secondary structure

1. Introduction

Clam production is one of the most important fisheries in the world [1, 2]. Japanese clam
(Ruditapes philippinarum) is widespread in the world and represents 25% of total aquaculture

and fisheries production, being the second most important economic species of clams [3, 4].

Cathepsin D is a lysosomal enzyme that is found in most organisms acting on protein turnover
[5]. In humans this enzyme is very important since high activity is found in several types of
carcinomas [6, 7]. In marine organisms, cathepsin D is associated with the reproductive
system, and particularly in fish, this enzyme can function as a biomarker since its production
and activity are linked to spawning [8]. In mollusks, cathepsin D is linked to the degradation
of intracellular protein [9], antigen processing [10], hormonal maturation [11] and immune
responses [12, 13]. In some species like the jumbo squid [14], neon flying squid [15] and
two spot octopus [16], cathepsin D from the hepatopancreas has been found to be the main

enzyme that digests food at acidic pH. In other organisms, such as American lobster [17] and
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surf clam [18] cathepsin D presence has been detected in the gastric fluid, finding that this

enzyme is adapted to low temperatures that fulfills digestive functions [19].

There is a relationship between the functionality and structure of a protein, the parameters of
pH and temperature are the main factors that when modified can affect the activity of the
protein and modify its structure, therefore, these changes must be taken into account to
elucidate the functionality of the protein [20, 21]. Circular dichroism (CD) and differential
scanning calorimetry (DSC) are excellent techniques for detecting conformational changes
that may be associated with activity, regulation and structure of a protein, or in any type of
molecule. CD spectroscopy is a well-known biophysical tool for the structural
characterization of biopolymers such as proteins and nucleic acids. The physical basis of the
technique is the differential absorption of polarized light to the right or left because the
molecules contain or present a chiral center. [22]. Therefore, conformational transitions can
also be monitored with distant UV CD. [23]. CD makes possible to determine the secondary
structure of any protein because at wavelengths of 190 to 240 nm the chromophores are the
peptide bonds [24], this allows the calculation of the percentage of a-helix, B-sheet, B turns
and unordered structure [25, 26]. CD can also be used to determine the denaturation
temperature of the protein. When the deployment of a protein is reversible and there is only
a single deployment transition, the thermodynamic parameters evaluated by CD are similar
to those that can be estimated using differential scanning calorimetry (DSC) [27, 28]. DSC
measures the thermal capacity of a material as a function of temperature and is a powerful
technique for studying protein folding and stability. The signal produced in a sample cell is
compared to a blank cell without protein in the same environment. [29]. When the

temperature of the cells is increased, the temperature differences between the target and the
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sample cells are measured and calibrated continuously; therefore, the difference in heating
energy can be used to calculate the calorific capacity of the protein. The heating capacity is
recorded as a function of temperature. With the resulting thermogram analysis, enthalpy and

thermal transition (Tm) can be obtained. [30-33].

Most of the described cathepsins D possess parameters that are out of the ordinary, for
example, they contain very little a-helix content [34] or extreme isoelectric points [35].
Besides, there are few reports on the secondary and tertiary structure of marine organisms.
Cathepsin D is an endopeptidase that hydrolyzes hydrophobic amino acids but it is not clear
what the relationship is between protein folding structure and flexibility, activity and stability

[36].

Due to the role played by cathepsin D in food degradation and the lack of information about
it, it is important to deepen the understanding of the changes that occur in the secondary
structure of cathepsin D when subjected to different pH and temperature conditions. Analyses
of circular dichroism, differential scanning calorimetry, and UV of a pure preparation of
cathepsin D were performed, determining the effect of temperature and pH on the secondary
structure of cathepsin D as well as its thermal denaturation, this could be important to
understand the role in the enzymatic stabilization of the Japanese clam (Ruditapes

philippinarum).

2. Materials and Methods
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2.1. Preparation of crude extract

The clams were collected in Kino Bay, Sonora, Mexico (geographical coordinates 28° 50' 0"
North, 111° 56' 0" West) and transported to the laboratory. The hepatopancreas of ten clams
was removed, minced, and extracted for 12 h at 4 °C under stirring with 50 mM sodium
acetate buffer, pH 5.0, in a 1:2 ratio (w/v) following the procedures of Venugopal et al. [37].
The homogenate was centrifuged at 10, 000 x g for 1 h. The supernatant was filtered through
an Amicon PM-50 membrane (Millipore Corporation, Bedford, MA), saved, and stored at 4

°C for further analysis.

2.2. Enzyme assay

The activity of cathepsin D was determined according to Celis-Guerrero et al [38]. The assay
consisted of combining 100 pL of the enzyme, 600 uL of 0.1 M glycine-HCI buffer, pH 3.5,
3.5, and 600 puL of 0.5% hemoglobin (Hb). The reaction was performed at 40 °C for 10 min.
At the end of the incubation period, 600 pL of 20% trichloroacetic acid (TCA) was added.
The increment in TCA soluble peptides released due to the action of the enzyme was
estimated at 280 nm. The enzyme activity was expressed as U/mL. One unit was defined as
the change of 0.001 in absorbance at 280 nm [38].

The specific test consisted of using a specific fluorogenic substrate for cathepsin D. The
substrate was prepared by mixing 10 puL of 200 uM AcRGFFP-AFC (N-Acetyl-Arg-Gly-
Phe-Phe-Pro-7-amido-4-trifluoromethylcoumarin) in 80 puL of 100 mM glycine buffer, pH
3.5, and warmed for 2 min at 45 °C. The reaction started by adding 10 pL of enzyme. After
10 min, 320 pL of 100 mM glycine, pH 9.5, and 10 pL of the enzyme dipeptidyl peptidase

IV (0.6 U/ mL) were added at the reaction mixture. Cathepsin D breaks the substrate on the
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FF amino acids leaving two fragments, one being N-Acetyl-Arg-Gly-Phe (AcRGF) and the
other one Phe-Pro-7-amido-4-trifluoromethylcoumarin (FP-AFC), whereas the enzyme
dipeptidyl peptidase 1V hydrolyzes the bond at Pro releasing the AFC. The AFC produced
was monitored by measuring the fluorescence (excitation at 400 nm, emission at 505 nm).
The control consisted of adding 0.5% TCA before the incorporation of the substrate [39] with

800 uL of buffer.

2.3. Protein quantitation
Protein content of the enzyme preparations were determined using the dye binding assay of

Bradford [40] with bovine serum albumin as standard.

2.4. Cathepsin D extraction and purification

All purification steps were done at 4°C. Briefly, Five mL of pepstatin A agarose was packed
in a 10 mL column, washed with 50 mM sodium acetate and 20 mM sodium chloride, pH 5.0
until 10 volumes were completed. One mL of desalted raw extract (equivalent to 2.0 mg of
protein) was loaded onto the pepstatin A agarose affinity chromatography column [37]. After
all the unbound protein was removed from the column with equilibration buffer, the enzyme
activity was eluted with 50 mM Tris-HCI, pH 8.8. Protein elution profiles were estimated by
monitoring their absorbance at 280 nm. The flow rate was 1 mL/min. Fractions of 3 mL were

collected and frozen at -80°C for further analysis.

2.5. Electrophoresis and zymograms
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The electrophoresis (Native and SDS PAGE) of purified enzymes was carried out according
to Laemmli [41]. The protein separation was carried out at a constant voltage of 120 V for
two hours in a 12 % acrylamide separation gel and a 4 % acrylamide stacking gel, both
containing 1.35 % bis-acrylamide. Detection of bands of protein was visualized by staining
with Coomassie blue or by a silver nitrate method [42-44]. Estimation of molecular weight
of the enzyme was carried out using the following molecular weight standards: bovine serum
albumin (66 kDa), ovalbumin (45 kDa), glyceraldehyde-3-phosphate dehydrogenase (36
kDa), carbonic anhydrase (29 kDa), bovine trypsinogen (24 kDa), trypsin inhibitor (20 kDa),

lactalbumin (14.2 kDa), and aprotinin (6.5 kDa).

The zymogram technique was carried out to determine visually the presence of aspartic
proteases. To obtain the zymograms, the sample was diluted in a 1:1 ratio with the sample
buffer without heat treatment. The running buffer was 350 mM glycine and 140 mM acetic
acid at a pH of 4.5. To perform the run, the position of the electrodes was inverted and the
voltage was less than 100 V. At the end of electrophoresis, the gels were soaked in 100 mM
glycine, pH 3.5 for 30 min and then in 0.5% Hb for 2 h. The gels were stained using 0.025%
Coomassie Blue R250. The activity was visualized as clear bands indicating hydrolysis of
the substrate [45].

