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ABSTRACT

ALVES, Maura Pinheiro, D.Sc., Universidade Federal de Vicosa, February, 2017.
Purification, characterization and evaluation of the differential expression of
proteases produced by Pseudomonas fluorescens. Adviser. Antdnio Fernandes
de Carvalho. Co-advisers: Italo Tuler Perrone, Monique Renon Eller and Rosangela
de Freitas.

The milk contaminating psychrotrophic bacteria produce thermo resistant proteases
that hydrolyze milk caseins, resulting in loss of milk quality and yield of dairy
products. Studies involving the characterization of these enzymes and the knowledge
about the conditions that influence their production and activity are essential for
preventing these problems. This work aimed to understand the activity and
production of the extracellular protease produced by Pseudomonas fluorescens 07A
strain. This enzyme showed to be a metalloprotease inhibited by Cu?*, Ni%*, Zn?*,
Hg?*, Fe?* and Mg?*, but induced by Mn?* and has a molar mass of 49,486 kDa.
Partial sequencing of the proteic structure of this enzyme by mass spectrometry
allowed the identification of the gene that encodes this protein in the genome of P.
fluorescens 07A. The enzyme has 477 amino acids and highly conserved Ca?* and
Zn?*-binding domains, indicating that Ca?*, the main ion in milk, is also a cofactor of
this enzyme. The enzyme activity is maximum at 37 € and pH 7.5, b ut it maintains
more than 40% activity when subjected to 100 C for 5 min in ideal medi um and only
14 to 30% in milder heat treatments, which may cause significant problems in the
conditions normally used for the processing and storage of milk and dairy products.
Low relative expression of protease was observed after 12 h of incubation at 25 C,
when the bacteria is in logarithmic growth phase, compared to its expression in
refrigeration temperatures of 4 and 10 C, when the bacteria is still in lag p hase.
Protease production significantly increased (P <0.05) after 24 h at 25 € and
remained constant up to 48 h, when the bacteria remained at stationary phase,
indicating that this enzyme could be produced as an adaptive strategy of the

bacteria. The casein fractions of reconstituted skim milk were completely degraded

Xii



as by P. fluorescens 07A, the purified protease or the bacterial extract within seven
days of incubation at 25 C, and to a lesser extent at 10 T for milk ino culated with
the bacteria. Heat treatment at 90 T for 5 min inactivated the purified enzym e and
inhibited its activity in the bacterial extract. This work allowed understanding the
biochemical and biological characteristics of the extracellular protease produced of P.
fluorescens 07A strain, as well as the conditions that influence its production and
activity in milk. These results can help the dairy industry in the search for alternatives
for the processing of dairy products to control production and activity of these

proteases in milk.
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RESUMO

ALVES, Maura Pinheiro, D.Sc., Universidade Federal de Vicosa, fevereiro de 2017.
Purificagcéo, caracterizagdo e avaliacdo da expressao diferencial de proteases
produzidas por Pseudomonas fluorescens. Orientador: Anténio Fernandes de
Carvalho. Coorientadores: Italo Tuler Perrone, Monique Renon Eller e Rosangela de
Freitas.

As bactérias psicrotroficas contaminantes do leite produzem proteases termo-
resistentes que hidrolisam as caseinas do leite, resultando em perda de qualidade
de leite e rendimento de produtos lacteos. Estudos envolvendo a caracterizacao
dessas enzimas e o conhecimento das condi¢cdes que influenciam sua producédo e
atividade séo essenciais para a prevencao destes problemas. Neste trabalho, uma
protease extracelular produzida pela cepa Pseudomonas fluorescens 07A foi
purificada para estudos visando o entendimento de sua atividade e produg&do em
diferentes condi¢Ges. A enzima é uma metaloprotease inibida por Cu?*, Ni?*, Zn?*,
Hg?*, Fe?* e Mg?*, mas induzida por Mn?* e possui massa molar de 49.486 kDa. O
sequenciamento da enzima por espectrometria de massa permitiu identificar o gene
gue codifica esta protease extracelular no genoma da cepa P. fluorescens 07A. A
enzima possui 477 aminoacidos e dominios altamente conservados de ligacdo a
Ca?* e Zn?*, indicando que Ca?*, o principal ion no leite, é também um co-fator dessa
enzima. Sua atividade é maxima a 37 °C e pH 7,5, mas ela mantém mais de 40% de
atividade quando submetida a 100 °C por 5 minutos em meio ideal e apenas de 14 a
30% quando submetida a tratamentos térmicos mais brandos, podendo causar
problemas significativos nas condicbes normalmente utilizadas para o
processamento e armazenamento de leite e produtos lacteos. Foi observada baixa
expressao relativa da protease apds 12 h de incubacéo a 25 °C, quando a bactéria
encontra-se na fase logaritmica de crescimento, comparado com as temperaturas de
refrigeracdo de 4 e 10 °C, quando a bactéria esta ainda em fase lag. A producéo da
protease aumentou significativamente (P <0.05) em 24 h a 25 °C e permaneceu

constante por até 48 h, intervalo em que a bactéria permaneceu em fase

Xiv



estacionaria, indicando que a enzima pode ser produzida como uma estratégia
adaptativa da bactéria. As fracbes de caseina de leite desnatado reconstituido foram
completamente degradadas pela P. fluorescens 07A, pela protease purificada e pelo
extrato da bactéria em até sete dias de incubacéo a 25 °C, e em menor extensao a
10 € para a amostra incubada com a bactéria. O tratamento térmico de 90 °C por 5
minutos inativou a enzima purificada e inibiu sua atividade no extrato da bactéria.
Este trabalho permitiu compreender as caracteristicas bioquimicas e biolégicas de
uma protease extracelular da cepa P. fluorescens 07A, bem como as condi¢des que
influenciam a producdo de proteases por esta bactéria em leite e sua atividade.
Esses resultados podem auxiliar as industrias de lacteos na busca por alternativas
durante o processamento de produtos lacteos visando o controle de sua producéo e

atividade.
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1. GENERAL INTRODUCTION



The storage and transport of raw milk under refrigerated conditions contributed
to reducing deterioration of this material by the acidifying activity of mesophilic
bacteria. However, the maintenance of this condition for a long period creates
favorable conditions for multiplication of psychrotrophic bacteria.

Bacterial species from the genus Pseudomonas are predominant among the
psychrotrophic contaminants of refrigerated raw milk and the species P. fluorescens
stands out in the deterioration of foods, particularly dairy products. Many bacteria
present in milk produce thermo resistant proteases which maintain activity even after
heat treatments normally adopted by dairy industries. Specifically for cheese
production, moderate concentrations of these enzymes may contribute to the
development of flavor compounds and thus may have a beneficial effect. However,
residual activity of proteolytic enzymes on casein micelles for many dairy products
results in several technological problems and is associated with the formation of off-
flavor in dairy products, UHT milk gelation and coagulation of milk proteins during
storage.

The proteolytic strain P. fluorescens 07A was isolated from refrigerated raw
milk and produces an extracellular protease with potential for deterioration of stored
milk even at low temperatures (Pinto, 2004; Pinto et al.,, 2006). However, this
protease still needs to be characterized, as well as the milk storage conditions that
influence its activity and its production by the bacteria. Thus, in this work we've
purified and characterized an extracellular protease produced by the proteolytic P.
fluorescens 07A strain, as well as evaluated the differential expression of proteases

by this strain under different incubation conditions in milk.



This document consists of articles describing the main aspects associated to
proteolysis in milk by proteases of psychrotrophic microorganisms (Chapter 1); the
purification of an extracellular protease produced by P. fluorescens 07A strain, its
biochemical and biological properties (Chapter 2) and the evaluation of milk storage
conditions that influences the production and activity of proteases by this strain

(Chapter 3).



2. CHAPTER 1: LITERATURE REVIEW



PROTEOLITIC ACTIVITY OF PSYCHOTROPHIC BACTERIA IN MILK AND DAIRY

PRODUCTS

Abstract

Proteolytic enzymes exhibit an important role in the food industry, being
essential for the development of desirable characteristics of some dairy products.
However, unwanted proteolytic activity may also affect the quality of different
products. This occurs especially in dairy products made from raw milk contaminated
with psychrotrophic bacteria. These bacteria multiply at refrigerated temperatures
and produce thermo resistant proteases that maintain their activity even after the
thermal treatments applied during the processing, presenting significant impact on
the quality of milk and dairy products. This study reviews the main aspects
associated with proteolysis of milk by proteases of psychrotrophic bacteria as well as
the characteristics of these enzymes produced by different strains associated with

milk deterioration.

Keywords: Psychrotrophic microorganisms, milk proteolysis, protease, Pseudomonas

fluorescens.

System of refrigeration of raw milk

The 1990s represented a milestone in the modernization of milk production in

Brazil. This modernization of milk and dairy products sector began with the first



technical regulations coming from MERCOSUL in 1992, which established patterns
of identity and quality of dairy products of major commercial interest in this market
(Oliveira et al., 2000).

In 1996, at the initiative of the Ministry of Agriculture, Livestock and Food
Supply (MAPA), the "National Quality Improvement Program for Milk" (PNQL) was
created. As a result of the diagnosis made in the PNQL, the federal legislation, dated
1952, was improved, providing the means to leverage, along with other initiatives of
the public and private sectors, the development and modernization of the dairy sector
in the country (Oliveira et al., 2000).

The regulation of storage of refrigerated raw milk at the source of production
occurred then in 2002, through Normative Instruction 51 of the Ministry of Agriculture,
Livestock and Food Supply (Brasil, 2002), later amended in 2011 by Normative
Instruction 62 (Brasil, 2011).

According to the Normative Instruction of the Ministry of Agriculture, Livestock
and Food Supply (Brasil, 2011), the raw milk collect system started to be done in bulk
and by means of direct expansion refrigeration tanks that began to be sized in order
to allow refrigeration of raw milk at a temperature of 4 T or less, within a ma ximum
of 3 h after the end of milking, regardless of their capacity. The immersion
refrigerating tanks started to be sized to allow refrigeration of the milk at 7 C or
below, also within a maximum of 3 h after the end of milking. In addition, the use of
community tanks is allowed if it is based on the operation principle of direct
expansion, and the maximum temperature of conservation of milk in the rural
property is up to 7 T in community tanks, and 10 T for reception in the proc essing

plant.



The Normative Instruction of the Ministry of Agriculture, Livestock and Food
Supply also established that the time between milking and receiving raw milk at the
plant that will process it must be a maximum of 48 h, recommending as ideal a period
not exceeding 24 h. And the collect and transport to the industry must be carried out
in trucks equipped with isothermal tanks (Brasil, 2011).

This raw milk refrigerating system at the source of production represented a
major advance for the milk production sector, leading to reduction of losses of this
raw material due to the acidifying activity of mesophilic bacteria (Cempirkova, 2002).
However, the maintenance of raw milk at refrigeration temperatures for prolonged
periods can cause deterioration problems associated with the multiplication and

enzymatic activity of psychrotrophic bacteria (Sgrhaug and Stepaniak, 1997).

