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Aims and Scope of the Series
Biochemistry, the study of chemical transformations occurring within living 
organisms, impacts all of the life sciences, from molecular crystallography and 
genetics, to ecology, medicine and population biology. Biochemistry studies 
macromolecules - proteins, nucleic acids, carbohydrates and lipids –their building 
blocks, structures, functions and interactions. Much of biochemistry is devoted 
to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles 
in the life process. Biochemical experimentation, besides coopting the methods 
of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray 
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying 
and examining individual components of a biological system; in exemplary words 
of Efraim Racker, (1913 –1991) “Don’t waste clean thinking on dirty enzymes.” 
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The 
‘big data’ metabolomics can define the complement of small molecules, e.g., in a 
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g., 
serum; metagenomics can identify all the genes in a complex environment e.g., the 
bovine rumen.  
This Biochemistry Series will address both the current research on biomolecules, 
and the emerging trends with great promise.
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Preface

This book provides an up-to-date overview of the relationships between the structure 
and function of hydrolases and ligases and strategies for better utilization of these 
important enzymes. The book is divided into two sections: “Cleavage” and “Ligation”. 
Hydrolases are the largest and most diverse family of enzymes and provide an oppor-
tunity to study the structural diversity underlying their various biological functions. In 
light of increasing scientific developments, there is a desire to reevaluate and update 
our understanding of the functional and structural modifications of these enzymes.

Hydrolases are well-known proteolytic enzymes belonging to the class of complex 
enzymes known as proteases. Microbial proteolytic enzymes are preferred because 
they have a fast generation time, genetic manipulation of microbes is easy, and there 
are many different species in nature. Macrofungi, such as fungi, are extremely impor-
tant and play an important role in the degradation of lignocellulosic materials. They 
effectively degrade cellulose and produce extracellular enzymes such as xylanases, 
cellulases, and ligninolytic enzymes.

Serine proteases are the other major class of protein-digesting enzymes found in the 
midgut of numerous lepidopteran species and are the subject of this study, with trypsin 
and chymotrypsin being the best studied enzymes. They are involved in a variety of 
physiological processes involving not only digestion but also activation of specific 
proteins (e.g., in coagulation cascades) in the insect and plant immune systems, in the 
development and production of biologically active peptides, in signal transduction, 
hormone activation, and development.

ChE enzymes damage the cholinergic system by hydrolyzing the neurotransmitter 
acetylcholine (ACh). ChE inhibitors, which play an important role in the cholinergic 
system, are used in the treatment of Alzheimer’s disease because they maintain 
ACh levels in brain regions and prevent Aβ accumulation by inhibiting ChE. In this 
context, it is crucial to develop a large number of synthetic and naturally occurring 
ChE inhibitors for the treatment of cholinergic system disorders and diseases with 
neuropsychiatric symptoms.

Ubiquitination by ligases is critical for protein function and regulation. E3 ubiquitin 
ligases, of which there are > 600 putative in humans, form a family of highly 
heterogeneous proteins and protein complexes. E3 ubiquitin ligases play a critical 
role in subcellular signaling cascades in eukaryotes. Dysfunctional E3 ubiquitin 
ligases therefore often have dramatic effects on human health and can lead to the 
development of various diseases such as Parkinson’s disease, amyotrophic lateral 
sclerosis, Alzheimer’s disease, cancer and so on.

CENP-A is a centromere-specific histone H3 variation that is essential for normal 
chromosome segregation. Its function is highly conserved in a variety of organisms, 



IV

including the yeast Saccharomyces cerevisiae. The ability of E3 ligase to ubiquitinate/
sumoylate and regulate CENP-A protein has recently emerged as an essential regulatory 
paradigm in several species. Protein ubiquitination is a post-translational modification 
that regulates protein concentration, function, and localization to govern key biological 
processes. RING E3 ligases are an important part of a three-enzyme cascade that enables 
protein ubiquitination. RING-type E3 ligases are a form of E3 ligase that binds the 
substrate protein and ubiquitin-conjugating enzymes (E2s).

This book is useful for students and teachers alike for its thoughtful account of core 
concepts, as well as a source of interpretations and references to additional knowledge 
sources.

Sajjad Haider
Department of Chemical Engineering,

College of Engineering,
King Saud University,

Riyadh, Saud Arabia

Adnan Haider
Department of Biological Sciences,

National University of Medical Sciences,
Rawalpindi, Punjab, Pakistan

Angel Catalá
National University of La Plata,

La Plata, Argentina
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Chapter 1

Hydrolases: The Most Diverse  
Class of Enzymes
Ekta Shukla, Ameya D. Bendre  
and Sushama M. Gaikwad

Abstract

Being the largest and most diverse class of enzymes, hydrolases offer an 
opportunity to explore the conformational diversity which forms the basis of 
their differential biological functions. In recent times, there is an urge to re-
evaluate and update our existing knowledge on functional and conformational 
transitions of these enzymes, in the context of emerging scientific trends. In 
this chapter, we discuss hydrolases in terms of their diversity, classification, and 
different nomenclature styles that exist. Further, the concepts of protein stability 
and significance of studying the structure–function relationship of hydrolases are 
mentioned in detail taking serine protease as an example. The chapter talks about 
multiple ways by which an enzyme’s structure and function can be explored. The 
available information and literature survey on hydrolases have been systemati-
cally summarized for an easy understanding. Various experimental methods and 
techniques involving artificial intelligence are introduced in the later sections. 
The knowledge obtained by these strategies contributes to our current knowledge 
of the interplay between the stability, structure, and function of these enzymes. 
This, in turn, can help in designing and engineering these proteins with improved 
functional and structural features toward the goal of increasing their applicability 
in biotechnology.

Keywords: hydrolysis, catalysis, nomenclature, structure–function relationship, 
protein stability

1. Introduction

Hydrolase is a class of hydrolytic enzymes that are commonly used as biochemi-
cal catalysts which utilize water as a hydroxyl group donor during the substrate 
breakdown. In simple words, a hydrolase is an enzyme that catalyzes the hydrolysis 
of a chemical bond in biomolecules. This, in turn, divides a large molecule into two 
smaller ones. Hydrolases are hence important for the environment since they digest 
large molecules into small fragments for the synthesis of biopolymers as well as for 
the degradation of toxins. In biochemistry,
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Hydrolases is the largest and most diverse class of enzymes with more than 200 
enzymes that catalyze the hydrolysis of several types of compounds. They catalyze 
the hydrolytic cleavage of carbon–oxygen (C–O), carbon–nitrogen (C–N), carbon–
carbon (C–C), phosphorus–nitrogen (P–N) bonds, etc. Systematic names of hydro-
lases are formed as “substrate hydrolase.” However, common names are typically in 
the form ‘substratease’, such as nuclease refers to an enzyme that hydrolyses nucleic 
acids. Examples of some common hydrolases include esterases, proteases, glycosi-
dases, and lipases.

2. Applications/significance of hydrolases

Enzymes of this class carry out important degradative reactions in the body. 
Hydrolases cleave large molecules into smaller fragments used for synthesis, excre-
tion of waste materials, or as sources of carbon for the production of energy. These 
are involved in digestion, transport, excretion, regulation and signalling processes, 
etc.; for example, digestive enzymes like cholinesterase, carboxylesterase, lysosomal 
hydrolases, etc. To be specific, hydrolase expressed by Lactobacillus spp. in the 
human gut could stimulate the liver to secrete bile salts which facilitate the digestion 
of food [1].

Hydrolytic enzymes are not only physiologically important, playing role in 
various cellular processes, but also have myriad commercial applications too. 
The industrial importance of hydrolases exceeds that of other classes of enzymes 
holding the highest share of enzymes used for industrial purposes. Almost 75% 
of all industrial enzymes are hydrolytic enzymes. Carbohydrases, proteases, 
and lipases dominate the enzyme market, accounting for more than 70% of all 
enzyme sales. Many industrial sectors, such as the detergent, leather, textiles, 
pulp and paper, foods and feeds, dairy, biofuels, and waste treatment industries, 
depend on hydrolases. Proteases remain the dominant enzyme type, because of 
their extensive use in the detergent and dairy industries. Various carbohydrases 
(glycosidases), primarily amylases and cellulases, used in industries, such as the 
starch, textile, detergent, and baking industries, represent the second largest 
group [2–4].

3. Classification of hydrolases

Apart from the common names given to certain hydrolases, there exist systematic 
nomenclature systems to name these enzymes.
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3.1 Based on enzyme commission (EC) numbers

Hydrolases belong to enzyme class 3 (EC 3) and are further categorized based on 
the type of bond they cleave [5]. The four-digit code includes the nature of the bond 
hydrolyzed, then the nature of the substrate, and lastly the enzyme (Table 1).

3.2 Based on active site

The active site geometry of different hydrolases is different, in spite of the same 
catalytic method, i.e., hydrolysis. Thus, a Hierarchical classification of hydrolases 
Catalytic Sites (HCS) has been proposed which is based on the amino acids involved 
in catalysis [6, 7]. The relation between a class and its subclass in the hierarchy is 
that the catalytic site of the subclass refines the catalytic site of the base class. Serine 
hydrolase like esterase, with unusual catalytic dyad Ser-His, belongs to class S.01  
(serine hydrolases with Ser-His dyad) while hydrolases, such as trypsin or subtilisin, 
are further categorized into subclass S.01.01 (hydrolases with Ser-His-Asp/Glu 
triad), i.e. subclass contains all residues of the basic class and some additional ones. 
Currently, only hydrolases are included in such a classification since they are the most 
studied and most abundant enzymes (Table 2).

Let us understand these nomenclatures by taking an example of a single hydrolase, 
say a serine protease.

Subclass (hydrolase acting upon) Sub-subclass example Enzyme example

3.1 Ester bonds (esterases) 3.1.1 Lipases 3.1.1.3 Triacylglycerol lipase

3.2 Sugars 3.2.1 Glycosidase 3.2.1.1 α-amylase

3.3 Ether bonds 3.3.2 Ether hydrolase 3.3.2.6 Leukotriene-A4 hydrolase

3.4 Peptide bonds (peptidases) 3.4.21 Serine 
endopeptidase

3.4.21.1 Chymotrypsin

3.5 C-N bonds (other than peptide 
bonds)

3.5.1 In linear amides 3.5.1.1 Asparaginase

3.6 Acid anhydrides 3.6.1 In P-containing 
anhydrides

3.6.1.1 Inorganic diphosphatase

3.7 C-C bonds 3.7.1 In ketonic 
substances

3.7.1.1 Oxaloacetase

3.8 Halide bonds 3.8.1 In C-X compounds 3.8.1.1 Alkylhalidase

3.9 P-N bonds 3.9.1 On P-N bonds 3.9.1.1 Phosphoamidase

3.10 S-N bonds 3.10.1 On S-N bonds 3.10.1.1 N-Sulfoglucosamine 
sulfohydrolase

3.11 C-P bonds 3.11.1 On C-P bonds 3.11.1.1 Phosphonoacetaldehyde hydrolase

3.12 S-S bonds 3.12.1 On S-S bonds 3.12.1.1 Trithionate hydrolase

3.13 C-S bonds 3.13.1 On C-S bonds 3.13.1.1 UDP-Sulfoquinovose synthase

Adapted from ExplorEnz database: http://www.enzyme-database.org/downloads/ec3.pdf

Table 1. 
Classification of hydrolase based on EC numbers.



Hydrolases

6

4. Classification of serine protease

As per the earlier discussed classification systems for hydrolases, the categoriza-
tion of serine proteases can be viewed in the schematic, as shown in Figure 1.

4.1 Based on site of cleavage

Proteases are further subdivided into exopeptidases and endopeptidases depend-
ing on the site of enzyme action. Exopeptidases catalyze the hydrolysis of the peptide 
bonds near the N- or C-terminal ends of the substrate and can be classified into 
aminopeptidases and carboxypeptidases. Endopeptidases cleave peptide bonds 
within and distant from the ends of a polypeptide chain [8, 9]. Serine proteases are 
also divided into endo- and exo- serine peptidases.