2.6. Temperature and pH optima

The optimum temperature and pH of the purified enzyme were determined using Hb as a
general substrate and AcRGFFP-AFC as a specific substrate. For pH optimum, the
temperature was kept at 37°C. The general test consisted of mixing 500 puL of 2% Hb with
500 pL of glycine buffer, pH 3.5, and then adding 50 pL of sample. The mixture was

incubated for 10 min at 37 °C and the reaction was stopped by the addition of 0.5% cold
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TCA. The mixture was centrifuged at 5000 x g for 5 min and the protein content in the
supernatant was estimated at 280 nm. All samples were made in triplicate [38, 46]. The
specific test consisted in using a fluorogenic substrate for cathepsin D, as described
previously. The control was prepared by adding 0.5% cold TCA before the substrate was
added [39] with 800 uL of buffer, each at different pH.

2.7. Enzyme stability to pH and temperature

To determine pH stability, the purified enzyme (100puL) was incubated with 1000 pL of
buffers of different pH (2-3.5 glycine, 4-6 acetate, 6.5-8 Tris base) at 37°C and sampling at
0, 30, 60, 90 and 120 min. The residual activity was then measured at optimal conditions
after incubation time with Hb substrate as described above. The temperature stability of the
enzyme was determined in 10 °C intervals at a range of 5 to 80°C, using 100 mM glycine
buffer, pH 3.5. Appropriate aliquots of 100 uL were removed at 0, 30, 60, 90 and 120 min.
The activity was expressed as % residual activity, and the comparison was made using the

50% residual activity reference [47].

2.8. Differential scanning calorimetry

DSC experiments were performed on a Nano-DSC Il, Model 6100 (Calorimetry Sciences
Corp.) instrument at scan rates of 0.05, 1.0 and 2 °C/min. The measurements were performed
at temperature range 15-100 °C at the 3 bar excess pressure with a reference cell filled with
10 mM sodium acetate buffer pH 5. Volume of the sample cell was 0.5 mL containing 1
mg/mL of protein. The sample solution and reference solution were dialyzed with 10 kDa

molecular weight cutoff dialysis tubing before the DSC experiment. Thermodynamic
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parameters (AG, AH y AS) and transition temperature (Tm) were calculated with the data

obtained in the CpCalc calorimeter software.

2.9. Kinetic parameters

The kinetic parameters maximum velocity (Vmax) and Michaelis-Menten constant (Km) of the
enzyme were determined. The reaction rate was measured at different concentrations of
initial substrate Hb, in the range of 1-300 uM (1.5, 20, 50, 100, 150, 200, 250 and 300 pM).
Estimation of Km and Vmax was obtained by fitting the observed values of v versus substrate
concentration to the Michaelis—Menten equation using non-linear regression curve-fitting

software (Graph- Pad Prism 5.0; San Diego, CA, USA) [39] .

2.10. Circular dichroism

Circular dichroism far spectra were obtained on a Jasco J800 spectropolarimeter equipped
with a Peltier device. The methodology consisted of dissolving the sample in Tris base buffer,
at different pH and temperatures, with a protein concentration of 20-200 pg, placing it in a
quartz cell of 3 mL at different pH and different temperatures [28, 48]. The results were

transformed into % secondary structure utilizing the K2D [49] and CONTIN software [50].

2.11. Statistics

For all the experiments descriptive statistics were used taking care of the randomness of the
samples. The statistical design of the present study allowed to reduce the variation through
replication. The respective cathepsin D activity data during purification and characterization

were the average of three determinations.
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3. Results and Discussion

3.1. Purification of cathepsin D

The chromatography with agarose pepstatin A was able to separate the activity for the
cathepsin D of Japanese clam with Tris-HCI, pH 8.8 (Fig. 1), while the contaminants were
removed at the first elution peak (Fig. 1). Table 1 shows the purification steps of the enzyme
cathepsin D. Approximately 1.19 mg of the enzyme were recovered with a yield of 19% and
purification of 37 fold. The specific activity of the purified enzyme was 5553 + 220 U/mg of
protein, obtaining results comparable to those reported for jumbo squid [14] , mussel [37]

and sepia squid [51].

3.2. SDS PAGE, native electrophoresis, and isoelectric point

The profile of purified enzymes is shown in Fig. 2A, 3B and 3C. Cathepsin D of the Japanese
clam has a molecular weight estimated at of 36.5 kDa (Fig. 2A), which is similar to those of
cathepsins D detected in Japanese squid (Todarodes pacificus)[52] (36.5 kDa), jumbo squid
(Dosidicus gigas) [14], herring (Clupea harengus) (38 kDa) [53] and mussel (43 kDa)[37].
However, there are reports of this enzyme with lower molecular weights (10 and 28 kDa),
like that from the European squid (Todarodes sagittatus))[35]. The isoelectric point was 6.6,
which is slightly higher than those of enzymes of terrestrial organisms, but lower than that
of the Japanese squid [51]. The zymogram reveals the presence of a unique band of
hemoglobin hydrolysis, indicating the homogeneity of the purified cathepsin D (Fig. 2 B).
Two main points were noticed in the zymogram. One is that at acidic pH cathepsin D was
the only enzyme hydrolyzing hemoglobin (Fig. 2 E), which discards the presence of other

acid proteases in the crude extract. Second, the intensity of the band increases when purified
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(Fig. 2, F, G), due to the increasing specific activity in each purification step. That is
consistent with Cadena-Cadena et.al [14] for jumbo squid (Dosidicus gigas), who reported

that cathepsin D was the only enzyme with hydrolytic ability at very acid pH.

3.3. Temperature and pH optima

The optimal temperature and pH of cathepsin D are shown in Fig. 3. Cathepsin D showed a
relative activity of more than 50% in a range of 30 °C to 60°C with an optimum of 45 °C to
50°C for the specific substrate (Fig. 3 A). Other species of mollusks, such as squids, have
optimal temperatures of 40 and 45 °C [35, 52], Atlantic clam 45 °C [18], and mussels 60 °C
[37]. Cathepsin D exhibited more than 50% of the activity with the substrate ACRGFFP-AFC
at a pH range of 2-4, with an optimum in the range 3-3.5 (Fig. 3B). Above pH 4, the activity
of cathepsin D rapidly decreased losing nearly 40% of activity, while at pH 5 only 10% of
the activity remained. This pH value is very similar to those reported for other species of
mollusks such as squid [35, 52], which showed a pH of 3.5, and for mussels (Lamellidens
corrianus) and Atlantic cod the optimum pH was 3 [54].

The differences found between optimum pH for cathepsin D from Japanese clam with other
mollusks are associated with secondary structure and to the pKa of the carboxyl groups.
Protein conformation between different thermodynamic states as temperature or pH
conditions are altered so that changes in the relative stabilities of the various amino acid
groups play a fundamental role in the active site of the enzyme as well as in the electronic
cloud formed around the active site, pH also influences the folding and detachment of certain

regions of the protein [55, 56].
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3.4. Temperature and pH stability

The stability of cathepsin D at different temperatures is shown in Fig. 4A. The enzyme was
stable up to 50 °C and retained more than 50% of residual activity at 30 min. At 60 min it
retains only 35% of residual activity. However, at 60 °C, the enzyme lost all its activity.
Cathepsin D activity losses are minimal at 5 °C and reached 48% at 40 °C and 120 min
incubation, at a higher temperature and longer exposure time the loss of enzyme activity is
greater since proteins are easily denatured by higher temperatures. Although the thermal
stability of proteins varies widely, many of them are slowly denatured above 25°C [57, 58].
When the temperature increases above a certain point, the kinetic energy of the molecules is
increased and consequently the aqueous envelope of the protein is disorganized. In the same
way, when the temperature rises, weak interactions are destroyed, such as the hydrogen
bridges that are located outside the tertiary structure of the protein is disorganized, so that the
hydrophobic interior is exposed to the aqueous medium. This produces the aggregation of
the protein that at the moment is denatured [59, 60]. The loss of activity between 50 °C and
60 °C can also be attributed mainly to the loss of affinity of the enzyme with the substrate
[61, 62]. Other purified enzymes such as cathepsin D from pig and rat, as well as porcine
pepsin [63], have very similar thermal stability. However, the thermostability was much
higher than that reported for tilapia [55, 64]. Cathepsin D from marine organisms has been
shown to be different from other sources with respect to heat stability [46, 65]. However,
cathepsin D of clam was rapidly inactivated at 60°C, just like chicken cathepsin D, which

was reported as inactivated above 55°C[66, 67].