Psychrotrophic microorganisms in milk

The psychrotrophic bacteria are distributed in a variety of environments and
have mesophilic nature, however, they have the capacity to multiply in refrigerated
temperatures, regardless of their optimum multiplication temperature (Cousin et al.,
2001; Munsch-Alatossava and Alatossava, 2006).

Among the sources of contamination of raw milk by this group of bacteria are
water, dust and animal feed. In addition, milk contamination may be associated with
poor cleaning of surfaces and equipment during collect, transport and storage
(McPhee and Griffiths, 2011). Under adequate sanitary conditions of milk production,
these bacteria account for less than 10% of the microbiota compared to the

percentage of up to 75% under unsatisfactory sanitary conditions (Cousin, 1982).



The group of psychrotrophic microorganisms of relevance in the dairy industry
comprises both gram-negative and gram-positive bacteria. Among some genera
isolated in different studies it can be mentioned: Pseudomonas, Serratia,
Aeromonas, Alcaligenes, Achromobacter and Acinetobacter (gram-negative),
Bacillus, Streptococcus, Micrococcus and Corynebacterium (gram-positive) (Munsch-
Alatossava and Alatossava, 2006; Noérnberg et al., 2010; Raats et al., 2011; Tebaldi
et al., 2008; Teh et al., 2011).

Different research groups have identified contaminating micro-organisms in
refrigerated milk (Martins et al., 2006; Pinto et al., 2006; Tebaldi et al., 2008; Arcuri et
al., 2008; Ercolini et al.,, 2009; Neubeck et al., 2015; Scatamburlo et al., 2015).
Munsch-Alatossava and Alatossava (2006) observed that the majority of isolated
bacteria from refrigerated raw milk samples in Finland belonged to the genera
Pseudomonas. Samples of contaminated commercial UHT milk in Taiwan were also
analyzed by Chen; Wei; Chen, (2011). Among the isolated gram-negative
psychrotrophic bacteria, the authors observed that 22% were Enterobacteriaceae
and 67% belonged to the genera Pseudomonas spp..

In Brazil, Arcuri et al. (2008) collected samples of refrigerated raw milk from 20
collective tanks and 23 individual tanks from properties in the Zona da Mata, region
of Minas Gerais, and in the Southeast region of Rio de Janeiro. Psychrotrophic
bacteria were found in the samples with counts raging from around 102 and 107
CFU-mL1. In this work, Pseudomonas was also the most isolated genera (43%), with
P. fluorescens being the predominant species (37,6%).

It is evident, therefore, that the genera Pseudomonas covers the main

contaminants of refrigerated raw milk (Ismail and Nielsen, 2010). They are gram-



negative, aerobic, catalase-positive microorganisms and the vast majority of species
is oxidase-positive (McPhee and Griffiths, 2011). Among the bacteria that belong to
this genera, the species P. fluorescens stands out in the deterioration of foods,
especially dairy products (De Jonghe et al., 2011; Rasolofo et al., 2010).

Other species of the genera Pseudomonas spp. are also associated with milk
deterioration, such as P. fragi, P. lundensis, P. gessardii (De Jonghe et al., 2011,

Peix et al., 2009) and P. putida (Ercolini et al., 2009).

Adaptation of psychrotrophic microorganisms at low temperatures

Temperature influences the multiplication of microorganisms by affecting the
conformation of cell macromolecules and other constituents, thus determining the
rates of intracellular enzymatic reactions that are essential for cell viability (Russell,
2002; Beales, 2004). Thus, the ability of microorganisms to multiply at low
temperatures depends on adaptive changes in their cellular proteins and lipids
(Russell, 1990).

In low temperature conditions, the psychrotrophic microorganisms synthesize
neutral lipids and phospholipids with a higher proportion of unsaturated fatty acids,
which leads to a reduction in the melting point of the lipids. These changes occur to
maintain fluidity of the cell membrane, thus allowing solutes transport and secretion
of extracellular enzymes to continue (Beales, 2004).

Fonseca et al. (2011), by analysis of the transcriptome of P. putida KT2440
strain evaluated the changes that occur when cells are cultured at low temperature

(10 °C) compared to a temperature higher (30 °C). The authors observed that



expression of at least 266 genes, about 5% of the genome, had been modified during
cell growth at low temperature compared to cells grown at 30 C. Several of these
changes appeared to be directed toward neutralizing problems created by the low
temperature, such as increased protein misfolding, increased stability of DNA/RNA
secondary structures, reduced membrane fluidity and reduced growth rate.

In addition to cellular modifications that occur to maintain cell membrane
fluidity and permeability, other mechanisms are known to be important for the
multiplication of bacteria at low temperatures. These mechanisms include the
synthesis of compatible solutes, changes in DNA folding, maintenance of the
structural integrity of macromolecules and macromolecule groups, including
ribosomes and other components that affect gene expression, in addition to the
synthesis of cold shock proteins (Wouters et al., 2000; Cavicchioli et al., 2000;

Chattopadhyay, 2006).

Proteolysis in the dairy industry

Enzymes that act on milk proteolysis may have both a beneficial and
undesirable effect on the dairy industry. Many proteases are widely used in a
controlled way during food processing, leading to improved digestibility, modifications
in sensory quality, such as texture, flavor and aroma as well as promoting increased
nutritional value (Tavano, 2013). For example, in cheese processing the amino acids
released during the ripening process are used by microorganisms as substrate for a
variety of catabolic reactions. These reactions generate important compounds for the

development of the flavor characteristic of each type of cheese and depend on the
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natural microbiota of the milk or the microorganisms added during the manufacturing
process (Yvon and Rijnen, 2001).

However, although proteolysis has beneficial effects and is essential for the
development of desirable characteristics of some dairy products, uncontrolled or
unwanted proteolytic activity may adversely affect food quality. This occurs especially
in dairy products made from milk contaminated with proteolytic psychrotrophic
bacteria. These bacteria are able to multiply at low temperatures and can produce
enzymes often associated with food spoilage (Bagliniere et al., 2013; Quigley et al.,
2013).

Much of these bacteria present in milk is inactivated by the heat treatment of
pasteurization. However, many of its enzymes maintain activity even after
pasteurization or ultra-high temperature treatments commonly adopted by the dairy
industry (McPhee and Griffiths, 2011). Among the thermo resistant enzymes
produced by this group of bacteria, proteases and lipases have a significant impact
on the quality of milk and dairy products (Sgrhaug and Stepaniak, 1997).

Proteolytic enzymes act on milk proteins causing deterioration in different dairy
products during prolonged storage with reduced shelf life. Its activity modifies the
physico-chemical properties of the final product, leading to changes in functionality
and sensory characteristics (Chen et al., 2003). Consequently, the residual activity of
proteases over the casein micelle results in several technological problems, and may
be associated with loss of yield in cheeses production, off-flavor formation, UHT milk
gelation and coagulation of milk proteins during storage (Datta and Deeth, 2001,

McPhee and Griffiths, 2011).
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The proteolysis of UHT milk during storage at room temperature limits the
shelf-life of this product due to changes in its sensory characteristics (Celestino et al.,
1997; Datta and Deeth, 2003). Gaucher et al. (2011) studied the consequences of
contamination of raw milk with a strain of P. fluorescens on the stability of UHT milk
during storage. The authors have observed the destabilization of UHT milk by the
formation of aggregates and reduction of stability to phosphate during storage as well
as changes in the physico-chemical properties of casein micelles.

The study by Topcu et al. (2006) has also shown the effect of the
microbiological quality of raw milk on proteolysis after UHT treatment. Sediment
formation and gelation of UHT milk processed from raw milk with high somatic cell
counts and psychrotrophic bacteria have been observed during storage at room
temperature.

According to Cardoso (2006), one of the problems faced during cheese
processing by producers is the reduction of yield due to the activity of bacterial
proteases on the casein micelle. During the production of Minas Frescal cheese, this
author has found a reduction of 6,78% in the yield in terms of liters of milk per
kilogram of cheese and of 6,38% in grams of total solids in the cheese per liter of
milk when the cheese had been manufactured with refrigerated milk stored for a

period of four days.

Proteolytic enzymes in milk

Milk proteolysis may be caused by either natural milk proteases such as

plasmin, or by thermostable proteases produced by psychrotrophic microorganisms
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contaminating raw milk. These proteases differ in their specificity for milk proteins
(Ismail and Nielsen, 2010).

Plasmin is an alkaline serine protease, thermostable and mainly active in the
proteolysis of B-casein, which leads to the formation of y-casein fractions. This
enzyme also hydrolyzes asz-caseina, and to a lesser extent asi-caseina (Bars and
Gripon, 1993).

Plasmin is present in milk both in its active form and in the form of its inactive
precursor, plasminogen, and its activity in milk is controlled by a complex system
formed of activating and inhibiting enzymes. The components of this system interact
with each other and with other components of milk, such as whey proteins and
casein, promoting or inhibiting proteolysis, depending on milk processing and storage
conditions (Ismail and Nielsen, 2010).

Proteolytic enzymes of microbial origin can be produced by bacteria of
different genera found in a variety of environments, including Pseudomonas, Bacillus,
Serratia, among others (Cleto et al., 2012; Marchand et al., 2012). The production of
these enzymes is a complex process, influenced by temperature, phase variation, ion
level and quorum sensing (Liu et al., 2007; Woods et al., 2001; Nicodéeme et al.,
2005; Broek et al., 2005) and usually occurs at the end of the exponential or
stationary phase of microbial growth (Rajmohan et al., 2002). These enzymes may
be located within the cell (intracellular), associated with the cell wall or excreted into
the environment (extracellular).

Most of the proteases of psychrotrophs act on the casein micelle preferentially
to the whey proteins, whereas the fractions most susceptible are k-casein and B-

casein (Chen et al., 2003). In milk, proteases produced by psychrotrophic
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microorganisms preferentially hydrolyze k-casein, then B-casein and, finally, aS1-
casein, and still have low activity on whey proteins (Koka and Weimer, 2000;

McPhee and Griffiths, 2011; Fairbairn and Law, 1986).

Proteolytic enzymes from psychrotrophic bacteria

Several proteolytic enzymes produced by psychrotrophic microorganisms
maintain their activity even after the conventional heat treatments adopted by the
dairy industry, which is one of the main current problems in the production of dairy
products (Samarzija et al., 2012). Among the characteristics that allow the heat
stability of these enzymes are additional salt bridges, additional hydrogen bonds,
tighter Ca*?-binding sites, maximized packing and expanded hydrophobic core
(Serhaug and Stepaniak, 1997).

Several studies have already been carried out to characterize proteases
produced by different strains of P. fluorescens associated with milk deterioration,
which differ in their physicochemical and biochemical properties. Most of them are
metalloproteases rich in residues of alanine and glycine and poor in cysteine and
methionine. Calcium is essential for its activity and stability (Mitchell and Ewings,
1986).

