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biological sciences for there we are dealing with living mechanisms about which there are
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OBJECTIVES

General Aim

To characterize the chicken-type and goose-type lysozymes from totoaba (7Totoaba
macdonaldi) at the molecular level and to produce them as functional recombinant

proteins.

Particular Aims

1. To determine the full-length cDNA sequences of the genes that encode the c-type
and g-type lysozymes from totoaba (7Totoaba macdonaldi).

2. To evaluate the expression level of totoaba’s lysozymes in tissues of healthy
totoaba juveniles by qRT-PCR.

3. To produce totoaba’s lysozymes as recombinant proteins by heterologous
expression in Escherichia coli.

4. To evaluate conditions for in vitro refolding of the recombinant lysozymes from

totoaba.

XVi



ABSTRACT

Lysozyme (EC 3.2.1.17) plays a critical role in the innate immune response against
bacterial pathogens, hydrolyzing the peptidoglycan, which shapes their cell walls. C-type
and g-type lysozymes exhibiting unique features are found in teleost fish species,
suggesting lysozyme’s critical role in these organisms” defense system. Totoaba (Totoaba
macdonaldi) is an endemic and critically endangered species from de Gulf of California,
Mexico. Totoaba’s aquaculture demands further research towards the development of
immunoprophylactic strategies and improve this species large-scale farming production.
In this study, the c-type (TmLyzc) and g-type (TmLyzg) lysozymes genes from totoaba
were cloned and characterized. The TmLyzc and TmLyzg full-length cDNA sequences
were of 432 bp and 582 bp, encoding to polypeptides of 143 and 193 amino acids,
respectively. The amino acid sequences shared high identities (90-60%) and close
phylogenetic relationships with other fish and higher vertebrate lysozymes, as well as
structural and functional domains typical of the lysozyme superfamily. Expression
analysis by qRT-PCR showed that TmLyzc and TmLyzg were mainly expressed in the
stomach, pyloric caeca, and heart. The findings suggest that lysozymes have a significant
role in defense of totoaba against bacterial infections and also may be involved in
digestion. In the second leg of this research, TmLyzc and TmLyzg were recombinantly
expressed in E. coli BL21 (DE3) at 25 °C with 0.5 mM IPTG, isolated from inclusion
bodies and subjected to in vitro refolding experiments using the Pierce® Protein Folding
system. Refolding both lysozymes did not yield active enzymes, either because the
proteins were partially folded or because fusion tags somehow hindered their active site.
Although the tested refolding conditions were found promising, further optimization is

required to recover active enzymes.
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RESUMEN

Lalisozima (EC 3.2.1.17) desempefia un papel critico en la respuesta inmune innata contra
patdgenos bacterianos, catalizando la hidrolisis del peptidoglicano que da forma a sus
paredes celulares. En peces teledsteos se encuentran lisozimas de tipo-c y tipo-g que
presentan caracteristicas Unicas, lo que sugiere el importante papel de la lisozima en el
sistema de defensa de estos organismos. La totoaba (Totoaba macdonaldi) es una especie
endémica del Golfo de California, México, y en peligro de extincion. La acuicultura de la
totoaba exige mas investigacion sobre su sistema inmunoldgico para desarrollar
estrategias inmunoprofilacticas y mejorar las condiciones de cultivo para su cria a gran
escala. En este estudio, se clonaron y caracterizaron los genes que codifican a las lisozimas
de tipo-c (TmLyzc) y tipo-g (TmLyzg) de totoaba. Las secuencias de ADNc de longitud
completa de TmLyzc y TmLyzg fueron de 432 pb y 582 pb, que codifican polipéptidos de
143 y 193 aminodcidos, respectivamente. Las secuencias de aminodcidos mostraron gran
identidad (90-60%) y estrechas relaciones filogenéticas con lisozimas de peces y
vertebrados superiores, asi como dominios estructurales y funcionales tipicos de la
superfamilia de lisozimas. El andlisis de expresion por qRT-PCR revelé que TmLyzc y
TmLyzg se expresan principalmente en el estomago, ciego pilérico y corazén. Estos
hallazgos sugieren que las lisozimas tienen un papel importante en la defensa de la totoaba
contra las infecciones bacterianas y también pueden estar involucradas en la digestion. En
la segunda etapa de esta investigacion, TmLyzc y TmLyzg se expresaron de forma
recombinante en E. coli BL21 (DE3) a 25 °C con 0.5 mM IPTG, se obtuvieron como
cuerpos de inclusion, se desnaturalizaron y se sometieron a experimentos de
replegamiento in vitro utilizando el sistema Pierce® Protein Folding. El replegamiento de
ambas lisozimas no produjo enzimas activas, debido posiblemente a que las proteinas se
plegaron parcialmente o porque su sitio activo se vio obstaculizado de alguna manera por
la presencia de las etiquetas de fusion. Aunque las condiciones de replegamiento probadas
resultaron prometedoras, se requiere una mayor optimizacion para recuperar a las enzimas

activas.
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INTRODUCTION

Lysozyme is an iconic enzyme in the legacy of protein science since it was first isolated
and named after Alexander Fleming in 1922. It was the first enzyme whose three-
dimensional structure was solved using X-ray crystallography by David C. Phillips in
1965. It was also the first enzyme whose complete amino acid sequence was known
(Canfield, 1963). All of this led to lysozyme being the first enzyme to have a suggested
chemical mechanism to explain enzyme catalysis (Dahlquist et al., 1969; Vocadlo et al.,
2001). Although it was later revisited, this discovery supported the importance of the
relationship between protein structure and function. Moreover, recent findings have
shown that lysozyme retains its antibacterial activity even when the amino acid residues
critical for catalysis at the active site are replaced through site-directed mutagenesis. These
results open new debates in lysozyme function and broadens the horizons to new research

fields (Ibrahim, 1998; Ibrahim, Thomas, et al., 2001; Ibrahim et al., 2005, 2011).

From the biological point of view, lysozyme is a cornerstone in the innate immune
system and one of the most essential molecules in protecting against bacterial pathogens.
Lysozyme (EC 3.2.1.17) catalyzes the hydrolysis of the B-(1, 4) glycosidic bonds between
N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) present in the
peptidoglycan layer of bacterial cell walls, causing the lysis of bacteria (Saurabh and
Sahoo, 2008). It is also involved in other defense mechanisms and can also contribute to
the resolution of inflammation (Saurabh and Sahoo, 2008; Ragland and Criss, 2017).
Lysozyme is ubiquitous and distributed in diverse organisms, including animals, plants,
fungi, bacteria, and phages. In the animal kingdom, three types of lysozymes are found,
named c-type, g-type and i-type according where first discovered: chicken, goose or

invertebrates, respectively (Callewaert and Michiels, 2010).

Lysozyme has been widely studied as a component of the innate immune system in
fish. It is expressed in lymphoid tissues and also present in sites prone to bacterial invasion
(Saurabh and Sahoo, 2008). In teleost fish species, c-type and g-type lysozymes genes
have been identified and characterized (Irwin and Gong, 2003; Li et al., 2021). Lysozyme



expression is an indicator of the proper functioning of the innate immune system and the
stress level in farmed fish, suggesting an important role of this protein in these organisms’

defense system (Hikima et al., 2003).

In this work, I studied the c-type and g-type lysozymes expressed in totoaba (Totoaba
macdonaldi) fish, which is a critically endangered species endemic to the central and
northern Gulf of California, in Mexico. Totoaba is a demersal teleost fish and the largest
member of the Sciaenidae family, also known as croakers. It can live up to 50 years and
reach up to 2 m long and 100 kg of weight (Cisneros-Mata et al., 1997). This species has
great potential for aquaculture in northern Mexico for its high value. Formerly, its
commercial fishery used to be one of the most prominent economic activities until it was
banned in 1975 due to environmental protection by the U.S. and Mexican governments
(Findley, 2010; Valenzuela-Quifionez et al., 2015). Nowadays, aquaculture represents a
viable approach to recover totoaba’s natural population, which is still facing technical
challenges including disease control. In this sense, basic research on genes associated with
the innate immune system of totoaba, such as lysozyme, will give us insight into this

species” early defense mechanisms against pathogens relevant in aquaculture.

This doctoral dissertation project was divided into two parts: the first part describes
the cloning and analysis of both lysozymes genes. The second part describes the
recombinant expression and refolding of the lysozyme proteins. In the first part of this
project, the full-length ¢cDNA sequences of Totoaba macdonaldi c-type and g-type
lysozyme were described. The characterized genes are homologous to other c-type or g-
type lysozymes from other fish and higher vertebrate species. They also contain conserved
structural and functional domains present in the [B-glycosyl-hydrolases. Also, the
expression of both genes in spleen, kidney, pyloric caeca, stomach, heart, and brain is
constitutively at the mRNA level. Furthermore, their expression showed higher levels in
specific tissues for each lysozyme. It reflects the importance of its function on innate
immunity. In the second part, the c-type and g-type lysozymes of Totoaba macdonaldi
were overexpressed in E. coli, isolated from inclusion bodies, and subjected to in vitro

refolding experiments. However, refolding both lysozymes did not yield active enzymes,



either because the proteins were kinetically trapped in a folding pathway intermediate, or
because their active sites were somehow hindered by the presence of fusion tags. Even
though the tested refolding conditions were promising, further experiments are required

to recover enzyme activity.

The findings described in this project suggest that the lysozymes genes cloned from
totoaba play important roles in defense against bacterial infections and also may be
involved in digestion. In the future, this knowledge will be crucial for establishing
sustainable long-term cultures for the rearing of totoaba, aimed to improve farming

conditions and develop diagnosis and immunoprophylactic strategies.



BIBLIOGRAPHIC BACKGROUND

Overview of Fish Innate Immune System

The immune response in vertebrate animals is divided into innate and adaptive systems,
with the first as initial and non-specific response to an infection (Smith et al., 2019),
including physical barriers, cellular processes, and humoral components including
proteins and enzymes (Riera Romo et al., 2016). If after displaying an innate immune
response, a pathogen is still standing, then the adaptive immune system is activated,
generating a highly specific response, providing long-term immunity (Iwasaki and
Medzhitov, 2010; Netea et al., 2019). Innate immunity is ancient in origin, emerging >
600 million years ago approximately, while some components of the adaptive immunity
are comparatively newer, from ~ 450 million years ago in the first jawed vertebrates

(Gnathostomes) (Flajnik and Kasahara, 2010; Buchmann, 2014).

Though the mechanisms of innate immunity are well conserved and ancient than the
adaptive system ones, this system is plastic and continuously evolving. In other words,
the innate immune has been working constantly under natural selection to counteract and
avoid infections from causing disease (Parham, 2003). Understanding the proper response
of the vertebrate immune defense requires the analysis of the evolution of the first jawed
vertebrates (Gnathostomata). In this sense, fish are used as model systems to reconstruct
the evolutionary history and discover the conserved elements of the vertebrate immune
defense, as they occupy a crucial role in the establishment of basic immune functions

(Figure 1) (Sunyer, 2013; Nakanishi ef al., 2018; Smith et al., 2019).

In fish, the innate immune system is considered as the main response attacking
pathogens due to adaptive immune system limitations (Magnadéttir, 2006; Uribe et al.,
2011; Rebl and Goldammer, 2018). Innate immunity include three defense mechanisms,
comprising physical barriers, cellular components and humoral responses (Magnadottir,

2006). These defense mechanisms are summarized in Figure 2, with emphasis in teleost
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fish innate immunity (as described from now on in the text). Fish inhabit an aquatic
environment since early developmental stages and hence always exposed to potential
pathogens. The earliest defense mechanisms in the innate immune system of these
organisms are physical barriers, including the scales and mucus of the skin preventing
pathogen entry, the gills, and the epithelial cells at the gastrointestinal tract (Magnadottir,
2006).

The skin of teleost fish contains skin-associated lymphoid tissue (SALT) which are
multiple immune cells like granulocytes, macrophages, Langerhans-like cells, secretory
cells, and lymphocytes B and T (Angeles Esteban, 2012; Xu et al., 2013). Moreover,
secreted skin mucus acts as a physical and chemical barrier, including lectins, lysozymes,
complement proteins, and antimicrobial peptides that play an important role in
neutralizing pathogens (Fast et al., 2002; Xu et al., 2013). The gills are another physical
barrier, containing gill-associated lymphoid tissue (GIALT) that consist of both innate and
adaptive immune cells like macrophages, neutrophils, eosinophils and lymphocytes
(Haugarvoll et al., 2008; Salinas, 2015). Furthermore, the gut-associated lymphoid tissue
(GALT) in the epithelial layer of the gastrointestinal tract (especially in the posterior
segment of the intestine) will respond if a pathogen is ingested. GALT contains innate and
adaptive immune cells like macrophages, mast/eosinophilic granule cells, dendritic cells,

and B and T cells (Salinas, 2015; Tafalla et al., 2016).

The innate immune system, both humoral and cellular, is faced only if a pathogen
breaks the physical barriers. The cellular components of the fish’s innate immune defense
include monocytes/macrophages, eosinophilic granule cells, neutrophils, natural killer
(NK) cells, and dendritic cells (DC). The primary sites for leukocyte production are the
anterior (head) kidney and thymus in bony fish (Smith ez al., 2019). The innate immune
cell will recognize small conserved molecular motifs within the pathogen, resulting in cell
activation. Once activated, the immune cells will participate in several responses that
mainly depend on cell subtype to counteract the infection. These responses include

phagocytosis and degradation of the pathogen, production of various cytokines and



activation of the adaptive immune system via antigen presentation, along with cytokine

stimulation among others (Smith ez al., 2019).

Macrophages and neutrophils are among the first cells arriving in response to an
infection. Macrophages play key roles during inflammation, pathogen infection, and tissue
homeostasis. In teleost fish, macrophages can attack pathogens by phagocytosis, by
producing reactive oxygen species (ROS) and nitric oxide (NO), and by releasing
inflammatory cytokines and chemokines (Hodgkinson et al., 2015; Grayfer et al., 2018).
Moreover, subpopulations of macrophages with different functionalities have been
identified in teleost fish. These include the classically activated macrophages (M1), that
produce ROS, NO, and pro-inflammatory cytokines (TNF-aand IL-1B), and the
alternative activated macrophages (M2), associated to immunosuppression, wound repair
and production of anti-inflammatory cytokines (IL-10) (Hodgkinson et al., 2015; Grayfer
et al., 2018). Furthermore, macrophages are one type of antigen-presenting cells for the
adaptive immune system (Smith et al., 2019). In addition, neutrophils play important roles
to the innate defense against pathogens with strong responses to microbial infections
through several intracellular and extracellular mechanisms (Havixbeck and Barreda,
2015). Neutrophils respond by releasing granules with cytotoxic and antimicrobial
enzymes, producing ROS and NO, releasing of neutrophil extracellular traps, and by

phagocytosis (Neumann et al., 2001; Havixbeck and Barreda, 2015).

Furthermore, NK cells are the main players in cell-mediated cytotoxicity of the innate
immune response to counteract intracellular pathogens and eliminate infected cells. Two
types of NK cell are found in bony fish, named the non-specific cytotoxic cells and the
NK-like cells (Fischer et al., 2013). The cytotoxic activity of NK cells is mediated by
granule exocytosis, in which proteins (perfonin, granulysin and NK-lysin) form pores in
the outer membrane of pathogen-infected cells, thus allowing the entry of granzymes into
the cytoplasm leading to cell death by apoptosis (Fischer et al., 2013). Finally, DC are
specialized antigen-presenting cells linking the innate and adaptive immune responses.
Their role is to process and present foreign antigens through the major histocompatibility

complex (class I or II) at the cell surface to prime and stimulate T cells (Mellman and



Steinman, 2001; Savina and Amigorena, 2007; Soleto et al., 2018). In teleost fish, some
subsets of DC have been identified to undertake specific DC-activities such as phagocytic
and strong T-cell activating capacities, however, more research in this area is needed

(Bassity and Clark, 2012; Granja et al., 2015; Soleto et al., 2018).

Recognition of Non-self and Activation of the Innate Immune System

In general, the basis of the innate immune response is the recognition of pathogen-
associated molecular patterns (PAMPs), which are well conserved composites of
molecular signatures found in pathogenic microorganisms, through a system of pattern
recognition receptors (PRRs) within the host immune cells (Mogensen, 2009). Examples
of PAMPs include bacterial-derived lipopolysaccharide and peptidoglycan, viral RNA,
bacterial DNA, or damage-associated molecular patterns which are released from stressed
or damaged cells. In fish, the major groups of identified PRRs include Toll-like receptors
(TLRs), nucleotide-binding oligomerization domain-like receptors (NLRs) and retinoic
acid inducible gene I-like receptors (Li et al, 2017; Sahoo, 2020). The PRRs are
composed by a domain that recognizes the PAMP and connects to another domain which
in turn binds with downstream signaling molecules (Mogensen, 2009; Zhang et al., 2014).
The recognition of PAMPs triggers signaling cascades of transcription factors related to
the immune response, mainly the nuclear factor NF-xB and interferon regulatory factors
(IFR3). This leads to the production of proinflammatory cytokines and chemotactic
cytokines (IL-18, IL-6, IL-8, IL-10, TNFa) and a battery of antimicrobial compounds,
including oxidant enzymes involved in respiratory burst (NADPH-oxidase and nitric
oxide synthase 2), antimicrobial peptides (B-defensins, cathelicidins, hepcidins, histone-
derived peptides and fish-specific piscidins) and lytic enzymes (i.e., cathepsin, lactoferrin,
lysozyme, etc.) (Figure 2 and Figure 3) (Magnadottir, 2006; Magnadottir, 2010). These
molecules are part of the humoral innate response, produced by innate immune cells to

counteract infections caused by pathogenic microorganisms through different
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mechanisms, including inflammation, phagocytosis, and direct microbicidal effect. The
humoral components in fish comprise the complement system, the acute phase proteins,
antimicrobial peptides and lysozyme (Smith ef al., 2019). For further review, the reader is
kindly referred to (Katzenback, 2015; Zou and Secombes, 2016; Bruce and Brown, 2017;
Smith et al., 2019; Semple and Dixon, 2020).

Lysozyme: Structure and Function

Lysozyme, described for the first time by Alexander Fleming (Fleming, 1932), is a
cornerstone in the innate immune system. This enzyme is one of the most important
molecules of the innate immune defense aiming to protect against bacterial pathogens
(Ragland and Criss, 2017). Lysozyme (EC 3.2.1.17) is a bacteriolytic enzyme that
catalyzes the hydrolysis of the B-(1, 4) glycosidic bonds between N-acetylmuramic acid
(NAM) and N-acetylglucosamine (NAG), the main components of the peptidoglycan
layer of bacterial cell wall (Saurabh and Sahoo, 2008). This protein is also involved in
other defense mechanisms such as opsonization, phagocytosis, activation of the
complement system, and stimulation of pro-inflammatory responses (Saurabh and Sahoo,
2008). More recent findings reveal that lysozyme can also contribute to the resolution of
inflammation, acting as an important immunomodulatory agent (Ragland and Ceriss,
2017). Lysozyme is ubiquitously distributed among living organisms, including animals,
plants, fungi, bacteria and even bacteriophages (Callewaert and Michiels, 2010). Three
types of lysozymes are found in the animal kingdom: c-type (conventional or chicken-

type), g-type (goose-type), and i-type (invertebrate-type) (Callewaert and Michiels, 2010).