The pH stability is shown in Fig 4B. The higher stability of the enzyme was detected at a pH

range of 3 to 6 retaining more than 50% of the activity at a time of 60 min. The cathepsin D
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of the Japanese clam is less stable than that of sepia squid (Sepia officinalis), since it remained
fully active at pH 3.0 after 60 min [51]. Other cathepsins of terrestrial organisms such as
cathepsin D of the uterine coil have stability between 5 and 7, however, loses all its activity
at a pH of 6.3 [68]. Proteins have a large number of ionizable groups that exhibit a variety of
pKa values. Therefore the H™ and OH" ions affect not only the protein aqueous envelope but
also directly affect the electrical charge of the acidic and basic chains groups. When the pH
increases or decreases from the optimum of the enzyme, the lateral amino acid residues can
undergo reversible ionization of the amino and carboxyl groups, making that the enzyme
loses its activity. Alterations of this type modify the surface charge of the proteins and
consequently eliminate the electrostatic interactions that stabilize the tertiary structure so that
hydrophobic groups that interact with each other are exposed and often cause their
precipitation. At this point the enzyme is already denatured and even when the optimum pH
is returned, it will not recover activity [57, 58, 69]. This behavior is similar to that reported
for enzymes that are not adapted to cold, which are expected to have an optimum temperature

higher than cold adapted enzymes.

3.5. Kinetic parameters

The kinetic parameters provide information about the catalytic reaction mechanism of the
enzyme as well as the specificity of the enzyme. The maximum velocity (Vmax) was 958
nM/min (Fig. 5), whereas the Km was 245 nM. It has been shown that cathepsin D efficiency
of marine animals is greater than their terrestrial counterparts. Chicken cathepsin D presented
a Km of 22.7 uM, while its Vmax was 15.12 puM/min [66]. For human cathepsin D [37] a

Km of 1070 uM has been reported. That indicates that the affinity is higher for Japanese clam
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cathepsin D than for terrestrial organisms. This could be due to the need for more efficient

enzymes due to feeding habits of clams, since clams are filtering animals.

3.6. Thermodynamic parameters

The thermal transition (Tm) of Japanese clam cathepsin D determined by DSC was 72, 74.5
and 76 °C depending on the scanning speed as shown in Fig. 6A. This variation may be since
deployment process is an irreversible reaction of two states. At low temperatures, the
harmonic vibrations of the atoms predominate, while at higher temperatures the kinetic
energy that is introduced into the molecule modifies the dynamic properties of the atoms with
loss of hydrogen bonds and therefore, makes it impossible to maintain the secondary structure
in the molecule. The point where the entire secondary structure is lost is the equilibrium
temperature between the unfolded and folded states [29, 70, 71]. The differences in the
signals at the different heating rates may be due to the breakdown of a small number of
hydrogen bonds before it reaches denaturation, which decreases the amount of thermal
energy that must be absorbed to break the native configuration and pass at a denatured
configuration [72], the same can be seen in Fig. 8, where the decrease in a-helix and the
increase in the B-sheet is observed. Once the temperature limit has been exceeded, the
specific structure of the protein is loosened and the peptide chain is deployed or rearranged
to another in other more stable structures. To be reversible, a sufficient amount of specific
configuration must be retained to allow the return to the native configuration. However, this
is not observed in cathepsin D of the Japanese clam, the modifications are so extreme that it
Is impossible to recover its secondary structure. This denaturation is a two-state process, one

native and the other deployed, it can be seen in Fig. 6 that there is a dependence on the heating
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rate with respect to the transition curves, which implies that the process is under kinetic

control [72-74] .

However, in CD the temperatures for Tm were 73.5, 77.2 and 78.3 °C at the same heating
speeds. The difference in Tm with DSC may be due to the difference in technique principle
because the calorimeter measures the heat absorbed or released for the protein [29], while
CD only measures light deflection to the left or right. However, being in the process of
denaturation the chain of amino acids tends to seek a more stable conformation, which can
result in the formation of different structures that can be detected by CD as a change in
secondary structure making the temperature of denaturation rise. These structures are the
result of exposure of hydrophobic amino acids by the rupture of the aqueous envelope, and
therefore the breakdown of hydrogen bonds that keep the secondary structure of the molecule
[75-77]. The stability of the protein can be defined as the difference in free energies between
native states and denatured in a dynamic equilibrium between native and denatured
conformations [78]. In CD, the measurement is at 222 nm, in this region, the chromophore is
the peptide bond. Therefore this measures the changes that occur in the electronic densities
of that peptide bond at that wavelength [28, 33]. The thermodynamic parameters are shown
in Table 2. The denaturation temperatures are very similar to those reported for g globulin
(72.9 °C), B-lactalbumin (72.8 °C), lysosimide (70.5 °C) and lactoferrin (69.0 °C). However,
it is different from the temperatures reported for chymotrypsin (55.7 °C), xanthine oxidase

(61.4 °C) and seroalbumin (62.2 °C) [79].

It is known that the thermal denaturation of a protein presents a very large change in its
structure, especially in proteins that have few disulfide bonds, as in the case of human

cathepsin D, which only has 4 disulfide bonds, so it would be expected that the denaturation
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temperature to be lower [34, 80, 81]. However, cathepsin D from Japanese clam had an
unusually high Tm compared to proteins of terrestrial origin, which is related to the difference
in AG (160 KJ), mainly due to its amino acid composition and low amount of a-helix which
makes the protein more stable [14, 82]. This high denaturing temperature in the cathepsin D
of the Japanese clam may be related to the amino acids present in the primary structure of
the protein, there is a greater quantity of amino acids that can form disulfide bridges, which
confer a certain stability to the protein. It may also be due to the ability of the molecule to
form secondary structures that presumably are more stable, this can be seen in the variation
of the secondary structure and how it changes from a-helix to B-sheet or from B-turns to un-

ordered as the temperature increases.

The thermal denaturation of cathepsin D can occur because heating induces a denatured state
in which residual secondary structures are due to some peptides avoiding exposure to the
solvent [82]. This denaturation process is a spontaneous process in the direction of native
state to denatured state at low temperatures, related to the loss of activity at a very short time
(Fig. 4) and is also related to the loss of a-helix around 70°C (Fig. 8). This may be due to the
fact that the denaturation of Japanese clam cathepsin D is an irreversible process. In proteins
such as corn zeins the denaturation temperature is higher due to the high concentration of
disulfide bridges give stability to the protein [83], while subtilisin and enolase have a high
dependence on the rate of heating due to the formation of intermediates of secondary
structure[73, 84]. The same is observed in cathepsin D of the Japanese clam that at
temperatures of 80 °C retains a reduced number of a-helices. It has been found that the free
energy difference between folded and non-folded conformations is only ~ 45 KJ/mol; this

suggests a very small balance between the native state and the denatured state. The pH of the
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buffer in which the protein is found plays a very important role since it must exert a
stabilizing effect on the protein that would help maintain folding, storage, stabilization and

prevention of aggregation [85, 86].

3.7. Structural analysis by circular dichroism

3.7.1. Effect of pH

The effect of pH on the secondary structure of cathepsin D was evaluated by CD and results
are shown in Fig. 7. A loss of approximately 82% of a-helix structure at pH 7 and a loss of
78% at pH 2 was observed. The B-sheet also loses 50% structure, the B turns and the
disordered structure remained constant in a 16 to 20% content. It was observed a relationship
between the gain and loss of secondary structures because when there was a loss of a-helix
is observed a gain of B-sheets and vice versa. The same pattern was observed in cathepsin D
from jumbo squid, reaching up to 4% of a-helix [14].