Sr. No. Base class Subclass

1 (A) Carboxyl (aspartyl 
and glutamyl) hydrolases

(A.01) Pepsin-like proteases
(A.02) Glycosidases
(A.03) Hydrolases with covalent aspartyl-substrate intermediate
(A.04) Epoxide hydrolase-like

2 (C) Cysteine hydrolases (C.01) Cys hydrolases with Cys-His dyad
(C.02) N-terminal cysteine hydrolases
(C.03) Cys hydrolases with His as a proton donor
(C.04) Tyrosine phosphatase-like
(C.05) Cys hydrolases with carboxyl group as the proton acceptor

3 (H) Histidine hydrolase (H.01) Ribonuclease-like
(H.02) Hydrolases with covalent His-substrate intermediate
(H.03) Hydrolases of carbon–carbon bond

4 (M) Metal-dependent 
hydrolases

(M.01) Zinc-dependent hydrolases
(M.02) Magnesium-dependent hydrolases
(M.03) Calcium-dependent hydrolases
(M.04) Bimetallic (Zn and Mg-dependent) hydrolases
(M.05) Iron-dependent hydrolases
(M.06) Manganese-dependent hydrolases
(M.X) Hydrolases without specific metal ion requirements

5 (P) N-terminal proline hydrolases

6 (S) Serine hydrolases (S.01) Ser hydrolases with Ser-His dyad
(S.02) Ser hydrolases with the amino group as the proton acceptor
(S.03) Ser hydrolases with carboxyl group as the proton acceptor

7 (T) Threonine 
hydrolases

(T.01) Asparaginase-like
(T.02) N-terminal threonine hydrolases

8 (U) Unclassified 
hydrolases

(U.01) Proteins without hydrolase activity
(U.02) Hydrolases without known catalytic domain structure

9 (Y) Tyrosine hydrolases (Y.01) Sialidases

10 (Z) Substrate-assisted 
or cofactor-dependent 
hydrolases

(Z.01) Phosphatases with substrate’s phosphate as the catalytic base
(Z.02) NAD(+)-dependent deacetylases
(Z.03) Hydrolases with oxidation/reduction steps

Adapted from http://www.enzyme.chem.msu.ru/hcs/classes.html

Table 2. 
Classification of hydrolase based on active site residues.
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4.2 MEROPS classification system

According to MEROPS database version 9.9 (https://merops.sanger.ac.uk) over 183,000 
serine proteases are known with >250 structure depositions in PDB (Protein Data Bank). 

Figure 1. 
Classification scheme of serine protease based on EC numbers and active site residues.

Clan Families Representative members Fold Catalytic 
residues

PDB

PA 12 Trypsin Greek-key 
β-barrels

His, Asp, Ser 1DPO

PB 1 Protease from Thermoplasma 
acidophilum

α/β/β/α His, Glu, Ser 1PMA

PC 1 Aspartyl dipeptidase α/β/α Ser, His 1FYE

SB 2 Subtilisin, sedolisin 3-layer sandwich Asp, His, Ser 1SCN

SC 2 Prolyl oligopeptidase α/β hydrolase Ser, Asp, His 1QFS

SE 6 D-Ala–D-Ala carboxypeptidase α-helical bundle Ser, Lys 3PTE

SF 3 LexA peptidase all β Ser, Lys/His 1JHH

SH 2 Cytomegalovirus assemblin α/β Barrel His, Ser, His 1LAY

SJ 1 Lon peptidase α + β Ser, Lys 1RR9

SK 2 Clp peptidase αβ Ser, His, Asp 1TYF

SP 3 Nucleoporin all β His, Ser 1KO6

SQ 1 Aminopeptidase DmpA 4-layer sandwich Ser 1B65

SR 1 Lactoferrin 3-layer sandwich Lys, Ser 1LCT

SS 14 L,D-Carboxypeptidase β-sheet+ β-barrel Lys, Ser 1ZRS

ST 5 Rhomboid α-barrel His, Ser 2IC8
Adapted from reference Rawlings et al. [10].

Table 3. 
Known diversity of serine peptidase structure and catalytic mechanism.
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This classification system divides peptidases into clans based on catalytic mechanisms and 
families on the basis of common ancestry. The serine peptidases have been classified into 
15 clans comprising numerous families. A summary of catalytic units in all serine pepti-
dase families and their characteristic folds is provided in Table 3.

4.2.1 PA clan of serine peptidases

The PA clan (Proteases of the mixed nucleophile, superfamily A) of endopeptidases 
is the most abundant, and over two-thirds of this clan are comprised of the S1 family 
of serine proteases, which bear the archetypal trypsin fold and have a catalytic triad in 
the order histidine, aspartate, serine. Members have a trypsin/chymotrypsin-like fold 

Figure 2. 
Schematic illustration of the general catalytic mechanism for serine proteases with chymotrypsin as an example.
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and similar proteolysis mechanisms but sequence identity of <10%. PA clan proteases 
share a core motif of two β-barrels arranged perpendicularly with the covalent catalysis 
occurring at the interface of both barrels. Figure 2 shows the crystal structure of 
bovine chymotrypsin, deposited in PDB (PDB Id: 5J4S). The core structure and active 
site geometry of these proteases are of interest for many applications [10, 11].

5. Catalytic mechanism of hydrolases

To understand the mechanism in a simple way, let us again take the example of 
a serine protease. Serine proteases are widely distributed in nature and found in all 
kingdoms of cellular life as well as many viral genomes. Over one-third of all known 
proteolytic enzymes are serine peptidases [9]. All of the serine proteases contain three 
residues at their active site—a serine, a histidine, and an aspartate, comprising the 
characteristic ‘catalytic triad’. Some serine proteases are synthesized as larger, inactive, 
precursors. As an example, chymotrypsinogen is converted to chymotrypsin by the 
excision of two dipeptides, 14–15 and 147–148 [12]. Interestingly, the structures of chy-
motrypsinogen and chymotrypsin are almost superimposable, i.e., the conformational 
change involved in the conversion process appears to be fairly small. The implication is 
that even relatively small structural changes can result in dramatic changes in activity. 
The serine proteases also differ in their sequence and substrate specificity. For instance, 
the bacterial protease subtilisin will cleave essentially any substrate, while other 
enzymes, Factor Xa (involved in blood clotting) requires a specific residue recognition 
sequence, Ile-Glu-Gly-Arg, to uniquely hydrolyze its polypeptide substrate after the 
arginine. Similarly, trypsin is specific for cleavage after Lys and Arg residues.

Almost all clan PA peptidases utilize the canonical catalytic triad of Ser195, Asp-102, 
and His-57 (chymotrypsin numbering). Catalysis proceeds through the formation of 
an H-bond between Asp-102 and His-57, which facilitates the abstraction of the proton 
from Ser195 and generates a potent nucleophile [10]. The catalytic triad is stabilized 
through a network of additional H-bonds formed by conserved amino acid residues 
surrounding the triad, which are Thr54, Ala56, and Ser214. The reaction pathway 
involves two tetrahedral intermediates. Initially, the hydroxyl O atom of Ser195 attacks 
the carbonyl of the peptide substrate as a result of His57 in the catalytic triad acting as a 
base. The backbone N atoms of Gly193 and Ser195 stabilize the tetrahedral intermediate 
and generate a positively charged pocket within the active site known as the oxyanion 
hole. The tetrahedral intermediate collapse results in the formation of an acyl-enzyme 
intermediate. In the second half of the mechanism, a water molecule displaces the free 
polypeptide fragment and attacks the acyl-enzyme intermediate. Again, the oxyanion 
hole stabilizes the second tetrahedral intermediate of the pathway and the collapse of 
this intermediate liberates a new C terminus in the substrate.

In the next section, we discuss how an enzyme’s or protein’s structure is main-
tained. There are various kinds of inter- and intra-molecular forces that are involved 
in preserving the native functional structure of a protein.

6. Forces involved in enzyme’s (protein’s) stability

Protein stability is predominantly dictated by forces that help in maintaining the 
native structure of a protein which include covalent interactions, such as disulfide bonds, 
and weak (non-covalent) interactions, such as hydrogen bonds, hydrophobic and ionic 
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interactions (Figure 3a). For instance, the primary structure is associated with the covalent 
bonds (peptide bonds) between the amino acid residues, making up the protein backbone. 
The secondary structures involve primarily hydrogen bonding between the atoms, thereby 
creating stable local conformations and structures. Sometimes, it also involves disulfide 
linkages between two cysteine residues of the same or different chains in a protein [13].

The ultimate three-dimensionally folded tertiary structure of a whole globular 
protein is formed and maintained by various weak ionic and hydrophobic interac-
tions. Hydrophobic interactions play an important role in stabilizing a protein confor-
mation where the interior of a protein generally consists of a densely packed core of 
hydrophobic amino acid side chains. Though covalent bonds (such as disulfide bonds) 
are much stronger than individual weak interactions, i.e., approximately 200–460 kJ/
mol, are required to break a single covalent bond, whereas weak interactions can be 
disrupted by a mere 4–30 kJ/mol. Yet, due to their sheer number, the weak interac-
tions predominate as the stabilizing force in protein structure [14]. The protein 
folding code is, thus, written in the side chains and not in the backbone hydrogen 
bonding, because it is through the side chains that one protein differs from another. 
The number of protein conformational diseases that are now recognized is an indica-
tion of the importance of proteins achieving and maintaining their correct fold.

7. Structure–function relationship of proteins

For a protein to be functional, it needs to fold into a specific three-dimensional 
native structure. The sequence of amino acids determines the structure of a protein 
which ultimately governs its function. Protein folding is an extremely active field of 
research, which requires converging expertise from biology, chemistry, computer sci-
ence, and physics. Understanding the relationship between protein structure and func-
tion is a complicated puzzle and remains a primary focus in structural biology. Protein 
molecules display a remarkable relationship between their amino acid sequence, their 

Figure 3. 
(a) Molecular interactions which stabilize the protein structure. (b) Effect of various physicochemical conditions 
on protein structure. (c) Sequence-structure–function triad important for proteins.
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three-dimensional structure, and their function at the molecular level (Figure 3c) [15]. 
A polypeptide can also adopt a less rigid or more flexible conformation, different from 
its functional native form, responding to changes in the environment. To understand 
this structure–function paradigm, one of the widely used approaches is to subject the 
native and active conformation of a protein to various physicochemical stress condi-
tions and monitor the changes occurring in its conformation and function at each step.

7.1 Studying folding/unfolding transitions of proteins

So, we understood that any disturbance in the delicate balance of these interac-
tions could lead to loss of the native structure of the protein. Therefore, understand-
ing the protein folding and the unfolding mechanism is equally essential as learning 
its function. A protein exists in equilibrium with unfolded conformational states in 
solution with the folded ensemble being favored at ambient conditions. This equilib-
rium between the folded and the unfolded states can be perturbed by changing the 
thermodynamic state of the system (temperature, pressure, and pH) or by changing 
the composition by the addition of co-solvents to the solution [16]. Interestingly, the 
effect of co-solvents on the protein can alter this equilibrium in any direction. For 
example, urea and guanidium hydrochloride (GdnHCl) induce disorder and favor the 
unfolded state of proteins, and are, therefore, known as denaturants/chaotropes. On 
the other hand, protective osmolytes/kosmotropes, such as trimethylamine N-oxide 
(TMAO), dimethyl sulphoxide (DMSO), glycine, betaine, glycerol, and sugars, 
induce stabilization of the folded proteins (Figure 3b). Studies on solvent-mediated 
structural and conformational transitions of proteins can provide insight into their 
stability, folding pathways, and intermolecular aggregation behavior [16, 17].