In general, c-type and g-type lysozymes are basic proteins due to their high isoelectric
point (pl) values (~ 9.53 or lower), while the pl of i-type lysozymes are quite variable.
This might be attributed to the diverse biological functions of these lysozymes, including
host defense and digestion (Callewaert and Michiels, 2010). The c-type and i-type

lysozymes are much smaller than the typical g-type lysozymes, with molecular weights of
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~11-15 kDa (c-type and i-type lysozymes) and ~20-22 kDa (g-type lysozymes),
respectively (Callewaert and Michiels, 2010). The primary structure of c-type and i-type
lysozymes consist of ~129 and ~123 amino acid residues (mature peptides), respectively,
whereas g-type lysozymes are larger proteins composed of ~185 amino acids (Callewaert
and Michiels, 2010). The presence of cysteine residues and disulfide bonds in c-type and
i-type lysozymes is well preserved, while these characteristics vary among g-type
lysozymes. C-type and i-type lysozymes contain four and seven intact disulfide bonds,
respectively (8 and 14 cysteine residues, respectively), whereas g-type lysozymes show a
striking difference in cysteine content and thus, the number of disulfide bridges. In birds
and mammals, g-type lysozymes form two intramolecular disulfide bonds in the mature
proteins, formed by four conserved cysteine residues (Irwin and Gong, 2003; Pooart et

al., 2004).

Conversely, the g-type lysozymes found in fish have variable number of cysteine
residues. As in Japanese flounder and orange-spotted grouper where no cysteine residues
are present (Hikima et al., 2001; Yin et al., 2003), whereas in carp and salmon there is
only one cysteine residue (Savan et al., 2003; Kyomuhendo et al., 2007), or like zebrafish
with two cysteines but with no potential to form a disulfide bond (Irwin and Gong, 2003).
The absence of intramolecular disulfide bonds is a common feature among g-type
lysozymes in fish (Irwin and Gong, 2003). Concerning its cellular localization, c-type and
i-type lysozymes are recognized as extracellular proteins as they invariably possess a
signal peptide sequence in their primary structure (Qasba et al., 1997; Goto et al., 2007,
Callewaert and Michiels, 2010; Van Herreweghe and Michiels, 2012). Conversely, the
presence of signal sequence within g-type lysozymes is variable. Most g-type lysozymes
from vertebrates are known as extracellular proteins, with a clear exception from fish
orthologues, in which no signal peptide is identified within its primary structure and are
recognized as intracellular proteins (Irwin and Gong, 2003). This might have implications
in a highly evolved and richly diversified innate immune system in teleost fish, with the
capability to counteract both extracellular and intracellular pathogens by these enzymes

(Lieschke and Trede, 2009; Li et al., 2021). All these features are summarized in Table I.
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Table I. Summary of the general features of lysozymes in the animal kingdom.

General Lysozyme type
characteristics .
c-type g-type i-type
Amino acids
(mature peptide) ~129 ~ 185 -~ 123
Molecular weight ~11-15 kDa ~20-22 kDa ~11-15 kDa
Isoelectric point ~9.53 or lower ~9.53 or lower Variable
Variable
Cysteine residues 8 4 — Mammals & birds 14
0-2 — Fish
Variable
Disulfide bonds 4 2 — Mammals & birds 7
0 — Fish
Variable
. . Yes — Mammals &
Signal peptide Yes birds Yes
No — Fish
Variable
Cellular Extracellular —
localization Extracellular Mammals & birds Extracellular
Intracellular — Fish
Active site Glu™, Asp2 Glu73, Asp”™ Glu'$, Asp*®
residues
Catalytic Retaining p3- Inverting [3- Retaining B3-
mechanism glycosydases glycosydases glycosydases

*Active site residues correspond to hen-egg white lysozyme (c-type lysozyme), goose-egg white
lysozyme (g-type lysozyme) and tapes japonica (i-type lysozyme).
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Despite the fact that the different types of lysozymes present low identity in their
primary structures (16-24%) and differ in their biochemical characteristics and catalytic
mechanisms, they all share a very similar three-dimensional structure, which strongly
suggest a common evolutionary origin (Callewaert and Michiels, 2010; Wohlkénig et al.,
2010). The overall three-dimensional structure of lysozymes is an o/f structure with a
deep cleft that contains the active and substrate binding sites and separates the larger a-
helical domain from the small B-sheet domain (Wohlkénig ef al., 2010). The crystal
structures of hen-egg white (HEWL, c-type lysozyme) and goose-egg white (GEWL, g-
type lysozyme) lysozymes are excellent representatives of the main structural elements

present in the three-dimensional structures of lysozymes from vertebrates.

In HEWL (representative of c-type lysozymes), the a-helical domain (Lys1 to Asn39
and Ser86 to Leu 129) includes both the N- and C-terminal segments of the protein and
contains four a-helices (al, Arg5 to Argl4; a2, Leu25 to Ser36; a3, Thr89 to Aspl101; a4,
Val109 to Argl14) and a small 3! helix (Val120 to Trp123). The p-domain (Thr40 to
Leu84) contains a three-stranded antiparallel B-pleated sheet (31- B3, Thr43 to Ser60) with
a long loop (Arg61 to Ile78) and a single-turn 3'° helix (Pro79 to Leu84). Residues that
line the cleft include the B-sheet residues Thr43, Asn44, Asn46, Asp52, and Leu56-Asn59,
Glu35 in 02-helix, the loop connecting helices a3 and a4 (residues 11e98 and Asp101-
Asnl03), residues Alal07-Alal10 in a4 helix, and residues Trp62, Trp63, and Arg73. The
native structure of HEWL is stabilized by four disulfide bonds: two of them in the a-
domain, one in the f-domain, and another connecting the two domains (Figure 4) (Blake
et al., 1965; Artymiuk et al., 1982; Mckenzie and White, 1991). This general architecture
is conserved in the crystal structure of rainbow trout c-type lysozyme (PDB code: 1LMN)

(Karlsen et al., 1995).

Concerning GEWL (representative of g-type lysozymes), the a-helical domain (Argl
to His75 and Gly109 to Tyr185) covers both the N- and C-terminal segments of the protein
and contains seven a-helices (al, Serl7 to Gly25; a2, Val3l to Met45; a3, Lys49 to
Lys58; a4, Pro63 to Glu73; a5, Glul10 to Lys130; a6, Lys136 to Asn148; a7, Tyrl69 to
GIn184), and a small 3! helix (Asn7 to Ile11). The B-domain (Trp84 to Gln104) comprises
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a three-stranded antiparallel B-sheet (B1, Gly90 to Gly92; 32, Asn95 to Lys98; B3, His101
to GIn104) and a short loop (Gly105 to Asn108) (Figure 5). The residues that comprise
the binding cleft include the al-helix residues Pro23 and Glu24, Argl7 and Glu73 in 04-
helix, the loop connecting a4-helix and B1-sheet (His75, Lys78 and Gly85), the f-domain
residues Asp86-Gly90, GIn85, Asp97, and Arg99-His101, the a5-helix residue Ilel119,
Tyr147 and Asn148 in a6-helix, residues in the loop connecting a6 and a7 helices (Ala51,
Gly152, Thr165 and His166), and Tyr169 in a7-helix. The native structure of GEWL is
stabilized by two disulfide bonds: Cys18-Cys29, that connects the N-terminus with a loop
between al and a2 helices, and Cys4-Cys60, that connects the N-terminal with the loop
between a3 and a4 helices (Weaver et al., 1995; Honda and Fukamizo, 1998; Pooart et
al., 2004; Hirakawa et al., 2008; Kawamura et al, 2008). These bonds are highly
conserved in g-type lysozymes from birds and mammals, but are absent in their
counterparts from fish species (Irwin and Gong, 2003; Pooart et al., 2004). However, the
general architecture of g-type lysozymes is conserved in the structure of Atlantic salmon
(PDB: 4G9S) and Atlantic cod (PDB: 3GXK) lysozymes (Helland et al., 2009; Leysen et
al.,2013).

C-type and g-type lysozymes present conserved structural features found in the
members of the lysozyme superfamily. In particular, these conserved structural elements
are a2-a4 helices in HEWL and the a4-a6 helices in GEWL, along with the three-stranded
B-sheet, that altogether shape the substrate binding site in these lysozymes (Monzingo et
al., 1996; Wohlkonig et al., 2010). As stated above, the natural substrate of lysozymes is
the peptidoglycan cell wall of Gram-positive bacteria, which is composed of crosslinked
oligosaccharides consisting of alternating NAM and NAG residues. Lysozymes cleave
this substrate by first binding the polysaccharide in the enzyme’s cleft (substrate binding
site) located in the interface of the a- and B-domains. The crystal structures of HEWL and
GEWL reveal that the substrate binding cleft can accommodate six sugar residues
(GlcNAcs oligomer), named as subsites A to F in HEWL, and B to G in GEWL (Hirakawa
et al., 2006, 2008).
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The residues that constitute the A-F subsites in the binding cleft of HEWL structure
are: A (Arg73, Aspl01-Asnl103), B (Aspl01 and Asnl103), C (Asn59, Trp62, Trp63,
Asnl03, Alal07), D (Glu35, Asn46, Asp52, Leu56, GIn57, Alal07, Vall09), E (Glu35,
Asn44-Asnd6, Asp52, GIn57, Alal10), F (Lys33, Phe34, Glu35, Asn37, Arg45, Asn46,
Argl14) (Hirakawa et al., 2006). In GEWL, the residues that form the B-G binding
subsites are: B (Ser100, His101, Alal51, Glyl52), C (Asp97, Arg99, Ser100, His101,
Tyrl47, Asnl48), D (Glu73, Arg87, Asn89, Gly90, GIn95, Asp97, Arg99, Tyrl47,
Asnl48, Thr165, Tyr169), E (Arg72, Glu73, Gly85, Asp86, Arg87, Gly88, Asn89, Gly90,
GIn95, Asnl48, Thr165, His166), F (Glu24, Arg72, Glu73, His75, Asp86, Arg87, GIn95,
His166), G (Pro23, Glu24, His75, Lys78, Asp86) (Hirakawa et al., 2008). Furthermore,
although the tridimensional structures of c-type and g-type lysozymes are quite similar,
only the central a-helix (02 in HEWL and 04 in GEWL) and the B-hairpin (B2-p3 strands
in both lysozymes) are the invariant structural motifs found in the lysozyme superfamily,
and constitute the core that shapes the enzymes’ active site (Wohlkonig et al., 2010). The
central a-helix contains the catalytic Glu35 (HEWL) or Glu73 (GEWL), while the B-
hairpin contains the second catalytic residues Asp52 (HEWL) or Asp97 (GEWL). In both
types of lysozymes, glutamate invariably acts as a general acid catalyst whereas aspartate

acts as a general base (Zechel and Withers, 2000; Vocadlo et al., 2001).

The Catalytic Mechanisms of C-type and G-type Lysozymes

Concerning their catalytic activity and mechanism, lysozymes are a group of f-
glycosidases that catalyze the hydrolysis of B-1,4 glycosidic bonds between NAM and
NAG or oligomers of NAG. The hydrolysis of the glycosidic bond can occur with one of
two possible stereochemical outcomes: (1) net inversion or (2) net retention of anomeric
configuration, which are carried out by two different mechanisms. The c-type lysozymes
(HEWL) are known as retaining B-glycosidases, which exert their catalytic activity
through a double displacement (two-step) mechanism. Conversely, g-type lysozymes

(GEWL) perform their catalytic activity by a single displacement (single-step) mechanism
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and are known as inverting [-glycosidases (Honda and Fukamizo, 1998; Zechel and

Withers, 2000; Vocadlo et al., 2001).

In the catalytic mechanism exhibited by HEWL (c-type lysozymes in general), the
binding of substrate to the enzyme’s catalytic cleft induces substrate strain leading to a
distorted conformation of the substrate. In this form, the NAM residue at the D subsite
shifts to a half-chair conformation, thus bending the oligosaccharide between subsites D
and E where glycosidic bond cleavage occurs (Figure 4). In the first step of catalysis, the
carboxyl group of Glu35 functions as a general acid catalyst to protonate the glycosidic
oxygen, while Asp52 acts as a nucleophile (general base) to form a covalent glycosyl-
enzyme intermediate. This first part of the reaction necessarily results in the net inversion
of the anomeric configuration. In the second step, the enzyme carboxylate is then itself
displaced from the glycoside-enzyme intermediate by an incoming water molecule, which
attacks at the anomeric center and displaces the sugar. This second part of the reaction
results in a second inversion restoring the original anomeric configuration (Figure 6)

(Zechel and Withers, 2000; Kirby, 2001; Vocadlo et al., 2001).

Concerning the catalytic mechanism of GEWL (g-type lysozymes in general),
substrate distortion after binding to the enzyme’s catalytic cleft is also observed in the
NAM unit located at subsite D, thereby hydrolysis of the glycosidic bond also takes place
between NAM and NAG units that occupy D and E subsites, respectively (Figure 5).
Unlike c-type lysozymes, catalysis of GEWL occurs in a single step in which Glu73 acts
as a general acid catalyst, protonating the glycosidic oxygen, while Asp97 acts as a general
base to assist the attack of a nucleophilic water molecule at the anomeric center, which
ultimately leads to the displacement of the sugar moiety. This reaction involves an
oxocarbenium ion-like transition state and results in the net inversion of the anomeric
configuration (Figure 7) (Honda and Fukamizo, 1998; Kuroki et al., 1999; Zechel and
Withers, 2000; Hirakawa et al., 2008).
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Figure 6. General mechanisms for retaining glycosidases: the catalytic mechanism of HEWL (c-
type lysozymes — retaining B-glycosidases). Lysozymes exert their catalytic function through
acid/base catalysis, in which the cleavage of the B-1,4 glycosidic bond between NAM (D subsite)
and NAG (E subsite) residues requires substantial general acid catalytic assistance (Glu35 in
HEWL), as well as a general base catalysis (Asp52 in HEWL) to assist the attack of a nucleophilic
water molecule. In retaining glycosidases, the carboxyl groups of the acid/base catalysts are only
5.5 A apart, consistent with a double-displacement mechanism involving a covalent glycosyl-
enzyme intermediate. This two-step reaction occurs via transition states with substantial
oxocarbenium ion character. Substrate distortion plays a critical role in assisting bond cleavage,
as the active site of B-glycosidases seems to be structurally static but electronically dynamic.
Conformational changes in the NAM residue positioned in the D subsite of HEWL permit an in-
line attack of the enzymic nucleophile at the anomeric center, moves the substrate closer to the
conformation of the oxocarbenium ion transition state, and places the glycosidic oxygen in an
appropriate position for protonation by the general acid catalyst. Illustrations and information

adapted from (Zechel and Withers, 2000).
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lysozymes — inverting B-glycosidases). Lysozymes exert their catalytic function through acid/base

catalysis, in which the cleavage of the -1,4 glycosidic bond between NAM (D subsite) and NAG

(E subsite) residues requires substantial general acid catalytic assistance (Glu73 in GEWL), as

well as a general base catalysis (Asp97 in GEWL) to assist the attack of a nucleophilic water

molecule. In inverting glycosidases, the carboxyl groups of the acid/base catalysts are suitably

placed ~10.5 A apart, allowing enough space to bind the substrate and a water molecule. This

reaction occurs via single-displacement mechanism, which involves an oxocarbenium ion-like

transition state. Substrate distortion that occurs in NAM residue positioned in the D subsite of

GEWL plays a critical role in assisting bond cleavage, as stated for HEWL. Illustrations and

information adapted from (Zechel and Withers, 2000).
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The Antibacterial Activity of Lysozymes Independent of their Catalytic Function

Studies on heat-denatured (partially or totally unfolded) and mutant lysozyme lacking
muramidase activity haven shown that the enzyme retains its inherent antibacterial activity
against Gram-positive and even exhibits enhanced bactericidal action against Gram-
negative bacteria. In this sense, the research has proposed that the antibacterial activity of
lysozyme is independent of its catalytic activity but rather it might be associated with a
structural phase transition, which would allow lysozyme to act as an antimicrobial peptide
(Ibrahim et al., 1996; Ibrahim, 1998; Diiring et al., 1999; Ibrahim, Matsuzaki, et al., 2001).
More recent studies have given insights into the structural elements in lysozyme that can
be involved in its broad-spectrum antibacterial activity. In HEWL, a helix-loop-helix
peptide (residues Glu87-Argl14) located at the upper lip of the active site cleft was
microbicidal against both Gram-positive and Gram-negative bacteria (Ibrahim, Thomas,
et al., 2001). In particular, the N-terminal helix (residues Asp87-Ser100) of this a-helical
hairpin peptide was specifically bactericidal to Gram-positive bacteria, such as
Micrococcus luteus, Bacillus subtilis, Staphylococcus aureus, and S. epidermidis, whereas
the C-terminal helix (residues Alal07-Argl14) exhibited broad-spectrum bactericidal
effect against Gram-positive bacteria and Gram-negative bacteria (E. coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa, and Salmonella typhimurium). This study
provides evidence that the a-helical hairpin peptide and its C-terminal helix domain can
cross the outer membrane through a self-promoted uptake. This assembly promotes the
formation of channels, damaging the inner membrane, killing Gram-negative bacteria
(Ibrahim, Thomas, et al., 2001). The a-helical hairpin structures are motifs commonly
found in bactericidal and cytolytic pore-forming proteins (Engelman and Steitz, 1981;
Srisailam et al., 2000).

Furthermore, HEWL processed with pepsin generated peptides with bactericidal
activity against several strains of Gram-positive (S. aureus, S. epidermidis, B. subtilis and
M. luteus) and Gram-negative bacteria (E. coli K-12, Salmonella enteritidis and
Helicobacter pylori) (Ibrahim et al., 2005). They found that HEWL contains two cationic
a-helical peptides (Lysl-Leul7 and Argl25-Leul29) within the bactericidal helix-loop-
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helix domain (Lys1-Phe38), a peptide consisting of an a-helix (Asp18-Phe38), and two
helix-sheet peptides (a helix-two-stranded B-sheet Asp18-Leu56/Argl14-Thr118, and a
helix triple-stranded [-sheet Aspl8-Trp62/Argl14-Thr118) that also exhibited
bactericidal activity against S. aureus and E. coli in a dose-dependent manner and to
different extents depending on their structure. These peptides can disrupt the outer
membrane of Gram-negative bacteria via carpet-like and pore-forming mechanisms,

through their multiple structural motifs (Ibrahim et al., 2005).