The increase and loss of B-sheets and a-helix could be a process of unfolding and re-
prolonging with which they achieve greater flexibility in the polypeptide chain [87], which
may be due to the exposure of some non-polar groups that are embedded within the
polypeptide chain were exposed to the molecular surface with which has some interaction
with the polar solvent after the pH change, mainly hydrogen bridges, which contributes to
the molecule moving towards red in the electromagnetic spectrum (increase in wavelength),
which makes the non-polar groups move to a more hydrophilic location [88, 89]. This is
observed in other proteins such as jumbo squid (Dosidicus gigas)[14] or protein isolates WPI
(B-lactoglobulin  (B-Lg), a-lactaloumin (a-La), bovine serum albumin (BSA), and

immunoglobulins (1gG). [90, 91].
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The activity of the cathepsin D of the Japanese clam is associated with the alpha structure as
that, in order to have an optimal activity there must be an approximate 8% of a-helix. This
same observation was made by Cadena-Cadena et.al [14] for jumbo squid cathepsin D. Lee
et.al [34] found that the interconnection between active and inactive forms of cathepsin D is
reversible and can be regulated by pH. At a pH of 7.5 they reported the appearance of a new
[-sheet blocking the active site.

For Japanese clam, cathepsin D an increase was observed in the percentage of -sheet at a
pH of 5, ranging from 29% to 33%. That is related to the self-regulation of the enzyme by
joining the carboxylate side chains near the active site and thus regulating in that way the

pH-dependent enzyme activity.

3.7.2. Effect of Temperature

Temperature induces changes in the secondary structure of proteins in aqueous solution,
causing disorganization of their aqueous envelopes and breakdown of internal bonds (mainly
hydrogen bonds). This causes non-polar groups to be exposed causing aggregation and
denaturation of the protein [75, 92]. Figure 8 shows the secondary structure content of the
Japanese clam (Ruditapes phillipinarum) at different temperatures.

At temperatures of 10 to 30 ° C the percentage of a-helix and -sheet was 10% and 29%,
respectively, while from 40 ° C and up to 50 ° C the a-helix increased to 16 % of and the [3-
sheet decreased to 26%. At 60 ° C the percentage of a-helix was reduced 74% and the
percentage of B-sheets increased first to 34% and then to 82% at 70 ° C. These changes are
related to the loss of activity and the irreversible denaturation of the protein. It was also
observed that the losses of one type of secondary structure meant the gain of the other. For

instance, at temperatures of 50 and 60 °C the a-helix showed a decrease of almost 50% but,
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in contrast, the B-sheet and the disordered structure showed increases of 34 and 21,
respectively. Another important change was that B-turns showed a decrease of 50% at 30
°C.

These changes in a-helix to g-sheet and B-turns in the unordered structure were reported in
sol and gel proteins. It was found that the protein that had a greater deployment in its
secondary structure was an isolate of the actomyosin-paramyosin complex, this could be due
to the decomposition of hydrogen bonds and electrostatic interactions [93]. A greater
denaturation of the protein translates as a greater unfolding, which will allow for a greater
rearrangement of the protein with the exposure of the hydrophobic regions which seek to
stabilize and therefore seek the formation of new structures [93-95]. These movements are
also observed in polyproline Il in which, when the temperature rises, an increase in -sheet
and a decrease in other structures is observed, mainly due to the exit of water from the
aqueous envelope due to the kinetic energy that it is induced by increasing the temperature,
which suggests that dehydration of these regions of the protein favors the formation of B-
sheets [96], in case of the BSA, it was found that by incubating the protein at 37°C, its a-
helix content (65%) is reduced (30% to 300 min) while the B-sheet content (4%) increased
(17% at 300 min), this indicates that the most stable conformation is that of the 3-sheet [97].
Cadena-Cadena et al [14], observed that, when the temperature is increased, cathepsin D
enzyme of the jumbo squid (Dosidicus gigas) hepatopancreas does not completely lose its
secondary structure and retaining only 4%. However, in cathepsin D of the Japanese clam
only conserves about 2%, which indicates possibly a higher percentage of non-polar amino
acids that are agglomerating and in their a-helix form. It is known that the process of
formation of an a-helix is controlled by enthalpy [98, 99]. However, the loss of side-chain

entropy is a major determinant of the helix-forming, a process naturally occurring in amino
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acid residues [100]. The change from a-helix to B-sheet occurs primarily because p-sheet
structures (mainly antiparallel) have a greater number of conformational degrees of freedom,
which can assume a greater diversity of spatial configurations than those produced in a-helix.
This flexibility of configuration is due to hydrogen bonding between [-sheets. Therefore, its
spatial configuration reflects the effects that arise from hydrogen and electrostatic
interactions in the internal packing of B-sheets with other secondary structures of the protein

[101].

4. Conclusions

The present work provides new evidence on the biochemistry and protein structure of
cathepsin D of the Japanese clam (Ruditapes phillipinarum) hepatopancreas. The secondary
structure of cathepsin D from Japanese clam hepatopancreas is dependent on temperature
and even more on pH. The most affected secondary structure was a-helix, that at extremely
high temperature, retains up to 4 %, while at extreme pH conserves only 1.5%. Therefore,

pH is of the most importance for secondary structure in this enzyme.
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Figure captions

Fig. 1. Affinity chromatography in agarose pepstatin of Japanese clam (Ruditapes
philippinarum) hepatopancreas. The column was equilibrated with 50 mM sodium acetate
buffer in 20 mM NaCl pH 5.0 followed by elution with 50 mM Tris-HCI, pH 8.5. The
continuous line symbolizes absorbance at 280 nm, the dashed line symbolizes the activity
with the specific substrate ACRGFFP-AFC, the arrow indicates change of buffer.

Fig. 2. SDS-PAGE of purified cathepsin D from Japanese clam (Ruditapes philippinarum)
hepatopancreas. (A) wide range molecular weight markers, (B) crude extract, (C) 50 kDa
membrane, (D) purified cathepsin D in pepstatin agarose affinity chromatography fractions,
(E) zymogram of crude extract, (F) zymogram of 50 kDa membrane fractions, (G) zymogram
of purified cathepsin D in pepstatin agarose affinity chromatography fractions, and (H) IEF
of purified cathepsin D.

Fig. 3. Cathepsin D from Japanese clam (Ruditapes phillipinarum) hepatopancreas optimum
pH (A) and optimum temperature (B). The result is the average of three determinations.

Fig. 4. Stability of purified cathepsin D of the Japanese clam (Ruditapes phillipinarum)
hepatopancreas (A) temperature (B) pH in a time span of 120 min. The dotted line represents
the threshold of 50% of the activity. The result is the average of three determinations

Fig. 5. Japanese clam (Ruditapes philippinarum) hepatopancreas cathepsin D Michaelis-
Menten graph for hemoglobin substrate (using Prism ver 5.0 software). The error bar
represents three determinations. The values are the average of three determinations.

Fig. 6. Cathepsin D from Japanese clam (Ruditapes phillipinarum) hepatopancreas thermal
transition curves as a function of the heating rate at pH 3.5. The process was followed by
heat capacity and ellipticity. Heating rates: 0.5 °C/min (continuous line), 1.0 °C/min (dashed
line) and 2.0 °C/min (point line). Experiments were monitored in A) Circular dichroism
ellipticity at 220 nm, adjusted by Boltzmann equation with an r? above 0.95. B) Differential
scanning calorimetry.

Fig. 7. Estimation of changes of secondary structure by circular dichroism at different pH of
cathepsin D from Japanese clam (Ruditapes phillipinarum).

Fig. 8. Estimation of changes of secondary structure at different temperature of Japanese
clam (Ruditapes phillipinarum) hepatopancreas cathepsin D.
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Fig. 7
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Table 1. Purification table of cathepsin D from Japanese clam (Ruditapes philippinarum)

hepatopancreas.
Specific
a;?\t,?tl P-rrgttSiln activity Purification  Yield
(U)y (mg)  (Y/mg (X) (%)
protein)
Crude extract 33,440 225 148 1 100
UF Membrane
(50 kDa) 21,105 141 148 1 62
Afflr_nty 6.622 19 5,553 - ”
fractions

*The data is average of three determinations
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Table 2. Thermodynamic parameters of cathepsin D from Japanese clam (Ruditapes

phillipinarum) hepatopancreas.