Native proteins are generally marginally stable, i.e. free energy gap separating the 
folded and unfolded states in typical proteins under physiological conditions is quite 
small (20 to 65 kJ/mol). Therefore, when the delicate balance between the interac-
tions involved in stabilizing or destabilizing a particular structure is disturbed by 
harsh environments, such as extreme temperature, pH, and chaotropes; it may lead to 
structural and functional alterations in protein [14]. A loss of the three-dimensional 
structure of a protein, sufficient to cause loss of function is called denaturation. The 
denatured state does not always equate with the complete unfolding of the protein 
(Figure 3b). Denaturation can be either partial or complete and it can also be reversible 
or irreversible. Under most conditions, denatured proteins exist in a set of partially 
folded states that are poorly understood [18]. In some cases, the structure of an enzyme 
remains stable, but the labile active site tends to lose its geometry and hence the activ-
ity. Contrary to this, the active site may get unusually stabilized and highly active. A 
polypeptide can also adopt a less rigid or more flexible conformation different from its 
functional native form, responding to changes in the environment [17, 19, 20].

Exploring structure–function relationships of proteins/enzymes can help in estab-
lishing the factors responsible for their stability. Furthermore, knowledge of the overall 
stability of protein molecules is important, especially when the protein in question is 
useful in industrial-scale biotechnology, where they may be subject to conditions, such as 
high temperature, low pH, and presence of co-solvents [21]. The optimization of biologi-
cal stability is also an important criterion while considering the application of biomol-
ecules (such as proteins/enzymes) as therapeutic agents [22]. Interestingly, novel proteins 
are now designed as variants of existing proteins or from non-natural amino acids or de 
novo. Moreover, new polymeric materials called foldamers are finding applications in 
biomedicine as antimicrobials, lung surfactant replacements, etc. (reviewed in [23]).
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7.2 Tools for probing protein structure and conformational transitions/dynamics

The protein folding problem fascinates the scientist, the educated layman, and 
the entrepreneur. The full understanding of a molecular system comes from care-
ful examination of the sequence-structure–function triad. Over the last 30 years, 
detailed experimental and theoretical studies of a number of proteins have advanced 
our understanding of protein folding and dynamics.

Technique Structural parameter probed

Fluorescence

Intrinsic Environment of Trp and Tyr

ANS binding Exposure of hydrophobic surface area

Substrate binding Formation of the active site

FRET Inter-residue distances

Anisotropy Depolarization of the fluorescence emission

Fluorescence Correlation Spectroscopy Autocorrelation analysis of fluctuations in fluorescence emission 
due to internal dynamics

2-D fluorescence lifetime correlation 
spectroscopy

Correlation of the fluorescence photon pairs with respect to the 
excitation−emission delay times

Single-molecule spectroscopy 
(Sm-FRET and sm-PET)

Distance between fluorophores dynamics

Red Edge Excitation Shift Rate of solvent relaxation around an excited state fluorophore in a 
protein

Circular dichroism

Far UV Secondary-structure information

Near UV Tertiary-structure information

Protein engineering Role of individual residues in stabilizing
intermediates and transition states

Small-angle X-ray scattering (SAXS) Dimension and shape of a polypeptide

Absorbance (near UV) Environment of aromatic residues or co-factors

FTIR Secondary-structure information

NMR

Real time Environment of individual residues

Dynamic NMR Lineshape analysis provides folding–unfolding rates close to 
equilibrium

Native state HX Global stability and metastable states

Pulsed HX ESI MS Folding populations

Force spectroscopy (AFM/optical 
tweezers)

Unfolding forces and unfolding-rate constants of single molecules

Differential scanning calorimetry 
(DSC)

Energetics

Differential scanning fluorimetry 
(DSF)

Environment of fluorescent dye and intrinsic fluorescence

Differential static light scattering 
(DSLS)

Temperature of aggregation of a protein

Table modified from references [24, 25].

Table 4. 
Experimental techniques used to measure folding/unfolding and dynamics.
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7.2.1 Experimental approach

The experimental techniques for studying protein structural transitions monitor 
the gradual folding/unfolding of proteins and observe conformational changes under 
various conditions. Table 4 summarizes a few of the standard biophysical techniques 
based on fluorescence, absorbance and circular dichroism, etc. which are often used 
to probe such transitions in protein structure.

Figure 4 shows conformational and functional transitions in a serine protease 
isolated from Conidiobolus brefeldianus upon thermal denaturation. The changes in 
the protein structure are quite clear upon increasing temperature which is in cor-
roboration with the loss in activity of the enzyme. These conformational changes 
were probed with fluorescence spectroscopy and Far-UV circular dichroism spec-
troscopy while functional activity assays were carried out using casein proteolysis. 
The enzyme apparently begins to lose its structure and function above 55°C. Thus, 
it becomes clear that a change in the native conformation of a protein affects its 
function.

Figure 4. 
Thermal denaturation of serine protease from Conidiobolus brefeldianus: (a) fluorescence spectra at different 
temperatures showing the redshift in λmax of intrinsic fluorescence at increasing temperatures. (b) Far-UV 
CD spectra at different temperatures clearly mark the change in protein conformation above 55°C. (c) Activity 
profile over various time points at different temperatures. This is in accordance with the loss of native structure 
above 55°C which hampers the catalytic activity of the enzyme correspondingly. (d) Cartoon representation of 
the changes occurring in structure and function of the enzyme at higher temperatures. (Figure credit: Shukla  
et al. [26]).
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7.2.2 Theoretical approach

New theoretical and computational approaches have emerged, including various 
bioinformatics tools, artificial intelligence (AI) based methods, deep evolutionary 
analysis, structure-prediction web servers, physics-based force fields, etc. These 
techniques are employed to complement the experiments in providing an overall 
picture of the protein structure. The computer-based protein-structure prediction 
has been advanced by Molt and colleagues, in an event initiated in 1994 called CASP: 
Critical Assessment of protein Structure Prediction [27]. Currently, all successful 
structure-prediction algorithms are based on the assumption that similar sequences 
lead to similar structures. These methods depend heavily on the PDB for template 
sequences. There are several computational methods for protein structure determi-
nation, including homology modeling, fold recognition via threading and ab initio 
methods [15, 28]. In recent times, computational methods that can predict protein 
structures with atomic accuracy, even in cases where no similar structure is available, 
have been developed. Recently developed programs and databases, such as AlphaFold 
and RosettaFold which are neural-based networks, are a great success in this field 
(Figure 5) [29, 30].

The tremendous increase in the amount of sequence and structural data of 
proteins, together with the advances in the experimental and bioinformatics methods 
are improving our knowledge about the relationship between the protein sequence, 
structure, dynamics, and function [31]. This knowledge, in turn, helps us to under-
stand how proteins interact with their substrate and other molecules, such as small 
molecules or ligands, which can become a drug candidate [32]. Predicting the bind-
ing modes and affinities of different compounds upon interaction with the protein 
binding sites is the main goal of ‘structure-based drug design’ and is achieved by the 

Figure 5. 
Cartoon representation of homology model of a serine protease from rat (Prss30): It selectively cleaves synthetic 
peptide substrates of trypsin and activates the epithelial sodium channel. The model is derived from the 
AlphaFold database (https://alphafold.ebi.ac.uk). The protein structure for this physiologically and commercially 
significant serine protease has not been solved. Thus, the predicted model provides us with valuable information 
about the protein folds, secondary structure arrangements, and catalytic triad of this important enzyme. β-sheets 
are shown in red color, cyan color marks the α-helices, and magenta color highlights the loops.
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‘docking’ approach. There are a number of programs written to carry out such analy-
sis. In general, a large number of conformations are generated for the small molecule 
(substrate or ligand), either prior to docking or during the docking routine. Each 
conformation is positioned in the active site in a variety of orientations, the combina-
tion of conformation and orientation being known as a ‘pose’. Further, many such 
poses are selected and ranked by a scoring function to determine the overall best pose 
[15, 33] and the binding energy and affinity being calculated. The new frontiers now 
lie in physics-based modeling and AI to predict conformational changes, understand 
protein dynamics, design synthetic proteins, and improve protein modeling based on 
the laws of physics.

8. Conclusions

Hydrolases could participate in a variety of biological processes due to their diver-
sification. Being the largest and most diverse class of enzymes, hydrolase offers an 
opportunity to explore the conformational/topological diversity which forms the basis 
of their differential biological activity. Thus, there is an urge to re-evaluate our existing 
knowledge on the functional and conformational transitions of these enzymes, in the 
context of emerging scientific trends. In this chapter, we discuss hydrolases in terms of 
their diversity, classification, the importance of the structure–function relationship of 
hydrolases taking serine protease as an example. The ongoing pandemic (SARS CoV-2 
infections) further illustrates the importance to study hydrolases from the therapeu-
tic point of view. To let the virus enter the host cell, viral spike protein plays a very 
important role and it is further activated by the serine protease 2 (TMPRSS2). The host 
proteases thus are involved in an intricate play in SARS-CoV-2 infection along with 
other viral infections and in designing antiviral therapeutic strategies [34].

Figure 6. 
The sequence-structure–function triad necessary for understanding enzymes. In this chapter, it has been discussed 
wrt hydrolases.
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Furthermore, the available information and literature survey on selected hydro-
lases have been systematically summarized for easy understanding. Knowledge of the 
relationships between protein structure and function at the molecular level remains a 
primary focus in structural biology. So, various experimental and in silico methods and 
techniques have been mentioned in the chapter which contributes to our knowledge of 
the interplay among the stability, structure, and function of these enzymes (Figure 6). 
It can serve as a structural toolbox to improve their efficiency in the future by helping 
in engineering these proteins with improved functional and structural features.
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Abstract

Proteolytic enzymes are well known for catalyzing hydrolytic reactions. These 
enzymes fall under the group of large and complex, also known as proteases. 
Proteolytic enzymes mainly derived from microbial origin are favored because 
they have a short generation time, ease of genetic manipulation of microorgan-
isms, and the availability of diverse species in nature. Macro fungi are significant 
and played an excellent role in degrading lignocellulosic compounds, such as 
mushrooms. They efficiently degrade cellulose and produce extracellular enzymes 
such as xylanases, cellulases, and ligninolytic enzymes. Furthermore, proteases 
play a significant role in fungi physiology, such as metalloproteinase, subtilases, 
aspartate, etc. Many worldwide researchers have reported the mycelial secre-
tion of proteases from basidiomycetes. Thus, many protease extraction methods 
have been developed from the various categories of mushroom species, i.e., 
Pleurotusostreatus, Phanerochaetechrysosporium, Schizophyllum commune, 
Chondrostereumpurpureum, and Hypsizygusmarmoreus, etc. Furthermore, there is 
a high demand in the industry for specific proteolytic enzymatic activity. Numerous 
species of mushrooms have not been explored to date for the optimization and 
production of enzymes. Therefore, further detailed studies are required to expose 
the production mechanisms and application of proficient proteolytic enzymes from 
mushrooms. The present chapter will deliberately deal with proteolytic enzymes 
downstream processing and their various industrial applications.

Keywords: proteolytic enzymes, Basidiomycetes, macro fungi, mushroom, industrial 
application

1. Introduction

Enzymes are natural catalysts that evolve or require various biological processes 
and are utilized in various industrial applications. Scientists have recently focused on 
detecting new enzymes with various properties and best-suited commercial purposes 
[1, 2]. There are many advantages associated with industrial enzymes, such as reac-
tion specificity, low energy needs, biodegradable sources such as plants, animals, and 
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microbes used for enzymes production and isolation. Proteases are the best studied 
and utilized in a group of enzymes that have the best substrate specificity. Total 
enzymes are produced at the industrial level, of which one-third are hydrolyses, and 
65% are proteases. Proteases are hydrolytic enzymes that catalyze the interruption 
of the polymerization of protein. It evolves in the metabolic processes of biological 
activities in almost all organisms [3–6].

Different microbial sources have produced different proteases than plants and 
animals; microbial enzymes are more labor-intensive and best suitable for industrial 
applications [3, 7, 8]. Approximately two-thirds of commercial protease is produced 
from microbial origin in the world [6]. Microbial proteases production has advan-
tages: short generation time, high growth rate, high yield, genetic modification is pos-
sible, cost-effective, and easy availability. These properties made microbial protease 
the best choice for biotechnological and industrial applications [9, 10].