Regarding GEWL, an a-helical peptide (Thr20-Tyr28) located at the outer surface of
the active site (a part of the C-terminal al-helix and the loop that links a1- 02 helices) was
obtained through enzymatic hydrolysis and showed broad spectrum antibacterial activity
against Vibrio cholerae and S. epidermidis (Thammasirirak et al., 2010). The results in
this study suggest that this peptide binds to the outer membrane surface at bacterial cells
wall, and then inserting into the lipid bilayer of the cytoplasmic membrane, which induces
protrusion of the cell surface (Thammasirirak et al., 2010). Similar results were also
observed for peptides derived from human and mouse lysozymes (Nash et al., 2006;
Ibrahim et al., 2011). All these findings strongly suggest that lysozymes possess non-
enzymatic bactericidal/bacteriostatic domains in their primary structure that may be

involved and can help explain the broad-spectrum antibacterial activity of these enzymes.

Lysozymes in Teleost Fish

Lysozyme is one of the most studied innate immune components in fish, which is highly
expressed in lymphoid tissues and distributed in sites susceptible to bacterial invasion.
Lysozymes are mainly found in neutrophils and monocytes, and to a lesser extent in
macrophages of several tissues including kidney, liver, spleen, gills, gastrointestinal tract,
and in skin mucus (Saurabh and Sahoo, 2008). In fish species, lysozyme expression is an
indicator of the proper functioning of the innate immune system, suggesting the important

role of this protein in the defense system of these organisms (Hikima et al, 2003;
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Callewaert and Michiels, 2010). In teleost fish species, c-type and g-type lysozymes genes
have been identified and functionally characterized (Irwin and Gong, 2003; Irwin et al.,
2011; Li et al., 2021). The antibacterial activity of c-type lysozymes has been described
in several teleost species, such as Japanese flounder (Paralichtys olivaceus) (Minagawa
et al., 2001), rainbow trout (Oncorhynchus mykiss) (Grinde, 1989), taimen (Hucho
taimen) (Li et al., 2016), Asian seabass (Lates calcarifer) (Fu et al., 2013), among others.
Likewise, the activity of g-type lysozymes has also been described in Atlantic salmon
(Salmo salar) (Kyomuhendo et al., 2007), Atlantic cod (Gadus morhua) (Larsen et al.,
2009; Seppola et al., 2016), Japanese flounder (P. olivaceus) (Hikima et al., 2001),
orange-spotted grouper (Epinephelus coioides) (Yin et al., 2003), mandarin fish
(Siniperca chuatsi) (Sun et al., 2006), European seabass (Dicentrarchus labrax)
(Buonocore et al., 2014), large yellow croaker (Larimichthys crocea) (Zheng et al., 2007),

among others.

Various studies have also shown that the expression of lysozyme genes in fish
significantly increase after an immunological challenge with bacterial pathogens (Saurabh
and Sahoo, 2008; Zhao et al., 2011; Wang et al., 2013; Gao et al., 2016). Furthermore,
recombinant c-type and g-type lysozymes from various fish species exhibit broad-
spectrum antibacterial activity against Gram-positive and Gram-negative pathogens,
including those relevant in aquaculture or in marine environments. Antibacterial activity
against Gram-positive pathogens includes Streptococcus iniae, Corynebacterium
glutamicum, Staphylococcus epidermidis, S. aureus, Listeria monocytogenes and
Micrococcus lysodeikticus. Antibacterial activity against Gram-negative pathogens
includes Vibrio parahaemolyticus, V. salmonicida, V. harveyi, V. anguilarum, V.
alginolyticus, Photobacterium damselae, Aeromonas sobria, A. hydrophila, and Yersinia
ruckeri (Hikima et al., 2001; Zheng et al., 2007; Whang et al., 2011; Fu et al., 2013; Yu
etal.,2013; Wei et al., 2014; Li et al., 2016; Zhang et al., 2018). In this sense, lysozyme
plays an essential role in the innate defense against infectious diseases in fish. In addition

to its important role in immune defense, lysozyme can function as an indicator of stress in
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cultured fish, as its activity is known to vary according to the intensity, duration and type

of induced stress in these organisms (Fevolden et al., 2002; Saurabh and Sahoo, 2008).

Totoaba: A Critically Endangered Species with Great Potential in Aquaculture

Totoaba (Totoaba macdonaldi) is a demersal teleost fish and the largest member of the
Sciaenidae family, commonly known as croakers or drums. It is a long-lived fish, which
can live up to 50 years, and it can reach up to 2 m long and 100 kg of weight (Cisneros-
Mata et al., 1997). This species is endemic to the central and northern Gulf of California,
Mexico, ranging from the Colorado River delta to Concepcion Bay at the west coast, and
up to the El Fuerte River mouth on the east coast (Figure 8), where brackish waters are
found (Valdez-Mufioz et al., 2010). At the beginning of the 20" century, totoaba’s
commercial fishery was one of the most prominent economic activities in the Gulf of
California due to its extremely high value in the Asian markets. It was until 1975, when
totoaba’s natural population was dramatically reduced due to habitat depletion,
unregulated fishing, and poaching that this species was declared as threatened and since
then is currently classified as critically endangered in the red list by the International
Union for the Conservation of Nature (Guevara, 1990; Lercari and Chavez, 2007; Findley,
2010; Bobadilla et al., 2011). Since 1975, totoaba’s fishery was completely banned and
in 1991 it was officially declared as threatened with extinction by the Mexican
government. At present, totoaba is a protected species listed in the NOM-059-
SEMARNAT-2010 (Environmental protection of native Mexican species of wild flora
and fauna-Risk categories) and in the Convention on International Trade of Endangered
Species of Wild Flora and Fauna (CITES, Appendix I) (Bobadilla et al., 2011; Valenzuela-
Quifionez et al., 2015).

However, aquaculture represents a feasible strategy to recover totoaba’s natural
population (True, Loera, et al., 1997; Mata-Sotres et al., 2015; Juarez et al., 2016).
Recently, the development of totoaba aquaculture started in the states of Baja California

and Sonora, Mexico, with assisted breeding and fertilization programs which has allowed

25



<,
K% %,
K2
0\
O\
JaAlY \00
speny ;3 0 hss
O uoiadaduod
Byel:|
DJIOUOS

o

D}|SP 12AlY OPDIO|OD o

"0OIXIA “BIUIOJI[E)) JO JIND) AU} WOIJ IIWAPUD SA0ads paro3uepud A[[eonLod & ‘eqe0)o], *g dIn31y

up32Q JIIdDd

NOg

PlIM &Y} Ul UOHOUXS
1O 351 yBiy Ajlpwialixe Buido4

paisBubpul AlLIILLD
UOIDAISSUOD JO DD}

(0z0z-zr61) sipeA g/ ysod
U} IBAO %66 —~ Pauloed

uopp|ndod |pinjpN

02IXaW ‘DILIOYOD JO IND
2y} woyy se10ads dlwspuy

oiiqPH

SISYDOID 1O SWNIP SO UMOUY
AJlWD} 20pIUSDIOS

Ajlwpy oysusbojAyd

(1pipUopoDW PgDPOJO])
pgpojo|

26



the successful management of this species from broodstock to juvenile stages. Therefore,
totoaba is gaining interest, and efforts are being pursued in intensive aquaculture due to
its rapid growth. Nevertheless, large-scale hatchery rearing of this new species still faces
notable technical challenges, including those related to disease outbreak control (True,
Silva-Loera, et al., 1997; Reyes-Becerril et al., 2016). It is known that farming conditions
including high biomass density, low water quality and nutrient availability are factors that
can cause chronic stress in fish. All these lead to immunosuppression and increases the
fish vulnerability to the attack of pathogens, also compromising its lifecycle (Saurabh and
Sahoo, 2008; Noga et al., 2011; Kiron, 2012). Thus, the understanding of the totoaba
protective immune response against pathogens is critical, in order to promote fish health
and the development of immunoprophylactic strategies and improve farming conditions.
However, the genetic, biochemical and immunological knowledge of this fish is still

scarce (Reyes-Becerril et al., 2016; Gonzélez-Félix et al., 2018).

Current research on totoaba’s aquaculture has been focused on the effects of diet and
supplementation in digestive system enzyme’s, growth performance and physiological
state of the fish (Galaviz et al., 2015; Lopez et al., 2015; Satriyo et al., 2017; Mata-Sotres
et al., 2018; Cabanillas-Gamez et al., 2020; Lazo et al., 2020). Conversely, very few
studies have been conducted to investigate and describe totoaba’s immune response
(Reyes-Becerril et al., 2016, 2018; Gonzalez-Félix et al., 2018; Angulo et al., 2019).
Major findings in totoaba’s immune system research up to date are summarized in Table

II.

In this sense, the growth of totoaba’s aquaculture requires a further and wider
knowledge of its immune system to develop and improve immunoprophylactic strategies,
such as immunostimulation, for the control of diseases in this species. In this context,
basic research on genes associated with the innate immune system of totoaba, such as
lysozyme, will give us insight into the early defense mechanisms of this species against
pathogens relevant in aquaculture. In the future, this knowledge will be crucial to improve
farming conditions and to develop diagnosis and immunoprophylactic strategies for the

establishment of sustainable long-term cultures of this species.
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Table II. Current research on totoaba’s immune response against bacterial pathogens and

immunostimulants.

Study and major findings References

Leukocyte susceptibility and immune response against Vibrio
parahaemolyticus in Tototoaba macdonaldi

e [L-1PB and IL-8 were up-regulated in spleen and intestine, and down-
regulated in liver after the immunological challenge with V.
parahaemolyticus. (Reyes-Becerril et al.,
e The percentage of head kidney and thymus leukocytes changed 2016)
(populations of lymphocytes increased and granulocytes/monocytes
decreased) after exposure to V. parahaemolyticus.
e The phagocytic activity and respiratory burst decreased in head
kidney, spleen and thymus leukocytes.
e The expression pattern of IL-1p and IL-8 was up-regulated in head
kidney and spleen leukocytes exposed to V. parahaemolyticus.

Caspase -1, -3, -8 and antioxidant enzyme genes are key molecular
effectors following Vibrio parahaemolyticus and Aeromonas veronii
infection in fish leukocytes

(Reyes-Becerril et al.,

e The expression levels of casp-1, casp-3, casp-8, and antioxidant 2018)

enzymes (catalase, glutathione peroxidase 1 and 4) from T.
macdonaldi were strongly induced in head kidney, liver and spleen
leukocytes after V. parahaemolyticus infection (peak at 24h post-
infection in head kidney leukocytes; peak at 6h post-infection in
spleen leukocytes).

C-type lectin 17A and macrophage-expressed receptor genes are
magnified by fungal B-glucan after Vibrio parahaemolyticus infection
in Totoaba macdonaldi cells
(Angulo et al., 2019)

e C-type lectin 17A, TLR2 and natural resistance-macrophage protein

2 genes were strongly up-regulated in head kidney leukocytes after

immunostimulation with fungal f-glucan 197A and V.

parahaemolyticus.
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CHAPTER 1

Overview

In the first part of this research, the genes encoding for the c-type and g-type lysozymes
expressed in totoaba were cloned and characterized. Totoaba’s lysozymes were
homologous to other lysozymes from their corresponding type from fish and higher
vertebrates’ species, presented conserved structural-functional signatures typical of the
lysozyme superfamily and were constitutively expressed in all examined tissues. The
findings suggest that lysozymes play a significant role in the innate defense of totoaba

against bacterial infections and also may be involved in digestion.

The results of this part of the research were published as an original short communication
article in an indexed journal under the following citation: Moreno-Cordova, E. N. ef al.
(2020). Molecular characterization and expression analysis of the chicken-type and goose-
type lysozymes from totoaba (Tofoaba macdonaldi). Developmental & Comparative

Immunology, 113:103807.
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MATERIALS AND METHODS

c¢DNA Cloning and Expression Profile of the C-type and G-type Lysozymes from
Totoaba macdonaldi

Fish Animal Samples

Healthy totoaba juveniles (15 cm of average body size) were kindly provided by the
Reproductive Center of Marine Species of the State of Sonora (CREMES), located in Kino
Bay, Sonora, Mexico (28°4922" N, 111°56'27" W). Fish were maintained in an indoor
recirculating aquaculture system at 23 & 1.0 °C. Tank conditions were kept at 35 + 0.5%
of salinity, oxygen concentration higher than 6 mg L' and a photoperiod cycle of 12 h
light/12 h dark. The juveniles were euthanized, and the spleen, kidney, pyloric caeca,
stomach, heart and brain tissues were surgically removed. Sampled tissues were
immediately soaked in RNAlater® tissue collection solution (Invitrogen) and stored at -80

°C until RNA extraction.

cDNA Svynthesis from Extracted RNA

Total RNA from spleen, kidney, pyloric caeca, stomach, heart and brain was isolated using
Quick-RNA™ Miniprep kit (Zymo Research), according to the manufacturer’s
specifications. Thereafter, first-strand cDNA was synthesized from spleen RNA using
SuperScript® III first-strand synthesis system for RT-PCR (Invitrogen), according to the
manufacturer’s protocol. The resulting cDNA was stored at -20 °C and it was used to first
amplify the partial-length cDNA sequences of totoaba g-type and c-type lysozymes. RNA
samples for the rest of tissues were immediately processed to perform one-step qRT-PCR

analysis as described below.
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Cloning of the Full-length cDNA Sequences

Since the coding sequences of totoaba g-type (TmLyzg) and c-type (TmLyzc) lysozymes
were unknown, their protein sequence had to be deduced from homologous genes that
belong to the same protein family. Genetic information of the Sciaenidae family was only
available for the large yellow croaker (Larimichthys crocea, Genome ID: 12197) and Mi-
iy croaker (Miichthys miiuy, Genome ID: 23982), but lysozyme genes have only been
mapped in the L. crocea genome so far. Thus, degenerate primers for TmLyzg and
TmLyzc were designed based on the available amino acid sequences deducted from L.
crocea (GenBank ABR66917.1 and XP_019114159.1) and closely related teleost fish to
amplify highly conserved regions in g-type and c-type lysozymes. The set of gene specific
and degenerated primers used is listed in Table III. The partial cDNA sequence of each
TmLyzg and TmLyzc was cloned by RT-PCR using a GoTaq® DNA polymerase (GoTaq®
Green Master Mix, Promega) and their respective degenerate primer set (Figure 9). The
cDNA amplification for each gene was performed in a DNA Engine® thermal cycler (Bio-
Rad). The PCR program was an initial denaturation of 94 °C for 5 min, followed by 35
cycles of denaturation at 94 °C for 1 min, annealing at 50 °C (TmLyzg) or 52 °C (TmLyzc)
for 1 min and extension at 72 °C for 45 s, and a final extension step of 72 °C for 5 min.
PCR products were analyzed on a 1% agarose gel and the amplified DNA fragments were

purified using QIAEX II gel extraction kit (Qiagen).

Purified DNA fragments were treated with a small amount (1 pL in a total reaction
volume of 4 uL) of GoTaq® Green Master Mix at 72 °C for 10 min to allow the addition
of 3’deoxyadenosine-overhang to DNA by the 5'>3 exonuclease activity of GoTaq®
DNA polymerase. PCR products were ligated into 25 ng of pCR2.1® vector (at 1:3 vector-
insert molar ratio, in 10 pL total reaction volume) overnight at 4 °C using the TA Cloning®
kit (Invitrogen). The resulting constructs were separately used to transform Escherichia

coli TOP10 competent cells by heat shock at 42 °C for 1 min.
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Table III. List of oligonucleotide primers used for RT-PCR, RACE and qRT-PCR.

Primer Sequence * (5°> 37) Description
Isolation of totoaba g-
LyzglFw ATGGGTTAYGGAAACATYATG
type lysozyme cDNA
LyzglRv CTGAGCTCTGGCAACRAC i
(partial sequence)
Isolation of totoaba c-
Lyzc1Fw ATGAGGICTCTGGTGKTTC
type lysozyme cDNA
LyzcmlRv ATCAGTCAGAAGCTSGCTGC i
(partial sequence)
Amplification of
TmLyzcFw3RACE GGCTAATGGAATGGACGGCTACCACGG TmLvze 3*-end
mLyzc 3’-en
TmLyzcFw3NRACE GCCAACTGGGTTTGTCTGTCCAAGTGG
(3’-RACE)
Amplification of
TmLyzcRv5RACE GCACCACCAGCGGCTGTTGATCTGG TmLvze 5 -end
mLyzc 5'-en
TmLyzcRvSNRACE CCACTTGGACAGACAAACCCAGTTGGC
(5"-RACE)
Amplification of
TmLyzgFw3RACE CGCCTGGGGACTGATGCAGGTTGATG Tl vee 3-end
mLyzg 3" -en
TmLyzgFw3NRACE GAGAGGTGGACACACTGCAGAGGGCG
(3’-RACE)
Amplification of
TmLyzgRvSRACE ATCCCAGTAGCTTGGCAGAGGTGTTCC Tmlvee 5-end
mLyzg 5"-en
TmLyzgRv5NRACE CTCTGCAGTGTGTCCACCTCTCTCTGG
(5"-RACE)
TmLyzcFw ATGAGGGCTCTGGTGTTT C
qRT-PCR TmLyzc
LyzcRvqPCR CAGACAAACCCAGTTGGC
TmLyzgFw555 ATGGGTTATGGAAACATCAAGAG
qRT-PCR TmLyzg
LyzglRvqPCR GCCTGCATCTTCTTCTGC
Reference gene qRT-
PCR
TmEF laFw CATTGTCAAACTCATTCCACAG
Elongation factor-1 a
TmEF1aRv CACGGTCTGCCTCATGTC

from T. macdonaldi

(Genbank KX524957.1)

2TUPAC codes for degenerate bases: I (Inosine), K (G/T), M (C/A), R (A/G), S (G/C), W (T/A), Y (T/C).
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Briefly, 2 uL of each ligation reaction were added to 50 uL of competent cells, mixed
gently and then incubated for 30 min on ice. Heat shock was carried out at 42 °C for 1
min, then the cells were immediately incubated on ice for 5 min. Then, 250 pL of SOC
medium were added and the cell suspension was incubated at 37 °C for 90 min with
shaking at 225 rpm. After that time, 50-150 pL of transformed cells were cultured in LB
plates containing ampicillin (100 ug mL!') and X-Gal (40 mg mL!) and incubated
overnight at 37 °C. Positive clones (observed as round white colonies) were used to isolate
plasmid DNA by alkaline lysis (Green and Sambrook, 2016) and the purified recombinant
plasmids were sequenced by Sanger sequencing at the USSDNA (IBT UNAM) using

M13+ and T7+ universal primer sites.