Heatspeed TmCD  Tm DSC AG AH AS
(°C/min) (°C) (°C) (KJmol)  (KJmol K)  (KJ)
0.5 73.5 72.0 -128.9 -422.5 -0.8
1 76.2 74.5 -85.7 -374.0 -0.8
2 78.3 76.0 -64.4 -239.0 -0.5

Tm= thermal transition, CD=circular dichroism, DSC=Differential scanning calorimetry
*Thermodynamic parameters cathepsin D was estimating using program CpCalc ver.2.1
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CAPITULO 3

Cambios en actividad, estructura secundaria y proceso de desnaturalizacién de
catepsina D del hepatopancreas de la almeja reina Dosinia ponderosa a diferentes
condiciones de temperatura 'y pH.
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Introduccion

Los factores que afectan las estructuras secundarias y terciarias de las proteinas, son poco
conocidos (White, 2013; White et al., 1998). La catepsina D es una enzima lisosdmica que
se encuentra en todos los organismos actuando en el recambio proteico y recientemente se
ha descubierto su participacién en la degradacion de proteinas del alimento (Jamdar et al.,
2016; Martinez-Alarcon et al., 2018; Rojo et al., 2013; Rojo et al., 2010), en humanos, esta
enzima esté bien caracterizada debido a su presencia en varios tipos de carcinomas (Fusek et
al., 2005), es un blanco en el tratamiento de mal de Parkinson (Pal et al., 2019) y actta en la
regulacion de la activacion de la las células inflamatorias durante la pancreatitis (Aghdassi
et al., 2018), en organismos marinos se sabe que la catepsina D tiene una intensa actividad
durante el desove (Balti et al., 2010; Sales et al., 2019).

Se han realizado varios esfuerzos analiticos para dilucidar la relacion que existe entre la

estructura de la proteina y la actividad. Los estudios de caracterizacion fisicoquimica y

58



estructural de proteinas sugieren que estas proteinas tienen mas bajo contenido de hélice o
que las proteinas de origen terrestre (Balti et al., 2010; Cadena-Cadena et al., 2019) por lo
que su funcionalidad esta estrechamente relacionada con su estructura (Carter et al., 1997;
Nelson et al., 2017).

El proceso de modificacion estructural es complejo y no se ha aclarado por completo, porque
depende de una gran cantidad de parametros fisicos y quimicos, en especial de la temperatura
y del pH (Militello et al., 2004; Vaiana et al., 2001). En general, la actividad de proteinas
parece estar asociada principalmente con cambios conformacionales y estructurales de la
molécula en los cuales la actividad es modulada por los movimientos que sufren las distintas
estructuras secundarias de la proteina (Lee et al., 1998), estas modificaciones pueden ser tan
grandes que exponen algunos de los residuos no polares, los cuales al interaccionar con el
solvente provocan la agregacion de la proteina o son tan pequefias que s6lo hay formacién o
deformacion de enlaces de hidrégeno (Nawrocka et al., 2016). La necesidad de un estudio
mas detallado de catepsina D en almejas resulta mas que evidente debido a sus implicaciones
en la degradacion de proteinas y a su participacion en el sistema inmune (Asbjorn Gildberg,
1987). En estudios en calamar gigante se ha encontrado en el hepatopancreas dos picos de
actividad autolitica, resultando en catepsina L para el pico de pH 5 y catepsina D para el pico
de pH 3 (Cardenas-Lopez et al., 2005). En general, cambios en estructura secundaria son
pardmetros externos que pueden afectar la actividad de la enzima (Lee et al., 1998). A fin de
comprender los cambios en la estructura secundaria de catepsina D en la hepatopancreas de
la almeja reina calamar gigante se determio el efecto de la temperatura, pH vy
desnaturalizacion térmica, asi como la relacion entre la actividad y los cambios que tiene su

estructura secundaria.
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Materiales y métodos

Las almejas fueron recolectadas en Bahia de Kino, Sonora, México (localizacion geogréfica
28° 50" 0" Norte, 111° 56" 0" Oeste) y transportado al laboratorio. El hepatopancreas fue
removido e inmediatamente se prepard el extracto crudo, durante 12 h a 4 ° C bajo agitacion
con buffer de acetato de sodio 50 mM, pH 5.0, en una relacion 1: 2 (p/v) siguiendo los
procedimientos de Venugopal et al (2014). EI homogeneizado se centrifugd a 10,000 x g
durante 1 h, y el sobrenadante se filtré a través de una membrana Amicon PM-50 (Millipore

Corporation, Bedford, MA), y se guardd a 4 °C para su posterior analisis

Extraccion y purificacion de la catepsina D

Las almejas fueron recolectadas en la Bahia de Kino, Sonora, México (coordenadas
geogréficas 28 ° 50 '0 "Norte, 111 ° 56' 0" Oeste) y transportadas al Laboratorio. EIl extracto
crudo se prepar6 mezclando 1:1 v/v del hepatopancreas recién extraido de las almejas con
buffer de muestra (acetato de sodio 100 mM pH 5,5) (Celis-Guerrero et al., 2004). Se utilizé
una membrana de ultrafiltracion (UF. MWCO de 50 kDa (Amicon, Millipore, EE. UU.))
para desalar la preparacion de proteinas. La purificacion de la enzima consistié en la
inyeccion de 10 ml del filtrado en la columna de cromatografia de afinidad utilizando un
soporte de agarosa pepstatina (inhibidor de las proteasas asparticas) (Knight et al., 1976). La
etapa de lavado se realizo con buffer muestra. Para la elucion, se uso buffer Tris 20 mM, pH
8,5. La electroforesis SDS-PAGE se realiz6 de acuerdo a Laemmli (1970), El zimograma en

condiciones acidas se llevo a cabo utilizando la metodologia propuesta por Diaz-lopez et.al.

60



(1998) y el punto isoeléctrico se efectud en tiras de 7 cm en pH 3-10 con una medida de 7
cm. Los geles se tifieron con azul de Coomassie al 0,025% para la visualizacion de la banda
(Laemmli, 1970). Durante la cromatografia, el monitoreo se realiz6 midiendo la absorbancia
a 280 nm. La concentracion de proteina se determind mediante el ensayo de Bradford
utilizando albimina de suero bovino como estandar para las fracciones(Bradford, 1976),
ademaés se utilizé la actividad maxima de la enzima en sustratos generales y especificos

(Yasuda et al., 1999).

Actividad de catepsina D

Ensayo general

La actividad de proteasas asparticas se obtuvo mediante el método Anson (1937) modificado
por Celis-Guerrero (2004). Se utiliz6 como substrato hemoglobina de suero bovino 0.5%
(p/v) disuelta en buffer de glicina-HCI 100 mM, pH 3.5. Para dar inicio a la reaccion se
afiadio 500 pL de buffer glicina a 500 YL de solucion de sustrato y 100 pL del extracto
enzimatico. La reaccion es detenida después de 10 min a 45 °C con 500 pL de &cido
tricloroacetico al 10% (TCA) frio, la centrifugacién se realizé por 5 min a 9000 x g. La

absorbancia del sobrenadante se mide a 280 nm.

Ensayo especifico

El ensayo enzimatico con el sustrato especifico para catepsina D consta del péptido N-Acetil-
Arg-Gly-Phe-Phe-Pro-7-amido-4-trifluorometilcoumarina (AcRGFFP-AFC) y se realiz
siguiendo una modificacion de la metodologia reportada Yasuda (1999). La metodologia
consiste en mezclar 80 uL de buffer glicina 100 mM con 10 pL. de AcRGFFP-AFC 200 uM

a pH 3.5. El sustrato en el buffer se pre-incub6 por 2 min a 45 °C. La reaccion inici6 al afiadir
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los 10 puL de enzima. Después de 10 min se anadieron 320 uL de glicina 100 mM pH 9.5y
10 pL de enzima dipeptidilpeptidasa IV a una concentracion de 0.6 U/mL. La catepsina D
rompe el sustrato sobre los aminoacidos F-F quedando dos fragmentos uno N-Acetil-Arg-
Gly-Phe (AcRGF) y el otro Phe-Pro-7-amido-4-trifluorometilcoumarina (FP-AFC), se usa la
enzima dieptidil peptidasa IV para romper el enlace de los aminoécidos unidos al AFC. El
AFC liberado se midi6 en un fluorémetro a 400 nm de excitacion 400 nm y 505 nm de
emision 505nm. EI blanco o control consistié en agregar TCA antes de ser agregado el

sustrato (Yasuda et al., 1999).

Espectroscopia de dicroismo circular (CD)

Los espectros de dicroismo circular se realizaron en un espectropolarimetro Jasco J-815
equipado con un controlador de temperatura Peltier, utilizando una celda de cuarzo de 1 cm
de longitud de trayectoria en el UV lejano. Las muestras contenian una concentracion final
de 0.02 mg/mL de catepsina D purificada. Se recogieron tres muestras de analisis y se
promediaron para obtener los espectros finales en todos los casos.