Mu et al. (2009) purified a heat-resistant extracellular protease (Ht13)
produced by a proteolytic psychrotrophic bacteria, P. fluorescens Rm12. This
protease has an estimated molar mass of 45 kDa and the presence of the Mn?* ion
showed a positive effect on the activity of this enzyme and may increase its

resistance to heat. Based on its biochemical characteristics, Ht13 protease may be
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included in the group of metalloproteases, which was inhibited by specific inhibitors
of this group of enzymes, ethylenediaminetetraacetic acid (EDTA) and 1,10-
phenanthroline. A protease purified by Dufour et al. (2008) also has a molar mass of
approximately 45 kDa, with optimum activity at 45 °C and pH 8.5.

Liao and McCallus (1998) characterized an extracellular protease produced by
P. fluorescens CY091 strain. This protease has an estimated molar mass of 50 kDa
and its production was observed in medium containing CaClz or SrClz. In addition,
more than 20% of enzyme activity was maintained after heat treatment of the
enzyme, indicating resistance to heat inactivation.

An extracellular protease produced by P. fluorescens BJ-10 strain showed
optimum activity at 30 T and pH 7.0. More than 94% of the activity of this enzyme
was maintained after a heat treatment of 100 € for 3 min, evidencing the
characteristic of thermo resistance (Zhang and Lv, 2014).

The aprX gene encoding an extracellular protease from a proteolytic
psychrotrophic bacterial strain, P. fluorescens 041, was cloned and expressed in
Escherichia coli. The protease has a molar mass of approximately 50 kDa, activity in
a wide range of pH and optimum temperature of 37 °C (Martins et al., 2015). In
addition, the author observed proteolytic activity in the culture supernatant on TYEP
medium from another strain, P. fluorescens 07A (Martins, 2007). This strain was
isolated by Pinto (2004), in the Laboratory of Food Microbiology of the Universidade
Federal de Vicosa, from refrigerated raw milk, and produces thermo resistant
protease, presenting great potential for deterioration of stored milk at low
temperatures. However, the protease produced by this strain still needs to be

characterized as well as the milk storage conditions that favor the production and
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activity of proteases by the bacteria. This knowledge can help to control the
technological problems in dairy products associated with the activity of these

enzymes.
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CHARACTERIZATION OF A HEAT-RESISTANT EXTRACELLULAR PROTEASE
FROM PSEUDOMONAS FLUORESCENS 07A SHOWS THAT LOW
TEMPERATURE TREATMENTS ARE MORE EFFECTIVE IN DEACTIVATING ITS

PROTEOLYTIC ACTIVITY
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Interpretive  Summary: Protease characterization and control of milk

degradation

In this article, a protease from Pseudomonas was identified and biochemically
characterized. Its conditions of highest activity were close to those of UHT milk
storage, evidencing the potential of this enzyme in causing technological problems
such as gelation of UHT milk during its storage. Moreover, pasteurization has
decreased enzyme activity more than extreme heat treatments, highlighting new

perspectives to control milk degradation by these enzymes.
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Abstract

This work discusses the biological and biochemical characterization of an
extracellular protease produced by Pseudomonas fluorescens. The enzyme has a
molar mass of 49.486 kDa and hydrolyzes gelatin, casein and azocasein, but not
BSA. Its maximum activity is found at 37 °C and pH 7.5, but it retained almost 70%
activity in pH 10.0. It showed to be a metalloprotease inhibited by Cu?*, Ni?*, Zn?*,
Hg?*, Fe?* and Mg?*, but induced by Mn?*. After incubation at 100 °C for 5 min, the
enzyme presented over 40% activity, but only 14-30% when submitted to milder heat
treatments. This behavior may cause significant problems under conditions
commonly used for the processing and storage of milk and dairy products,
particularly UHT milk. A specific peptide sequenced by mass spectrometer analysis
allowed the identification of gene that encodes this extracellular protease in the
genome of Pseudomonas fluorescens 07A strain. The enzyme has 477 amino acids
and highly conserved Ca?* and Zn?*-binding domains, indicating that Ca?*, the main
ion in milk, is also a cofactor. This work contributes to the understanding of the
biochemical aspects of enzyme activity and associates them with its sequence and
structure. These finding are essential for the full understanding and control of these

enzymes and the technological problems they cause in the dairy industry.

Keywords: Milk proteolysis, protease, enzyme characterization, heat treatment
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Introduction

The storage of raw milk under refrigeration conditions contributes to improved
milk quality. However, a long-term storage allows the development of psychrotrophic
bacteria (Sgrhaug and Stepaniak, 1997), and predominantly the genera
Pseudomonas (Ercolini et al., 2009; Decimo et al., 2014; Neubeck et al., 2015). The
majority of these microorganisms produce thermo resistant proteases which
maintains activity even after milk pasteurization or UHT treatment (McPhee and
Griffiths, 2011). Residual activity of these enzymes on casein micelles can cause
technological problems and is associated to loss of yield in cheese production,
formation of off-flavor in dairy products, UHT milk gelation and coagulation of milk
proteins during storage (Datta and Deeth, 2001; McPhee and Griffiths, 2011).

A number of studies partially characterized proteases from psychrotrophic
isolated from milk (Dufour et al., 2008; Liao and McCallus, 1998; Zhang and Lv,
2014). However, to fully understand protease activity in milk, is essential to associate
this characteristic to others such as their biochemical properties, complete sequence
and structure. These data will assist dairy industries in the development or adaptation
of alternatives to control technological problems in dairy products.

Pseudomonas fluorescens 07A, a proteolytic strain, was isolated from raw
bulk milk (Pinto, 2004; Pinto et al., 2006) and produces an extracellular protease
responsible for milk deterioration, even at low temperatures. However, there are few
information about this enzyme, the conditions in which it is produced and its activity

in milk. Thus, this work describes the biological and biochemical properties of the
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extracellular protease produced by P. fluorescens 07A and identifies its coding

sequence in the genome of this bacterium.

Material and methods

Bacteria and Culture Conditions
The strain P. fluorescens 07A was isolated from raw milk collected in Minas
Gerais, Brazil (Pinto, 2004; Pinto et al., 2006). The culture was cultivated in Luria-

Bertani—LB Broth (Sigma Aldrich, St. Louis, MO) at 25 °C.

Proteolysis Assay

The proteolytic activity was determined using azocasein (Sigma-Aldrich, St.
Louis, Missouri, USA) as substrate, as described by Ayora and Go6tz (1994), with
modifications. An aliquot of 250 pL of azocasein solution at 2% (m/v) in diluted in
Tris-HCI 40 mM, CaClz2 2 mM buffer, pH 7.5, was added to 150 pL of the test-solution.
The mixture was agitated, incubated at 37 °C for 8 h and the reaction was interrupted
with 1.2 mL of trichloroacetic acid at 10% (m/v). After incubation for 15 min at room
temperature, the mixture was centrifuged at 12,000 x g for 15 min. A volume of 1.2
mL of the supernatant was neutralized with 1.0 mL of NaOH 1 M. The absorbance of
this solution was measured at 440 nm using a SpectraMax M2 spectrometer
(Molecular Devices, Sunnyvale, California, USA). One unit of enzymatic activity was
defined as the quantity of enzyme sufficient to raise 0.01 of the solution absorbance
at 440 nm per minute, at experimental conditions. All assays were performed as

triplicates and the results were expressed as the mean + standard deviation (SD).
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The protein concentration was estimated as Bradford (1976) using bovine
serum albumin — BSA (Sigma-Aldrich, St. Louis, Missouri, USA) to build the

calibration curve.

Protease Purification

A solution containing the bacteria P. fluorescens 07A in exponential phase
was inoculated (1%) in LB, incubated for 18 h and centrifuged at 10,000 x g for 15
min. The enzyme was recuperate from crude supernatant by fractional precipitation
using ammonium sulfate (40 to 60%) for 1 h and centrifugation at 12,000 x g for 30
min. Pellet was resuspended in Tris-HCI 10 mM, NaCl 50 mM buffer, pH 7.5 and
dialyzed twice against this buffer in cellulose membrane of 14 kDa (Sigma-Aldrich,
St. Louis, Missouri, USA), for 8 h. All steps were performed at 4 °C, and an aliquot
was collected to monitor the enzyme activity.

Dialyzed solution containing the enzyme was applied in a HiPrep 26/60
Sephacryl™ S-200 HR column (GE Healthcare® Little Chalfont, Buckinghamshire,
UK) equilibrated with Tris-HCI 10 mM, NaCl 50 mM buffer, pH 7.5, using an AKTA
Purifier chromatographer (GE Healthcare® Little Chalfont, Buckinghamshire, UK).
Proteins were recuperate at 1.6 mL/min and monitored at 280 nm. Fractions
presenting proteolytic activity were subjected to ultrafiltration in Amicon® Ultra-15
(Millipore®, Cork, Ireland) and storage at 4 °C.

The aliquots collected from each purification step were subjected to a SDS-
PAGE with 12% polyacrylamide (Laemmli, 1970) in a Mini-Protean® Tetra System
(BioRad, California, USA). Proteins were stained with silver nitrate or 0.01%

Coomassie Brilliant Blue R-250 solution.
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The same aliquots were subjected to a zymogram using a 12% polyacrylamide
gel and gelatin (3 mg/mL) as substrate, as described by Feitosa et al. (1998), with
modifications. Gels were washed during 30 min with a Triton X-100 2.5% (v/v)
solution and incubated in Tris-HCI 50 mM, NaCl 200 mM, CaClz 5 mM buffer, pH 7.5,
at 37 °C for 12 h. Proteolytic activity was visualized as clear zones in the gel stained
with a 0.01% Coomassie Brilliant Blue R-250 solution.

Beyond gelatin, proteolytic activity was tested in zymograms using casein,

azocasein and BSA as substrates.

Protease Characterization

Effect of Temperature and pH on Enzyme Activity

Proteolysis assay was performed with incubation temperatures of 4, 10, 20,
30, 50 and 60 °C. Enzyme activity was also evaluated at the pH range of 4.0 to 10.0.
Enzyme solutions were adapted to each pH of the test using 1 M buffers with 50 mM
NaCl and 2 mM CacClz. A sodium citrate/citric acid buffer was used for pH 4.0 and
5.0; a sodium phosphate buffer was used for pH 6.0 and a Tris-HCI for pH 7.5, 8.0,
9.0 and 10.0. A negative control with no enzyme was performed for all solutions.

Results were expressed as relative unit, considering maximum activity as 100%.

Effect of Inhibitors and Metallic lons on Enzyme Activity
The activity assay was performed with the addition of the following reagents:
EDTA (1 and 5 mM), 1,10-phenantroline (1 and 5 mM), PMSF (1 and 5 mM),

benzamidine (1 and 5 mM), DTT (1 and 5 mM), E-64 (1, 5 and 10 pM) and Pepstatin

31



A (1, 5 and 10 uM) (Sigma-Aldrich, St. Louis, Missouri, USA). The ions tested were
Mg?*, Cu?*, Zn?*, Ca?*, Fe?*, Mn?*, Ni** and Hg?* at concentrations of 2 and 5 mM. A
negative control with no enzyme was performed for all solutions. Results were
expressed as relative unit, considering the solution with no inhibitors and ions as

100%.