Much research has been conducted to isolate and purify proteases from microbial 
sources and wieldy applied in industrial sectors [1, 11]. Bacteria are the most promi-
nent microbes used for industrial-level protease production. Some groups of basidio-
mycetes also reported having proteases, and they provide the way for further study, 
fungal protease is neutral, acidic, or alkaline protease according to the species of fungi 
[12]. Fungi proteases have easy cell separation techniques, and a study revealed that 
micromycetes proteases have specific characteristics. Several fungal species include 
Aspergillus species, Fusarium graminarum, Chrysosporium keratinophilum, Penicillium 
chrysogenum, P.griseofulvin, Scedosporium apiosermum, and Trametes cingulata. Of all 
these species, Penicillium and Aspergillus are the most widely studied [12–14].

Basidiomycetes are important wood-degrading fungi in biological communities, 
and some genera of this group have been used as a food source. They are well studied 
for their extracellular enzymes production properties, such as xylanases, cellulases, 
and ligninolytic enzymes [15]. Proteases play essential roles in the biochemical 
process in fungi and the essential completion of the life cycle [16]. Mushrooms are 
the known Basidiomycetes in the fungi group. They have been used as food products 
for centuries as well as reported for their biological activity, among which, species 
of Pleurotus are globally known and valued as good food source and ease of cultiva-
tion. Mushroom bioactive compounds such as protein, vitamins. and enzymes, etc., 
are also examined for their biological activity such as antitumor, anti-inflammatory 
antidiabetic, antiviral, antioxidant, hypocholesterolemic, antitumor, immunomodu-
latory, and hepatoprotective actions [17, 18]. They are a good source of vitamins, 
protein, minerals, and very low fat content. They contain a variety of bioactive 
compounds, including protease, and there are more than 20 proteases that have been 
isolated [17, 19, 20].

Thus, the isolation of new proteases from different mushroom species is a novel 
area of research that needs much exploration. There is still much progress required for 
the study of proteases from edible mushrooms and has great future opportunities in 
the area of genome, proteome, and metabolome of mushroom proteases. Also, open 
new research relates to exploring downstream processing and economic aspects of 
mushroom proteases.

2. Classification of proteolytic enzymes or proteases

Proteolytic enzymes significantly participate in the metabolism of organisms such 
as plants, animals, bacteria, fungi, and viruses. Proteases are not explored and are 
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essential in enzymology because of their substantial physiological significance and 
broad application in research activities [4]. Since proteolytic enzymes are requisite 
in providing nitrogen to xylotrophs under natural growth conditions (on living and 
dead wood), the absence of sufficient systematic information on secreted proteases 
of higher xylotrophic fungi is unnoticeable yet in biology. Research studies have 
been conducted to isolate and characterize proteolytic enzymes from the cultured 
mycelium and fruit bodies of basidiomycetes. Highly diverse types of structures and 
mechanisms of action, so proteases are not set aside with the rules of enzyme nomen-
clature [14]. So, the classification of these enzymes is often difficult. The enzyme that 
enters through the plasma membrane inside the cell is usually called an extracellular 
enzyme [6]. It must be classified into two categories according to their ability to 
cleave the peptide bonds as exopeptidases and cleave specific sites of peptide bonds as 
endopeptidases. They are industrially essential enzymes [21]. The diversity and speci-
ficity of these native enzymes are based on their broad characterization and isolation 
(Table 1). Based on active site present on proteases, they are classified as follows:

2.1 Exopeptidases

Exopeptidases are an enzyme that cleaves at the end site and requires free terminal 
groups close to the bond. It catalyzes the breakdown of specific peptide bonds after 
the carboxyl or amino terminals in the protein. Based on their efficiency in identify-
ing the active site as either C or N terminal, they are further divided as carboxypepti-
dases or amino peptidases [36].

2.1.1 Aminopeptidases

Amino peptidases are the class of proteases enzymes that precisely cut at the 
N-terminal of the amino acid polypeptide chain, breaking it into dimer fragments or 
a single amino acid residue. After the recognition, they further remove the present 
methionine N-terminal of the polypeptide chain, which may differ in their expres-
sion. It is found in various microbial strains, including basidiomycetes fungi, molds, 
and bacteria, etc. Overall, amino peptidases work as intracellular enzymes; however, 
as per a report studied, amino peptidases that originated from Aspergillus oryzaea 
fungal species are extracellular enzymes [3, 4].

2.1.2 Carboxypeptidases

This enzyme performs its catalytic reaction on the C-terminal of the amino acid 
chain, breaking peptide bonds into monomers form. These are not predominantly 
recognized as endopeptidases because they leave few amino acid molecules at the 
target site of the protein. Instead, it can be employed to eliminate the additional tags 
at the carboxyl-terminal of the target protein. Among specific peptidases, metallocar-
boxy protease, type A carboxypeptidase, is known primarily for removing amino acid 
of the aromatic side chain while type B acts on essential amino acids [37].

2.2 Endopeptidases

Endopeptidases act at specific site of the peptide bond of the substrate [36]. It 
cleaves the internal peptide bonds of proteins influenced by the existing functional 
group present on the active site of the peptide chain. It is further classified as follows:
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2.2.1 Serine proteases

These classes of proteases are broadly found in nature and present in cellular 
organisms. Along with all the identified proteolytic enzymes, a significant part is 
of serine proteases. It generally performs the cleavage action on the bond present 
in the central part of the amino acid chain. However, few Serine proteases act as 
exopeptidases by detaching the amino acids from the end terminal of the polypeptide 
chain. Its name derives from the Ser residue present in the peptide chain, which is 
nucleophilic and placed in the active site of the chain of amino acids. An intermediate 
substrate is formed by using the serine residues inform of acyl-enzyme at the C end 
terminal of the newly structured peptide bond [38].

2.2.2 Cysteine/thiol proteases

This enzyme contains cysteine residues at their active site present both in pro-
karyotes and eukaryotes microbes. It shows proteolytic activity at the 6–8 pH range 
with 50–70°C optimum temperature. Hydrogen cyanide is the key component that 
activates this enzyme, resulting in which SH group is formed in a polypeptide chain. 
Oxidizing agents can inhibit this kind of proteases and show sensitive action to the 
sulfhydryl agents, for example, p-CMB [39].

2.2.3 Metalloproteases

Metalloproteases are generally zinc-containing enzymes. In fungi or basidiomyce-
tes, several metal ions such as calcium, cobalt, and zincare are involved in their reac-
tivation. Zinc-containing enzymes and calcium are essential for proteineous activity 
and structural stability of protein at optimum pH 5–9. These are sensitive to an agent 
that causes chelation of metal, such as ethylen diamine tetracetic acid (EDTA), but are 
insensitive to cysteine inhibitors [40].

2.2.4 Aspartic proteases

It is a comparatively small class of endopeptidases that includes aspartic proteases. 
These proteases are composed of a pair of aspartates bilobed structures, including a 
leading catalytic site. It functions optimally on acidic pH and is present in nature. This 
enzyme is secreted by various microorganisms such as bacteria and fungus, as their 
virulence secretions. Also, it can perform the mutualistic function in the breakdown 
of proteins yielding nitrogen from urea. These kinds of proteases are primarily biased 
toward the hydrophobic amino acids nearer to the dipeptides bond. As compared with 
the other two endoproteases, it utilizes residues present in the active site showing 
nucleophilic attribute for proteolysis [41].

3. Proteolytic enzymes from mushroom species

As proteolytic enzymes are indispensable in supplying nitrogen to xylotrophs 
under natural growth conditions (on living and dead wood), the absence of sufficient 
systematic information on secreted proteases of higher xylotrophic fungi is not much 
explored [42]. The protein structure contains nitrogen, which is probably the reason 
for the secretion of extracellular proteolytic enzymes basidiomycetes or mushroom. 
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The species belong to orders of basidial fungi, Polyporales, Boletales, and Agaricales, 
which are reported to secret proteolytic enzymes. Proteases secreted by mushrooms 
typically have a low molecular mass ranging from 26 to 50 kDa having isoelectric 
point’s up to 3.5–8.8. Acidic pH is usually optimal for these enzymes, ranging from 
2.0 to 5.0. Proteinases isolated from Hypsizygis (H.) marmoreus, P. ostreatus, and 
F. velutipes are exceptional, as their optimal pH falls under the neutral range. Amino 
peptidases in the mushroom are usually intracellular enzymes; few reports have 
studied detecting extracellular aminopeptidases, such as Tramatellatrogii. Separately 
from endopeptidase activity, aminopeptidase, carboxypeptidase, and dipeptidyl 
aminopeptidase activities were revealed [43]. It is known that there is a high demand 
for industrial application of proteolytic enzymes with suitable specific properties and 
must be stable at various temperatures and pH. However, this chapter suggests that 
the studies of proteases from basidiomycete’s fungus or mushroom recommend that 
further detailed studies are required to explore proteases’ mechanisms and physi-
ological effects.

4. Role of proteolytic enzymes in mushroom

Proteases perform complex physiological functions, including protein catabo-
lism; blood clotting, cell growth and migration, morphogenesis, and development 
[4]. Mushrooms or basidiomycetes fungi are heterotrophic organisms. They can 
utilize both organic and inorganic nitrogen sources as nutrition. An under natural 
conditions, they usually secrete various extracellular enzymes to decompose natural 
organic materials such as ligninolytic enzymes. Protease from mushrooms involves 
endopeptidases, and exopeptidases act one after another as the former produces many 
free C and N terminal ends and latter act on the peptide fragments, thus forming the 
decomposed protein. This broad specificity is a significant property of the fungal 
secreted proteases and other proteolytic enzymes employed to break down proteins. 
An investigation reported on fungus T. rogii utilizes these enzymes to efficiently break 
down various peptides in the substrate [43]. Proteases secreted in mushrooms par-
ticipate in the active regulation of other synthesized enzymes, resulting in regulating 
some physiological processes in mushrooms species such as P. ostreatus, P. chrysospo-
rium, etc. The activity of ligninolytic enzymes is regulated via their specific activation 
or inactivation by the extracellular proteases secreted them [22] and perhaps has the 
ability to degrade the proteins controlling heat shock response, DNA repair pathway 
programmed cell death [4]. The metalloprotease plays a significant role in the fruiting 
body formation in P. ostreatus. Previous studies demonstrated that mRNA content is 
noticeably higher in the primordial stages of fruit body formation than in the vegeta-
tive mycelium stage [44]. So the extracellular occurrence of the fungal proteolytic 
enzymes may help the fungus grow on the host by utilizing its nutritional contents, 
may act as a pathogenic agent for the host. Under favorable conditions, P. pulmonarius 
grows only on dead decaying wood showing as ubtilisin-like proteolytic activity using 
proteases [45].