A new first-strand cDNA for 5’and 3" RACE was synthesized from total spleen RNA
using the SMARTer" RACE ¢DNA amplification kit (Takara Bio, USA), following the
manufacturer’s protocol (Figure 9). The gene specific primers TmLyzcFW3RACE and
TmLyzcRv5RACE, and UP (supplied by the kit) were used for the first PCR experiment
for TmLyzc. Amplification conditions were conducted at 94 °C for 5 min, followed by 25
cycles of 94 °C for 30 s, 63 °C for 30 s and 72 °C for 3 min, and a final extension step of
72 °C for 5 min. Nested 3’and 5"-RACE PCR was carried out using TmLyzcFwW3NRACE
and TmLyzcRvSNRACE as gene specific primers and UP-short (supplied by the kit)
under identical amplification conditions. RACE for TmLyzg was carried out using gene
specific primers TmLyzgFw3RACE, TmLyzgRvSRACE and UP for first round
amplification run by 25 cycles of 94 °C for 30 s, 65 °C for 30 s (3"-RACE) or 63 °C for
45 s (5'-RACE) and 72 °C for 3 min. Nested 5'-RACE was conducted using
TmLyzgRvSNRACE and UP-short with the same amplification conditions. The resulting
RACE products were analyzed by 1% agarose gel electrophoresis and purified by QIAEX
IT gel extraction kit (Qiagen). The purified products were refreshed and cloned separately
into the pCR 2.1® vector as described above. Recombinant clones were sequenced by
Sanger sequencing using M13+/- universal primers on vector at the USSDNA (IBT
UNAM).
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Sequence Analysis of and Molecular Modeling

The cDNA sequences of TmLyzg and TmLyzc were analyzed using the ORF Finder tool
to predict the open reading frame regions and translate the deduced amino acid sequences

(https://www.ncbi.nlm.nih.gov/orffinder/). BLAST (https:/blast.ncbi.nlm.nih.gov/Blast.cgi)

search using the algorithms BLASTX and BLASTP was conducted to identify known
protein sequences that are homologous to the deduced amino acid sequences of TmLyzg
and TmLyzc. In order to infer the homologies, multiple amino acid sequence alignments
of TmLyzg, TmLyzc and lysozymes from other teleost fish and other vertebrates were

performed wusing the T-Coffee server (http:/tcoffee.crg.cat/apps/tcoffee/do:regular)

(Notredame et al., 2000). Conserved domains in the TmLyzg and TmLyzc amino acid
sequences were identified using the Conserved Domain Database by NCBI

(https://www.ncbi.nlm.nih.gov/cdd) (Marchler-Bauer et al., 2017).

Physicochemical parameters, such as molecular mass and theoretical isoelectric point,

were computed using ProtParam tool on (https://web.expasy.org/protparam/) (Gasteiger et
al., 2005). In addition, the presence of signal peptide and the subcellular location of the
lysozymes were predicted using the SignalP-5.0 server

(http://www.cbs.dtu.dk/services/SignalP/) and YLoc tools (http://abi.inf.uni-

tuebingen.de/Services/YLoc/webloc.cgi), respectively (Briesemeister ef al., 2010; Petersen

etal.,2011).

The evolutionary histories of TmLyzg and TmLyzc were inferred through
phylogenetic analysis using MEGA X software, through the Maximum Likelihood
method at 1000 bootstraps per analysis (Kumar et al., 2018; Stecher et al., 2020). Finally,
the software MOE v2018.01 (Chemical Computing Group) was used to construct and
refine a predicted homology model for the tridimensional structures of TmLyzg and
TmLyzc, using the crystal structures of the g-type lysozyme from Atlantic cod (Gadus
morhua) (PDB: 3GXK) (Helland et al., 2009) and the c-type lysozyme from rainbow trout
(Oncorhynchus mykiss) (PDB: 1LMN) (Karlsen et al., 1995) as templates, respectively.

A set of 25 independent models were made for each lysozyme sequence under the
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CHARMM?27 forcefield. The final models were optimized from the best-scoring
intermediate model according to the Protein Geometry analysis function and after a default

energy minimization procedure in MOE.

Expression Analysis in Totoaba Tissues

Expression profile of TmLyzg and TmLyzc genes in healthy tissues (spleen, kidney,
intestine, stomach, pyloric caeca, heart and brain) from totoaba was evaluated by qPCR
analysis using Brilliant ITI Ultra-Fast SYBR® Green qRT-PCR master mix (Agilent). The
reactions were conducted on a StepOne™ Real-Time PCR System thermal cycler (Thermo
Fisher Scientific) under the following amplification conditions: 50°C for 10 min, 95°C for
3 min and 35 cycles of 94°C for 10 s and 55°C for 5 s. Primers used to amplify amplicons
from each lysozyme gene are shown in Table III. Elongation Factor-1 o from totoaba was
used to normalize gene expression in each sample using the Ct method (2°4¢%) (Livak and
Schmittgen, 2001; Reyes-Becerril et al., 2016). Three healthy totoaba individuals were
used as biological replicates. All data were presented as relative mRNA expression (mean
+ standard deviation) with experimental triplicates (n = 3). Descriptive statistics were
performed using GraphPad Prism version 8.4.1 for MacOS (GraphPad Software, San
Diego California USA).

36



RESULTS AND DISCUSSION

Characterization of the C-type and G-type Lysozymes cDNA Sequences

The full-length cDNA sequences of TmLyzg and TmLyzc were obtained by RT-PCR and
RACE techniques and deposited in Genbank under the accession numbers MT211628 and
MT211627, respectively. For TmLyzg, we cloned a cDNA sequence of 711 bp in length,
which includes an open reading frame (ORF) of 582 bp and a 3’-UTR of 129 bp with a
typical polyadenylation signal (AATAAA) and a poly(A) tail (Figure 10). The deduced
amino acid sequence for TmLyzg has 193 residues, with a calculated molecular mass of
21.5 kDa and a theoretical isoelectric point (pI) of 7.7. The subcellular location prediction
indicated that TmLyzg might be an intracellular lysozyme. This is in accordance with the
features exhibited by most g-type lysozymes from fish (Irwin and Gong, 2003). The
TmLyzg amino acid sequence showed significant homology with other g-type lysozymes
from various fish species. TmLyzg presented the highest identity of 92% and 83% with
members of the Sciaenidae family large yellow croaker (L. crocea) and big head croaker
(Collichthys lucidus), respectively (Zheng et al., 2007). High identities were also found
with other bony fishes such as 76% with mandarin fish (Siniperca chuatsi) (Sun et al.,
2006), 76% with European seabass (Dicentrarchus labrax) (Buonocore et al., 2014), 76%
with barred knifejaw (Oplegnathus fasciatus) (Whang et al., 2011), 75% with turbot
(Scophthalmus maximus) (Zhao et al.,2011), 74% with black rockfish (Sebastes schegelii)
(Nilojan et al., 2017) and 64% with Atlantic cod (Gadus morhua) (Larsen et al., 2009).

Regarding TmLyzc, the full-length cDNA sequence contains a 5’-UTR of 130 bp, a
3’-UTR of 280 bp with a 25 bp poly (A) tail and a consensus polyadenylation signal
sequence AATAAA (Figure 11). The ORF of 432 bp for TmLyzc encodes a polypeptide
of 143 amino acids with a calculated molecular mass of 16.12 kDa and a theoretical pI of
8.45. Moreover, this lysozyme was predicted to localize extracellularly, as a signal
sequence of 15 residues was identified at the N-terminus of the deduced protein. This is
consistent with the characteristics displayed by most of the c-type lysozymes from the

vertebrate phylum, including fish, birds and mammals (Tullio ef al., 2015).
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atgggttatggaaacatcaagagggttcagactactggtgcgtcacagcaaacatctcag 60
M G ¥ G N I K RV Q T T G A S Q Q T S Q 20

caggacaaactgggatactcaggtgtgagggcatcacatgcgatggcagaagaagatgca 120
Q D K L G ¥ S G V R A S H A M AEE D A 40

ggccgaatggaaaagtacagatgtaaaatcaacagtgttggacgtagatatgatatcgat 180
G R M E K Y R CKIN SV G RUR Y DI D 60

ccagctctcatcgctgcaatcatctccagagaatctagggctggaaatgcactaactaat 240
P A L I A A I I S R E S R A G N AL T N 80

ggatggggagactatagcccagtgagaggacaatacaacgcctggggactgatgcaggtt 300
G W G D ¥ s P V R G Q ¥ N A WG ULMQ V 100

gatgtcaatccagagagaggtggacacactgcagagggcgcatgggacagtgaggaacac 360
D V N P E R G G H T AE G A WD S E E H 120

ctctgccaagctactgggatcttggtttatttcatcaaagtgattcgcaacaaatttcect 420
L C Q A T G I L VY F I K V I R NIKF P 140

ggctggagcacagaggagcagctgaaaggagggatagcagcatacaatatgggggatcga 480
G W S T E E Q L K G G I A A Y NM G D R 160

agtgtcgaagacaaagatgtggataagataacaacaggtagagactactccaatgatgtt 540
S v ED KD VD K I TTG R D Y S ND V 180

gttgccagagctcagtggtacaaaaacaataaaaactattaacagctgaagctgtctgtt 600
V A R A Q W ¥ K N N KN Y * 193

acaaagatctcctacaaaatgacagaaacattctgtaatgtgtgcctgtgtcaaaacgta 660

tgctgaataaagaaactgcaaagcaaaaaaaaaaaaaaaaaaaaaaaaaaa 711

Figure 10. Nucleotide and deduced amino acid sequence of Totoaba macdonaldi g-type
lysozyme (TmLyzg). Coding sequence is depicted in italic letters. Deduced amino acid

sequence is marked by gray box and stop codon is marked by an asterisk.
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atggggattc -130

agagaaaatatggagttagtgtgaaccagagcagccacagcaatttcatctgagcttcte =120

aactataaaaggagatttagcagcagctgtggaaacattcgatccagcagagagtccatc -60
atgagggctctggtgtttctgctcttggtaactttggccagecgctaaaatctaccagecgce 60
M R A L V F L L L V T L A S A K I Y Q R 20

tgtgaatgggcccgaatcctgaaggctaatggaatggacggctaccacggttacagectg 120
C E W AURIULI KA ANGMMDG Y HG Y s L 40

gccaactgggtttgtctgtccaagtgggagtcagactacaacaccagagccaccaaccac 180
A N WV C L S KW E S D Y NTIRA ATNH 60

aacactgatggatccactgactacggcatcttccagatcaacagccgectggtggtgcaac 240
N T bD G S T D ¥ 6 I F Q I N S R W W C N 80

gatggccgcacctctacatcaaatgcatgccacatccagtgcagccagcttctgactgat 300
D G R T S T S N A CHTI Q C S Q L L T D 100

gatgtcagtgtggcgatcaactgtgccaaacgtgtcgttagggatcccagcggcatcgga 360
D vV s v A I NCAI KU RV V RDUP S G I G 120

gcctgggtggcecctggcggecgtcactgcgagaaccgtgacctgagctectatgtgtcagga 420
A W V A W RURUHUCENURUDIUL S S Y V s @G 140

tgtggcctttaatcaacacatggaaacaggacagtgtcatcagcataataaaattctccc 480
cC G L * 143

atcttcagctgaaggggattaaaaggtttctgctgttacacgcagttactaaaacagatt 540
attctcaaatcaagtgaattcagatctttactttcaatgtatttagtttatacttcactt 600
gattttatagatgtagtgagtgaacagaaatgtgctgatttcaacttgaatctgttgtca 660

ttgtgttcatttcaaaacctgattaaaatgttgattttgtgttaaaaaaaaa 712

Figure 11. Nucleotide and deduced amino acid sequence of Totoaba macdonaldi c-type
lysozyme (TmLyzc). Coding sequence is depicted in italic letters. Deduced amino acid

sequence is marked by gray box and stop codon is marked by an asterisk.
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The inferred amino acid sequence of TmLyzc showed high identity with c-type lysozymes
from other fish species and even higher vertebrates. TmLyzc presented identity of 92%
with large yellow croaker (Ao et al., 2015), 91% with big head croaker, 85% with
barramundi perch (Lates calcarifer), 80% with orange-spotted grouper (Epinephelus
coioides) (Wei et al., 2012), 77% with taimen (Hucho taimen) (Li et al., 2016), 75% with
rainbow trout (Oncorhynchus mykiss) (Dautigny et al., 1991), 70% with mouse (Mus
musculus), 64% with human (Homo sapiens) and 55% with chicken (Gallus gallus)

protein sequences.

Analysis of Conserved Structural Features in the C-type and G-type Lysozymes of
Totoaba
The amino acid sequence alignment of TmLyzg with homologous g-type lysozymes from
teleost fish is shown in Figure 12. The analysis indicated that TmLyzg possesses a highly
conserved goose egg white lysozyme (GEWL) domain (from GInl7 to Tyr193)
(Monzingo et al., 1996), that contains two conserved catalytic residues (Glu71 and
Aspl01), eleven N-acetyl-D-glucosamine binding sites residues (Glu71, GIn99, Vall100,
Aspl01, Prol104, His109, Ilel127, Phel31, Tyrl55, Asnl56, Gly158), and a GXXQ
signature motif (Gly96, Leu97, Met98 and GIn99). Altogether, these residues are
fundamental to maintain the three dimensional structure and the biological activity of g-

type lysozymes (Callewaert and Michiels, 2010).

Furthermore, TmLyzg contained only one cysteine residue and no signal peptide
sequence was predicted. These are common features in most of the known fish g-type
lysozymes, but differ from mammalian and avian counterparts whose g-type lysozymes
are secreted proteins (Irwin, 2014). Nevertheless, the presence of intracellular lysozymes
in fish species might accomplish an important role in controlling cytosolic growth of
intracellular bacteria, possibly mediated by their muramidase activity, bacterial membrane

disruption capacity and aggregation of bacterial cells (Seppola et al., 2016).
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Totoaba

Large yellow croaker
Big head croaker
Mandarin fish

Barred knifejaw
Largemouth bass
Turbot

European seabass
Black rockfish
Atlantic cod

Totoaba

Large yellow croaker
Big head croaker
Mandarin fish

Barred knifejaw
Largemouth bass
Turbot

European seabass
Black rockfish
Atlantic cod

Totoaba

Large yellow croaker
Big head croaker
Mandarin fish

Barred knifejaw
Largemout hbass
Turbot

European seabass
Black rockfish
Atlantic cod

Figure 12. Multiple sequence alignment and predicted secondary structures of g-type
lysozymes from totoaba and other fish. Identical amino acids are shaded in black, similar
are shaded in grey and different are marked with white background. Dotted line highlights
the GEWL domain. Red letters and triangles indicate active site residues and substrate
binding sites are shown in green. Alpha-helixes are depicted as cylinders, B-sheets as
arrows, coils as solid lines and B-turns as solid line loops. Color palette is representative

for structural components in the three-dimensional structure.
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Figure 13 shows the amino acid sequence alignment of TmLyzc with homologous c-
type lysozymes from vertebrate species, including fish, birds and mammals. The analysis
revealed that TmLyzc presents a highly conserved o-lactalbumin/c-type lysozyme
signature motif called LYZ1 (from Lys16 to Gly142) (all amino acids are numbered based
on the full TmLyzc polypeptide sequence) (Nitta and Sugai, 1989; Qasba et al., 1997).
This region includes the two conserved catalytic residues Glu50 and Asp67, the residues
that constitute the active site cleft (Asn61, Asp67, GIn72, 1le73, Asn74, Trp77, Trp78,
Glul15, Ser117, Alal21, Trp122 and Val123) and a highly conserved signature sequence
from Gly64 to Ser75. We found eight highly conserved cysteines (Cys21, Cys45, Cys79,
Cys90 Cys94, Cys108, Cys129 and Cysl4l1) in this motif that could be able to form
disulfide bridges as predicted by the molecular model (below). Taken as a whole, these
residues are essential to preserve the structure and function of the c-type lysozymes. These
characteristics are consistent with those reported for c-type lysozymes from all vertebrate
species, ranging from fish to mammals (Callewaert and Michiels, 2010). The presence of
extracellular c-type lysozymes in fish indicate that these proteins may play important roles
in the host defense against extracellular bacterial pathogens. Furthermore, some reports
also suggest the implication of secreted lysozymes in the modulation of the immune
response (Ragland and Criss, 2017). Secondary to their ability to kill bacteria,
extracellular lysozymes can release immunomodulatory bacterial ligands, including
peptidoglycan fragments, that in certain scenarios can further activate pro-inflammatory

responses or either resolve inflammation (Ragland and Criss, 2017).

The predicted secondary structures for TmLyzg and TmLyzc amino acid sequence are
also shown in Figures 12 and 13, respectively. In general, the results indicated that these
proteins present structural features commonly found in the members of the lysozyme
superfamily. More specifically, six distinct a-helixes (al-06) and an antiparallel three-
stranded B-sheet (B1-B3) were identified in both TmLyzg and TmLyzc. The conserved a.3-
a5 helixes in TmLyzg and a2-a5 in TmLyzc, along with the three-stranded B-sheet,
constitute the catalytic and substrate binding sites in these lysozymes. Altogether, these

characteristics are considered the only constant elements of the secondary structure in all
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Totoaba

Large yellow croaker
Big head croaker
Barramundi perch
Barred knifejaw
Greater amberjack
Orange-spotted grouper
Starry flounder

Nile tilapia

Taimen

Rainbow trout
Chicken

Helmeted guineafowl
Mouse

Human

Totoaba

Large yellow croaker
Big head croaker
Barramundi perch
Barred knifejaw
Greater amberjack
Orange-spotted grouper
Starry flounder

Nile tilapia

Taimen

Rainbow trout
Chicken

Helmeted guineafowl
Mouse

Human

Figure 13. Multiple sequence alignment and predicted secondary structures of c-type
lysozymes from totoaba, other fish and higher vertebrates. Identical amino acids are
shaded in black, similar are shaded in grey and different are marked with white
background. Dotted line highlights the LYZ1 domain in c-type lysozymes. Red letters and
triangles indicate active site residues; substrate binding sites are shown in green and
cysteine residues are shown in yellow; continuous line at the start of the sequence
underlines predicted signal peptide. Alpha-helixes are depicted as cylinders, B-sheets as
arrows, coils as solid lines and B-turns as solid line loops. Color palette is representative

for structural components in the three-dimensional structure.
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members of the lysozyme superfamily, including g-type and c-type lysozymes (Monzingo

et al., 1996; Wohlkonig et al., 2010).

In agreement with these characteristics, the predicted molecular models of TmLyzg
(Figure 14) and TmLyzc (Figure 15) also showed a common lysozyme fold, which
consists of a large a-helical domain separated from the small -stranded domain by a wide
substrate binding cleft (Karlsen et al., 1995; Helland et al., 2009; Wohlkoénig et al., 2010).
In TmLyzg, the a4 and a5 helixes contain hydrophobic residues important for substrate
binding, and an @p sequence signature (Tyr156 and Asn157) that is commonly found in
g-type lysozymes at the end of a5-helix. Regarding TmLyzc, key residues for substrate
binding are distributed mainly in a2-a4 helixes as well as in B1-B3-sheets. In spite of
presenting a quite similar tridimensional structure, only the central a-helix (04 in TmLyzg
and a2 in TmLyzc) and the B-hairpin (B2-p3 strands in both lysozymes) are the invariant
structural motifs of the lysozyme superfamily, and constitute the core that shapes the

protein’s active site (Wohlkonig et al., 2010).