Enzyme Thermostability

Aliquots of 150 pL of the protease solution were incubated in microtubes at 80
°C during 5, 10, 15 and 20 min and at 90 and 100 °C during 1, 3 and 5 min. The
protease was also incubated at 72 °C for 15 s and 65 °C for 30 min to test the heat-
treatments of rapid and slow pasteurization, respectively, commonly applied to milk.
The aliquots were immediately cooled in ice bath and subjected to the proteolysis
assay. Results were expressed as relative unit, considering the no heat-treated
solution as 100%. The effect of the ion Mn?* (5 mM) on enzyme thermostability was

also evaluated at 80 °C for 5, 10, 15 and 20 min.

Protease Sequencing Using MALDI TOF/TOF

Tryptic digestion of protease was based in the work of Wisniewski et al.
(2009), with modifications. One mililiter of a solution with 90 pg of the enzyme was
filtered using Amicon® Ultra 0.5 mL, with cut off molar mass of 10 kDa (Millipore®,
Cork, Ireland). The retained material was resuspended in ammonium bicarbonate -
AMBIC 50 mM, agitated for 60 s, added of DTT 10 mM and incubated for 60 min at
room temperature. The material was acetylated with lodoacetamide — IAA 10 mM

and incubated for 60 min at room temperature, protected from light. The solution was
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centrifuged at 10,000 x g for 20 min and the retained material was washed twice with
a AMBIC 50 mM and Urea 0.5 M solution, followed by centrifugation at 10,000 x g for
20 min. The material was then washed twice with a AMBIC 50 mM and centrifuged at
10,000 x g for 20 min. A trypsin solution was added to the retained material (Sigma-
Aldrich, St. Louis, Missouri, USA), at a final concentration of 25 ng/uL, and the
mixture was incubated at 37 °C, 400 rpm, for 20 h. The solution containing the
peptides was centrifuged at 10,000 x g for 20 min and the filtrate was transferred to a
new tube. Peptides were concentrated at a vacuum concentrator (Eppendorf®, USA)
for approximately 12 h and subjected to a MALDI TOF/TOF analysis (Supplemental
Material S1).

The ratios mass/charge of the theoretical tryptic peptides of proteins were
analyzed using Mascot Server 2.4 (Matrix Science), Scaffold Q+ 3.0 Software
(Proteome Software) and Peaks Online Server 7 (Bioinformatics Solutions)
(Supplemental Material S1) and predicted by the peptidemass tool from Expasy
(http://web.expasy.org/peptide_mass). They were manually confronted with the lists
of masses generated by the MS1 analysis from MALDI TOF/TOF (Altuntas et al.,

2014).

Identification of the Gene Encoding the Extracellular Protease on the Bacteria
P. fluorescens 07A Genome

The genome of the strain P. fluorescens 07A was partially sequenced in a
previous study that isolated the UFV-P2 phage from this bacteria (Eller et al., 2014).
The sequenced reads that assembled the UFV-P2 genome were excluded from data

set and the remaining 45 million of paired reads with 51 nucleotides were selected for
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P. fluorescens 07A genome. These reads were assembled in contigs using CLC
Genomics Workbench version 6.5.1 (CLCbio), producing 603 sequences with an
average size of 9.9 kb. Contigs sequences were analyzed using Prodigal software. A
total of 5,446 genes were identified and the encoded proteins were functionally
annotated using BLAST searches against reference proteomes of P. fluorescens

available at UniProt (http://www.uniprot.org/). This protein data set was selected as

reference on peptide sequencing. The sequenced peptides were submitted to BLAST
searches against contigs of the P. fluorescens 07A genome and the predicted

proteins.

Results

Protease Purification

The enzyme was partially purified from the P. fluorescens 07A supernatant.
The fractions of 0 to 40% and 40 to 60% of ammonium sulfate presented proteolytic
activity by the zymogram and proteolysis assay. The fraction 40 to 60% was chosen
for the next steps since it contained less contaminant proteins (Figure 1, Line 2). This
fraction was purified with a Sephacryl S-200 HR column and three peaks could be
observed, one of which presented proteolytic activity. Fractions corresponding to this
peak were concentrated with Amicon® Ultra-15 and subjected to electrophoresis. The
apparent molar mass for this protease is 50 kDa (Figure 1, Line 3). Beyond gelatin,

the protease hydrolyzed casein and azocasein, but not BSA.
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Figure 1. SDS-PAGE (A) and zymogram (B) of the proteolytic fractions in the
purification steps. Line M: Molecular marker. Line 1: Pseudomonas fluorescens 07A
crude extract; Line 2: fraction 40-60% of ammonium sulfate; Line 3: partially purified

protease after chromatography.

Effect of Temperature and pH on Enzyme Activity

Protease activity was maintained in a wide range of conditions, of 4 to 60 °C
(Figure 2a) and pH of 5.0 to 10.0 (Figure 2b). The enzyme presents maximum
activity at 37 °C and pH 7.5. Over 95% activity was maintained at 50 °C, but above
this temperature, enzyme activity was considerably reduced (Figure 2a). In pH 6.0,
90% of the maximum proteolytic activity was observed. This value is slightly below
the pH of milk. In pH 8.0 the activity was reduced to 68% of the optimum and

remained practically constant until pH 10.0 (Figure 2b).
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Figure 2. Effect of temperature (a) and pH (b) on the activity of the extracellular

protease from Pseudomonas fluorescens 07A.

Effect of Inhibitors and Metallic lons on Enzyme Activity

Inhibitors of aspartyl protease (pepstatin A) and serine protease (PMSF and
benzamidine) had no effect on protease activity (Table 1), indicating that this enzyme
doesn’t belong to these catalytic groups. On the other hand, 5 mM of EDTA, an agent
chelant of divalent ions, and 1,10-phenantroline, chelant of Zn?*, have reduced
enzyme activity in 87% and 97%, respectively. Protease activity was also reduced in

the presence of DTT.
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Table 1. Effect of inhibitors on protease activity

Inhibitor Concentration (mM) | Relative activity (%)
Control 0 100.0+1.39
0.001 98.5+1.93
Pepstatin A 0.005 97.1+1.83
0.01 97.6+1.10
0.001 90.7+3.42
E-64 0.005 88.51£3.13
0.01 80.410.28
1 91.3+1.71
EDTA
5 13.4+2.34
1 92.2+2.00
PMSF
5 100.8+0.11
1,10- 1 44.8+1.71
phenanthroline 5 2.6+0.28
o 1 94.0+0.21
Benzamidine
5 97.8+1.92
1 57.31£1.60
DTT
5 47.7+0.32

Relative activity is the percentage of activity in the control treatment (without
inhibitors).

E-64: trans-Epoxysuccinyl-L-leucylamido(4-guanidino)butane, EDTA:
ethylenediaminetetraacetic acid, PMSF: phenylmethylsulfonyl fluoride, DTT:
Dithiothreitol.

The ion Ca?* had no effect on protease activity, different from ions Cu?*, Ni%*
Zn?*, Hg%*, Fe?* and Mg?*, which had decreasing levels of inhibition, respectively, at 2

mM (Table 2). Moreover, protease activity was stimulated in the presence of Mn?*,
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with a raise of 67.6% and 87.8% at manganese concentrations of 2 and 5 mM,

respectively.

Table 2. Effect of metallic ions on protease activity

on Concentration (mM)
2 5
Mg?* | 92.4+0.09 | 90.4+0.18
Cu?* | 39.7+0.18 | 11.7+0.46
Zn%* | 72.310.09 | 33.4+0.83
Ca?* | 99.1+2.57 |100.2+3.21
Ni2* | 56.2+0.09 | 54.2+0.55
Mn?* | 167.6+1.10 | 187.8+3.67
Hg?* | 77.0+0.09 | 51.2+2.02
Fe?* | 78.0+2.11 | 75.3+1.30

Relative activity is the percentage of activity compared to a control treatment with no

ions (100.00 + 2.30%).

Protease Thermostability

The enzyme presented 31.7% of residual activity when subjected to the

temperature of 72 °C for 15 s (HTST — high temperature and short time) and 14.3%

when incubated at 65 °C for 30 min (LTLT — low temperature and long time),

conditions similar to the heat treatments of milk pasteurization (Table 3). Moreover,

the protease retained 44%, 44% and 40% of its initial activity, even after the

treatments of 80, 90 and 100 °C respectively, for 5 min.
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Table 3. Thermostability of the extracellular protease from Pseudomonas fluorescens

07A
Temperature ) ) ) o
Time (min) | Relative activity (%)

(T)
Control 0 100.0+0.00
65 30 14.3+0.37
72 0.25 31.7+£0.37
5 44.1+1.10
80 10 32.6+0.08
15 33.0+0.44
20 21.3+1.24
1 55.5£1.66
90 3 44.7+0.83
5 43.6+0.58
1 60.1+0.10
100 3 43.9+0.84
5 40.5+1.73

Since the protease activity was stimulated in the presence of Mn?*, the

thermostability of this enzyme was also assessed in the presence and absence of

MnCl2 at 80 . The presence of this ion had a positive effect on residual enz yme

activity, but not in enzyme thermostability, since the rate of decrease of enzyme

activity due to the heat treatment was greater in the presence of this ion (Figure 3).
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Figure 3. Effect of Mn*2 on enzyme thermostability. The protease was incubated at
80 °C for 5, 10, 15 and 20 min ( <) in the absence of manganese and ( O ) in the
presence of 5 mM Mn*2. Activity was expressed as percentage of the activity of a non

heat-treated enzyme.

Identification of the Gene Encoding the Extracellular Protease on the Bacteria
P. fluorescens 07A Genome

Tryptic peptides obtained from protease digestion were submitted to a MALDI
TOF/TOF analysis and a peptide sequence could be associated to a specific protein
encoded by a gene predicted in the P. fluorescens 07A genome (Figure 4). The
contig sequence containing the extracellular protease has 14.63 kb and was
sequenced with an average coverage of 400 fold (GenBank accession number
KU170026). This contig contains 13 genes and the extracellular protease is encoded
by gene g5. This sequence has 1,434 bp and encodes a protein with 477 amino
acids, which was functionally annotated as extracellular metalloprotease

(Supplemental Table S1). This protein has a predicted mass of 49.486 kDa and an
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isoelectric point of 5.06. Similarity searches showed that this protein is highly
conserved among P. fluorescens strains (Supplemental Table S1, Supplemental
Figure S1). However, the sequence alignment showed that the extracellular protease
of P. fluorescens O7A strain has few polymorphisms that differentiate this protein

from other proteins identified in P. fluorescens strains (Supplemental Figure S1).
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Figure 4. Sequencing and identification of the protease by a proteogenomics
approach. The mass spectrums allowed the identification of a specific peptide
sequence that was confirmed manually (upper) and using software (left). The
differences between mass to charge ratios (x-axis) indicates the amino acids on

sequenced peptide. The protease sequence (right) that contains the peptide was
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predicted from a gene identified in the genomic sequence (bottom) of Pseudomonas

fluorescens 07A.