5. Methods used for proteolytic enzymes recovery and production

Enzymes recovery and production from mushrooms were directly influenced 
by the substrate type, composition, and recovery methods. Various research studies 
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showed that solid-state and submerged fermentation mushrooms had been signifi-
cantly used for enzyme production [46]. In solid-state cultivation, various agro 
wastes are utilized and produce fruiting bodies containing various metabolites 
primarily used for food sources. After harvesting, its by-products, spent mushroom 
substrate (SMS) that contains plenty of extracellular enzymes can be utilized as 
animal feeding and for enzymes recovery and production. It reported that laccase 
(EC 1.10.3.2) was the most prominent and common in Pleurotus sajor-caju [47], 
P. ostreatus, L. edodes, Flammulina velutipes and Hericium erinaceum [48], A. bisporus 
[49]. Another enzyme, lignin peroxidase productivity, was found to be the SMS of 
P. sajor-caju [47]. Researchers can significantly explore the production of lipases, pec-
tinases, and phytases. Table 1 lists all the enzymes found in mushrooms and recovery 
methods. Convinced enzymes extraction and purification methods were widely 
applied, for example, dialysis, ultrafiltration, anion-exchange chromatography, and 
gel [50–52]. It is noteworthy that most of the investigations were carried out only for 
the fruiting body or mycelium of mushroom, not the SMS; therefore, it is an open 
possibility for the new finding for enzymes from SMS. Recently works were reported 
for enzyme recovery from SMS. Mayolo-Deloisa et al. [49] evaluated the use of aque-
ous two-phase systems to recover laccase from the residual compost of A. bisporus 
mushroom. They observed that valorizations of residual material give a 95% yield 
and have the potential for value-added products with commercial application [49]. Ko 
et al. [48] determined the production of amylase, cellulase, glucosidase, laccase, and 
xylanase from the SMS obtained from four edible mushrooms: P. ostreatus, L. edodes, 
F. velutipes and H. erinaceum, and evaluated its potential application using enzymes 
from SMS as industrial enzymes. It has been reported that a solvent such as water is 
used for enzymes recover from SMS with good activity; this fact is essential for an 
industrial application and related environmental concerns. However, the extraction 
of enzymes from submerged culture supernatant is more straightforward than from 
SMS because centrifugation is needed, and the obtained supernatant can be used as 
the crude enzyme. Some physical conditions are essential for optimizing scale-up, 
such as pH, temperature, extraction medium, incubation time, inoculums density, 
carbon and nitrogen source, and the impotent parameters for enzyme production.

6. Applications and future prospects

Novel investigation techniques revealed highly specific and selective protein 
modifications performed by proteases, including activating the zymogenic enzyme 
forms by limited proteolysis, forming hormones and other physiologically active 
peptides from precursor proteins, thrombus lysis, or the processing and transport 
of secreted proteins through the membrane (Figure 1). The vital role of proteolytic 
enzymes in metabolic and regulatory processes explains their occurrence in all living 
organisms [53].

6.1 In the detergent industry

Proteases were used as a detergent centuries ago as the “Burnus” brand, along with 
sodium carbonate and pancreatic extract mixed in it [54]. Several industries, such as 
chemical, pharmaceutical, food processing, detergents, and leather processing, utilize 
the catalytic properties of proteases. Its application in the bioremediation of pollut-
ants has also been reported. Several factors such as optimum substrate specificity, 
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temperature, optimum pH, chemical stability, and catalytic activity may vary because 
of a diverse group and also can affect the production of proteases [21].

6.2 Cell-free enzyme preparation

Immense interest has been grown in proteases due to their thermal ability in a 
wide range of temperatures. It is also used as detergents in the cell separation process 
for the production of cell-free enzyme preparations. In these perspective, fungal 
enzymes have applications as these are extracellularly secreted [55, 56].

6.3 In the pharmaceutical and food industries

Some proteases are also found to produce due to the infection process caused by 
foreign invaders such as bacteria, fungus, and viruses. A variety of steps regulate 
the mechanism of proteolytic enzyme reactions, including substrate specificity, 
ATP-directed protein degradation, restricted access to the active site, highly specific 
protein modifications. It can activate zymogenic forms of enzymes by restricted 
proteolysis activity [57]. Including these protease enzymes that cause diseases to host 
cells has become a good option for developing therapeutic agents for the diseases such 
as cancer, hepatitis, malaria, and candidiasis. It has also been reported to demonstrate 
potent immunomodulatory activity [4].

6.4 Leather industry

The leather industry involves various steps to obtain processed leather, for 
example, soaking, liming, hair removal, bating, deliming, and degreasing. These 
steps are applied using poisonous chemicals such as salt, lime, solvents, and sodium 

Figure 1. 
Application of edible mushroom as a potential source for enzymes production.
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sulfide, resulting in pollution. The exclusion of non-collagenous particles is required 
in leather processing, which decides the softness and durability of leather products 
[58, 59]. It can be controlled by applying enzymes such as proteases in the place of 
chemicals [60].

7. Conclusion

Most of the industrial proteases used are of microbial origin, especially of bacte-
ria. These enzymes are preferentially selected because of their desired characteristics 
and lower cost. The bioengineering manufacture of microbial proteases is favored as 
they have short generation periods, high yield, ease of genetic desired modification, 
and diverse species available. Future opportunities are high in cutting-edge research 
from the pharmaceutical perspective of the protease gene. By the help via recom-
binant DNA technology, respective genes must have been cloned and sequenced to 
determine the function of enzymes that cause changes in the attributes of protease 
enzymes and enhance enzyme production for their commercial usage. In industries, 
proteases contribute to the high value-added products development, and the same 
way biological catalysts offer advantages over the use of chemical catalysts for numer-
ous reasons, such as high catalytic activity, high specificity, and their availability in 
economically viable quantities.

Conversely, cost associated with the production of proteases from mushrooms or 
basidiomycetes is the major obstacle to their application in industries and pharma-
ceuticals. For that reason, further research studies should have been implemented 
to discover novel low-cost proteases from mushrooms and their application in com-
mercial and industrial sectors. So, a great extent of the study of proteases from the 
mushroom requires further investigations.
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Chapter 3

Cholinesterases and Their Inhibitors
Mesut Işık

Abstract

The main focus of this section is to review the available information on ChEs
(ChEs) and their inhibitors. The ChE enzymes cause damage to the cholinergic system
by hydrolyzing the neurotransmitter acetylcholine (ACh). ChE inhibitors, playing an
important role in the cholinergic system, are used in the treatment of Alzheimer’s
disease (AD) because of their effects on maintaining ACh levels in brain regions and
preventing Aβ accumulation by inhibiting ChE. In this context, it is important to
develop many synthetic and natural origin ChE inhibitors for the treatment of abnor-
malities in the cholinergic system and disorders with neuropsychiatric symptoms. In
this section, firstly, general information about ACh and its synthesis in the cholinergic
system is given, then ChEs and their catalytic properties, their roles in AD, and their
molecular forms are explained. In the following section, the active site of Cantis was
defined. The anti-ChE activity of the developed inhibitors was discussed, and then the
mechanism of their binding to the ChE active site was explained by molecular
docking. In the final section, many types of ChE inhibitors are described and discussed
in detail in this section, and the properties and binding mechanism of these inhibitors
are summarized.

Keywords: Alzheimer’s disease, acetylcholine, acetylcholinesterase,
butyrylcholinesterase, cholinesterase inhibitors, molecular docking

1. Introduction

Acetylcholine (ACh), one of the most important neurotransmitters, is the primary
substrate for cholinesterases (ChEs). First identified in autonomic ganglia, neuro-
muscular junctions, and many synapses in the central nervous system (CNS), the ACh
is also the primary neurotransmitter in preganglionic sympathetic and parasympa-
thetic neurons and in the adrenal medulla. In the CNS, ACh is mainly found in
interneurons and long axon cholinergic pathways [1, 2]. The ACh is formed as a result
of esterification of acetic acid with quaternary ammonium alcohol choline. This ACh
found in cholinergic neurons and other cell types is biosynthesized by the transfer of
acetyl group from acetyl-coenzyme A to choline catalyzed by choline acetyl transfer-
ase (ChAT, EC 2.3.1.6). The synthesis of ACh by ChAT is presented in the following
reaction.

Acetyl� CoAþ Choline !ChAT Acetylcholineþ CoA� SH (1)
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The synthesis of acetyl-CoA, which is the precursor for ACh synthesis from vari-
ous metabolic pathways with carbohydrate, protein, and fat metabolism, has been
reported by many researchers [3].

The cholinergic system is based on ACh, which was first recognized by Loewi in
the 1920s and is widely found in both the peripheral and central nervous systems.
There are two types of receptors in the nervous system and neuromuscular junc-
tions: ACh receptors (muscarinic and nicotinic). The cholinergic receptors are also
known to be expressed in many cells, including immune system and endothelial cells
[4]. The receptors are identified based on their response to specific antagonists and
agonists [5]. Although three types (M1–M3) of muscarinic receptors have been
identified pharmacologically, five types have been reported based on molecular
cloning experiments [6]. Muscarinic receptors are metabotropic and use G proteins
for signal transduction, while nicotinic receptors are ionotropic and use ligand-gated
ion channels for signal transduction [7]. The M1 receptor, one of the muscarinic
receptor types and most common in the cerebral cortex, has its highest concentra-
tions in the anterior olfactory nucleus, cerebral cortex, olfactory tubercle, dentate
gyrus, hippocampus, and nucleus accumbens. The M2 receptor, a presynaptic
autoreceptor that directs cholinergic release, is located in brain regions with
abundant cholinergic neurons [8]. M3 and M4 receptors are located in the mainly
in the olfactory tubercle, diencephalic, striatum, and brainstem regions [9]. Two
types of the nicotinic receptor have also been identified in the CNS. The
receptors are commonly found in the thalamus, substantia nigra, and periaqueductal
gray [6, 10].

2. Cholinesterases

The existence of ChEs, one of the serine hydrolase class enzymes, was first
suggested by Henry Dale in 1914, and research on the subject has been
continuing since the 1930s. Research on the determination of the sequence of
amino acids in the active site of ChEs has been started since the early 1959 [11]. The
ChEs are divided into two groups due to their substrate selectivity to ACh and
butyrylcholine. AcetylChE (AChE, acetylcholine acetyl hydrolase, EC 3.1.1.7) is
known as true ChE, while butyrylChE (BChE, acylcholine acyl hydrolase, EC 3.1.1.8)
is known as pseudoChE, serum ChE, or nonspecific ChE. While AChE inhibits at high
substrate concentrations, BChE is activated. These enzymes also differ from each
other in terms of selective inhibition of enzymes. The enzymes, which show 65%
similarity in their amino acid sequence contents, are encoded in the chromosomes
(7 and 3) [12–14].

The AChE is found in erythrocyte membranes and many tissues such as central
and peripheral tissues, nerve and muscles, motor and sensory fibers, and
noncholinergic and cholinergic fibers [1]. Another enzyme, BChE, is mainly synthe-
sized in the liver and released into the plasma and is known to show high activity in
many tissues [12, 13]. AChE, one of the fastest known enzymes with catalytic activity,
is responsible for the hydrolysis of ACh in cholinergic synapses [11, 14]. Although the
basic physiological function of BChE is not yet fully known, it is important both
pharmacologically and toxicologically due to its ability to break down ester drugs such
as carbamates, aspirin, succinylcholine, cocaine, antidepressant drugs such as sertra-
line, amitriptyline, pesticides, organophosphate, and chemical warfare agents. It has
been reported that the expression of AChE and BChE is increased in many
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pathological conditions such as glioma, lung cancers, meningioma, leukemia, and
ovarian tumors [12, 15].

The ChEs differ in their catalytic activities according to the artificial substrate
preference. Since ACh is the more selective substrate for AChE, it is more hydrolyzed
by AChE than by BChE. As expressed in Table 1, the catalytic activity of the ChEs
may vary depending on the type of substrates [16]. AChE and BChE are responsible
for the hydrolysis of different types of choline esters.

AChE, playing an important role in impulse transmission by hydrolyzing ACh in
the central and peripheral nervous system, catalyzes the hydrolysis of the
neurotransmitter ACh to choline and acetate. BChE is responsible for the hydrolysis of
its more specific substrate (butyrylcholine) to butyrate and choline. Hydrolysis of
ACh/butyrylcholine by the ChEs is presented in the following reaction.

ð2Þ

ð3Þ

The ChE activity method is based on the formation of 5-thio-2-nitrobenzoic acid, a
yellow compound, with 5,5-ditiyobis(2-nitrobenzoik) asit (DTNB) of thiocholine,
which is formed by the hydrolysis of ACh and BCh as substrate. The ChE activities
were determined using the Ellman method. Reaction mixture contains
acetylthiocholine iodide (10 mM) for AChE and butyrylthiocholine iodide (0,5 mM)
for BChE as substrate, 5,5-ditiyobis(2-nitrobenzoik) asit (DTNB, 10 mM), and Tris–
HCl buffer (pH 8, 1 M) [17–19].