Los resultados se obtienen en mdeg (milisegundos o milésimas de un grado) y se
transformaron en elipticidad media por residuo, utilizando 110 g/mol de peso molecular
promedio por residuo. La estimacién de la estructura secundaria a partir de los espectros de
CD de UV lejano se calculd utilizando el software K2D y CONTIN Dichroweb (Van

Stokkum et al., 1990).
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Temperaturay pH éptimos

El efecto de la temperatura sobre la actividad proteolitica de la catepsina D se evalud en un
rango de temperatura de 10 a 80 °C. La enzima en buffer glicina 100 mM, pH 3.5, se incub0
a las diferentes temperaturas por 10 min, posteriormente se midi6 la actividad como se
menciono anteriormente. En el caso del pH 6ptimo el efecto sobre la actividad proteolitica
de la catepsina D se evalu6 a diferentes valores de pH: 2 - 3.5 (buffer de glicina 100 mM), 4
- 8 (buffer de acetato de sodio 100 mM). La actividad se midié incubando la enzima junto al
sustrato a 37 °C, posteriormente se realizd el ensayo enzimatico como se menciono

anteriormente (Balti et al., 2010; Venugopal et al., 2014).

Estabilidad a la temperatura y pH

Este experimento, fue disefiado para medir el efecto de la temperatura de almacenamiento
sobre la actividad de catepsina D a pH constante, se llevo a cabo mediante el almacenamiento
de la enzima a diferentes temperaturas (5, 10, 20, 30, 40, 50, 60, 70 y 80°C), manejando el
mismo sistema de buffer que para la determinacion de la temperatura 6ptima (Chen et al.,
1986; Valdez-Melchor et al., 2013). De la misma forma, la determinacion del pH de
estabilidad consistio en el almacenamiento de la enzima a diferentes pH (2,3,4,5,6,7 y 8) en
120 min de incubacion obteniendo alicuotas cada 30 min, y llevando a cabo el ensayo antes
descrito (Chen et al., 1986; Valdez-Melchor et al., 2013).

2.8. Calorimetria diferencial de barrido

Los experimentos de calorimetria diferencial de barrido (DSC) se realizaron en un
instrumento Nano-DSC Il, Modelo 6100 (Calorimetry Sciences Corp.) a velocidades de

exploracién de 0.05, 1.0 y 2.0 °C/min. Las mediciones se realizaron en un rango de
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temperatura de 15 a 100 °C con un exceso de presion de 3 bares con una celda de referencia
Ilena con buffer de acetato de sodio 10 mM pH 5. El volumen de la celda de muestra fue de
0.5 mL que contenia 1 mg /mL de proteina. La solucién de muestra y la solucién de referencia
se dializaron con tubos de didlisis de corte de peso molecular de 10 kDa antes del experimento
DSC. Los parametros termodinamicos (AG, AH y AS) y la temperatura de transicion Tm se

calcularon con los datos obtenidos en el software de calorimetro CpCalc.

Efecto de la temperatura and pH en la estructura secundaria

El efecto del pH y la temperatura sobre el contenido de la estructura secundaria se obtuvo
colocando la enzima en diferentes buffers a diferentes valores de temperatura y pH, que van
de 10 a 80 °C y de 2 a 8 respectivamente. Todos los buffers evitaron el uso de elementos de
cloro y fueron elegidos de acuerdo con su pKa apropiado. En cada caso, la linea de base se

corrigié con el buffer.

2.5. Desnaturalizacion térmica

La desnaturalizacion térmica fue seguida por dicroismo circular, usando una concentracion
de enzima de 0.128 mg / ml en tamp6n de acetato de sodio 50 mM, pH 3,5. Los espectros se
obtuvieron utilizando celdas de cuarzo con 1 cm de trayectoria Gptica. La temperatura se
controlé con un Peltier. La desnaturalizacion térmica fue seguida por el cambio en la
elipticidad a 220 nm. El cambio de temperatura en la muestra fue de 10-80 ° C y se realiz6 a
diferentes velocidades de calentamiento (0.5 °C/min, 2 ° C/miny 4 °C/min con una precision
de £ 0.02 °C/min). La reversibilidad de la transicién se realizé midiendo el cambio en la
elipticidad a 220 nm. Los aumentos de temperatura fueron de 1 °C/min, de 5 °C a 80 °C,

después de lo cual, la solucién se enfrid rapidamente a una velocidad de 15 °C/min hasta
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alcanzar la temperatura ambiente (25 °C), la diferencia entre dos elipticidades se expresaron

como la fraccion de proteina desnaturalizada irreversiblemente.

Resultados y discusion

Catepsina D extraccion y purificacion

El perfil cromatografico se muestra en la Fig. 1. Se observa un solo pico de actividad el cual
aparece después de hacer el cambio de buffer de acetato de sodio pH 5.5 a tris base pH 8.8.
La mayor parte de la proteina contaminante fue removida en el primer pico de elucion. Un
resumen de las etapas de purificacion se muestra en la Tabla 1. Aproximadamente 4659.57
U/mg de proteina fueron obtenidas lo cual representa una purificacion de 22 veces y un
rendimiento de 36% de la actividad original. En el primer pico se detect6 una cantidad muy
pequefia de actividad por lo cual la podemos ignorar por su magnitud. Siendo en el segundo
pico donde se detectd el méximo de absorcion relacionado con la actividad de la enzima. En
cuanto al extracto crudo obtenido del hepatopancreas de la almeja reina la actividad
especifica (130.86 U/mg de proteina) es mayor a la reportada para el calamar gigante (103
U/mg de proteina) (Cadena-Cadena et al., 2019), calamar japonés (Todarodes pacificus)
(62.89 U/mg de proteina) (Komai et al., 2004) y para calamar europeo (Todarodes
sagittatus) (7 U/mg de proteina (Asbjorn Gildberg, 1987). Estas diferencias en el contenido
de proteinas del extracto crudo pueden deberse al metodo de extraccion, al manejo y época
de captura o al habitat de las especies, ya que los calamares tienden a habitar a profundidades
muy grandes, por lo cual las enzimas tienen que tener caracteristicas especiales (Ezquerra-
Brauer et al., 2002; Rongel et al., 2011), mientras que las almejas viven en ambientes muy

diversos, lo que influye en la expresion de las enzimas presentes.
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En el analisis electroforético se detectd una sola banda en las fracciones de cromatografia
(Fig. 2 D),), una sola banda mediante zimograma (Fig. 2 G) y una sola banda mediante IEF
(Fig. 2 H). El peso molecular estimado es de 36 kDa, mientras que su punto isoeléctrico se
mostro en 7.1. Estos datos estan asociados a catepsina D de calamar japonés (Todarodes
pacificus) (36. 5 kDa) (Komai et al., 2004), Calamar gigante (Dosidicus gigas) (38.5)
(Cadena-Cadena et al., 2019) arenque (Clupea harengus) (38 kDa), mejillon (Lamelidus
corianus) (43 kDa) (Venugopal et al., 2014), incluso hay reportes de esta enzima con pesos
moleculares menores como en el calamar europeo (Todarodes sagittatus) (10 y 28 kDa)
(Asbjorn Gildberg, 1987; Asbjagrn Gildberg, 1988), esto nos habla de la heterogeneidad de la
enzimay coOmo aun tratdndose de la misma enzima esta puede tener distintas propiedades de
acuerdo a los requerimientos de la especie (Haard et al., 2000), el punto isoeléctrico es
variable y se han detectado para humano en 5.2 (Maguchi et al., 1988), para cerdo en 5.7
(Bird et al., 1978), para calamar europeo en 8.5 (Asbhjorn Gildberg, 1987) y para arenque en
8.29 (Nielsen et al., 2001). El zimograma del extracto crudo revela la presencia de al menos
cuatro bandas activas (Fig 2, carril E y F). Sin embargo, después de la purificacion con

columna de afinidad una sola banda es detectada (Fig 2 carril G).
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Fig. 1. Cromatografia de afinidad en pepstatina agarosa de la almeja del extracto de
hepatopancreas de almeja reina, la columna se equilibro con buffer de acetato de sodio 100
mM en NaCl 20 mM a pH 5,5, seguido de Tris-HCI 50 mM pH 8,8. La linea continua
simboliza la absorbancia a 280 nm, la linea punteada simboliza la actividad con el sustrato