Discussion

The presence of proteases produced by psychrotrophic microorganisms in
milk results in degradation of casein micelles and hence in many technological
problems in dairy industries (McPhee and Griffiths, 2011). The extracellular protease
from P. fluorescens 07A presents activity in a wide range of conditions, as pH 5.0 to
10.0 and temperatures from 4 to 60 °C, which include many of the conditions for
storage of milk and dairy products. For example, Prato Cheese is stored at
approximately 12 °C during ripening and has a pH near to 5.5, conditions in which the
enzyme presented over 26% and 54% activity, respectively. Similarly, pasteurized
milk has a pH of 6.7 and is stored between 4 and 7 °C, conditions that also favor the
hydrolytic activity. Considering UHT treatment, the milk can be stored for months at
room temperature, which corresponds to the condition closer to the maximum
protease activity and could explain why UHT milk is the product most affected by the
technological problems caused by these proteases.

The high and almost constant activity presented by this protease in the range
of pH over 7 was very particular. In the other hand, other proteases showed a
continuous symmetrical reduction in their activities as the pH of the medium
increased in relation to their pH of maximum activity (Zambare et al., 2011; Mu et al.,
2009; Huston et al.,, 2004). The pH influences enzyme conformation and,

consequently, the catalytic activity of their active site and their ability to recognize
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and bind the substrate. This occurs through changes in the ionization degree of
amino acid residues, which directly interferes with hydrophobic interactions
maintaining the enzyme structure. Thus, in this study, deprotonation generated by
increasing the pH allowed the stabilization of the enzyme activity at pH above 8.0. It
means that deprotonating does not cause a disruptive change in the enzyme
structure, contributing to the behavior observed in this work for pH from 8.0 to 10.0.
There are no patterns for stimulation or inhibition of protease activity by ions.
As the enzyme characterized in this study, other proteases produced by different
bacteria have their activity stimulated in the presence of Mn?* (Salwan and Kasana,
2013; lbrahim et al., 2011; Mu et al., 2009), or inhibited by Cu?*, Zn?*, Ni**, Hg®* and
Fe?* (Zambare et al., 2011; Divakar et al., 2010; Sana et al., 2006). Stimulation of the
enzyme activity by manganese ions suggests that it plays an important role in
maintaining its active conformation (Kuddus and Ramteke, 2008), but how this
stabilization occurs is still not known. However, this is again not a common pattern
for Pseudomonas proteases, which usually require Ca?* or Zn?* as cofactors
(Jankiewicz et al., 2010; Liao and McCallus, 1998; Sgrhaug and Stepaniak, 1997).
Milk is a food rich in salts of phosphates, citrates, chlorides, sulfates and
carbonates of sodium, potassium, calcium and magnesium (Fox and McSweeney,
1998). Thus, the activity of the protease from P. fluorescens 07A might not be
stimulated in milk, since manganese salts are present only at low concentrations in
this product (30 pg/L or 0.55 puM) or even in concentrated milk products. An important
finding is the fact that calcium, which is present in high concentrations in the milk
(1200 mg/L), is probably a cofactor for this enzyme, since it has a calcium-binding

domain in its structure, like other protease from psychrotrophic bacteria. This fact is
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reinforced by the fact that this protease activity was inhibited by EDTA and 1,10-
phenanthroline, confirming that this enzyme is a metalloprotease, which is a group of
enzymes which require metallic ions in the active site to maintain their structure and
stability.

The presence of zinc inhibited the protease activity in proportion to its
concentration, although the analysis of its sequence revealed the presence of a Zinc-
dependent metalloprotease, Serralysin-like subfamily and a Peptidase M10, a
conserved protein domain family that suggest a zinc dependence for catalysis. An
analysis of the sequence of a metalloprotease from a psychrophilic bacterium strain
isolated from marine environment suggests that this enzyme needs Zn?*, although its
characterization also has shown complete inhibition of its activity in the presence of
this ion at 0.1 mM, 1.0 mM and 10 mM (Huston et al., 2004). Furthermore, some
Zn?*-dependent metalloproteases (for example, aminopeptidase, thermolysin) could
be inhibited by an excess of this ion due to the formation of a zincmonhydroxide
bridge (Massaoud et al., 2011; Larsen and Auld, 1989).

Activity reduction by DTT would suggest that this protease is stabilized by
disulfide bonds. Similar findings were reported for other proteases from
Pseudomonas (Tang et al., 2010; Dufour et al., 2008; Gupta et al., 2005). However,
the absence of cysteine residues in the protease sequence remits to alternative
mechanisms of reduction of enzymes activity by DTT. For example, DTT could act as
a metal ion chelator, what could explain the inhibition of cofactor-dependent enzymes
(Cornell and Crivaro, 1972; Paoletti et al., 1997; Yang et al.,, 1996). It was also
hypothesized that DTT could inhibit enzyme activity by competing with its substrates,

or even by steric hindrance via hydrogen interactions with amino acid residues in the
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catalytic domain (Alliegro, 2000). These findings demonstrate that the statement that
enzymes inhibited by DTT would be stabilized by disulfide bonds, although true for
many enzymes, must be confirmed by supplementary experiments.

Koka and Weimer (2000) affirmed that the competition for ions of these
proteases with other milk proteins may be a factor regulating their activity. According
to the authors, if the proteins present in milk have a higher binding affinity for metal
ions than proteases, the hydrolysis of milk proteins by these proteases would be a
strategy of these enzymes for obtaining ions in this product.

Heat treatments adopted by the dairy industry and the cooling conditions after
processing may not be sufficient to completely inhibit the activity of proteolytic
enzymes as the protease studied in this work (Figure 2). The thermostability pattern
presented by this protease demonstrated the importance in determining the ideal
combination of time and temperature for heat treatments in the industry, since a
longer time for heat treatment (65 € for 30 min) results in reduced enzymatic
activity, although it may increase the destruction and inactivation of some milk
constituents (Fellows, 2000). Alternatively, treatment HTST has been able to reduce
activity to almost 30% within only 15 s. More importantly, the protease was more
stable when subjected to the treatment at 100 T for 5 min, comp ared to milder
treatments.

Inactivation of some bacterial proteases deviates the first-order kinetics in
certain temperature ranges (McKellar, 1989). In the literature, some reports describe
proteases of psychrotrophic presenting this behavior, which is known as low-

temperature inactivation - LTI. This could be mainly attributed to enzyme auto
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digestion or its aggregation with molecules of casein (Stepaniak and Sgrhaug, 1995;
McKellar, 1989; Barach et al., 1978).

Many other proteases produced by strains of P. fluorescens are also heat-
resistant and retain activity even after UHT treatment. This residual activity can
cause changes in the physicochemical properties of the casein micelles and lead to
destabilization and gelation of UHT milk during storage (Bagliniére et al., 2013;
McPhee and Griffiths, 2011). Thus, adoption of appropriate practices for obtaining
milk is necessary in order to minimize contamination of the raw material by
psychrotrophic microorganisms.

The gene that encodes the extracellular protease of P. fluorescens 07A was
identified by a proteogenomics approach (Figure 4). A specific peptide sequenced by
MALDI TOF/TOF allowed the identification of gene that encodes the extracellular
protease in the P. fluorescens 07A genome and its complete amino acid sequence.
The extracellular protease has 49.486 kDa and its sequence is highly conserved
among P. fluorescens strains (Supplemental Figure S1), members of serralysin-like
proteins. Serralysin are virulence factors in pathogenic bacteria and do not require
signal sequences for transmembrane translocation. The proteases presenting
similarity to the P. fluorescens 07A enzyme showed optimum activity in temperatures
between 37 — 45 °C and pH 7.0 — 9.0 (Zhang et al., 2009; Anderson et al., 2004; Liao
and McCallus, 1998). The characteristic of thermorresistance was also found for
some of these proteases (Liao and McCallus, 1998).

The protease showing higher similarity with the protease sequenced in this
study (CO9WKP6) was isolated from the P. fluorescens strain TSS (Zhang et al.,

2009), an aquaculture pathogen that can infect a number of fish species.
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Surprisingly, this protease has its activity stimulated by 10 mM Ca?* and Zn?*, even
presenting only two amino acids substitutions in its sequence. One of these
substitutions is located in the calcium-binding domain (343-385), where a serine
residue in position 356 in the P. fluorescens 07A sequence was substituted by an
alanine residue. Miyajima et al. (1998) conducted an experiment with a P. aeruginosa
protease wherein they replaced an aspartate residue at position 356 by an alanine
and verified that the protease activity was completely inhibited, showing the
importance of this residue in binding this ion and therefore in regulating the catalytic

activity of the enzyme.

Conclusions

This work shows the importance of the knowledge about the characteristics of
proteolytic enzymes in order to control their activity in raw milk and hence reduce
technological problems in dairy products. The protease has maximum activity at 37
€ and pH 7.5, which is compounded by its high residual activity after the most
intense heat treatments administered. On the other hand, the significant reduction on
protease activity under LTLT and HTST treatments highlights new perspectives to

the treatment of milk to control technological problems caused by these enzymes.
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Supplemental Material

Supplemental material S1

Methodology of Peptide Sequencing by Mass Spectrometry

Tryptic peptides were resuspended in 10 L of 50% acetonitrile acidified with
0.1% trifluoroacetic acid. The matrix used was a-cyano-4-hydroxycinnamic acid -
HCCA (BrukerDaltonics, Germany) solubilized in the same solution used to
resuspend the tryptic peptides, to a final concentration of 10 mg/mL, following
manufacturer's instructions. For calibration of the MS1 analysis method, standard
peptides were used (Peptide Calibration Standard IlI) (BrukerDaltonics, Germany).
The samples were applied to a plate appropriate to MALDI-TOF/TOF, Ultraflex 1l
(BrukerDaltonics, Germany), performed manually and in duplicate by adding 1 uL
sample and 1 uL matrix for each spot.

The MS1 data was obtained by using the positive and reflective mode, with a
detection range of 500-3500 Da. To the MS2, we used the LIFT method in positive
mode. For this, ions with intensity greater than 3,000 were selected and ratio charge-
mass (m/z) greater than 700 Da.

All data were analyzed by the software Flexcontrol, version 3.3
(BrukerDaltonics, Germany), and the spectra resulting from the MS1 and MS2
analysis were processed with the flexanalysis application, version 3.3
(BrukerDaltonics, Germany). The lists of MS1 peaks were generated in extensible

markup language (XML) format by flexanalysis software. The lists of MS2 peaks
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were generated in mascot generic format (mgf) by Biotools software, version 3.2
(BrukerDaltonics, Germany).