Enzyme Substrate Product

AChE Acetyl-β-methyl-thiocholine β-metyl-thiocholine + acetate

AChE Acetyl-β-methyl-choline β-methyl-choline + acetate

AChE > BChE Acetylcholine acetate + choline

AChE > BChE Acetylthiocholine acetate + thiocholine

BChE > AChE Butyrylcholine butyrate + choline

BChE > AChE Butyrylthiocholine butyrate + thiocholine

BChE Succinylcholine succinate + choline

BChE Benzoylcholine benzoiate + choline

Table 1.
Selected substrates and products of AChE and BChE hydrolysis [16].
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2.1 The role of cholinesterases in Alzheimer’s disease

Alzheimer’s disease (AD) is the most common type of dementia seen in the elderly
population. Its etiology is not known exactly. This disease has been expressed as a
neurodegenerative disease characterized by irreversible loss of nerve cells, difficulties
in cholinergic nerve conduction, memory and mental functions, thinking and inter-
pretation, and personality and behavioral disorders. It has been reported that amyloid
β-peptide (Aβ) aggregation, neurofibrillary network formation originating from
hyperphosphorylated tau proteins, oxidative stress, and low ACh levels are effective
in the pathology of AD [20–22]. Some hypotheses have been proposed to explain the
pathogenesis of AD.

Cholinergic hypothesis: It is one of the first hypotheses. In this hypothesis, it is
thought that AD occurs due to the reduction of acetylcholine, an important
neurotransmitter. Degeneration of cholinergic neurons in the basal forebrain of
AD patients, as well as a significant decrease in cholinergic receptors and
choline acetyltransferase (ChAT) levels in the cerebral cortex, was detected.
Although many of the previous treatment approaches are based on this hypothesis,
clinical studies have revealed that treatment strategies to increase ACh levels
provide only symptomatic relief but are not effective in the development and
treatment of the disease [23, 24]. However, there is evidence that the use of
ChE inhibitors in new approaches based on this hypothesis may affect Aβ
aggregation [25].

Amyloid cascade hypothesis: The hypothesis proposed in 1991 reports that
Aβ deposits are the primary factor in AD. In AD, there is a series of
neurodegenerative events triggered by the production, aggregation, storage,
and toxicity of derivatives that occur after the production of amyloid precursor
protein (APP) in the brain [26], and this study has been supported by
molecular genetic, neuropathological, and biochemical studies. In this hypothesis, it
is suggested that Aβ proteins, which accumulate in certain parts of the brain and
form insoluble fibrils, later damage nerve cells by forming senile plaques; these
cells break their connections with each other and reduce the amount of
neurotransmitters [27].

Dysfunction of cholinergic neurotransmission in the brain causes an increase in
AD symptoms. In the brain, choline-ester-based neurotransmitters are catalyzed by
ChEs such as AChE and BChE. Therefore, ACh level decreases in the perisynaptic
region of AD. Inhibition of AChE to prevent this reduction in ACh level is
considered an important therapeutic target for the disease. The role of BChE in the
progression of AD has been stated, and inhibition of BChE gains importance for
treatment purposes. In addition, the presence of two types of the ChEs was detected
between neuritic plaques and neurofibrillary tangles in AD brain. Thus, it has
been suggested that both AChE and BChE may be involved in the formation of
aggregates of the Aβ peptide in the AD brain [28]. Toxicity in AD brains varies
depending on the amount of AChE and BChE, which have the potential to form
complexes with Aβ aggregates [29, 30]. Depending on the disease, changes are
seen in the amounts of AChE forms. The tetrameric form of AChE (G4), which
predominates in the healthy brain, decreased at the onset of AD, while its mono-
meric and dimeric forms (G1 and G2) remained unchanged. In addition, studies
have reported that the level of G1 and G2 forms is elevated in the plasma of AD
patients [28, 31, 32].
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2.2 Molecular forms of cholinesterases

The ChEs exist as amphiphilic or soluble molecular forms in tissues and body fluids
[1, 12]. Monomeric, dimeric, and tetrameric molecular forms of ChE arise from the
posttranslational modification of the expressed protein. The soluble monomeric and
tetrameric membrane-bound forms are the predominant enzyme species in humans
[10, 33] The forms are summarized below:

Amphiphilic dimers (Type 1): The dimeric form of AChE covalently bound to the
membrane by a glycophosphatidylinositol extension, soluble only by detergents and
aggregates in the absence of detergent. This form is found in erythrocytes, muscle,
and lymphocytes of mammals.

Amphiphilic monomers and dimers (Type 2): Unlike Type 1, the form does not
contain glycolipids anchor, does not aggregate in the absence of detergent, and can
only be dissolved in salt solutions. The forms of the ChEs are frequently encountered
in the muscle, brain, and intestine.

Hydrophobic-tailed tetramers (Type 3): This form of AChE, hydrophobically
attached to the plasma membrane by a 20 kDa polypeptide anchor, is widely found in
the CNS of mammals.

Collagen-like tailed or asymmetrical forms (Type 4): These forms can be identified by
the presence of a collagen-like tail that allows them to attach to the basal lamina. This
tail consists of collagen 3 helical subunits, each associated with a ChE tetramer. It finds
it more common for AChE rather than BChE in neuromuscular junctions.

Soluble tetrameric form (G4): This form consists of four identical monomers and is
stabilized by the interactions of hydrophobic amino acids at the C-terminus of the
monomers. These forms are common in mammalian body fluids and soluble fractions
of tissue homogenates. The form of ChE in the mammalian brain, mammalian body
fluids, and soluble fractions of tissue homogenates is the tetrameric form (G4) [1].

2.3 Active site of cholinesterases

Homo sapiens AChE belonging to the serine hydrolases is known to have a very high
catalytic activity, with each molecule of AChE degrading about 25,000 molecules of
ACh per second [34, 35]. The enzyme’s active site contains the esteratic subsite and
anionic subsite in catalytic center. There is a glutamate residue in the anionic region
and a serine residue with a functional -OH group in the esteratic region (ES) and an
imidazole ring. In addition to the ES, there is an acyl region and a choline-binding
subsite at the catalytic active site (CAS) [34, 36]. The enzyme also contains the
peripheral anionic site (PAS). The sites serve as sites for binding AChE and other
quaternary ligands and involved in substrate-based inhibition [37]. The anionic site
contains many amino acid residues such as Phe 330, Trp 84, and Tyr 121 for the
electric eel AChE or Phe 338, Trp 86, and Tyr 337 for murine AChE. The PAS,
localized on the AChE surface around the cavity entrance, was recognized as a target
for multiple AChE activity modulators. Asp70 and Tyr332 residues in the PAS are
involved in the binding of positively charged substrate/ligands and in the activity
control of the enzyme. The site contains the most significant amino acids residues
such as Asp 72, Tyr 121, Tyr 70, Trp 279, and Tyr 334 [16].

How the substrate binds to the active site of AChE (PDB code: 4EY5) via different
types of amino acid residues is predicted by molecular docking. The quaternary
nitrogen in the ACh interacts with the anionic site formed by the amino acid
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tryptophan (Trp), and through the aspartic acid and tyrosine located at the entrance
of the active center, the substrates are directed to interact with the active center [38].
The molecular docking results show that ACh has Pi-cation interaction with Tyr337
and Trp86 in the active site of human AChE. In addition, nitrogen in the ACh formed
a salt bridge with Glu202 (Figure 1). The AChE is composed of a hydrophobic cloud
with Ala203, Hıs447, Gly120-Gly122, Gly448,Tyr133, Tyr124, and Phe297.

3. Molecular docking

Molecular docking has gained importance with the increase in studies on drug
development and design. Such studies have gained momentum with the creation of
protein data banks. Molecular docking is a computer-generated tool for finding the
optimal configuration and energy between the two if the protein and ligand structures
are known. The basis of the method is to identify possible conformational states

Figure 1.
2D and 3D interaction diagrams of ACh in the active site of human AChE (PDB ID: 4EY5).
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between the protein-ligand complex and to choose the complex with the lowest free
energy. There are many applications such as Schrodinger, AutoDock, DOCK, and
MolDock developed to simulate interactions (hydrogen bonding, hydrophobic interac-
tions, Van der Waals) between two or more molecules [39]. Computational docking of
test ligands to predict binding sites to the ChE active site becomes one approach to
predict potential inhibitors against the target [40]. The docking studies were carried out
using the GLIDE software [41].

Previous studies reported interactions with the AChE amino acid residues with
various antipsychotic drugs. Recent studies reported interactions with critical residues
such as Leu288, Ser292, Thr237, Val238, Gln368, Pi-cation interaction with Arg295, Pi-
alkyl and alkyl interactions with Pro289, Val299, Pro367, 234 of AChE [42, 43]
Donepezil and Pimozide ligands showed the lowest energy and the best favorable
interactions. The Galanthamine (�7.3 kcal/mol) and Risvagtimine (�7.95 kcal/mol)
showed higher binding energies than Donepezil (�8.5 kcal/mol) ligands [44].

In addition, in another study, binding free energy analysis was performed to
understand that some drugs are potential candidates. It is a more suitable drug candi-
date with lower binding energies. Brexpiprazole and pimavanserin have binding free
energies of �212.690 kcal/mol and � 108.626 kcal/mol, respectively, whereas
Donepezil has binding energy of �180.517. The values, providing the highest contri-
bution in terms of energy, are obtained from Van DerWaals forces. With significantly
lower binding energy, these results indicate that Brexipyrazole with lower binding
energy binds to the active site and other binding pockets in the protein with higher
affinity than Donepezil and Pimavanserin [13]. In the study, it was stated that refer-
ence tacrine has higher binding affinity to AChE than to the natural substrate ACh
[40]. In the present study, the tacrine was predicted to interact with AChE-binding
site residues Trp84, Phe330, Tyr334, Ile 439, Trp432, Tyr442, and Gly441.The
molecular docking results show that tacrine has Pi-stacking interaction with Phe 330
and Trp84 in the active site of human AChE. In addition, the AChE is composed of a
hydrophobic cloud with Tyr334, Ile 439, Trp432, Tyr442, and Gly441 (Figure 2).

4. Cholinesterase inhibitors

ChE inhibitors constitute a wide group of compounds with different physicochemi-
cal properties, including drugs used in the treatment of many diseases, natural toxins,
pesticides, and chemical warfare agents. The ChEs, which play an important role in the
hydrolysis of pesticides, are also of great importance in food and agriculture research.
Specific AChE inhibitors play an important role in the regulation of ACh metabolism
due to the physiological importance of AChE, especially in the brain and blood. Since
ACh is a more selective substrate for AChE, it takes a more active role in this metabo-
lism than BChE. Specific BChE inhibitors such as tetraisopropyl pyrophosphoramide
(iso-OMPA) are mainly of diagnostic importance [45, 46]. AChE inhibitors, one of the
ChE inhibitors used in the treatment of many diseases, are more widely known than
BChE. Drugs that suppress the development of AD through action on the cholinergic
system are predominantly selective inhibitors of AChE. It is stated that these inhibitors
also suppress Aβ aggregate formation and oxidative stress. Selective inhibitors of BChE
for this disease have also been investigated as potential drugs for AD, but to a much
lesser extent than AChE [47–50]. Inhibition of AChE also plays an important role in
nerve agent toxicology. However, BChE can sometimes replace AChE temporarily
inhibited by these agents and slowly hydrolyze accumulated ACh [51].
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Compounds with AChE inhibitory potential can be divided into three main groups
as follows [52]:

1.Compounds binding at the active site interact with either anionic site
(e.g., tacrine) or esteratic (e.g., nerve agents).

2.Compounds interacting with the aromatic gorge (e.g., decamethonium).

3.Compounds bound at the PAS (e.g., propidium, huperzine).

In vitro inhibition studies: The inhibition effects of compounds against AChE are
determined with at least five different inhibitor concentrations. The IC50 values of the
compounds are calculated from activity (%)-[compound] graphs for each compound.
The inhibition types and KI constants are found by Lineweaver and Burk’s curves
according to previous works [53–55].