ACRGFFP-AFC. La flecha inca el cambio de buffer.
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Tabla 1. Tabla de purificacion de la catepsina D de la almeja reina (Dosinia ponderosa)

Actividad  Proteina  Actividad Rendimiento Purificacion
Total neta (mg) especifica (%) X)
(U/mg
proteina)
ECH
Almeja 28660 219 130.86 100 1
Reina
Filtrado 50 51 94g 20 1062.41 62 8
kDa
Afinidad 6132 1.316 4659.57 22 36
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Fig 2. SDS-PAGE de catepsina D purificada de hepatopancreas de almeja japonesa
(Ruditapes philippinarum). (A) marcadores de peso molecular de amplio rango, (B) extracto
crudo, (C) membrana de 50 kDa, (D) catepsina D purificada en fracciones de cromatografia
de afinidad con agarosa de pepstatina, (E) zimograma de extracto crudo, (F) zimograma de
50 kDa fracciones de membrana, (G) zimograma de catepsina D purificada en fracciones de
cromatografia de afinidad con agarosa de pepstatina, y (H) IEF de catepsina D purificada

69



Andlisis bioquimico de la catepsina D

Temperatura optimay pH 6ptimo

La enzima purificada es activa entre pH 2.5 y 4.5 presentando un pH 6ptimo de 3 a 3.5 para
laalmejareina (Fig 3). Sin embargo, la actividad de la enzima catepsina D decrece un 58%por
encima de pH optimo y un 40% debajo de su pH optimo, a pH de 5 ya se ha perdido
practicamente toda la actividad, esto nos demuestra la gran dependencia que tiene la enzima
de la almeja al pH, este pH es muy similar al reportado para otras especies de moluscos como
los calamares (Balti et al., 2010; Cadena-Cadena et al., 2019; Ashjorn Gildberg, 1987; Komai
et al., 2004) que presentaron un pH de 3.5, para el mejillon (Lamellidens corrianus) y para
el bacalao del Atlantico (Wang et al., 2007) el pH 6ptimo es de 3.0. La temperatura 6ptima
de la catepsina D fue de 45 y 50°C. Sin embargo, se mantuvo activa desde los 30°C hasta los
60°C aumentando mas de 70% su actividad al llegar a su 6ptimo. A temperaturas superiores
a la 6ptima, la actividad disminuyo rapidamente (Fig 3 B) entre un 45y un 54% de pérdida
de actividad, en las temperaturas inferiores podemos observar la gran dependencia que tiene
a la temperatura, ya que a abajo de los 30°C casi ho muestra actividad. Otros moluscos, como
los calamares presentan temperaturas optimas entre 40 y 45 °C (Balti et al., 2010; Cadena-
Cadena et al., 2019; Asbjorn Gildberg, 1987; Komai et al., 2004), para almeja del atlantico
fue de 45°C (Chen et al., 1986), para el mejillon fue de 60°C (Venugopal et al., 2014) y para
el calamar neén fue de 60°C(Zhang et al., 2019). Estas diferencias se pueden asociar a
cambios en su estructura secundaria y al pKa de los grupos carboxilos de los extremos finales.
Las conformaciones de proteinas cambian entre distintos estados termodindmicos a medida
que las condiciones de temperatura o pH son alteradas por lo que los cambios en las

estabilidades relativas de los diversos grupos de aminoacidos juegan un papel fundamental
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Fig 3. Efecto del pH y la temperatura en la actividad de catepsina D purificada de la almeja
reina (A) pH y (B) temperatura. Los resultados son la media de experimentos realizados por

triplicado.
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en el sitio activo de la enzima asi como en la nube electronica formada alrededor del sitio
activo, también el pH influye en el plegamiento y despegamiento de ciertas regiones de la
proteina (S.-T. Jiang et al., 1993; Lee et al., 1998; O’Brien et al., 2011). El hecho de que la
temperatura Optima de organismos marinos sea menor que la temperatura dptima de sus
homologas terrestres esta relacionado con la evolucion de las enzimas a nivel estructural que
le confiere un alto nivel de flexibilidad en su arreglo en comparacién con las enzimas de los

organismos terrestres (Benes et al., 2008; Lee et al., 1998).

Estabilidad a la temperaturay al pH

La estabilidad de la enzima al pH se muestra en la Fig 4 A. La mayor estabilidad de la enzima
se detectd a pH 3,4,5 ya que conserva mas del 80% de la actividad residual en un tiempo de
120 min. Sin embargo, aun en un pH de 6 y un tiempo de 120 min conserva mas del 50% de
la actividad residual, esta enzima es menos estable que la enzima de calamar sepia (Sepia
officinalis), ya que presenta una retencion del 100% de su actividad original a pH 3.0 después
de 60 minutos de incubacion (Balti et al., 2010), otras catepsinas de organismos terrestres
como la catepsina D del Gtero bovino tiene una estabilidad entre 5y 7. Sin embargo, pierde
toda su actividad a 60°C y un pH de 6.3 (Woessner et al., 1971). Por otra parte, la estabilidad
térmica de la enzima fue de los 10 a los 40°C ya que conserva mas del 50% de actividad en
un tiempo de 120 minutos. Las proteinas poseen una gran cantidad de grupos ionizables que
exhiben una variedad de valores de pKa por lo tanto los iones H+ y OH- afectan no solo la
envoltura acuosa de las proteinas sino que también afectan directamente la carga eléctrica de
los grupos acidos y basicos de las cadenas laterales de los aminoacidos, por consiguiente

cuando el pH aumenta o disminuye del 6ptimo de la enzima, se induce una ionizacion
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reversible de los grupos amino y carboxilos presentes en los aspartatos y la enzima pierde su
actividad. Las alteraciones de este tipo modifican la carga superficial de las proteinas y por
consecuencia eliminan las interacciones electrostaticas que estabilizan la estructura terciaria
por lo que se exponen grupos hidrofobicos que interaccionan entre si y a menudo provoca su
precipitacion en este punto la enzima ya est4 desnaturalizada y aun cuando se regrese al pH
Optimo de la misma esta no recuperara la actividad (David et al., 2015; Piper et al., 1965;
Voet et al., 2004).”

A mayor temperatura y mayor tiempo es mayor la pérdida de actividad de la enzima ya que
las proteinas se destruyen con facilidad por las temperaturas elevadas. Aunque las
estabilidades térmicas de las proteinas varian ampliamente, muchas de ellas se desnaturalizan
lentamente por encima de 25 °C (Voet et al., 2004). Cuando la temperatura se eleva arriba de
cierto punto la energia cinética de las moléculas se ve aumentada y por consecuencia se
desorganiza la envoltura acuosa de la proteina. Del mismo modo, cuando aumenta la
temperatura se destruyen las interacciones débiles como los puentes de hidrogeno que se
encuentran en el exterior se desorganiza la estructura de terciaria de la proteina, de forma que
el interior hidrofébico se ve expuesto al medio acuoso por lo que se produce la agregacion
de la proteina que en estos momentos se encuentra desnaturalizada (Espinosa Silva, 2016;
Lépez-Flores et al., 2016). La pérdida de actividad también se puede atribuir sobre todo entre
los 50°C y 60°C a la pérdida de afinidad de la enzima con el sustrato (Capasso et al., 1999;
Draper et al., 1989; Narinx et al., 1997). Otras enzimas purificadas como la catepsina D
purificada de puerco y rata tienen una estabilidad térmica muy similar. Sin embargo, tiene

una termoestabilidad mucho mayor a la reportada para tilapia (S. T. Jiang et al., 1992).
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Anélisis estructural de la catepsina D

Efectos de la temperatura

La forma en que las enzimas responden a la temperatura es fundamental en muchas areas de
la biologia. En décadas pasadas el efecto de la temperatura sobre la actividad se entendia en
términos de aumento o disminucién de actividad enzimatica (Copeland, 2000; Daniel et al.,
2009). Sin embargo, ahora esta claro que estos efectos son insuficientes para explicar el
efecto de la temperatura. Una vez que se ha separado una proteina de su entorno natural, se
encuentra expuesta a muchos agentes que pueden dafiarla irreversiblemente y uno de ellos es
la temperatura que al incrementarse puede aumentar la energia cinética de toda la proteina.
Con lo cual se van a debilitar interacciones idnicas principalmente interacciones no
covalentes como los puentes de hidrogeno en el interior de proteina, con lo cual se empieza
a exponer el interior hidréfobo de la proteina y por consecuencia se desnaturaliza la proteina

(Raison, 1972; Voet et al., 2004).