Particularly, the central a-helix contains the residues Glu71 in TmLyzg or Glu50 in
TmLyzc, while the B-hairpin has the residues Aspl101 in TmLyzg or Asp67 in TmLyzc
that might play a crucial role in catalysis. These residues are identified as the counterparts
of the well-defined catalytic amino acids of other g-type lysozymes such as those from
goose egg (Glu73 and Asp97) (Weaver et al., 1995) and Atlantic cod (Glu71 and Asp99)
(Helland et al., 2009), and other c-type lysozymes such as those from hen egg (Glu35 and
Asp52) (Blake et al., 1965; Artymiuk et al., 1982) and rainbow trout (Glu50 and Asp67)
(Karlsen et al., 1995). Furthermore, these residues are fingerprints in g-type and c-type
lysozymes and serve to differentiate between the catalytic mechanisms exhibited by each
type. In both types of lysozymes, glutamate invariably acts as a general acid catalyst

whereas aspartate acts as a general base (Zechel and Withers, 2000).
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Totosba 61 o>
cod o CUREERE -0 s

Salmon JRSMP2ATI I AGIISRES 103 cNes VDKR
Goose EWPAVIAGIISRES 88 GKeix VDKR

GXXQ

Signature motif

Figure 14. Predicted tertiary structure of TmLyzg, showing the active site, and conserved

structural elements. GXXQ motif for TmLyzg in alignments fragments is highlighted in

purple.
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Totoaba O /N VCLS KWES 66 INS
Rainbow trout 40 NWVCLSKW S 66 INS
Human SCHN T 7\ N MC LINKW 70 INS
Chicken 43 Cr¥<E S 69 s Phy

GXXQ

Signature motif

Figure 15. Predicted tertiary structure of TmLyzc, showing the active site, and conserved
structural elements. GXXQ motif for TmLyzc in alignments fragments is highlighted in
pink.
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In TmLyzc, Asp67 could act as a nucleophile, stabilizing the acyl-enzyme
intermediate to accomplish the enzymatic reaction. This is a hallmark in all c-type
lysozymes, which exert their catalytic activity through a double displacement mechanism
and are known as retaining glycosidases (Zechel and Withers, 2000; Kirby, 2001). In
TmLyzg, Aspl01 could participate in catalysis by activating and positioning a catalytic
water in order to facilitate the nucleophilic attack, as well as in stabilizing the
oxocarbenium ion-like intermediate. This is a special feature of g-type lysozymes, as the
unique members of the lysozyme superfamily which perform their catalytic activity by a
single displacement mechanism and are known as inverting glycosidases (Zechel and

Withers, 2000).

Moreover, the B-hairpin which comprises the B2 and B3 sheets, is recognized as the
most conserved structural element (at the amino acid sequence level) among the lysozyme
superfamily members, which displays a specific sequence, according to the type of
lysozyme (Wohlkonig et al., 2010). Based on this, we were able to differentiate between
lysozyme families, according to the particular sequence motifs located in this region. The
most distinctive signature motif is the GXXQ sequence, was identified as Gly96, Leu97,
Met98 and GIn99 in TmLyzg (Figure 14), and as Gly69, Ile70, Phe71 and GIn72 in
TmLyzc (Figure 15) (Pei and Grishin, 2005). These residues are part of the loop linking
the B-sheets (B2 and B3) and are known to participate in substrate binding, according to
the findings in the crystal structures of Atlantic cod Gadus morhua, rainbow trout
Oncorhynchus mykiss and their counterparts from avian and mammalian species (Karlsen

et al., 1995; Helland et al., 2009).

Amongst lysozymes families, these signatures show low sequence similarity. This
reveals the high sequence plasticity in the B-hairpin region. For a given family, however,
the high degree of conservation of a particular group of residues, located in a specific
structural region, might be a requirement to adopt a specific structural conformation to

accomplish a particular functional role (Pils et al., 2005).
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Phylogenetic Analysis of the C-type and G-type Lysozymes from Totoaba

A phylogenetic tree was constructed using the maximum likelihood method to analyze the
evolutionary relationship of TmLyzg and TmLyzc with other vertebrate g-type and c-type
lysozymes (Figure 16). The results indicated that lysozymes were clustered into two
distinct clades, separating the orthologous g-type lysozymes from the c-type lysozymes.
In the case of g-type lysozymes, the clade was split into two distinct branches or nodes,
setting aside the orthologues from teleost fish from those of mammals and birds. TmLyzg
was positioned within the teleost group and showed the closest relationship with the
counterparts of large yellow croaker and big head croaker, suggesting a common recent
ancestor between the three species, as they belong to the Sciaenidae family. The diverse
evolutionary paths of g-type lysozymes among vertebrates is in accordance with previous
reports (Irwin, 2014; Ko et al., 2016). Particularly in fish species, the major contributors
in the evolution of g-type lysozymes are the considerable insertions/deletions in their
amino acid sequences, for example the absence of a signal peptide and the lack of disulfide

bonds caused by replacement of cysteine residues (Pooart et al., 2004; Irwin, 2014).

The c-type lysozymes clade, was divided into two major nodes, separating other
mammal orthologues, from the fish and avian counterparts. Nevertheless, the evolutionary
relationship between c-type lysozymes from distinct vertebrate species seem to be very
close. In particular, TmLyzc was positioned within the teleost and avian group and showed
the closest relationship with its counterparts from large yellow croaker and big head
croaker. The close evolutionary path among c-type lysozymes from different species
indicates a well preserved structural characteristics and functional roles during evolution
(Nitta and Sugai, 1989). Fish species, including totoaba, clearly display the conservation
of typical features of c-type lysozymes, which includes the presence of a signal peptide

and disulfide bonds.
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49 Totoaba (Totoaba macdonaldi, MT211628)
ke Big head croaker (Collichthys lucidus, TKS68863)
Large yellow croaker (Larimichthys crocea, ABR66917)
72 Mandarin fish (Siniperca chuatsi, AAU86896)
Largemouth bass (Micropterus salmoides, AX191423)
87 21 Barred knifejaw (Oplegnathus fasciatus, ADZ44621)
19 European seabass (Dicentrarchus labrax, AIE45885)
43 50 Black rockfish (Sebastes schlegelii, ARU86469)
a5 Turbot (Scopthalmus maximus, ADN06441)
Rainbow trout (Oncorhynchus mykiss, CAA42084)
Atlantic cod (Gadus morhua, ACB20805)
Big-belly seahorse (Hippocampus abdominalis, ART85744)
Atlantic salmon (Salmo salar, CAM53431)
56 Zebrafish (Danio rerio, XP_002664417)
Helmeted guineafowl (Numida meleagris, XP_021268859)
97 Black swan (Cygnus atratus, P00717)
82 Goose (Anser anser, P00718)
Mouse (Mus musculus, AAI19397)
Human (Homo sapiens, Q86SG7)
37 Large yellow croaker (Larimichthys crocea, XP_019114157)
B Totoaba (Totoaba macdonaldi, MT211627)
35 Big head croaker (CO//fChthyS Iucidus, TKS84091)
Barramundi perch (Lates calcarifer, XP_018523365)
Greater amberjack (Seriola dumerili, XP_022600259)
Barred knifejaw (Oplegnathus fasciatus, ADZ44620)
Starry flounder (Platichthys stellatus, BAL44624)
98 Rainbow trout (Oncorhynchus mykiss, ACO07658)
100 a Taimen (Hucho taimen, AHA85993)
Orange-spotted grouper (Epinephelus coioides, AFK78901)
5 Nile tilapia (Oreochromis niloticus, XP_013121028)
78 Human (Homo sapiens, AC0O37637)
B Mouse (Mus musculus, NP_038618)
48 Turkey (Meleagris gallopavo, XP_003202118)
o5 Chicken (Gallus gallus, ACL81750)
59 Helmeted guineafowl (Numida meleagris, XP_021240812)

30

37

g-type lysozymes

48

36
37
41

c-type lysozymes

Figure 16. Cladogram of TmLyzg, TmLyzc and known orthologs in the vertebrate
phylum. Genbank accession numbers of g-type and c-type lysozymes used for the analysis

are depicted in italic letters.
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It is generally accepted that proteins of the lysozyme superfamily have diverged from
a common ancestor (Holm and Sander, 1994; Monzingo et al., 1996). This inference is
based on the fact that although their amino acid sequences appear to be unrelated, the
overall structure between lysozymes” families is strikingly similar. In the hypothesis of
divergent evolution, this means that the ancestral fold has been conserved across species
and during evolution, while the complete sequences have diverged (Griitter ef al., 1983;
Yoshikuni et al., 2006). This evidence the high sequence plasticity displayed by these
proteins in order to exert specific catalytic functions, but also their amazing ability to

maintain an overall well-conserved fold to preserve its biological function.

Expression Analysis of the C-type and G-type Lysozyme Genes in Different Tissue
Samples

TmLyzc and TmLyzg were ubiquitously expressed in all examined tissues, with
predominant expression in stomach, pyloric caeca and heart (Figure 17). The highest
expression level of TmLyzc was detected in stomach and pyloric caeca, whereas TmLyzg
was mainly expressed in stomach and heart. C-type and g-type lysozymes from other
teleosts such as Japanese flounder (Hikima ef al., 2001), orange-spotted grouper (Yin et
al., 2003), large yellow croaker (Zheng et al., 2007), brill (Jiménez-Cantizano et al.,
2008), Atlantic cod (Larsen et al., 2009), Asian seabass (Fu et al., 2013), starry flounder
(Kim and Nam, 2015) and Chinese black sleeper (Wei et al., 2020) were also expressed
in the gastrointestinal tract (stomach and intestine) and in heart. Nevertheless, in contrast
to our results, the highest expression level of these lysozymes was observed in spleen and
kidney. Lysozymes genes in fish are not expressed in a tissue restricted fashion, as it is
with their counterparts in birds and mammals (Nakano and Graf, 1991; Irwin and Gong,
2003; Irwin et al., 2011), but are expressed predominantly in hematopoietic organs
including spleen, head kidney and liver, as well as tissues exposed to external environment
that are the first interaction sites between host and bacteria such as gills, skin and

gastrointestinal tract (Saurabh and Sahoo, 2008).
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Figure 17. Tissue profile for the relative expression levels of the g-type (A) and c-type

(B) lysozymes mRNA of totoaba. Total mRNA was isolated from tissues of three fish and

individually processed to perform RT-qPCR with experimental triplicates (n = 3).

Expression values were normalized to those of EF-1a as housekeeping gene. Data are

expressed as the mean of mRNA relative expression (means = S.D., n = 3).
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In a previous study with reared Atlantic salmon, the expression levels of the immune
response genes in the gut-associated lymphoid tissue was affected by diet and farming
conditions (Lekka et al., 2014). Lysozymes may prevent bacterial infection through the
humoral innate immunity in the fish gastrointestinal tract by a direct bactericidal effect
(Smith et al., 2019). Gonzalez-Félix et al. (2018) showed that the level of plasma
lysozyme activity in totoaba can be affected depending on the fish diet (basal or probiotic
diet), without analyzing the affected type of lysozyme activity nor the expression profile
in the gastrointestinal tract. In the near future, it will become necessary to explore the
effects in the expression and activity pattern of totoaba lysozymes under different
immunological challenges, especially since lysozyme activity can also increase in other
farmed fish species, serving as a possible marker of inflammatory response to diet
components. Another possible function of lysozyme can relate to digestion, since high
expression of lysozymes in the gastrointestinal tract suggest that function (Gao et al.,
2012). All this suggest that totoaba g-type and c-type lysozymes may play important roles
in the defense against infectious diseases. However, different studies must be carried out,
such as the temporal expression of lysozyme after immunological stimuli, in complement

to their functional characterization at the protein level.
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CONCLUSIONS

As the first part of this research project, the full-length cDNA sequences of Totoaba
macdonaldi g-type lysozyme (TmLyzg) and c-type lysozyme (TmLyzc) were described.
Both lysozymes were homologous to other g-type or c-type lysozymes from different fish
and higher vertebrate species. They presented conserved structural and functional
signatures typical of the lysozyme superfamily as part of glycosyl-hydrolases. TmLyzg
and TmLyzc mRNAs’" expression profiles revealed that both genes are constitutively
expressed in all tissues examined. However, the expression level of each lysozyme gene
is higher in specific tissues and reflects its importance on innate immunity. Although
further experiments are needed to prove the expression of these lysozymes under an
immune challenge, the lysozymes from totoaba may play essential roles in defense against
bacterial infections and also may be involved in digestion. In the long term, this
knowledge will also contribute to establishing improved immunoprophylactic strategies

for the rearing of totoaba, including immune stimulation and vaccination.
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CHAPTER 11

Overview

In the second part of this research, the c-type and g-type lysozymes from totoaba were
recombinantly expressed in E. coli, isolated from inclusion bodies, and subjected to in
vitro refolding experiments. The tested refolding conditions were found promising;
however, lysozyme activity could not be demonstrated probably because the proteins were
kinetically trapped in a folding intermediate, or because the presence of fusion tags
somehow hindered their active site. Further optimization of refolding conditions and

removal of fusion tags is required to recover active enzymes.
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MATERIALS AND METHODS

Purification and Refolding of Recombinant C-type and G-type Lysozymes from
Totoaba

Recombinant Expression

The expression constructs pET-28a(+)-TmLyzg and pET-32a(+)-TmLyzc were
synthesized at GenScript® (Piscataway, New Jersey, USA). TmLyzg was cloned at Nde I
and Xho 1 cloning sites of pET-28a(+) vector, which carries a Kan coding sequence that
provides resistance to kanamycin and a N-terminal 6xHis-Tag® sequence for protein
purification. TmLyzc was cloned at Kpn I and X%o I restriction sites of pET-32a(+) vector,
which contains a bla coding sequence that provides ampicillin resistance, a Trx-Tag™ as
fusion protein and a 6xHis-Tag® sequence for protein purification at the amino-terminus
(Figure 18). A cleavage sequence for PreScission Protease (GE Life Sciences) (Leu-Glu-
Val-Leu-Phe-GIn-Gly-Pro) was added at the N-terminus of both TmLyzg and TmLyzc

synthetic genes to allow the removal of His-tag and Trx-tag from the expressed proteins.

The expression plasmids were used to transform E. coli BL21 Gold (DE3) competent
cells by heat shock. Briefly, 100 ng of pET-28a(+)-TmLyzg or pET-32a(+)-TmLyzc were
added to 50 uL of chemically competent bacterial cells, mixed carefully and then, the
suspensions were incubated for 30 min on ice. Heat shock was carried out at 42 °C for 1
min and then the bacterial suspensions were immediately placed on ice for 5 min.
Thereafter, 250 uL of SOC medium were added to the bacterial suspensions and the
cultures were grown for 90 min at 37 °C with shaking at 225 rpm. After that time, 100-
200 pL of bacterial suspensions were cultured in LB plates added with 100 ug mL™! of
ampicillin (TmLyzc) or 50 pg mL! of kanamycin (TmLyzg) and were incubated at 37 °C
overnight. A single-isolated colony of each transformation reaction was used to prepare

the starting bacterial inoculum for expression assays.
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Transformed bacteria were grown in 5 mL of LB broth, supplemented with 50 pg mL-
! of kanamycin (TmLyzg) or 100 pg mL"! of ampicillin (TmLyzc) as corresponds, at 37
°C with shaking at 225 rpm for 16 h. This comprised the starting bacterial inoculum for
each expression assay. Thereafter, a Fernbach flask containing 1 L of LB broth
(supplemented with the corresponding antibiotic) was inoculated with 5 mL of the
bacterial inoculum, and the cultures were grown at 37 °C with shaking at 200 rpm until
the cell count reached 0.6 at ODgoo. Overexpression of TmLyzg and TmLyzc was induced
by the addition of 0.5 mM IPTG (isopropyl-B-D-thiogalactopyranoside) and the cells were
grown at 25 °C for 18 h with shaking at 220 rpm. Bacterial cells were harvested by
centrifugation at 7 000 x g for 20 min at 4 °C and then suspended in lysis buffer (50 mM
Tris-HCI, 100 mM NaCl, 5 mM EDTA, 5 mM benzamidine, ] mM DTT at pH 7.0), ata
ratio of 4 mL per gram of the bacterial pellet. Thereafter, the cells were lysed by sonication
with 6 pulses of 10 s at 40% of amplitude at intervals of 1 min, meanwhile, the sample
was always kept on ice. The lysate was clarified by centrifugation at 8 000 x g for 20 min
at 4 °C to separate soluble and insoluble phases, which were then analyzed by 12% SDS-
PAGE.

Inclusion Body Isolation and Solubilization

TmLyzg and TmLyzc inclusion bodies were isolated as previously described by
(Vazquez-Morado et al., 2021). In brief, after cell lysis, the cellular precipitate was
subjected to a series of 4 cycles to wash and extract lysozymes from inclusion bodies. In
each cycle, the pellet was suspended in 4 mL of the corresponding buffer, dissolved by
sonication with 6 pulses of 10 s at 40% of amplitude on an ice bath, and then centrifuged
at 25 000 x g for 20 min at 4 °C. The resulting pellet was recovered in cycles 1-3, whereas
supernatant (which contained solubilized inclusion bodies) was kept in cycle 4. The
buffers used in each cycle are described below: Cycle 1 (Washing buffer 1: 50 mM Tris-
HCI, 2% Triton X-100, 5 mM EDTA, 5 mM benzamidine, | mM DTT, pH 7.0), cycles 2-
3 (Washing buffer 2: 50 mM Tris-HCIL, 5 mM EDTA, 5 mM benzamidine, 1 mM DTT,
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pH 7.0) and cycle 4 (Extraction buffer: 50 mM Tris-HCI, 8 M urea, 5 mM EDTA, 5 mM
benzamidine, ] mM DTT, pH 7.0). After solubilization of inclusion bodies (cycle 4), the
suspensions containing TmLyzg and TmLyzc were incubated at 4 °C for 12 h with gently
stirring. Then, the solutions were clarified by centrifugation at 25 000 x g for 20 min at 4
°C and the supernatant containing the soluble fraction was recovered (Figure 20 and 21,
lane 4) . Protein concentration in the samples was estimated by A2so using the extinction
coefficients €a2s0 = 42 770 M! cm™! (TmLyzg) and €a280 = 62 650 M! cm™! (TmLyzc),
calculated from their amino acid sequence using ProtParam tool on

(https://web.expasy.org/protparam/) (Gasteiger et al., 2005).

Protein Purification by Immobilized Metal Ion Affinity Chromatography

Lysozymes were purified by immobilized metal ion affinity chromatography (IMAC)
under denaturant conditions using an HisTrap™ FF column (1 mL) in an Akta Prime Plus
chromatographer (GE Life Sciences), according to the manufacturer’s protocol. The
column was equilibrated with 10 volumes of binding buffer A (50 mM Tris-HCI, 500 mM
NaCl, 8 M urea, pH 7.4) and was loaded with 4 mL of lysozyme solution at ~ 4 mg mL"!
(TmLyzg) and ~ 6 mg mL"! (TmLyzc). Lysozymes were eluted with a lineal gradient (1-
100%) of elution buffer B (50 mM Tris-HCI, 500 mM NaCl, 8 M urea, 500 mM imidazole,
pH 7.4) at a flow rate of 1 mL min'. Eluted fractions with increased absorbance at Axgo

were analyzed by 12% SDS-PAGE.