Figure 2.
2D and 3D interaction diagrams of tacrine in the active site of human AChE (PDB ID: 4EY5, Schrodinger 2017).
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4.1 ChE inhibitors with therapeutic potential

Many compounds such as donepezil, galantamine, metrifonate, physostigmine,
rivastigmine and tacrine, and memantine have been developed as ChE inhibitors. ChE
inhibitors, having a regulatory effect on ACh metabolism, have been developed for
the treatment of many diseases. For example, donepezil, galantamine, rivastigmine,
tacrine, and memantine are drugs used in the treatment of AD [56]. However, the
efficacy of these drugs is limited, and they are known to have various dose-related side
effects, especially at higher doses. Galantamine and donepezil have AChE inhibitory
potential [57, 58], whereas rivastigmine has a reversible inhibitory effect for both
AChE and BChE. In particular, donepezil is a highly selective inhibitor for AChE
rather than BChE. In a study, the inhibitory potentials (IC50 values) of donepezil,
physostigmine, tacrine, and rivastigmine for AChE were found to be 6.7, 0.67, 77, and
4.3 nM, respectively [58].

Donepezil: Donepezil is a drug approved for the mild to moderate treatment of AD
(Figure 3A). However, donepezil has many side effects such as muscle weakness loss
of appetite, diarrhea, muscle cramps, nausea, and insomnia. In addition, when high

Figure 3.
The molecular structures of ChE inhibitors such as donepezil (a), galantamine (B), metrifonate (C),
physostigmine (D), rivastigmine (E), and tacrine (F).
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doses of the drug are given to patients, many symptoms such as muscle weakness, low
blood pressure, severe nausea, severe vomiting, and respiratory problems occur [59].
In addition to being a selective inhibitor of ChE, donepezil may have multiple mech-
anisms of action. They act at molecular and cellular levels in many pathways, includ-
ing inhibition of various aspects of glutamate-induced excitotoxicity, stimulation of
the neuroprotective isoform of AChE and reduction of oxidative-stress-dependent
effects, and in the pathogenesis of AD [60]. The donepezil has a molecular structure
that causes simultaneous inhibition by binding to the active and PAS of AChE. How-
ever, it has been stated that it does not interact directly with the catalytic triad or the
oxyanion hole [61].

Galantamine: Galantamine, one of the alkaloid groups, is found in many plants and
has been used as a medicine for decades in Russia and Eastern European countries for
many purposes such as the treatment of myasthenia, myopathy, and CNS-related
sensory and motor defects. The galantamine has the appropriate molecular structure
to bind to nicotinic receptors in the cholinergic system (Figure 3B). As its effective-
ness against ChE was revealed in the 1950s, it started to be used in the treatment of
various neurological diseases [56]. It was approved for use after it was found to be
effective in the treatment of cognitive and many symptoms related to AD. However, it
also has many side effects such as severe nausea, convulsions, vomiting, stomach
cramps, irregular breathing, and muscle weakness.

Metrifonate: Metrophonate, a prodrug of dichlorvos (2,2-dichlorovinyl dimethyl
phosphate), is an irreversible AChE inhibitor with biphasic action (Figure 3C).
Initially, it interacts competitively with the enzyme and then turns into a
noncompetitive type of inhibition by phosphorylation of the enzyme esteratic site. In
other words, metrifonate from the organophosphate group interacts with the esteratic
site of the enzyme (Table 2). Having close inhibition effects on both AChE and BChE,
metrifonate can be defined as a pseudo-irreversible ChE inhibitor [62].

Physostigmine: Physostigmine (also known as Eserine) with AChE inhibitory effect
is one of the compounds first isolated from Calabar bean in 1864. Although this
compound is able to cross the blood–brain barrier (BBB), its use is limited due to its
short half-life and many side effects such as stomach cramps, diarrhea, increased
saliva production, and excessive sweating. Therefore, physostigmine is not
approved for the treatment of AD. Physostigmine from the organophosphate group
has a molecular structure to interact with the ES of the enzyme (Figure 3D). Based on
this structure, many of its derivatives have been designed and synthesized. Among the
derivatives, eseroline, tolserine, and phenserine have ChE inhibitory potential
[56, 63].

Inhibitors Class Enzyme Enzymatic active site

Donepezil Piperidine BChE > AChE Anionic

Galantamine Phenanthrene
alkaloid

AChE > BChE —

Metrifonate Organophosphate BChE > AChE Esteratic

Physostigmine Carbamate BChE > AChE Esteratic

Rivastigmine Carbamate AChE > BChE Esteratic

Tacrine Acridine BChE > AChE Anionic

Table 2.
Pharmacological properties of some selective ChE inhibitors [10].
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Rivastigmine: Rivastigmine has been used for the treatment of moderate AD and
dementia associated with Parkinson’s disease [64]. Although it is stated that
rivastigmine may exert its pharmacological effect through the cholinergic system, its
mechanism of action has still not been clarified. Rivastigmine binds reversibly to both
AChE and BChE and can cause inhibition. Also, rivastigmine is a carbamate class
compound that is converted to various phenolic derivatives that are rapidly excreted
from the body. The compound has the potential to bind with high affinity to the ES of
AChE during ACh hydrolysis [56, 65], and has the appropriate molecular structure to
bind to ChE in the cholinergic system (Figure 3E). The rivastigmine can cause many
side effects such as weight loss, diarrhea, stomach pain, and loss of appetite, and in
overdose, it can cause numerous symptoms such as irregular heartbeat and chest
pain [66].

Tacrine: Tacrine, synthesized in the 1930s, was first used as a muscle relaxant
antagonist and respiratory stimulant, moreover, due to its therapeutic effect on the
cholinergic system in AD patients, and was approved by the FDA in 1993. The amine
group of tacrine, whose molecular structure is presented in Figure 3F, interacts with
amino acid residues Phe330 and Trp84 located in the “anionic region” of AChE
(Table 2). As a result of the interaction, it has been stated that it is an effective
inhibitor developed for the ChEs [67]. However, the use of tacrine has been limited
due to liver toxicity, short half-life, and many side effects such as loss of appetite,
nausea, vomiting, and diarrhea [56, 68].

4.2 Naturally derived inhibitors

ChE inhibitors used in the treatment of Alzheimer’s, Parkinson’s, and many dis-
eases have short half-lives and many side effects. For this reason, there has been an
increased interest in studies on the determination of natural origin inhibitors.
Although these types of compounds have less ChE inhibitory activity than synthetics,
they have much less side effects due to their natural origin.

Phenolic compounds: A number of flavonoid compounds, which have free radical
scavenging properties and important roles in the prevention of oxidative stress, are
natural ChE inhibitors in vitro. Galangin, a flavonol group from Alpiniae officinarum,
showed a strong inhibitory effect against AChE [69]. Many studies have reported that
phenolic compounds, reducing oxidative stress due to antioxidant properties, have
inhibitory effects on AChE. The inhibitory effect on the AChE of phenolic compounds
strongly depends on the structure of a particular compound, especially the position
and/or number of the C=O and OH groups [70]. Chlorogenic acid has an inhibition
effect on AChE in the hippocampus and frontal cortex (IC50: 98.17 μg/ml). In vitro,
caffeic acid has an activation effect in the cerebral cortex, cerebellum, hypothalamus,
whole blood, and lymphocytes, while it has an inhibition effect at the concentrations
of 0.5, 1.0, 1.5, and 2 mM in the muscles [71]. Hydroquinone, chlorogenic acid, and
4-hydroxybenzoic acid have inhibitory potential against the AChE with IC50 and KI

values in the range of 0.26 � 0.01–36.34 � 2.72 mM and 0.72 � 0.00–
29.23 � 2.62 mM, respectively. The effectiveness of the compounds has been associ-
ated with its structure [49]. Consequently, as phenolic compounds have both AChE
inhibitory effect and antioxidant properties, they can be considered as alternative
drugs in the treatment of AD.

Cardanol: In 2009, various non-isoprenoid phenolic lipids obtained from
Anacardium occidentale were investigated for their inhibitory activity against AChE.
In particular, cardanol, a phenolic lipid, has shown promising results [56]. In one
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study, a novel series of cardanol derivatives was designed as AChE inhibitors and
tested for their inhibitory effects against ChEs. The derivatives showed the highest
inhibitory activity against AChE, with IC50 of 6.6 μM [72].

Huperzine (Hup): Hup, obtained from the Huperzia serrata, is available in two
types, Hup-A and Hup-B (Figure 4A and B, respectively). Hup-A is used in the
treatment of AD and age-related memory loss and in improving cognitive functions
by regulating ACh level. It is more effective than tacrine, galantamine, and
rivastigmine and is a highly selective and potent inhibitor of AChE. However, it is less
active against BChE compared with AChE. Many hybrids of Hup-A also have an AChE
inhibitory effect [56, 73].

4.3 Synthetic analogs

In order to prevent or reduce the side effects and toxicity of ChE inhibitors, which
are known to be used as drugs, their synthetic analogs have been developed as ChE
inhibitors [74]. However, the main problem of synthetic analogs is their inability to
penetrate the blood–brain barrier (BBB), and their inhibitory effect may be lower
compared with reference inhibitors [75]. The derivatives of tacrine have shown
improved AChE-inhibitory activities compared with the tacrine used as drug [76].
Various analog compounds were synthesized and tested by Ali et al. in 2009. Most of
them showed moderate AChE-inhibitory effects. Ali et al. suggested that the presence
of methoxy groups on the phenyl ring significantly improved the inhibition of AChE
[75]. Sulfonamide compounds, which have a wide range of biological applications
such as antimicrobial, antiviral, diuretic, and anticancer agents, are found as active
ingredients in many drugs. In recent years, many studies have been carried out on the
design and synthesis of sulfonamide-derived compounds with ChE inhibitory poten-
tial. Many of the compounds have been reported to be selective inhibitors for AChE
and BChE [19, 77–80].

5. Conclusions

In conclusion, many synthetic and natural ChE inhibitors have been discovered
recently. Due to the side effects of ChE inhibitors used in the treatment of many
neurodegenerative diseases such as AD, studies conducted within the scope of the
discovery and design of alternative inhibitors have gained importance. Although the

Figure 4.
The molecular structures of Hup-A and Hup-B.
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side effects of natural origin inhibitors are much less than those of synthetic com-
pounds, their effect is low. In some studies, derivatives of known inhibitors have been
synthesized to increase the effectiveness of inhibitors and reduce their toxicity. The
binding affinities of these derivatives to the enzyme active site vary depending on the
structure. Therefore, the design of targeted inhibitors suitable for the enzyme active
site by molecular docking method sheds light on the development of alternative drugs
for treatment. The design of compounds with the ChE inhibitor potential by
molecular docking method provides a significant advantage in terms of financial and
workload since ineffective syntheses are not made.
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Appendices and nomenclature

AD Alzheimer disease
ACh acetylcholine
AChE acetylcholinesterase
Aβ beta‐amyloid
BBB blood-brain-barrier
BChE butyrylcholinesterase
CAS catalytic active site
CNS central nervous system
ChE cholinesterases
ChAT choline acetyl transferase
DTNB 5,5-ditiyobis(2-nitrobenzoik) asit
ES esteratic region
iso-OMPA tetraisopropyl pyrophosphoramide
PAS peripheral anionic site
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Abstract

Serine proteases are considered the main class of protein digestive enzymes 
present in the midgut of many lepidopteran species and are the focus of the review 
in this chapter. Among them, trypsin and chymotrypsin are the most studied and 
participate in a great diversity of physiological processes that include, in addition 
to digestion, activation of specific proteins, such as in the coagulation cascades, 
in the immune system of insects and plants, in the development and production 
of biologically active peptides, in signal transduction, hormone activation, and 
development. In this chapter, a review was made of the structural characteristics 
of trypsins, specifically of Lepidoptera insects, main experimental and theoretical 
techniques for the study of their function and structure, and interaction with other 
proteins and ligands as protease inhibitors. Finally, it was described how this type 
of hydrolases can be a focus of inhibition in pests to the detriment of the develop-
ment and death of the target insect. Until now, the main strategies of agricultural 
crop management, especially of large crops, consist of the use of inorganic pesti-
cides and transgenic cultivars containing Bacillus thuringiensis toxins. Therefore, 
new and ecologically friendly strategies are necessary, such as the use of protease 
inhibitors.