The lists with the mass values were compared with the proteins of the
bacterium P. fluorescens 07A using the MASCOT software, version 2.4.0 (Matrix
Science, London, UK). The parameters used for the research were: enzymatic
digestion by trypsin with a missed cleavage; an error tolerance for the parental ion of
0.2 Da and 0.5 Da for fragments; cysteine carbamidometilation as fixed modification
and oxidation of methionine as a variable modification.

The result obtained by MASCOT was validated by SCAFFOLD application,
version 4.4.1.1 (Proteome Software Inc., Portland, OR). To validate the peptides
identified by MASCOT, the algorithm Peptide Prophet was applied (Keller et al.,
2002) and for proteins, the Protein Prophet algorithm (Nesvizhskii et al., 2003), with
acceptance criteria for those with the probability of identification greater than 90 % in
both cases. Proteins that had similar peptides and could not be differentiated based
on the analysis of MS/MS data were grouped, satisfying the principles of parsimony.
The lists of MS/MS were also subjected to PEAKS software, version 7.0
(BioinformaticsSolutions Inc., Canada) in order to achieve greater coverage of

protein identification using an FDR rate < 1.
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Table S1. Functional annotation of genes predicted from a contig of the Pseudomonas fluorescens 07A genome. This contig
sequence contains the gene (g5) that encodes the protease identified in this work. The contig sequence was registered in GenBank

under accession number KU170026.

Query | Annotation Sequence | E- Identity(%) [ Similarity(%) | UniProt UniProt Description Organism
aa length | value ID
gl Outer membrane protein | 446 0 99.55 100.00 [4AKBX6 Outer membrane protein [ Pseudomonas fluorescens
SS101
g2 Membrane fusion protein | 437 0 98.86 99.54 14K616 Membrane fusion Pseudomonas fluorescens
protein SS101
g3 ABC transporter 583 0 990.14 99.66 12BSQ5 ABC transporter Pseudomonas fluorescens
A506
g4 Protease inhibitor Inh 99 1.81E- | 97.98 97.98 12BMS8 Protease inhibitor Inh Pseudomonas fluorescens
66 A506
g5 Extracellular 477 0 99.58 100.00 COWKP6 | Extracellular Pseudomonas fluorescens
metalloprotease metalloprotease
g6 Peptidase, T4 family 367 0 97.55 99.18 14AKB76 Peptidase, T4 family Pseudomonas fluorescens
SS101
g7 Amino acid permease, 454 0 99.56 99.78 I4AKFW5 Amino acid permease, Pseudomonas fluorescens
APC family APC family SS101
08 Transcriptional regulator, | 312 0 98.47 99.23 12BMY9 Transcriptional Pseudomonas fluorescens
LuxR family regulator, LUxR family A506
g9 Periplasmic putrescine- 359 0 95.82 99.44 I2BKK3 Periplasmic putrescine- | Pseudomonas fluorescens
binding protein, PotF binding protein, PotF A506
family family
gl10 Uncharacterized protein | 113 2.75E- | 96.46 96.46 W2F7P2 | Cupin Pseudomonas fluorescens
77 FH5
gl1 FAD dependent 468 0 96.80 98.08 14K7P7 FAD dependent Pseudomonas fluorescens
oxidoreductase oxidoreductase SS101
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g12 Transcriptional regulator, | 269 0 96.28 98.14 12BMU2 Transcriptional Pseudomonas fluorescens
AraC family regulator, AraC family A506

0913 Uncharacterized protein | 90 5.68E- | 100.00 100.00 I2BWN5 Uncharacterized protein | Pseudomonas fluorescens
62 A506
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Entry Organism Length(aa)

PROTEASE  Pseudomonas fluorescens 07TA 477

CO9WKP6 Pseudomonas fluorescens 477

14KDD9 Pseudomonas fluorescens SS101 477 [ counting of polymorphic sites
Q3YAW3 Pseudomonas fluorescens 477 o =50 190
12BKFQ Pseudomonas fluorescens A506 477
ADAODORPUS8 Pseudomonas fluorescens 477
ADAQE3K2E7 Pseudomonas fluorescens 477

G4V2A5 Pseudomonas fluorescens 477

067991 Pseudomonas fluorescens 477 2
C3KBF4 Pseudomonas fluorescens SBW25 477 27
BOFXD9 Pseudomonas fluorescens 477 27
U1SRJ8 Pseudomonas fluorescens EGD-AQ6 477 20
E2XSA3 Pseudomonas fluorescens WH6 477 27
AODAOBOAEX6E Pseudomonas fluorescens 477 27
066388 Pseudomonas fluorescens 476 2
Q9ZG96 Pseudomonas fluorescens 477 8
L7HPR2 Pseudomonas fluorescens BRIP34879 477
ADAOA1YSN1 Pseudomonas fluorescens LMG 5329 482

Q9ZNJ1 Pseudomonas fluorescens 482

V7EAY2 Pseudomonas fluorescens BBc6R8 482

Q9KJ19 Pseudomonas fluorescens 477

BOFXEQ Pseudomonas fluorescens 482
ADA075P2S1  Pseudomonas fluorescens 482

ADAODEBII7  Pseudomonas sp. Os17 482

Q4KBR8 Pseudomonas fluorescens Pf-5 482

Q6DUCO Pseudomonas fluorescens 482
ADAODOJBH3 Pseudomonas fluorescens 481

Figure S1. Pairwise sequence comparisons between the proteases of Pseudomonas
fluorescens strains. A pairwise matrix containing the number of differences
(polymorphic sites) among the amino acid sequences was calculated from the

sequences that present high similarity with the protease characterized in this work

(upper).
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4. CHAPTER 3: PRODUCTION AND ACTIVITY OF PROTEASES FROM

PSEUDOMONAS FLUORESCENS 07A IN MILK
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TEMPERATURE MODULATES THE PRODUCTION AND ACTIVITY OF

PROTEOLYTIC ENZYMES FROM PSEUDOMONAS IN DAIRY

Abstract

This work evaluated the expression and activity of proteases by Pseudomonas
fluorescens 07A strain in milk at different temperatures. Low relative expression of
proteases by the bacteria was observed after incubation for 12 h at 25 C, when the
bacteria is found in the logarithmic growth phase, compared to refrigeration
temperatures of 4 and 10 °C, when the bacteria is in lag phase. After 24 h, protease
production significantly increased (P <0.05) at 25 °C and remained constant up to 48
h, range in which the bacteria remained in stationary phase. These data indicate that
this protease could be produced as an adaptive strategy to the environment under
the conditions used. An additional extracellular protease of approximately 30 kDa
was produced after 36 h of incubation at 25 < in Luria Bertani, but not in milk, and it
completely disappeared at 48 h. Casein fractions were massively degraded by P.
fluorescens 07A, the purified protease and the bacterial extract on the seventh day of
incubation at 25 °C and to a lesser extent at 10 T for the sample incu bated with the
bacteria. Heat treatment at 90 T for 5 min completely inactivated the p roteolytic
activity of the purified protease and the bacterial extract. This work contributes to the
understanding of the milk storage conditions that influence the production and activity

of these enzymes. These results show the need to search for alternative strategies
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by dairy industries to control the synthesis and activity of these enzymes in order to

ensure the quality of processed products.

Keywords: Milk storage, control of milk proteolysis, protease;
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Introduction

Refrigeration of raw milk at farms and dairy processing plants maintains milk
quality by reducing the growth of mesophilic bacteria (Samarzija et al., 2012).
However, it favours multiplication of psychrotrophic bacteria, especially the genus
Pseudomonas (Neubeck et al., 2015; Rasolofo et al., 2010; De Jonghe et al., 2011).
Among them, the species P. fluorescens has considerable importance in milk
deterioration (De Jonghe et al., 2011; Rasolofo et al., 2010).

Although psychrotrophic microorganisms are inactivated by heat treatments,
their extracellular proteases are usually thermoresistant, keeping their activities even
after milk pasteurization or ultra high temperature (UHT) treatments (McPhee and
Griffiths, 2011). Extracellular proteases are able to cause degradation of casein
micelles, which results in modifications to the physico-chemical properties and
sensory characteristics of dairy products (Chen et al., 2003; McPhee and Griffiths,
2011), leading to important economic losses.

Thus, the knowledge of storage conditions that favor expression of these
enzymes by this group of bacteria is fundamental in order to avoid their presence in
milk to be subjected to heat treatment.

Production of proteases by psychrotrophic bacteria is a complex process
influenced by medium composition, especially iron availability (Mckellar et al., 1987),
culture conditions and growth phase (Nicodéme et al., 2005; Rajmohan et al., 2002)
and quorum sensing (Liu et al., 2007). Temperature is also a major factor associated
with regulation of protease production by psychrotrophic microorganisms (Woods et

al., 2001; McKellar and Cholette, 1987). However, most works has evaluated
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protease production in culture media, and the results are not reproducible when
extended for milk matrix.

The P. fluorescens O07A strain produces at least one protease of 49.5 kDa,
which has maximum activity at 37 € and pH 7.5. We have shown that this enzyme
has high residual activity when subjected to intense heat treatment, while milder heat
treatments lead to protease hydrolysis and massive loss of activity (Alves et al.,
2016). In this work, we evaluated the expression and activity of this protease in milk,
refrigerated or not, as well as the degradation of casein micelles caused by this
enzyme. For this, we simulated different situations for the presence of this enzyme in
milk before and after heat treatment, searching for information that may assist in the
development of more effective systems for better quality and control of dairy

products.

Material and Methods

The strain P. fluorescens 07A was isolated from raw milk collected from a
dairy industry in Minas Gerais, Brazil (Pinto, 2004; Pinto et al., 2006). It was

cultivated in Luria-Bertani broth (Sigma Aldrich, St. Louis, MO) at 25 °C.

Protease purification

A solution containing the bacteria in exponential phase was inoculated (1%) in
Luria-Bertani broth, incubated for 18 h and centrifuged at 10,000 x g for 15 min at 4
°C. The enzyme was isolated from crude supernatant and partially purified by

fractional precipitation using ammonium sulfate (40 - 60%) for 1 h followed by
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centrifugation at 12,000 x g for 30 min at 4 °C. The pellet was resuspended in 10 mM
Tris-HCI, 50 mM NacCl buffer, pH 7.5, and dialyzed twice against this buffer using a
cellulose membrane of 14 kDa (Sigma-Aldrich, St. Louis, Missouri, USA) for 8 h. All
steps were performed at 4 °C, and an aliquot was collected to monitor enzyme
activity.