The purified sample fractions from each lysozyme were pooled and reduced with the
addition of 5 mM DTT (final concentration) before proceeding to protein refolding. For
TmLyzc, which is predicted to contain four disulfide bonds in its native state, DTT was
removed just before conducting refolding experiments to minimize reformation of
disulfide bonds. This was carried out using a protein desalting column PD-10 (GE Life
Sciences) equilibrated in elution buffer A that did not contain the reducing agent,

according to the manufacturer’s protocol. TmLyzg was kept in the same elution buffer
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and concentrated to 1 mg mL™! by ultracentrifugation at 5 000 rpm and 4 °C using an

Amicon® Ultra-15 10K centrifugal filter device (Merk Millipore).

Refolding Assay Conditions

Refolding of lysozymes was carried out using the Pierce® Protein Refolding kit (Thermo
Scientific), according to the manufacturer’s protocol. A primary screen of nine trials was
performed to examine the effect of denaturant concentration (0-1.4 M guanidine and 0-
0.8 M arginine) and reducing environment (reduced/oxidized glutathione or DTT) on
refolding of TmLyzc and TmLyzg. The matrix set-up for TmLyzc and TmLyzg is
described in detail in Table IV and Table V, respectively. For TmLyzc, 900 uL of each
base refolding buffer were supplemented with 1| mM EDTA and varying ratios of reduced
and oxidized glutathione ([GSH]:[GSSG]) as follows: 2 mM GSH:0.2 mM GSSG; 2 mM
GSH:0.4 mM GSSG; I mM GSH:1 mM GSSG (final concentration), as determined by
the matrix layout shown in Table VI. For TmLyzg, 900 uL of each base refolding buffer
were supplemented with 1 mM EDTA and 5 mM DTT (final concentration) as described
in Table VII. All solutions were equilibrated to 4 °C on ice. Then, denatured lysozymes
were added to the refolding buffers to a final concentration of 50 pg mL! in cycles of
addition of 10 pL of protein solution (at 1 mg mL™!), immediate vortex and incubation on
ice for 2 min until 50 pL of lysozyme solution were added to each reaction. Refolding was
allowed to proceed for 18 h at 4 °C and refolding yields were determined by measuring

lysozyme activity according to the methods described below and by 12% SDS-PAGE.
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Table IV. Matrix design for refolding of TmLyzc under reducing conditions
(GSH:GSSQ).

Tube Base Refolding 100 mM 200 mM 100 mM 0 (uL) Lysozyme .
# Buffer 900 pL) EDTA (uL) GSH (@uL) GSSG (uL) [lmg/mL] (uL)
1 1 10 10 2 28 50
2 2 10 10 4 26 50
3 3 10 5 10 25 50
4 4 10 10 4 26 50
5 5 10 5 10 25 50
6 6 10 10 2 20 50
7 7 10 5 10 25 50
8 8 10 10 2 28 50
9 9 10 10 4 26 50

*Denatured lysozyme in 8 M urea, 50 mM Tris, pH 7.4. Final protein concentration in the rection was 50
ug mL!,

Table V. Matrix design for refolding of TmLyzg under reducing conditions (DTT).

Tl;be Base Refolding 100 mM 500 mM DTT H:0 (uL) Lysozyme
Buffer (900 pL) EDTA (uL) (L) [1mg/mL] (L)
1 1 10 10 30 50
2 2 10 10 30 50
3 3 10 10 30 50
4 4 10 10 30 50
5 5 10 10 30 50
6 6 10 10 30 50
7 7 10 10 30 50
8 8 10 10 30 50
9 9 10 10 30 50

*Denatured lysozyme in 8 M urea, 50 mM Tris, 5 mM DTT pH 7.4. Final protein concentration in the
reaction was 50 ug mL.
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Table VI. Base refolding formulation for TmLyzc refolding experiments.

Base Factor 1 Factor 2 Factor 3 Factor 4
Refolding
Buffer* Guanidine (M)** L-Arginine (M) GSH (mM) GSSG (mM)
1 0 0 2 0.2
2 0 0.44 2 0.4
3 0 0.88 1 1
4 0.55 0 2 0.4
5 0.55 0.44 1 1
6 0.55 0.88 2 0.2
7 1.1 0 1 1
8 1.1 0.44 2 0.2
9 1.1 0.88 2 0.4

*Each base buffer contains the indicated denaturant concentrations as well as 55 mM Tris, 21 mM NacCl,
0.88 mM KCl, adjusted to pH 8.2. **Addition of solubilized protein sample supplied additional 0.4 M urea
to each base refolding buffer.

Table VII. Base refolding formulation for TmLyzg refolding experiments.

. Factor 1 Factor 2 Factor 3
Base Refolding
Buffer* e ..
Guanidine (M)** L-Arginine (M) DTT (mM)
1 0 0 5
2 0 0.44 5
3 0 0.88 5
4 0.55 0 5
5 0.55 0.44 5
6 0.55 0.88 5
7 1.1 0 5
8 1.1 0.44 5
9 1.1 0.88 5

*Each buffer contains the indicated denaturant concentrations as well as 55 mM Tris, 21 mM NaCl, 0.88
mM KCl, adjusted to pH 8.2. **Addition of solubilized protein sample supplied additional 0.4 M urea to
each base refolding buffer.
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Lysozyme Activity Assays

Turbidimetric assay. Lysozyme activity was determined by the turbidimetric assay
according to (Shugar, 1952). A suspension of 0.15 mg mL"! of Micrococcus luteus in 50
mM potassium phosphate buffer, pH 8.2, with an initial OD4so of ~ 0.7 was used as
substrate. TmLyzc and TmLyzg refolding reactions at 50 pg mL! (as described above)
and concentrated TmLyzc and TmLyzg (from refolding reactions) at 0.8 mg mL™! were
used as the enzyme solution. The reaction was started by adding 100 uL of enzyme
solution were added to 2.5 mL of substrate suspension and lysozyme activity was
measured as the decrease in optical density at 450 nm for 20-30 min at 25 °C. Hen egg
white lysozyme (HEWL) at 0.8 mg mL"! was used as the control reaction, whereas the
substrate without HEWL was used as the correction blank. One unit of lysozyme is
defined as a AAsso of 0.001 per minute at 25 °C in a 2.6 mL reaction mixture (Shugar,

1952).

Solid phase assay. Lysozyme activity was also determined by solid phase assay,
which is a modification of the turbidimetric method (de-la-Re-Vega et al., 2004). In this
approach, a suspension of 0.05% (w/v) of M. luteus in 50 mM potassium phosphate buffer,
pH 8.2, was mixed with 1% agarose and poured in a Petri dish. Wells of ~3 mm were
punched out from the solid media and were filled with 20 uL of TmLyzc or TmLyzg (at
50 ug mL ! and 0.8 mg mL!), using HEWL (at 0.8 mg mL! and 0.1 mg mL™!) as positive
controls. The plates were incubated overnight at 37 °C and lysozyme activity was

observed as a cleared halo zone where the enzyme lysed M. luteus opaque substrate.

Binding Affinity Experiments by Isothermal Titration Calorimetry (ITC)

Refolding reactions where TmLyzg and TmLyzc were detected as presumably folded
(soluble fraction) were pooled and extensively dialyzed against 50 mM potassium
phosphate buffer, pH 8.2, for 16 h with two exchanges of buffer. The dialyzed protein
solutions were clarified by centrifugation at 25 000 x g for 20 min at 4 °C and the soluble
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fractions were concentrated to 0.6 mg mL™! (TmLyzg) and 1 mg mL"! (TmLyzc) by
centrifugation at 5 000 rpm and 4 °C using an Amicon® Ultra-15 10K centrifugal filter
device (Merk Millipore). Working solutions of 8§ uM TmLyzg, 11 uM TmLyzc and 200
UM Tri-N-acetylchitotriose (Toronto Research Chemicals, Canada) were prepared using
dialysis buffer (50 mM potassium phosphate buffer, pH 8.2). HEWL (10 uM) was
prepared in the same buffer and used as control. ITC experiments were performed at 30
°C using a Microcal VP-ITC calorimeter (Malvern Panalytical). The binding reaction was
monitored by recording the heat released upon small additions of Tri-N-acetylchitotriose
to the protein solution. A total of 30 aliquots of titrant (2 pL each) were injected, while
the stirring-syringe was kept rotating at 394 rpm. The heat of dilution of the saccharide
was obtained by adding ligand to a buffer solution under identical conditions as with the
protein sample. ITC data was analyzed using Origin software supplied with the

calorimeter (Garcia-Hernandez et al., 2003).
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RESULTS AND DISCUSSION

Recombinant Expression and Purification of the C-type and G-type Lysozymes
from Inclusion Bodies
The g-type and c-type lysozymes from totoaba were overexpressed as recombinant
proteins in E. coli. TmLyzg was produced as the mature polypeptide plus poly-histidine
tag and protease cleavage sequences at its N-terminus. In contrast, TmLyzc was produced
as a fusion protein with thioredoxin (Trx-tag) plus poly-histidine tag and protease cleavage
sequences at its N-terminal for protein purification and tag removal by proteolysis.
TmLyzg and TmLyzc fusion proteins were expressed after 18 h of induction with 0.5 mM
IPTG at 25 °C and were identified as 23.2 kDa (TmLyzg) and 27.9 kDa (TmLyzc) bands
by analysis of the bacterial pellet on SDS-PAGE (Figure 19). The electrophoretic analysis
of soluble cytosolic and insoluble fractions of the induced bacterial lysate indicated that
TmLyzg and TmLyzc were expressed as inclusion bodies (Figure 19). Therefore, a
protocol for inclusion body solubilization and refolding was carried out for both

recombinant proteins.

TmLyzg (~23 kDa) and TmLyzc (~28 kDa) were the most abundant proteins in the
urea-solubilized inclusion bodies, as shown in Figure 20 and Figure 21 respectively.
However, several contaminant proteins were present in the samples. Thus, denatured
TmLyzg and TmLyzc were subjected to purification by IMAC chromatography before
performing the refolding experiments. Denatured lysozymes were eluted at ~250 mM
(TmLyzg) and ~200 mM (TmLyzc) of imidazole, respectively, allowing the removal of
many contaminant proteins. Although complete purification of lysozymes might require
further chromatographic steps, TmLyzg and TmLyzg were observed as the most abundant

proteins in the samples before refolding (Figures 20 and 21).
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Figure 19. SDS-PAGE analysis of the kinetics of recombinant expression of TmLyzg and
TmLyzc in E. coli BL21 Gold (DE3). Samples were collected at 4, 16 and 18 h after
induction with 0.5 mM IPTG and soluble (supernatant) and insoluble (pellet) phases were
examined. Uninduced bacterial lysate was used as expression control. Proteins were

separated on 12% acrylamide gels and stained with Coomassie blue.
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Figure 20. SDS-PAGE analysis for the purification of recombinant TmLyzg by IMAC
chromatography at denaturing conditions using 8 M urea. Samples are as follows: lane 1,
uninduced bacterial lysate; lane 2, bacterial lysate after induction with IPTG (18 h post-
induction); lane 3, inclusion bodies in 8 M urea; lanes 4-7, chromatographic fractions of
the eluted protein; lane 8, sample to be refolded (pool of chromatographic fractions).

Proteins were separated on 12% acrylamide gels and stained with Coomassie blue.
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Figure 21. SDS-PAGE analysis for the purification of recombinant TmLyzc by IMAC
chromatography at denaturing conditions using 8 M urea. Samples are as follows: lane 1,
uninduced bacterial lysate; lane 2, bacterial lysate after induction with IPTG (18 h post-
induction); lane 3, inclusion bodies in 8 M urea; lanes 4-7, chromatographic fractions of
the eluted protein; lane 8, sample to be refolded (pool of chromatographic fractions).

Proteins were separated on 12% acrylamide gels and stained with Coomassie blue.
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Protein concentration was monitored during the inclusion body isolation and
purification of lysozymes, and total yields of 13.5 mg and 20 mg (per g of bacterial pellet)
were estimated for TmLyzg and TmLyzc, respectively. Since high levels of purity (~80-
90%) of the denatured target proteins are not required for successful refolding, the eluted
IMAC fractions where TmLyzg and TmLyzc were detected as the most prominent
proteins were pooled and prepared (see Materials & Methods section) to carry out the

refolding experiments.

In vitro Refolding of Denatured C-type and G-type Lysozymes

The refolding of denatured TmLyzg and TmLyzc was assayed at 9 different folding
conditions using the Pierce Protein Refolding kit. This system is based on a fractional
factorial matrix design, where only the conditions and components having the most
significant and general utility in refolding buffers are examined, with the possibility to
adjust and optimize refolding conditions. In all refolding experiments, TmLyzc was
treated as a disulfide-containing protein using GSH:GSSG to control the redox
environment, whereas TmLyzg was treated as a non-disulfide-containing protein,

maintaining a reducing environment during refolding with DTT.

The results for refolding denatured TmLyzc and TmLyzg, along with the summary of
the examined folding conditions are reported in Table V and Table VI, respectively. The
folding experiments of TmLyzc show that protein refolding was suppressed at the lowest
denaturant concentrations present within the refolding matrix (Table VIII, trial 1).
Moreover, protein precipitation was only observed in the absence of L-arginine at these
conditions. However, soluble TmLyzc was found in refolding trials 2-9, as evidenced by
electrophoretic analysis of the supernatants of the clarified reactions (Figure 22). A single
band of ~27.9 kDa was observed and coincides with the expected electrophoretic pattern

of TmLyzc. Indeed, it seems that protein refolding also enhanced protein purity.
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Table VIII. Experimental results of refolding TmLyzc.

Trial/Base . . . Relative
. Guanidine L-Arginine . Protein
Refoldu:g ) ™) Redox Environment Precipitation Percent
Buffer Recovery
1 0 0 2 mM GSH:0.2 mM Yes ND
GSSG
2 0 0.4 2 mM GSH:0.4 mM No ND
GSSG
3 0 0.8 1 mM GSH:1 mM GSSG No ND
4 0.55 0 2 mM GSH:0.4 mM No ND
GSSG
5 0.55 0.4 1 mM GSH:1 mM GSSG No ND
6 0.55 0.8 2 mM GSH:0.2 mM No ND
GSSG
7 1.1 0 1 mM GSH:1 mM GSSG No ND
8 1.1 0.4 2 mM GSH:0.2 mM No ND
GSSG
9 1.1 0.8 2 mM GSH:0.4 mM No ND
GSSG

*Each buffer contains the indicated denaturant and redox concentrations as well as 50 mM Tris, 18 mM
NaCl, 8 mM KCI, 1 mM EDTA adjusted to pH 8.2.

** (0.4 M urea is provided with the added protein.
Relative percent of recovery as the percentage of lysozyme activity measured by turbidimetric assay.

ND, no lysozyme activity was detected
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Figure 22. SDS-PAGE analysis of the renaturation of TmLyzc inclusion bodies using the
Pierce Protein Folding kit system. Samples are the soluble fractions of refolding reactions
and samples in lanes 1-9 represent the nine different refolding conditions tested in this
experiment in sequential order. Proteins were separated on 12% acrylamide gels and

stained with Coomassie blue.
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Even though the soluble protein was detected in all these reactions, a slightly higher
band density in SDS-PAGE was noticed in trials 3, 6, and 7 that may suggest better
refolding conditions. On the other hand, TmLyzg presented a very similar behavior. The
folding experiments of TmLyzg show that refolding was also suppressed at the lowest
denaturant concentrations within the refolding matrix, as protein precipitation was
observed in trial 1 (Table IX). Nevertheless, the soluble protein was found in all refolding
trials (1-9) as shown by SDS-PAGE analysis (Figure 23). A prominent band of
approximately 23 kDa was detected in the supernatants of the clarified refolding reactions,
which is consistent with the predicted molecular weight of TmLyzg. In addition, a slightly

more protein concentration was noticed in refolding trials 2, 3, 4, 5, and 8.

The percentage of recovery of the refolded TmLyzc and TmLyzg was evaluated by
measuring lysozyme activity in each refolding trial. For this purpose, turbidimetric and
solid-phase lysoplate assays were performed using M. [uteus as substrate and hen-egg
white lysozyme as a positive control. The results show that no lysozyme activity was
detected in TmLyzc (Table V and Figure 24B) nor in TmLyzg (Table VI and Figure 24A),
as compared with hen-egg white lysozyme as control (Figure 24C). These results may
indicate that although TmLyzc and TmLyzg were presumably refolded (or at least were
soluble) under different folding conditions, protein concentration in each activity assay
was too low or refolding buffers were not suitable to measure lysozyme activity properly.
To prove these speculations, the soluble fractions of TmLyzc and TmLyzg refolding
reactions were pooled, dialyzed extensively against lysozyme activity buffer, clarified and
then, concentrated by ultrafiltration. Thereafter, lysozyme activity was once more
measured at 0.8 mg mL! by turbidimetric and lysoplate assay. However, although the
presence of soluble TmLyzc and TmLyzg was again evidenced by protein electrophoresis
(Figure 25A), no lysozyme activity could be detected even at these conditions as compared

to control (Figure 25B).

With the attempt to investigate if the reformation of native conformation of TmLyzc

and TmLyzg was accomplished at these refolding conditions, binding of lysozymes with
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Table IX. Experimental results of refolding TmLyzg.

rflﬂ:;ﬁiisge Guaniil*ine L-Arginine Redox Environment Pl:O?eill. I;git;z:
Buffer” M) M) Precipitation Recovery

1 0 0 5mM DTT Yes ND

2 0 0.4 5mM DTT No ND

3 0 0.8 5mM DTT No ND

4 0.55 0 5mM DTT No ND

5 0.55 0.4 5mM DTT No ND

6 0.55 0.8 5mM DTT No ND

7 1.1 0 5mM DTT No ND

8 1.1 0.4 5mM DTT No ND

9 1.1 0.8 5mM DTT No ND

*Each buffer contains the indicated denaturant and redox concentrations as well as 50 mM Tris, 18 mM
NaCl, 8 mM KCI, 1 mM EDTA adjusted to pH 8.2.

** (0.4 M urea is provided with the added protein.
Relative percent of recovery as the percentage of lysozyme activity measured by turbidimetric assay.