La Fig. 5 muestra el espectro del dicroismo circular a diferentes temperaturas y diferentes
pH. Se puede observar una banda una banda intensa negativa de 222 + 4 nm a 228 nm

con un minimo de 222 nm. Estos picos son caracteristicos de las estructuras secundarias de
la hoja B, lo que sugiere que esta es la estructura predominante en la enzima. A medida que
aumenta la temperatura el espectro de dicroismo circular se reduce, esta reduccion del
espectro es consistente con un cambio en las estructuras secundarias debido a la pérdida de
quiralidad, a medida que la elipticidad media del residuo se acerca a cero (Holzwarth et al.,
1965). Se puede observar una relacion entre hélices o y hojas B a temperaturas de 70°C en
adelante, las hojas B permanecen sin cambios hasta 70°C mientras que las hélices a

permanecen constantes hasta 70°C, las vueltas f y la estructura desordenada estan
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relacionadas, ésta presenta una pérdida del 54% y después una ganancia del 60% de
estructura secundaria, estos reacomodos estructurales son esenciales para la actividad de la
enzima y esté relacionado un incremento de actividad lo que nos muestra una dependencia a
la temperatura de 40 a 60°C (Fig. 3). Los cambios de estructura secundaria a partir de 70°C
estan relacionados con relacionados con la pérdida de actividad y la desnaturalizacion
irreversible de la proteina (Fig. 7), también podemos observar que las pérdidas de un tipo de
estructura secundaria significan la ganancia de otro tipo. Las principales estructuras
tridimensionales son las hélices a y las hojas 3 (Senthil et al., 2019). Las transiciones entre
hélices o y hojas B se observa universalmente para una amplia gama estructuras proteicas

tanto para pH como para temperatura (Ding et al., 2003; Koga et al., 2003).

La estabilidad de la estructura secundaria (principalmente de las a hélices) depende de
muchos factores, sin embargo, los factores determinantes son el acomodo de los aminoéacidos,
y el tipo de aminoacidos que se encuentran formando parte de la hélice a, ya que aminodcidos
como GLY, LYS, ARG o los acidos ASPy GLU se les considera como terminadores de a
hélices debido a que causan impedimento estérico con el resto de las cadenas laterales de
aminoacidos, en el caso de GLY es un aminoacido que tiene mucha flexibilidad por lo que
puede desestabilizar la o hélice y en el caso de PRO es demasiado rigido con lo cual no
puede formar puente de hidrogeno debido a su anillo y se le considera como un terminador
de a hélices. Una o hélice siempre va a ser mas estable en el centro que en las orillas por lo
cual es de suma importancia que aminoacidos capaces de formar puentes de hidrogeno se
encuentren al final de la o hélice para darle una mayor estabilidad (Nelson et al., 2017). A
pesar del incremento de temperatura, la estructura secundaria no se perdié por completo, si

disminuy6 el contenido de a hélice, pero se conserva un 3% de esta estructura secundaria
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mientras que las hojas B, las vueltas 3 y la estructura desordenada aumentaron, esto puede
ser debido a la formacion de otras estructuras secundarias o agregados proteicos. Este hecho
fue ilustrado en zeinas de maiz (Cabra et al., 2006), en prolaminas de sorgo (Gao et al., 2005)
y en catepsina D de calamar gigante (Cadena-Cadena et al., 2019) donde a temperaturas
elevadas se forman agregados de estructuras 3 intermoleculares, siempre tendiendo a la
conservacion de un pequefio porcentaje de a hélice. En proteinas de gluten se ha encontrado
que el calentamiento afecta principalmente a las hojas B, sin embargo estos cambios no son
permanentes ni en prolaminas ni en proteinas de gluten (Singh et al., 2016).

Efecto del pH

Las proteinas son extremadamente sensibles al pH en un rango muy estrecho y afecta
drasticamente su estabilidad. EI cambio de pH produce cambios en las interacciones
electrostaticas entre las cargas de los radicales de los aminoacidos y puede romper puentes

de hidrégeno o facilitar la formacion de otros puentes (Voet et al., 2004).

La Fig. 5 muestra el espectro del dicroismo circular a diferentes temperaturas y pH. Se puede
observar una banda una banda intensa negativa que abarca todo el espectro (200 a 240 nm)
con un minimo de en 225 nm que corresponden a las caracteristicas principales de las hojas
B, se puede observar la pérdida de estructura secundaria a medida que aumenta el pH 3 a 9.
Sin embargo, la mayor pérdida de estructura secundaria se observa a un pH de 2 y 9 mientras
que a pH de 3y 4 el espectro es practicamente el mismo. En la Fig 6 se observa los cambios
en la estructura secundaria y se observa que las o hélices permanecen constantes hasta un pH
de 6 que es cuando presentan una reduccion y un aumento de las hojas B, a un pH mayor a 4

la actividad comienza a disminuir (Fig 3), esta reduccion puede estar relacionada con el
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aumento de vuelta B y la disminucion de la estructura desordenada, estos cambios en el pH
se han observado en catepsina D humana, al incrementar el pH aparece una nueva hoja B que
bloquea el sitio activo de la enzima (Lee et al., 1998). El efecto que tiene el valor del pH
sobre la estructura secundaria de las proteinas esta relacionado con los grupos ionizables. El
cambio en el valor de pH induce un cambio en la carga general de la proteina debido a que
los grupos o sitios en los cuales se puede titular una proteina estadn ionizados, lo que
finalmente afecta las interacciones electrostaticas que son indispensables para la estabilidad
de la proteina, con estas modificaciones en la carga debido al pH esta no se distribuyen
uniformente alrededor de la proteina (Hameed et al., 2007; Linderstrom-Lang et al., 1924).
Sin embargo, la carga de las cadenas laterales no se modifica hasta que se rompe la envoltura
acuosa de la proteina y como tal afectara la conformacién de la proteina modificando sus
parametros de AG, AH y AS, en proteinas como lizosima mutante se ha encontrado que la
sustitucién de cargas debida al pH modifica la interaccion electrostatica, para los residuos
cargados que estan muy separados en la superficie de la proteina, la interaccion electrostatica
entre ellos se atenda por la distancia, debido a la alta constante dieléctrica del solvente y por

el efecto de deteccion de los contraiones (Nick Pace et al., 2000).

Conclusion

En conclusion, la estructura secundaria de la catepsina D de la almeja reina (Dosinia
ponderosa) es mas afectada por las cambios de pH que por cambios de temperatura. La
desnaturalizacion térmica de la catepsina D a pH 3.5 es inusualmente alta bajo un modelo
irreversible. La estructura secundaria mas afectada fue la o hélice, que a temperaturas
extremadamente altas retiene hasta un 4%, mientras que a pH extremo conserva solo un 2%.

Por lo tanto, el pH es de la mayor importancia para la estructura secundaria en esta enzima.
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Estos hallazgos son importantes para establecer las bases para futuros estudios dirigidos a los
posibles usos de la catepsina D del de la almeja reina (Dosinia ponderosa) y también para

comprender su papel en la hidrolisis de proteinas del alimento.
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CONCLUSIONES

Se logro establecer la presencia de catepsina D en el hepatopancreas de la
almeja japonesa, almeja reina y calamar gigante.

La estabilidad al pH y a la temperatura estan aumentados posiblemente
por la poca presencia de a hélices.

Su temperatura de transicion (Tm) es inusualmente alta comparada con la
gue se reporta para organismos marinos, en el caso del calamar gigante su
temperatura de desnaturalizacion es muy similar a la reportada para otros
calamares.

Su estabilidad térmica y estabilidad al pH coincide con los cambios en su
estructura secundaria.

Se sugiere que la catepsina D es la Unica enzima que actda a un pH muy
acido en la almeja japonesa, almeja reina y calamar gigante.
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RECOMENDACIONES

Modelar la estructura proteica de las catepsinas D de calamar gigante,
almeja reina y almeja japonesa.

Identificar la secuencia N-terminal de aminoacidos de la catepsina D de
calamar gigante, almeja reina y almeja japonesa.

Conocer los parametros termodinamicos de la union entre el inhibidor y la
catepsina D de calamar gigante, almeja reina y almeja japonesa mediante
la calorimetria de titulacion isotérmica (ITC).

Conocer la especificidad de la catepsina D hacia diferentes sustratos.
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