The dialyzed solution containing the enzyme was applied in a HiPrep 26/60
Sephacryl™ S-200 HR column (GE Healthcare® Little Chalfont, Buckinghamshire,
UK) equilibrated with 10 mM Tris-HCI, 50 mM NaCl buffer, pH 7.5, using an AKTA
Purifier chromatographer (GE Healthcare® Little Chalfont, Buckinghamshire, UK).
Samples were collected at 1.6 mL/min and monitored by absorbance at 280 nm.
Fractions containing proteolytic activity were concentrated by ultrafiltration in
Amicon® Ultra-15 (Millipore®, Cork, Ireland) and stored at 4 °C.

Purification steps were monitored by SDS-PAGE and zymogram.

SDS-PAGE and zymogram

SDS-PAGE was performed with a 12% polyacrylamide gel according to the
method of Laemmli (Laemmli, 1970). Proteins were stained with silver nitrate or
0.01% Coomassie Brilliant Blue R-250 solution.

The zymogram was performed using a 12% polyacrylamide gel and gelatin (3
mg/mL) as substrate, as described by Feitosa (Feitosa et al., 1998), with
modifications. After electrophoresis, gels were washed for 30 min with a Triton X-100
2.5% (v/v) solution and incubated in 50 mM Tris-HCI, 200 mM NaCl, 5 mM CacClz
buffer, pH 7.5, at 37 °C for 12 h. Proteolytic activity was visualized as clear zones in

the gel stained with a 0.01% Coomassie Brilliant Blue R-250 solution.
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Activity Assay

The proteolytic activity was determined using azocasein (Sigma-Aldrich, St.
Louis, Missouri, USA) as a substrate, as described by Ayora and Gotz (1994), with
modifications. An aliquot of 250 uL of azocasein solution at 2% (m/v) in 40 mM Tris-
HCI, 2 mM CacCl2, pH 7.5, was added to 150 pL of the test solution. The mixture was
agitated and incubated at 37 € for 8 h, and the reaction was stopped with the
addition of 1.2 mL of 10% (m/v) trichloroacetic acid. After incubation for 15 min at
room temperature, the mixture was centrifuged at 12,000 x g for 15 min at 4 C. The
supernatant was neutralized with the addition of 1.0 mL of 1 M NaOH. The
absorbance of the resulting solution was measured at 440 nm using a SpectraMax
M2 spectrometer (Molecular Devices, Sunnyvale, California, USA). One unit of
enzymatic activity was defined as the amount of enzyme sufficient to raise 0.01 of the
solution absorbance at 440 nm per minute under experimental conditions.All assays
were performed as triplicates and the results were expressed as the mean + standard
deviation.

Protein concentration was estimated by the Bradford assay (Bradford, 1976)
using bovine serum albumin — BSA (Sigma-Aldrich, St. Louis, Missouri, USA) as

pattern to the calibration curve.

Protease expression in milk
To assess the differential expression of proteases by the proteolytic P.
fluorescens 07A, three flasks containing 10% (w/v) reconstituted skimmed milk were

inoculated with approximately 102 CFU/mL of this bacteria and incubated at 4, 10 and
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25 C. Aliquots of each sample were collected at 0, 12, 24, 36 and 4 8 h to monitor

enzyme activity, microbial growth and enzyme production by RT-qPCR.

Total RNA extraction and cDNA synthesis

Aliquots of 4 mL were centrifuged at 3,000 x g for 5 min at 4 . The pellet
was lysed for total RNA extraction using PurezolTM RNA Isolation Reagent (Bio-Rad,
California, USA) and cDNA was synthesized using an iScriptTM cDNA Synthesis Kit
(Bio-Rad, California, USA) according to the manufacturer's recommendations. The
efficiency of RNA extraction and cDNA synthesis were evaluated by quantification
using NanoDrop 2000 Spectrophotometer (Thermo Scientific, Wilmington, Delaware

USA).

Real-time PCR

The primers used to monitor protease production were synthesized based on
the protease sequence (Alves et al., 2016) and are described as follows: Apr07 F - 5’
TCT CAC GGT CAA TGG CAA AC 3’ and Apr07 R -5 TTG CCG TTG CCA TCA
AAG TC 3. The cDNAs were used as templates for Real-time PCR using a Ssofast™
EvaGreen Supermix kit (Bio-Rad, California, USA). Reactions were made in
triplicate, and the level of basal expression was compared to that of 16S gene

expression, using the primers 530F and 110R (Silva et al., 2016).

Statistical analysis
Relative expression of the protease by P. fluorescens 07A at different

temperatures, within the same time, were compared using one-way analysis of
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variance (ANOVA) and Tukey's test. Data from three-independent replicates were
shown as the mean £ SD. Analyses were performed using GraphPad Prism software,
version 7.00 (GraphPad, San Diego, CA, USA).P<0-05 were considered

statistically significant.

Protease production in LB
P. fluorescens 07A strain was inoculated in Luria-Bertani (102 CFU/mL) and
incubated at 4, 10 and 25 C, and enzyme activity in this medium wa s evaluated by

zymogram at the times 0, 12, 24, 36 and 48 h of incubation.

Proteolysis assay
Milk proteolysis by the purified protease was compared to that caused by the
bacteria, under different conditions. For this, flasks containing 100 mL of sterile 10%
(m/v) reconstituted skimmed milk were inoculated as follows:
Treatment 1. Control
Treatment 2. P. fluorescens 07A
Treatment 3. Purified protease (2.5% v/v)
Treatment 4. 10 mM Tris-HCI, 50 mM NacCl, pH 7.5 buffer (2.5% v/v)
Treatment 5. Heat-treated purified protease (2.5% v/v)
Treatment 6. Heat-treated P. fluorescens 07A extract (2.5% v/v)

Treatment 7. P. fluorescens 07A extract (2.5% v/v)

Each treatment was inoculated in three flasks and incubated at 4, 10 and 25

°C, as biological replicates. The initial count of P. fluorescens 07A (treatment 2, 6 and

69



7) was approximately 103 CFU/mL and bacterial extracts (treatments 6 and 7) were
resuspended in 10 mM Tris-HCI, 50 mM NaCl buffer, pH 7.5. After addiction of the
purified protease and the P. fluorescens extract in milk, treatments 5 and 6,
respectively, the samples were subjected to heat-treatment in a bath at 90 T for 5
min. Temperatures of reconstituted skimmed milk inside the flasks were monitored
with a test flask.

Aliquots of 10 mL of each treatment were collected at 0, 1, 2, 3, 5 and 7 days
after inoculation. Sample preparation for proteolysis monitoring was adapted from
Adams (Adams et al., 1976). Samples were acidified to pH 4.0 by using 3 M cloridric
acid and centrifuged at 12,000 x g for 10 minute at 4 °C to precipitate milk caseins.
The supernatant (milk serum) was discarded and the casein-containing pellet was
stored at -20 T . On the last day of assay, samples were thawed, resuspended in 10
mL of Tris-HCI 0.5 M buffer, pH 9.0, and subjected to SDS-PAGE with a 12%
polyacrylamide gel (Laemmli, 1970). Proteins were stained with 0.01% Coomassie
Brilliant Blue R-250 solution.

Gels were digitalized, and milk caseins concentrations were estimated by
densitometry analysis using Image J®software (National Institute of Health, Bethesda,

Maryland, USA).

Results

Protease expression and activity in milk
The protease expression by P. fluorescens 07A was proportional to the phase

of microbial growth in milk. At 12 h at 25 T (Figure 1a), when the cu lture was in
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middle of exponential phase of growth (Supplemental Figure S2), protease
production was low. However, after 24 h of incubation at this same temperature, the
relative expression was significantly increased (P <0.05) and remained constant up
to 48 h. Associated with this result, only 0.006 U of enzyme activity was detected at
25 € after 12 h in milk (Figure 1b), and this activity significantly increased and
accumulated during incubation into stationary phase and reached 0.15 U after 48 h.
Conversely, the relative expression of proteases at 10 T at 12 h of incubation
was significantly higher (P<0.05) than at 25 T (Figure 1a), followed by a red uction in
the last 24 h of incubation at refrigeration temperatures. The enzymatic activity in
these treatments remained low throughout the incubation period compared to activity

at 25 C.
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Figure 1. Relative expression of protease (a) and enzymatic activity (b) by P.

fluorescens 07A at 4, 10 and 25 °C. Values are mean £ SD (n = 3).

Protease production in LB
In general, when cultivated in LB medium, P. fluorescens 07A produces an

extracellular protease of approximately 50 kDa. At 25 T, this protease activity is
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detectable within first 12 h of incubation, while at 10 C, a discrete band can be
observed at 24 h. Only after 36 h can protease activity be detected at 4 . However,
when incubated at 25 C, a second protease was produced after 36 h, with an

estimated size of 30 kDa (Figure 2).

kDa MM

4°C 10°C 25°G 4°C 10°C 25°C 4°C 10°C 25°C 4°C 10°C 25°C
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Figure 2. Zymogram of protease production by P. fluorescens 07A in Luria-bertani at

12, 24, 36 and 48 h of incubation at 4, 10 and 25 °C.

Proteolysis assay

The inoculation of P. fluorescens 07A (treatment 2), the purified protease
(treatment 3) or bacterial extract (treatment 7) in LDR at 25 € led to n ear complete
hydrolysis of caseins (Figure 3) and visually modified the appearance of the milk in
these treatments (Supplemental Figure S1). To a lesser extent, the same was
observed in treatment 2, incubated with the bacteria, at 10 °C.

The degradation of the casein fractions on the seventh day after inoculation of
P. fluorescens 07A in LDR relative to day zero was 42.98% and 99.47% for
treatments at 10 T and 25 T, respectively (Supplemental Table S1 ). Similarly,
samples incubated with the purified protease and bacterial extract at 25 °C also
showed a high degree of casein degradation since the second day after inoculation in
milk, of 98.47% and 99.41%, respectively, on the seventh day of incubation.
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Heat treatment at 90 °C for 5 min was effective in inactivating this protease
since no proteolysis was observed for the purified protease and the bacterial extract

subjected to this condition.
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Figure 3. Biological assay — Profile of casein fractions in reconstituted skim milk at days 0O, 1, 2, 3, 5 and 7. M: Commercial Molecular
Marker; P: Casein pattern. Treatment 1: Control. Treatment 2: P. fluorescens 07A (102 CFU/mL). Treatment 3: Purified protease
(2.5% v/v). Treatment 4: Tris-HCI 10 mM, NaCl 50 mM, pH 7.5 Buffer (2.5% v/v). Treatment 5: Heat-treated purified protease (2.5%

v/v). Treatment 6: Heat-treated P. fluorescens 07A extract (2.5% v/v). Treatment 7: P. fluorescens 07A extract (2.5% v/v).




Discussion

To understand the conditions that influence the production and activity of
proteases by psychrothrophic bacteria in milk, we have evaluated the expression of
proteases by P. fluorescens 07A at different temperatures and compared proteolysis
of caseins by this bacteria and the purified protease under different conditions.