ND, no lysozyme activity was detected
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Figure 23. SDS-PAGE analysis of the renaturation of TmLyzg inclusion bodies using the
Pierce Protein Folding kit system. Samples are the soluble fractions of refolding reactions
and samples in lanes 1-9 represent the nine different refolding conditions tested in this
experiment in sequential order. Proteins were separated on 12% acrylamide gels and

stained with Coomassie blue.
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Figure 24. Lysozyme activity by solid phase assay of TmLyzg and TmLyzc refolding
trials using Micrococcus luteus (0.05% w/v) on 1% agarose gel. A) Refolding trials (1-9)
of TmLyzg, B) Refolding trials (1-9) of TmLyzc, and C) lysozyme activity controls: hen-
egg lysozyme (HEWL) as positive control and solubilization buffers with and without
DTT (TmLyzg and TmLyzc, respectively) in where the inclusion bodies of recombinant
lysozymes were solubilized prior to refolding experiments. Wells of ~3 mm were filled

with 20 puL of TmLyzc and TmLyzg at 50 pg mL".
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Figure 25. SDS-PAGE analysis and solid phase lysozyme assay of refolded recombinant
TmLyzc and TmLyzg. In both cases, lysozymes from refolding trials (soluble fractions)
were pooled, extensively dialyzed against 0.5 M phosphate buffer (pH 8.2), clarified and
concentrated by ultrafiltration. In the lysoplate activity assay, wells of ~3 mm were filled
with 20 puL of TmLyzc and TmLyzg at 0.8 mg mL"!, and HEWL was used as positive

control.
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the inhibitor triacetyl-chitotriose (used as substrate analog) was measured by isothermal
titration calorimetry (ITC) (data not shown). The results indicated that the calorimetric
signal was weak (not enough) and no clue of binding between triacetyl-chitotriose and
TmLyzc, TmLyzg, or even hen-egg lysozyme was detected. This can be due to multiple
factors, including low protein concentration in the reaction, inadequate buffer composition
(pH, ionic strength) and inappropriate reaction conditions, thus ITC assays must be further

optimized.

The production of fully functional recombinant proteins is an intricate process and
the details involved in the process of protein folding are complex. Escherichia coli is a
well-characterized and the most widely used prokaryotic host system for heterologous
protein expression due to easy handling, inexpensive cultivation, and large scale of
production (Ferrer-Miralles and Villaverde, 2013). However, the expression of eukaryotic
proteins in a bacterial system has been always challenging, especially when these proteins
contain disulfide bonds or when they are toxic to the host. Disulfide bonds are a common
feature in eukaryotic proteins, and they are crucial for maintaining proper protein folding,
stability, and activity (Wedemeyer et al., 2000). In general, the cytoplasm of E. coli is not
favorable for the expression of proteins containing disulfide bonds, since this environment
is constantly kept reduced. Therefore, the formation and folding of disulfide-bond
containing proteins in bacterial cytosol is unstable and normally results in the formation
of inactive inclusion bodies (Villaverde and Mar Carrio, 2003; Landeta et al., 2018).
Moreover, when the protein that is being synthesized is toxic for the host, the bacteria
protect itself by producing it as inactive inclusion bodies (Dumon-Seignovert et al., 2004;
Rosano and Ceccarelli, 2014). The production of recombinant proteins in the form of
inclusion bodies may represent an additional advantage in protein purification and most
recent research highlights their diverse applications in industrial and medical
biotechnology (Singhvi et al., 2020). However, additional in vitro refolding is required to
obtain biologically functional recombinant proteins and it is well known that this process

is often unpredictable and challenging (Yamaguchi and Miyazaki, 2014).
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Bacterial expression of lysozyme is not a trivial task due to problems with protein
folding. Recombinant TmLyzc and TmLyzg were expressed in the form of inclusion
bodies and such behavior was also observed in other lysozymes when E. coli was used as
the expression system. These include lysozymes from different species such as hen-egg
(Schlorb et al., 2005), equine (Casaité et al., 2009), canine (Koshiba et al., 1999) and
tobacco hornworm (Manduca sexta) (Garcia-Orozco et al., 2005) lysozymes. Amongst
lysozymes from marine species, marine shrimp (de-la-Re-Vega et al., 2004), taimen (Li
et al., 2016), redtail shrimp (Cai et al., 2019) and mud crab (Xie et al., 2019) c-type
lysozymes were also expressed as inclusion bodies. On the other hand, expression of
soluble hen-egg and equine lysozymes was achieved when fused with the OmpA protein
(Fischer et al., 1993) and DsbA protein (Casaité et al., 2009), respectively. However, the
fused proteins were active and the host cells were lysed, making the growth of cells hard

to control.

A more innovative approach to produce soluble active lysozyme was reported by
(Lamppa et al., 2013) with human lysozyme, where E. coli was genetically engineered to
co-produce lysozyme along with its Ivy inhibitor, DsbC isomerase and other
chaperones/foldases. This system was successful, but its complexity demonstrates that
producing lysozyme as a soluble recombinant protein, which may also be harmful to the
E. coli host cells, is not trivial but multifactorial. Regarding lysozymes from fish species,
the g-type lysozymes from mandarin fish (Sun et al., 2006), orange-spotted grouper (Wei
et al., 2014), Indian major carp (Mohapatra ef al., 2019), and the c-type lysozymes from
red-spotted grouper (Mai et al., 2014), orange-spotted grouper (Wei et al., 2012) and
Asian seabass (Fu et al., 2013) were expressed in E. coli as only a small proportion of
soluble proteins, but enough to further characterize these enzymes. Moreover, some
systems may be useful to express at least a small proportion of soluble lysozymes when
these are fused with protein such as maltose-binding protein, glutathione-s-transferase,
and thioredoxin (Trx) (Costa et al., 2014). Nevertheless, our experience with TmLyzc and
TmLyzg show that recombinant expression of these proteins is not always predictable but

involves multifactorial details.
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In the attempt to obtain fully functional recombinant TmLyzc and TmLyzg, the
denatured proteins were subjected to in vitro refolding process. The results showed that
both lysozymes were soluble, and consequently were refolded at different experimental
conditions. However, lysozyme activity could not be detected nor demonstrated in any
sample. These findings suggest, at least, two possible events that may have occurred with
TmLyzc and TmLyzg throughout activity assays or during the refolding process. The first
one and the most straightforward is that at least a proportion of these lysozymes were
refolded correctly, but fusion tags at their N-terminus may be hindering lysozyme activity.
Recombinant TmLyzc and TmLyzg expressed in E. coli cells have additional N-terminal
amino acid residues required for the construction of the recombinant plasmid, purification
and protease digestion (see recombinant plasmid maps in Materials & Methods section).
It is precise to note that cleavage of these additional residues was not done prior to

measuring lysozyme activity.

Several reports have indicated that additional N-terminal amino acid residues can
influence protein stability, folding and activity. In hen-egg lysozyme, an additional
methionine residue attached to its N-terminus was enough to depress refolding yield and
decrease protein solubility (Mine et al., 1997). Foreign residues such as methionine, serine
and proline attached to the N-terminal of human lysozyme negatively affected the
conformational stability of the protein (Takano et al., 1999). This was probably by
removal of intramolecular hydrogen bond networks between the protein and two ordered
water molecules identified at the N-terminal region of lysozymes and their homologous
proteins a-lactalbumins (Acharya et al., 1989; Motoshima et al., 1997; Ohmura et al.,
1997; Chrysina et al., 2000). Moreover, structural changes of other parts far from the N-
terminal due to extra amino acid residues at this region might also affect lysozyme stability
(Goda et al., 2000). Studies with bovine, goat and human a-lactalbumins have reported a
similar behavior (Ishikawa et al., 1998; Chaudhuri et al., 1999; Makabe et al., 2013). The
presence of an extra methionine residue at the N-terminus contributes unfavorably to
protein stability, increasing its unfolding rate probably by an excess of conformational

entropy at the N-terminal region in the transition state of refolding of these enzymes
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(Chaudhuri ef al., 1999). In fact, the destabilization of recombinant lysozymes has shown
to be enthalpic in nature (Takano et al., 1999), whereas the destabilization of recombinant
a-lactalbumins is entropic (Ishikawa et al., 1998). The translation of this way of behaving
to TmLyzc and TmLyzg must require further investigation but it may represent a possible

explanation to the results described above.

Besides, the effect of polyhistidine tags at the N-terminus on the native state stability
of recombinant proteins has been reported in several studies. For example, polyhistidine
tag in the N-terminal of the transcriptional repressor Arc from Sa/monella phage had little
effect on protein stability and folding (Milla and Sauer, 1994), whereas polyhistidine tag
in the same region of the cold shock protein CspA from E. coli altered its folding behavior
by interacting with the native portion of the protein or by adopting a defined structure
(Reid et al., 1998). The crystal structures of these proteins have shown that the structure
around the N-terminal residue in CspA is rigid (Schindelin ef al., 1994), whereas that of
the Arc repressor is flexible (Bonvin et al., 1994). The structure around the N-terminal
region of lysozymes and a-lactalbumins is rigid (Chaudhuri et al., 1999). Therefore, these
studies together with those of lysozymes and a-lactalbumins suggest that when the N-
terminal region of a protein is rigid, the addition of extra residues at this vicinity
destabilizes the native state of the protein. On the other hand, when the N-terminal
structure is flexible, the extra residues do not interfere with the native state stability of the
protein (Chaudhuri ez al., 1999). Moreover, (Casaité et al., 2009) reported that N-terminal
polyhistidine-tagged equine lysozyme was inactive, but its activity was completely
restored after removal of the extra histidine residues by protease digestion. Thus,
alterations of lysozyme N-terminus can directly influence its activity. In this sense,
removal of fusion-tags from TmLyzc and TmLyzg is needed to investigate the effect of

these residues on lysozyme activity.

Another possible explanation for the lack of activity in the refolded recombinant
lysozymes could be caused by enzyme inhibition. A competitive inhibition of hen

lysozyme has been observed with imidazole and indole derivatives, that can form a
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charge-transfer complex with tryptophane residues and acidic residues of lysozyme
(Swan, 1972). Low resolution crystallographic analysis of hen lysozyme crystals diffused
with histidine showed an increase in electron density at the active site, suggesting the
interaction of imidazole ring with key active site residues (Swan, 1972). It is important to
note that polyhistidine tag is commonly used to direct purification of recombinant proteins
with IMAC. This strategy was used in this work for the purification process but the
removal of the polyhistidine tag was not assayed. The presence of the polyhistidine tag in
TmLyzc and TmLyzg could be obstructing the active site cleft for the substrate and
retrieving inactive enzymes. On the other hand, it has been reported that hen lysozyme
can form soluble oligomers during the initial phases of the aggregation process. These
oligomeric forms are distinguished by the presence of misfolded species that have
undergone partial unfolding of the o/B-structure characteristic of the native monomeric
lysozyme (Frare et al., 2009). Furthermore, some reports suggest that the use of tri-IV-
acetylchitotriose as ligand for lysozyme could suppress protein aggregation by rising the
activation energy barrier for protein misfolding (Kumar ez al., 2009). The use of glycosidic
ligands as additives during refolding could improve the recovery of active recombinant

lysozymes in future works.

The second possibility and more complex to explore and explain has to be with the
process of protein folding itself and the intricacy of pathways that a protein has to follow
to acquire its full native conformation. It has been shown that the amino acid sequence at
the primary structure level has chemical instructions to acquire the tridimensional
structure of most proteins (Anfinsen, 1973), but the detailed process at the molecular level
is still not well understood (Dill et al., 2008; Dill and MacCallum, 2012). Fortunately,
folding of hen egg-white lysozyme (HEWL) has been thoroughly studied by a
combination of biophysical techniques and computational simulations (Miranker et al.,
1991; Radford et al., 1992; Itzhaki et al., 1994; Kiethaber, 1995; Mallamace et al., 2016).
Thus, knowledge of its in vitro folding process gives us insight into the complex and
diverse paths in the folding process of globular proteins and so will help us translate this

knowledge to give a rational explanation of the refolding process of TmLyzc and TmLyzg.
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HEWL is C-type lysozyme of 129 residues (Callewaert and Michiels, 2010). The
overall three-dimensional structure HEWL has structural motifs commonly found in
globular proteins and is a good representation of the general molecular architecture and
folding of enzymes of the lysozyme superfamily. This protein is made up of two structural
domains (Artymiuk et al., 1982; Callewaert and Michiels, 2010; Wohlkonig et al., 2010).
The a-domain is rich in a-helices comprising from Lys1 to Asn39 and Ser86 to Leul29
(Lys1 to Asn39 and Ser80 to Leul28 in TmLyzc; Metl to Asn76 and Ser117 to Tyr193
in TmLyzg), while the -domain contains the B-sheets elements from residues Thr40 to
Ser85 (Thr40 to Thr84 in TmLyzc; Thr79 to Thr110 in TmLyzg). Residue numbers
correspond to the mature polypeptides of all three lysozymes and from predictions of
secondary/tertiary structures in TmLyzc and TmLyzg (Moreno-Coérdova ef al., 2020) (for

details, the reader is referred to Results & Discussion section in Chapter I).

The a-domain contains three large a-helices (al-a3), a small helix of six residues
(a4), and a short C-terminal 3'° helix, including both the N- and C- terminal segments of
the protein. The B-domain has a triple-stranded antiparallel B-sheet (B1-B3), a short 31°
helix, and a long loop. The native structure of HEWL is stabilized by four disulfide bonds,
two at the a.-domain, one at the f-domain, and another connecting both domains. As stated
from the results in Chapter I, counterparts of cysteine residues are not found in the vast
majority of g-type lysozymes from marine species, as it is the case of TmLyzg, which are
predicted to be intracellular proteins (Moreno-Cordova et al., 2020). However, it is precise
to consider that the overall three-dimensional structure of lysozyme is strikingly similar
and well preserved across all members of the lysozyme superfamily (Wohlkonig et al.,
2010). In this sense, general principles of hen lysozyme folding process could also be

translated to other lysozymes such as TmLyzc and TmLyzg.

The folding kinetics of HEWL with its four disulfide bonds intact has been
extensively studied by biophysical techniques and therefore, a detailed model for the in
vitro folding process of this enzyme has been proposed (Dobson et al., 1994, 1998;

Radford et al., 1995). This folding process is a complex mechanism, where the two
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structural domains (a- and B-domains) that shape the native fold of lysozyme behave as
distinct folding domains, although the formation of each domain is a highly cooperative
process (Dobson et al., 1994). Moreover, this folding process cannot be reduced to a
simple sequential assembly process, since it involves parallel events that show distinct

kinetic profiles (Matagne and Dobson, 1998).

The earliest detected events in hen lysozyme folding process include the formation of
a substantial proportion of the native secondary structure and a considerable degree of
hydrophobic collapse. The experimental findings reveal that at this very early stage of
folding, an embryonic native-like structure in the a-domain of lysozyme is formed and
this probably plays a significant role to direct the later stages of folding, acting as a
template-like structure (Gladwin and Evans, 1996). Moreover, the hydrophobically
collapsed state formed at the onset of this process displays characteristics of the
equilibrium molten globule state, which is observed as an important intermediate in the
general process of protein folding (Radford et al., 1992; Judy and Kishore, 2019). Since
the collapsed state is heterogeneous in nature, kinetically distinct populations of folding
lysozyme molecules are generated: some molecules already display substantial native-like
features after the initial rapid collapse, while others need first to reorganize (Radford et

al., 1992, 1995; Kotik et al., 1995).

These populations of refolding molecules shape the native state of lysozyme via two
different paths: 25 % of the protein folds through a fast track path, whereas 75 % fold on
a slow track path (~75%) (Matagne ef al., 1997). The fast track in refolding occurs via an
intermediate which has an extensive native-like structure in both the a- and B-domains,
but which is not entirely native since the active site cleft (af-domain interface) is not
formed yet. This intermediate accumulates because it forms prior to the rate-limiting step,
which may be associated with the reorganization and docking of the two partly structured
a- and B-domains to form the active site and the fully native state of lysozyme (Matagne
et al., 1997). Conversely, in the slow folding track, the active site could be achieved

cooperatively with the formation of a native-like B-domain and its integration into the
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native lysozyme structure (Matagne et al., 1997). However, the rate-determining step in
the formation of the native state for this slowly folding population of molecules involves
structural reorganization. This is likely to be associated with the formation and
stabilization of structure within the 3-domain, and from rearrangement of the interfacial

region between the a- and 3- domains (Matagne et al., 1997; Matagne and Dobson, 1998).

The number of possible conformations that an extended polypeptide chain can adopt
is enormously large, so that systematic search for the native (lowest energy) structure
would require infinite length of time (Karplus, 1997). However, protein folding occurs
many orders of magnitude more rapidly than predicted by a random search of
conformational space (STali et al.,, 1994; Dill and Chan, 1997). This indicates that
constraints on the conformational energy of the protein restricts the configurations visited
in the folding process only to a limited number (Melkikh and Meijer, 2018). In addition,
the nature of the interactions that develop within the protein structure serve to direct the
search towards the native state by decreasing the protein’s conformational energy at the
cost of configurational entropy loss (Melkikh and Meijer, 2018). In this sense, to
understand folding it is necessary to focus on how proteins search conformational space.
Energy surfaces or landscapes enable to understand the protein folding process in the light
of structural thermodynamics (Wolynes, 2015). This view of folding describes the process
as a progressive organization of an ensemble of partially folded structures in parallel
events, that explore certain region of the protein’s conformational space to find the
conformation with lowest energy (native state). Intermediates resulted from the presence
of barriers that generate local minima in the energy surface, thus, fast and slow folding
populations can simply result from the distributions of molecules encountering such

energy minima (Dill and Chan, 1997).

A schematic energy surface has been proposed for hen lysozyme by (Dobson et al.,
1998), which is broadly consistent with the experimental findings of the folding process
of this protein (Figure 26) (Miranker et al., 1991; Chaffotte et al., 1992; Radford et al.,
1992, 1995; Itzhaki et al., 1994; Matagne and Dobson, 1998). This schematic surface is
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designed to illustrate the three major experimental features of the lysozyme folding
reactions (at 20 °C): 1) The early collapse with very rapid formation of a native-like
secondary structure, 2) the sampling of distinct intermediate species during folding (search
of conformational space) and 3) the existence of complex kinetics arising from
partitioning between fast and slow populations of refolding molecules (Dobson et al.,
1998). As depicted in Figure 26, this energy surface is based on the results of simulations
using simple lattice models to describe protein folding (Dobson ef al., 1998). The E axis
represents the averaged effective energy of folding, Q axis depicts the fraction of native
contacts that are formed at a given stage of folding, and P axis is related to the
configurational entropy of the system and describes the extent of conformational space

accessible to the polypeptide chain (Dobson et al., 1998).

The first stage of the folding process of hen lysozyme is the early collapse of the
polypeptide chain, represented by the steep drop at the top of Figure 26 (the first segments
of the yellow, red and green trajectories). This structure is a relatively disorganized
globule and is characterized by the presence of few native-like contacts (low values of Q),
in which the driving force is the simple burial of hydrophobic groups (Dill et al., 1993;
Rothwarf and Scheraga, 1996; Dobson et al., 1998). From this highly heterogeneous
collapsed state, native-like structure develops independently in the two structural

domains, o- and B-domains, of lysozyme and hence intermediates are formed.

Along the slow folding track (red and green trajectories), a partially folded, and
almost native structure relative to both domains, resulted when the o-domain folds in the
fast folding path (Figure 26, deep minimum in the right-hand side). On the contrary, the
presence of an intermediate state with an extensive native-like structure within both a-
and B-domains is identified along the fast folding track (yellow trajectory in Figure 26,
energy minimum on the left-hand side of the diagram). The wo partly structured o- and
-domains join together in a slower step (representing a barrier), resulting in the formation
of the fully functional native state of lysozyme. Some studies strongly suggest that the

rate-limiting step in the folding process for the slow folding population of lysozyme
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molecules involves the reorganization of misfolded species (Radford et al., 1992; Guo and
Thirumalai, 1995; Matagne et al., 1998). These reorganization processes are likely to be
trapped by energy barriers associated with interactions within the collapsed protein
(Dobson et al., 1998). Hence, in the slow folding track, the misfolded species must jump
the energy barrier to fold in the native state (green trajectory), or to take another by
unfolding their structure and taking the fast folding track explained before (red trajectory)
(Dobson et al., 1998; Matagne and Dobson, 1998). This schematic surface is aimed to
make qualitatively congruent between the kinetic partitioning of folding pathways and the
distinct intermediate structural species during lysozyme folding at a given set of
conditions. It is important to know that this surface will be modified by changing the
experimental folding conditions, and so the folding behavior as well (Matagne and

Dobson, 1998).

More recently, with the advance of more sophisticated computational tools, molecular
dynamics simulations have been used to predict and describe in more detail the events of
protein folding kinetics. The findings in the work done by (Muttathukattil et al., 2019)
using coarse-grained protein models and molecular dynamics simulations (Liu et al.,
2011), exquisitely depict a more detailed picture of the kinetics behind hen lysozyme
folding in the light of folding pathways, the structure of the intermediates along folding
pathways and the role of disulfide bonds in the process of lysozyme folding. Along with
the extensive research that has been conducted for the past years, this new knowledge will
help us understand more about protein folding and to construct a rational explanation of

our results on lysozyme refolding experiments

In agreement with previous reports (Radford et al., 1992; Guo and Thirumalai, 1995;
Kiefhaber, 1995; Matagne et al., 1997), molecular dynamics simulations show that hen
lysozyme folds through fast and slow folding pathways, exhibiting kinetic partitioning.
Lysozyme folds through a fast folding pathway in 49% of folding trajectories (average
folding time ~9.4 ms), whereas in 51% of trajectories the protein folds through a slow

folding pathway (average folding time > 500 ms), where a partially folded intermediate
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state is populated (Kiethaber, 1995; Radford et al., 1995; Muttathukattil et al., 2019). The
folding dynamics of this protein is stochastic, as the initial conformations in all folding
trajectories is a heterogeneous mixture of unfolded molecules, therefore, the protein in
these conformations can choose either the fast or the slow folding route (Kotik et al., 1995;
Matagne et al., 1997). The simulations also broadly support the triangular folding
mechanism proposed by (Wildegger and Kiefhaber, 1997), that includes an intermediate

with a trapped kinetic state between the unfolded and native states.

Lysozyme folding initiates by forming compact structures in both the fast and slow
folding pathways. In the rapid collapse, the formation of the B-domain and a-helices
contributes to the compaction in protein dimensions (from > 25 A to ~ 20 A). As
previously described, this compacted state mainly lacks the tertiary contacts present in the
a-domain and the interdomain contacts (interface between a- and f-domain). After the
compaction, bifurcation in the folding pathways to fast and slow folding routes is
observed. In the fast folding pathways, the protein continues to fold to its native structure
with the formation of interdomain contacts (Segel et al., 1999). However, in the slow
folding pathways, the protein gets trapped in an intermediate state that is close to the native
folded state. In both the fast and slow folding pathways, it is the B-domain that folds
completely and more rapidly (~5 ms), reaching the native state. In contrast, the folding of
the a.-domain is the rate-determining step in the folding of lysozyme, contrary to what has
been proposed by (Matagne et al., 1997; Matagne and Dobson, 1998). In the fast folding
trajectory, the a-domain folds just a few milliseconds slower than the f-domain (average
time scale ~ 15 ms), reaching the native state. However, in the slow folding trajectories,
the a-domain is stuck in an intermediate state showing that the folding of this domain is
responsible for the slow folding pathways in lysozyme folding (Muttathukattil ez al.,
2019).

A close-up view of the folding process of hen lysozyme gives us insights into the
major structural components involved and helps us formulate a coherent explanation of

the determinants that lead this process. In the folding of the a-domain, the three large a-
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helices a.1-a.3 present in hen lysozyme (al Arg5 to Gly22, the central a2-helix Leu25 to
Ser36 that contains the catalytic Glu52, and a3 Thr89 to Alal07) influence folding
kinetics (Muttathukattil e al., 2019). Counterparts in TmLyzc are ol Arg5 to Lys13, the
central a2-helix Leu25 to Ser36 that contains the catalytic Glu50, and a4 Ser88 to Ala106
as depicted in Figure 13, Chapter I. In TmLyzg, the molecular architecture is a bit different
compared to c-type lysozymes and so it might include at least the helixes a3 Arg47 to
Tyr57, the central a4-helix Pro61 to Ser72 (which contains the catalytic Glu71), and a5
Glul19 to Lys138, as depicted in Figure 12, Chapter I. This structural comparison will be
useful to translate the findings of hen lysozyme folding into, at least, a general picture of

the folding process of other lysozymes such as TmLyzc and TmLyzg.

In both the fast and slow folding pathways of HEWL, the a-helices are formed first
and then, the interactions between the secondary structural elements take place. For most
part of the protein molecules going through the fast folding track, after the a2-helix and
a3-helix (a2a3) merged first, this ensemble contacts to al-helix at the same time the
interdomain contacts between the a-domain and B-domains are formed, resulting in a fully
folded native HEWL (Figure 27, fast trajectory 1). For the remaining protein molecules
in the fast folding track, first ala?2 is assembled, then the contacts that join a2a3, ala3,
as well as the interdomain contacts occur simultaneously (Figure 27, fast trajectory 2)
(Muttathukattil et al., 2019). In the fast folding trajectories, contacts in either a2a3 or
ala2 form first, followed by the simultaneous formation of the other two sets of
interhelical contacts and of3 interdomain contacts. The formation of the interhelical
contacts through these pathways allow HEWL to fold straightforward and without the
formation of kinetically trapped species (Muttathukattil et al., 2019). In the slow folding
pathway, ala2 contacts form first. This structure prevents the formation of a2a3 and
ala3 contacts because in this trajectory, the orientation of the helix a1 is misaligned (in
the opposite direction) relative to the helices a2 and a3 compared to the native folded

state. For the protein trapped in this state to fold correctly, a1 has to reorient by breaking
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Figure 27. Proposed schematics of dominant folding pathways of hen-egg lysozyme studied by
molecular dynamics simulations. The three a-helices, al-a3, that influence the folding kinetics
are shown in purple, red, and green, respectively. The triple-stranded -sheets that fold early are
shown as one blue arrow. Folding is initiated from an unfolded state and the polypeptide compacts
due to the folding of the B-domain and a-helices. From this compacted state, the folding bifurcates
to three different pathways: 1) fast folding pathway with transient intermediates. In fast-folding
pathway 1, o203 contacts are formed initially, followed by ala2, ala3, and interdomain
contacts. In fast-folding pathway 2, ala2 contacts are formed initially, and helices (a1 and a2)
have the correct orientation relative to the native state. In the later stages, ala3, a2a3 and
interdomain contacts form, and the protein folds correctly to the native state. 2) slow-folding
pathway with a kinetically trapped state. In this state, the orientation of a1 relative to a2 is in the
opposite direction compared to the native state. The protein has to backtrack by breaking ala2
contacts to fold to the native state. This rearrangement is restricted by the presence of two disulfide
bonds, Cys6-Cys127 and Cys30-Cysl15, present in the o-domain (al-a2 helices). This
illustration is adapted from Muttathukattil ez al. (2019).
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the ala2 contacts, and this leads to a long-lived kinetic intermediate (Figure 27, slow
trajectory) (Muttathukattil ef al., 2019). These observations strongly suggest the important
role of the central a2-helix, which is part of the substrate binding site and contains the
catalytic Glu52, as one of the initiation sites that assist the configuration of the native state

fold of hen lysozyme.

Furthermore, the simulations show that in the kinetically trapped intermediate (slow
folding pathway), the -domain is completely folded, and the a.-domain is partially folded
with o203 and ala3 interhelical contacts, but some of the interdomain contacts are
missing (Muttathukattil et al., 2019). The kinetically trapped misfolded intermediate has
to partially unfold before folding back to the native state, as previously inferred in some
experiments (Rothwarf and Scheraga, 1996; Matagne et al., 1998). In these slow folding
trajectories, the contacts between the misaligned helices ala2 (present in the misfolded
intermediate state) need first to break down, allowing al to reorient to the correct
alignment relative to o2, thereby the protein folds back to the native state. In this sense,
the disruption of the a.la2 contacts are a primary bottleneck for the protein to escape from
this trapped state. However, the percentage of molecules that can overcome this trapped
state and completely fold in the slow folding trajectories is too low (4%) (Muttathukattil
et al.,2019). The models show that the population of the intermediate in the slow folding
pathway is not caused by the formation of non-native interactions within lysozyme folding
domains, as previously hypothesized (Rothwarf and Scheraga, 1996; Kazmirski and
Daggett, 1998). Instead, it should be the topological frustration between ol and a2
helices, with a possible role of disulfide bonds, which constrains the conformational space
available for the protein and facilitates the population of the kinetically trapped
intermediate state (Muttathukattil ez al., 2019).

The possible role of disulfide bonds in the population of the kinetic intermediate was
investigated by mimicking the folding of lysozyme in the presence of reducing agents,
such as dithiothreitol, which prevent the formation of disulfide bonds. This scenario also

resembles the refolding conditions tested for TmLyzg, which contains no disulfide bonds.

90



At these conditions, no kinetically trapped intermediate states are observed and all
trajectories reached the folded state at ~200 ms. This shows that in hen lysozyme
conformations, when al is misaligned relative to a2, the topological constraints due to
the disulfide bonds formation make the protein less flexible for structural interconversion,
and these conformations result in kinetic traps in the folding pathways (Muttathukattil et
al., 2019). To escape from this conformation, local unfolding or backtracking of lysozyme
ala2 interhelical contacts is required. The simulations show that the two disulfide bonds
Cys6-Cys127 and Cys30-Cysl15, attached to al and a2 helices in the a-helical domain
of hen lysozyme, are responsible for the kinetic partitioning in the folding pathways and
explain the topological restrictions in the rearrangement of these helices in the folding
process (Denton et al., 1994; Guez et al., 2002; Muttathukattil et al., 2019). The
population of a misfolded kinetic intermediate due to topological frustration is also
observed in the folding process of green fluorescent protein (Andrews et al., 2008) and

cytochrome ¢ (Weinkam et al., 2010).

Finally, another important question to address in the folding process of lysozyme is
whether protein folding guides disulfide bond formation or vice versa, as studies have
shown evidence for the former but not the latter (Qin et al., 2015). Simulations mimicking
oxidative folding of hen lysozyme show that, in all folding pathways, the formation of
disulfide bonds has a specific sequential order, and it is guided by protein folding
(Muttathukattil et al., 2019). The order of disulfide bond formation in hen lysozyme is
Cys64-Cys80 (present in the B-domain), Cys76-Cys94 (located at the interface of the a-
and P-domains), Cys30-Cysll5, and Cys6-Cys127 (located in the o-domain)
(Muttathukattil ez al., 2019). The first two disulfide bonds are short-ranged native contacts
and are formed during the initial protein collapse, whereas the last two are long-ranged
native contacts formed in the last stages of folding. The number of amino acids between
the cysteine residues forming these bonds along the contour of the polypeptide chain is
15, 17, 84 and 120, respectively (Artymiuk et al., 1982). The rate of disulfide bond
formation depends on the protein contour loop length between the Cys residues forming

the bond, and it follows the proximity rule proposed by (Camacho and Thirumalai, 1995).
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If any of the disulfide bonds forms before its precursor in the order, then the protein does
not fold to its native state. In the simulations of folding pathways, it was not observed any
non-native disulfide bond formation, and this shows that protein folding guides disulfide
bond formation in agreement with previous work (Qin et al., 2015). Furthermore, ostrich-
egg lysozyme (a g-type lysozyme, containing two disulfide bonds) is considered to require
no disulfide bonds for folding and function (Kawamura et al., 2008). The three a-helices
(a5, a7 and a8), which are a structurally invariant core, may pack together in the early
stage of the folding process and act as nucleation sites around which the structure can be
formed. The disulfide bonds may confer stability after the protein reaches its final folded

form but are not essential to protein folding and function (Kawamura ef al., 2008).

Taken as a whole, all these findings might help to describe the observed behavior of
TmLyzc and TmLyzg during the in vitro refolding process in the light of misfolded or
partially folded kinetic intermediates. The events involved in the folding process of hen
lysozyme can resemble those that occurred in the refolding process of TmLyzc and
TmLyzg, as they are homologous counterparts. In this sense, although protein folding
seems to be still like a ‘black box’, the advances in the knowledge of the folding of small
proteins like lysozyme can help to depict a general picture of the events and pathways
involved in this process. In this light, the art of in vitro protein refolding resides in finding
the precise experimental conditions that guide folding through the fast folding pathways.
That is, to force the equilibrium of kinetic partitioning to folding intermediates that follow

the fast folding trajectories that lead to successful folding.
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CONCLUSIONS

As the second part of this research project, the recombinant g-type (TmLyzg) and c-type
(TmLyzc) lysozymes of Totoaba macdonaldi were recombinantly overexpressed in E.
coli, partially purified by IMAC chromatography and subjected to refolding experiments.
Both lysozymes were expressed in the form of inclusion bodies, as it has also been
observed for other c-type and g-type lysozymes from diverse organisms when using E.
coli as the expression system. Furthermore, TmLyzg and TmLyzc were assayed under
several refolding conditions under reducing (TmLyzg, no disulfide bonds) and non-
reducing (TmLyzc, four disulfide bonds) conditions, according to the predicted
secondary/tertiary structures of each lysozyme. Both lysozymes were soluble under some
refolding conditions and thus, presumably refolded. Refolding yields could not be
measured in terms of lysozyme activity, suggesting that TmLyzg and TmLyzc could be
partially refolded, or their active sites were somehow hindered, and thus were inactive.
However, even though some of the assayed refolding conditions seem promising, further
optimization is required to obtain soluble-active lysozymes for biochemical and structural

studies, and to investigate their broad-spectrum antibacterial activity.

The folding pathways that a protein can follow are complex. Studies with hen-egg
lysozyme revealed that this protein presents two folding domains (a.- and f-domains) that
cooperate to configure the binding cleft, which is the interface between these domains. In
addition, simulation studies also support a triangular folding mechanism of hen-lysozyme,
in which a trapped kinetic intermediate can be found between the unfolded and native
states. Moreover, lysozyme can follow fast and slow folding trajectories, each with
considerable energy barriers to overcome to reach the protein’s native fold. In this sense,
if TmLyzc and TmLyzg were kinetically trapped in a misfolded or partially folded
intermediate that prevented them achieving their native and active fold, further

biophysical studies to monitor folding kinetics or protein stability should be conducted.
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Despite the fact that lysozyme is a well-known model for protein folding and
structure-activity relationships, the most represented studies come from human and avian
sources. In the future, studies like those on lysozyme from fish species will expand the

knowledge in protein structure and function that may impact aquaculture systems.
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RECOMMENDATIONS

To follow up this research, I recommend:

e Remove fusion tags (His-tag and Trx-tag) from TmLyzg and TmLyzc by proteolytic
digestion with PreScission protease, in order to re-assess lysozyme activity before and
after refolding assays.

e Use a second chromatographic step to purify recombinant TmLyzg and TmLyzc using a
substrate-affinity matrix of immobilized M. luteus, to ensure that only properly folded
lysozymes are obtained to be used in further biochemical and structural studies.

e Use of biophysical techniques, such as Differential Scanning Calorimetry (DSC) and
Circular Dichroism (CD), to monitor the overall structure of TmLyzg and TmLyzc during
and after refolding.

e Use molecular exclusion chromatography to evaluate the oligomeric state of TmLyzg and
TmLyzc during and after refolding.

e Use molecular dynamics simulation based on high precision molecular 3D models to

predict folding trajectories and mechanisms of TmLyzg and TmLyzc.
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ARTICLE INFO ABSTRACT

Keywords:
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Lysozymes play a key role in innate immune response to bacterial pathogens, catalyzing the hydrolysis of the
peptidoglycan layer of bacterial cell walls. In this study, the genes encoding the c-type (TmLyzc) and g-type
(TmLyzg) lysozymes from Totoaba macdonaldi were cloned and characterized. The cDNA sequences of TmLyzg
and TmLyzc were 582 and 432 bp, encoding polypeptides of 193 and 143 amino acids, respectively. Amino acid
sequences of these lysozymes shared high identity (60-90%) with their counterparts of other teleosts and showed

conserved functional-structural signatures of the lysozyme superfamily. Phylogenetic analysis indicated a close
relationship with their vertebrate homologues but distinct evolutionary paths for each lysozyme. Expression
analysis by qRT-PCR revealed that TmLyzc was expressed in stomach and pyloric caeca, while TmLyzg was
highly expressed in stomach and heart. These results suggest that both lysozymes play important roles in defense
of totoaba against bacterial infections or as digestive enzyme.

1. Introduction

Totoaba (Totoaba macdonaldi) is a demersal teleost fish and one of
the largest members of the Sciaenidae family, commonly known as
croakers or drums. This species is endemic and only found in the central
and northern Gulf of California, Mexico (Cisneros-Mata et al., 1997).
Due to its extremely high value in Asian markets, totoaba was an
important species for commercial fisheries until 1975, when its natural
population was severely reduced due to unregulated fishing, by-catch
and habitat loss. Since then, totoaba is declared to be a threatened
species and is currently classified as critically endangered (Bobadilla
et al., 2011). Aquaculture of totoaba represents a feasible strategy to
recover the natural population (Mata-Sotres et al., 2015; True et al.,
1997). Nevertheless, large-scale hatchery rearing of this species faces

notable technical difficulties, including those related to disease outbreak
control. For this reason, understanding the immune response of totoaba
against pathogens is critical to prevent diseases, promote fish health and
develop immunoprophylactic strategies to improve farming conditions.
However, knowledge of this fish at genetic, biochemical and immuno-
logical levels is lacking and demands further investigation
(Gonzalez-Félix et al., 2018; Reyes-Becerril et al., 2016).

Amongst the vast innate immune arsenal, lysozyme is one of the most
important molecules that participate in protection against bacterial
pathogens (Ragland and Criss, 2017). Lysozyme (EC 3.2.1.17) catalyzes
the hydrolysis of f-(1,4)-glycosidic bonds between N-acetyl-muramic
acid and N-acetyl-glucosamine present in the peptidoglycan layer of
bacterial cell walls (Kirby, 2001; Sukhithasri et al., 2013). This enzyme
is ubiquitously distributed in diverse organisms, including animals,
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