The temperature of 4 T is recommended for milk storage and the maximum
temperature accepted for milk reception for processing by industries is 10 °C.
However, the production of the protease by the bacteria within the first 24 h of
incubation (Figurela) shows that refrigeration is not sufficient to prevent the
production of these enzymes in milk if the initial count of psychrotrophic bacteria is
above 103 CFU/mL. However, the temperature of 4 T minimized enzyme production
by the bacteria in the first 12 h of incubation in comparison to 10 C. After 24 h,
protease production is significantly reduced (Figure 1l1a), but the protease
accumulates in milk. The high levels of expression of this protease in the lag growth
phase indicate that it could be produced as an adaptive strategy to the environment
under the conditions used, which is reinforced by the increased production of this
enzyme in stationary phase at 25 C (Figure 1a).

After 36 and 48 h, enzyme production at 25 C was approximately ten and
sixteen times higher, respectively, than those at refrigeration temperatures. In
addition, enzyme activity significantly increased with time (Figure 1b), showing the
retention of the enzyme in the extracellular medium during stationary phase.

The proteolytic activity of P. fluorescens strains is normally detected in the late

logarithmic phase of growth (Matselis and Roussis, 1998). The regulation of
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production of these enzymes may be associated with high cell density, which may
partly explain the high and constant expression of proteases by P. fluorescens 07A
strain at 25 T after 24 h. Extracellular proteases, including those produced by
Pseudomonas strains, can act as virulence factors released in response to the signal
molecules of quorum sensing (Tan et al., 2013). Although the proteolytic activity of P.
fluorescens 07A is not regulated by signal molecules (AHL) (Pinto et al., 2010), the
activity of the extracellular protease produced by this strain is only detected when cell
concentration is higher than 108 CFU/mL, confirming that its proteolytic activity could
be related to cell density.

Protease IV of P. aeruginosa is produced as a precursor, which is
intracellularly processed in order to be activated (Traidej et al., 2003). It is possible to
infer that there is a system for transcriptional and post-translational control of enzyme
expression and secretion and that it is highly regulated by extrinsic factors such as
temperature and cell concentration. This pattern of response to external stimuli could
explain the lower expression of this protease during the logarithmic phase of growth
of the bacteria P. fluorescens 07A, followed by an increase and a constant
expression at the end of this phase, without an instantaneous corresponding
increase in the activity (Figure 1a and 1b).

Protease production by P. fluorescens has been investigated by several
groups and has varied depending on temperature, stage of growth and medium
composition (Hellio et al.,, 1993; Peterson and Gunderson, 1960). However, these
studies did not assess the differential expression and activity of these enzymes in
milk, but only in culture media. Peterson and Gunderson (1960) observed that the

proteolytic activity in the supernatant of a P. fluorescens culture in tryptone-glucose-
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meat extract broth was greater at refrigeration temperatures and decreased with
increasing temperature, contrary to what was found in this study in milk. According to
the authors, the tendency to increase production of proteases at low temperatures
may be related to the fact that under these conditions, enzyme activity is lower. As
temperature increases, higher enzyme activity limits the need for extensive
production.

Hellio et al. (1993) reported that the P. fluorescens MFO strain optimal
proteolytic activity at 17.5 C. They demonstrated that this activity gain was due to an
increase in the amount of protease secreted, excluding the hypothesis that
differences in activities at different growth temperatures might correspond to a
difference in the enzymatic activity.

Differential expression of proteases in different substrates and stages of
bacterial growth has already been described for other bacteria. It was reported that
the production of this type of enzyme depends upon the availability of nutrients in the
medium (Rajmohan et al., 2002). In this work, protease activity in LB medium at 10
C after 48 h was fairly intense as at 25 T (Figure 2). The activity of an extracellular
protease with an approximate molecular mass of 30 kDa after 36 h of incubation at
25 T in LB medium (Figure 2), when the bacteria is at the end of the stationary
phase, could be due to the limitation of a specific protein substrate and then the
attempt of that enzyme to use another substrate.

P. fluorescens 07A was able to hydrolyse casein fractions even when stored at
10 T for seven days (Figure 3), indicating that milk storage at that temperatu re may
be of concern because it allows the multiplication of psychotropic bacteria, in addition

to protease production and activity. This fact reinforces the importance of maintaining
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hygienic conditions to obtain quality milk since in Brazil, 10 T is the maximum
allowed temperature for reception of milk for processing in dairy industries (Brasil,
2011). Raw milk contains approximately between 103 and 10° CFU/mL
psychrothrophic bacteria (Ercolini et al., 2009; Pinto et al., 2006), which indicates that
the production of the protease may be even greater in routine situations, since the
results obtained in this study are based on an initial count of 103 CFU/mL. At 25
the intensity of protein degradation was even greater, and on the second day, it has
already been possible to observe degradation of all caseinic fractions.

Pinto et al. (2014) evaluated the degradation of casein fractions of inoculated
milk samples with 108 CFU /mL of the P. fluorescens 07A and 041 strains stored at 2,
4, 7 and 10 €. The authors verified degradation of the k-casein fractions of the
samples even when incubated at 2 C, after 6 days. The temp erature increase to 4
°C accelerated degradation, with complete hydrolysis of all the casein fractions being
observed on the fourth day of storage in milk inoculated with P. fluorescens 041, and
on the sixth day, in milk inoculated with P. fluorescens 07A.

The intense proteolysis caused by the purified protease at 25 € (Figure 3)
shows the importance of controlling milk contamination by psychrotrophic bacteria
since this temperature is close to those used for storage of UHT milk. Again,
obtaining quality milk is essential, otherwise, psychrotrophic contaminants can
produce those heat resistant enzymes, resulting in loss of dairy product quality
(Serhaug and Stepaniak, 1997). Interesting results were that storage of the milk with
the purified protease at 4 € or 10 <T inhibited its activity, suggesting th at

refrigeration temperatures could reduce or minimize UHT gelation caused by these
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enzymes during storage. However, UHT milk is stored at room temperature because
it is considered a commercially sterile product.

The heat treatment at 90 °C for 5 min was sufficient to inactivate the purified
enzyme and the bacteria. We have previously show that this protease retains
approximately 44% of its residual activity when subjected to 90 € for 5 min in LB
medium, while only approximately 14% of this residual activity is observed when
subjected to 65 T for 30 min (Alves et al., 2016) . Thus, the observed inactivation
may be due to the longer time taken to achieve the temperature in milk and
differences associated with medium composition.

The intense degradation of casein fractions in the milk incubated with P.
fluorescens 07A extract at 25 T (Figure 3) for two days suggests that the proteases
continued to be produced by the bacteria even after precipitation of the cells and their
inoculation into milk. This could then lead to accumulation of this enzyme in the

medium and potent activity in degrading milk proteins.

Conclusions

We have shown that refrigeration temperatures are not sufficient to inhibit
protease production but do inhibit protease activity, which could lead to
misinterpretations and mask the presence of these enzymes in milk. This protease
activity leads to a massive loss of casein fractions during storage at room
temperature in UHT milk due to residual activity of these enzymes after heat
treatments. Since production of these enzymes occurs mainly within the first 12 h of

incubation at 4 or 10 °C, the control of psychrotrophics in raw milk is essential to
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avoid the presence of these enzymes in the subsequent steps. Thus, this work
affirmed the need for strict microbiological control when obtaining raw milk for

processing in the dairy industry.
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Supplemental Material

Table S1. Biological assay - Percentage of degradation of casein fractions in reconstituted skim milk at day 7. Treatment 1: Control.
Treatment 2: P. fluorescens 07A (103 CFU/mL). Treatment 3: Purified protease (2.5% v/v). Treatment 4: 10 mM Tris-HCI, 50 mM
NaCl, pH 7.5 Buffer (2.5% v/v). Treatment 5. Heat-treated purified protease (2.5% v/v). Treatment 6: Heat-treated P. fluorescens

O7A extract (2.5% v/v). Treatment 7: P. fluorescens 07A extract (2.5% v/v).

Temperature
of Treatment1l | Treatment2 | Treatment3 | Treatment4 | Treatment5 | Treatment6 | Treatment 7
incubation
4C 2,39 1,27 1,09 0,14 0,47 1,46 2,04
10<C 2,22 42,98 1,24 0,95 2,36 1,67 1,38
25<C 0,81 99,15 98,47 1,55 1,11 1,54 99,41
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25°%C

Figure S1. Biological assay — visual effects of treatments on reconstituted skim milk
at day 7. Treatment 1: Control. Treatment 2: P. fluorescens 07A (10 CFU/mL).
Treatment 3: Purified protease (2.5% v/v). Treatment 4. 10 mM Tris-HCI, 50 mM
NaCl, pH 7.5 Buffer (2.5% v/v). Treatment 5. Heat-treated purified protease (2.5%
v/v). Treatment 6: Heat-treated P. fluorescens 07A extract (2.5% v/v). Treatment 7:

P. fluorescens O7A extract (2. 5% v/v).
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Figure S2. Growth curve of P. fluorescens 07A in reconstituted skimmed milk at 4,

10 and 25 °C.
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5. GENERAL CONCLUSION AND PERSPECTIVES
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In this work an extracellular protease from P. fluorescens 07A strain was
purified and characterized in relation to its biochemical and biological properties. The
enzyme is a metalloprotease with a molar mass of 49,486 kDa and maximal activity
at 37 T and pH 7.5. Low temperature treatments, such as milk paste urization, were
more effective in reducing protease activity when compared to more intense heat
treatments. This behavior can cause significant problems during processing and
storage of milk and dairy products, especially UHT milk. The gene encoding the
protease was identified in the P. fluorescens 07A strain genome. The enzyme has
477 amino acids and highly conserved Ca?* and Zn?*-binding domains.

The expression of proteases by P. fluorescens 07A presented variations at
different temperatures according to the growth phases of this bacteria, indicating that
this protease could be produced as an adaptive strategy to the environment. Low
relative expression was observed after 12 h of incubation at 25 € compared to
refrigerated temperatures of 4 and 10 <, but the production of this enzyme
significantly increased after 24 h at 25 C and remained constant for up to 48 h.
Casein fractions were highly degraded by the P. fluorescens 07A, the purified
protease and the bacterial extract until the seventh day of incubation at 25 C, and at
a lower intensity also the sample incubated with the bacteria at 10 °C.

These results reinforce the importance to adopt adequate practices in
obtaining raw milk in order to minimize its contamination by psychrotrophic
microorganisms. In addition, the knowledge about the characteristics of these
enzymes and the conditions that favor their production and activity may help dairy

industries in the search for strategies and technologies to control the technological
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problems associated to the activity of these enzymes. As example, we can mention
the development of rapid tests to quantify these enzymes in order to assist industries
to direct milk for processing.

This work raise the perspective for the prediction of the structure and functions
of this protease, as well as evaluation of the physico-chemical modifications caused
by it in milk aiming to better understand its activity. Finally, proteolytic enzymes may
have beneficial effects in food products when used at controlled concentrations and
conditions. Thus, additional matters that remains to be answered would be if this
enzyme could be used, for example, in cheese production and to the development of

aroma compounds in this product.
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