Keywords: 3D structure of trypsin, catalytic triad, inhibitor protein, larvae, pest

1. Introduction

Enzymes have extraordinary catalytic power, often greater than synthetic or 
inorganic catalysts. They have a high degree of specificity for their respective substrates, 
accelerate chemical reactions, and act in aqueous solutions under mild temperature 
and pH conditions. Few non-biological catalysts have this set of properties. Except for 
a small group of catalytic RNA molecules, all enzymes are proteins. Enzymes are at the 
heart of every biochemical process. Acting in organized sequences, they catalyze each 
of the reactions of the hundreds of steps that degrade nutrient molecules, that conserve 
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and transform chemical energy, and that build biological macromolecules from  
elementary precursors [1, 2].

One type of enzyme is the proteases or peptidases, molecules that promote cleavage 
through the hydrolysis of peptide bonds present in proteins and polypeptides, trans-
forming them into a smaller amino acid or polypeptide residues [3]. The term protease 
appeared in the German literature of physiological chemistry in the latter part of the 
nineteenth century about proteolytic enzymes and was used as a general term embrac-
ing all the hydrolases that act on proteins or further degrade the fragments of them [4].

Proteolytic cleavage of peptide bonds is one of the most frequent and important 
enzymatic modifications of proteins. Historically, enzymatic proteolysis has generally 
been associated with protein digestion and early drew the attention of physiologists and 
biochemists who were interested in the process of protein digestion in animals and 
humans [5]. Hence, the digestive proteases of the pancreatic and gastric secretions 
are among the best-characterized enzymes, and the current knowledge of protein 
structure and enzyme function has been derived from a study of these proteases. 
Investigations of the kinetics, specificity, and inhibition, together with detailed analy-
ses of their amino acid sequence and X-ray structure, have led to the identification of 
the components and geometry of their active sites, and from these, the mechanism 
of action of these digestive proteases was deduced [6]. As a result, it became evident 
that proteases can be classified into families, members of each family having similar 
structures and mechanisms of action.

Proteases are classified according to the Enzyme Commission of the International 
Union of Biochemistry and Molecular Biology (IUBMB) within group 3 (hydrolases), 
subgroup 4. They are also classified based on three criteria: (1) type of reaction 
catalyzed, (2) chemical nature of the catalytic site, and (3) evolutionary relationship 
according to structure [7].

Proteases are subdivided into two main groups, the exopeptidases, and the endo-
peptidases, depending on their site of action. The exopeptidases cleave peptide bonds 
close to the amino or carboxy-terminal group in the substrate, while endopeptidases 
cleave peptide bonds far from the terminal group of the protein substrate [5, 8].

Insect digestive proteases are classified based on the functional group present in 
the active site into serine, cysteine, aspartyl, and metalloproteases [5, 8, 9]. Serine 
proteases have a serine residue at their active center, while aspartyl proteases have 
two aspartic acid units at their catalytic center. Cysteine-proteases have an amino 
acid cysteine, and metalloproteases have a metal ion in their catalytic mechanism [8]. 
Some insects often have multiple digestive proteases in their intestinal tract, belong-
ing to different or the same mechanic group, although they usually use one principal 
type in their digestive function [10, 11].

Serine proteases are considered the main class of digestive protein enzymes pres-
ent in the midgut of many lepidopteran species [9] and are the review focus in this 
chapter. Among them, trypsin and chymotrypsin are the most studied and participate 
in a great diversity of physiological processes that include, in addition to digestion, 
activation of specific proteins, such as in the coagulation cascades, in the immune 
system of insects and plants, in the development and production of biologically active 
peptides, in signal transduction, hormone activation, and development [12–14].

Serine proteases belong to the largest gene families in the animal kingdom, are 
widely distributed in nature, and are found in all assemblies of cellular life, as well as in 
several viral genomes, indicating vital participation in the metabolism of these organ-
isms [14]. In insects, a study with Helicoverpa armigera demonstrated the existence of 
at least 28 different genes belonging to the serine-proteases family whose products are 
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expressed in the gut [15]; Furthermore, a proteomic analysis of the gut of the soybean 
pest Anticarsia gemmatalis where proteases were characterized by LC/MS, 54 expressed 
antigens were found for gut protease, suggesting multiple important isoforms involved 
in the digestion process and other functions in the larval gut [16].

In Ref. [8] it is described that serine proteases are generally active at neutral and 
alkaline pH, with a pH optimum between 7.0 and 11.0. They have broad specificity, 
including amidase and esterase activities. The molecular mass of serine proteases 
is generally in the range of 18–35 kDa [17, 18]. However, several organisms have 
serine proteases with higher molecular masses, such as Melolontha melolontha 
(Coleoptera: εelolonthidae), whose molecular mass for two trypsin-like enzymes is 
56 and 63 kDa [19]. The isoelectric point of serine proteases is generally in the pH 
range 4.0 and 6.0 [16, 20].

The catalytic function of serine proteases is realized through the action of the 
catalytic triad (Serine 195 reactive, Histidine 57, and Aspartic acid 102 to trypsin 
bovine). The degree and type of substrate specificity are determined by the nature 
of the active center region [21]. When residues in the catalytic triad are altered, 
separately or together, large changes in the enzyme turnover rate (Kcat) occur, 
changing the enzyme mechanism, with little effect on KM. The residues of the triad 
act in perfect synergism and contribute to an optimized catalytic activity [22]. Serine 
proteases generally act in a two-step hydrolysis reaction, where a covalently linked 
intermediate, acyl-enzyme, is formed.

This acylation is followed by the deacylation, a process in which a water-mediated 
nucleophilic attack occurs, resulting in hydrolysis of the peptide. The nucleophilic 
attack of the hydroxyl group of the serine residue 195 on the carboxylic carbon atom 
of the peptide bond, catalyzed by the histidine residue, which acts as a base, leads to 
the formation of a tetrahedral intermediate and an imidazole ion. The intermediate 
decomposes via acid-base catalysis by the action of the polarized groups of aspartate 
and histidine into an acyl-enzyme intermediate, an imidazole base, and an amine. 
This mechanism involves close contact between the tetrahedral intermediate and the 
imidazole ion, which inhibits proton release to the solvent medium before acid-base 
catalysis, regenerating the active enzyme and releasing the degradation product 
[24]. Each step occurs through the formation of a tetrahedral intermediate, whose 
structure resembles a high-energy transition state in both reactions. This mechanism 
is capable of accelerating the speed of peptide bond hydrolysis more than 109-fold 
compared with the uncatalyzed reaction [14, 23–25].

The ratio between the speed of acylation and deacylation depends on the type of 
substrate used. For an amide substrate, the velocity of acylation is slower than for 
deacylation, and for an ester substrate, can be one to three times faster. Therefore, in 
the amidase activity, the acylation step is slow and deacylation fast, while in esterase 
enzymes the acylation step is fast and the deacylation step is slow, and the slow step is 
the limiting step in hydrolysis [26].

2. Trypsin-like enzymes in insects

The occurrence of different digestive enzymes in the insect alimentary canal is 
usually associated with the chemical composition of the ingested diet. However, the 
theory of dietary adaptation should not disregard phylogenetic aspects in determining 
the type (not quantity) of enzymes present in the insect gut. The possibility that 
insects possess a wide variety of digestive enzymes, whose relative amounts present 
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may change in response to diet, is considered. This change could occur during an 
individual’s feeding or result from the adaptation of a taxonomic group of insects to a 
particular diet, resulting in the presence of enzymes whose activities are permanently 
greater than others [27].

In Ref. [28] it was demonstrated that the intestinal proteolytic profile changes 
during larval development of Anticarsia gemmatalis caterpillars, the activity of 
cysteine proteases is more intense in the first instar. On the contrary, the serine 
proteases showed major activities in the late stages of the larval phase. Furthermore, 
Zymogram analysis and protein identification by liquid chromatography–mass 
spectrometry indicated serine protease as the main protease class expressed in the 
fifth instar.

Protein digestion in lepidopterans is performed mainly by serine proteases, the 
increase in the structural and functional diversity of genes that code for this sub-
subclass can be attributed to the insect’s response machinery to circumvent of prote-
ase inhibitors (PIs). Therefore, these constitutively expressed proteins represent an 
adaptive advantage [16].

Trypsins (EC 3.4.21.4) are serine proteases and are considered the most impor-
tant digestive proteases of most insects. Trypsins are involved in the initial phase of 
protein digestion and are characterized by containing a catalytic triad consisting of 
the amino acid residues Hys, Asp, and Ser; in A. gemmatalis trypsin are Ser 229, Hys 
85, and Asp 132 [16, 29, 30].

Every trypsin-like serine protease has a preference for substrates with a basic resi-
due at P1, Lys, or Arg. This is mainly caused by the presence of a negatively charged 
Asp 189 at the bottom of the S1 pocket (numbering used in chymotrypsinogen). The 
architecture of the S1 site among these proteases is highly conserved. A striking dif-
ference is found at position 190, which can be an Ser or Ala, and serves as an identifi-
cation point for subfamilies [31]. The nomenclature for substrate amino acid residues 
is Pn, …, P2, P1, P1′, P2′, …, Pn′, where P1-P1’ denotes the hydrolyzed bond. Sn, …, 
S2, S1, S1′, S2′, …, Sn′ denotes the corresponding binding subsites of the enzyme [22].

Insect trypsins have similar primary specificity; except Lepidoptera, these 
proteases hydrolyze more efficiently substrates containing Arg than Lys at the P1 
position [32, 33]. Lepidopteran trypsins have higher specificity for Lys-containing 
substrates than for Arg-containing substrates. Protease inhibitors produced by 
plants present a region known as the reactive site, which interacts with its target 
enzyme. The sequence alignment of several plant protease inhibitors indicated that 
the reactive sites of most of these inhibitors have a Lys residue at the P1 position 
[32]. The presence of a Lys at the P1 site in the reactive site is a survival strategy, as 
these inhibitors would act by inhibiting the trypsins of most insects that preferen-
tially hydrolyze Arg at this position [30, 34].

Trypsins isolated from the midgut of various insects typically exhibit molecular 
mass between 20 and 35 kDa and optimal activity at alkaline pH [17, 18]. Trypsins 
from lepidopterans typically exhibit higher pH optimum corresponding to the high 
pH value of the midgut contents. Most lepidopteran serine proteinases sequences do 
not contain lysine residues. The lysine residue at position 188 is conserved in mam-
malian and dipteran trypsins. However, in Lepidoptera, this residue is replaced by 
arginine. It has been suggested that this substitution is a necessary adaptation for the 
stability of the enzyme in the gut of these insects, where the pH value is very high, 
associated with the need for the digestive enzymes to remain protonated [15, 35]; 
However, the presence of lysine in the sequence of the digestive trypsins of Sesamia 
nonagroides and Helicoverpa armigera has already been described [36].
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Although the primary specificity of trypsins from most insects is similar to that 
of vertebrates, and they show sequence homology in the catalytic site region, their 
properties contrast in several respects. Insect trypsins, in most cases, are unstable 
at acidic pH, exhibit different sensitivities to inhibitors, and typically contain fewer 
cysteine pairs in their sequences than do vertebrate trypsins [37].

In vertebrates, calcium prevents the aggregation of enzyme molecules, protecting it 
from autolysis and denaturation by heat, inducing a conformational change in its struc-
ture to a more compact form, which is necessary for catalytic activity [38]. According to 
the literature, insect trypsins are not influenced in their tryptic activity by calcium ions, 
which has been demonstrated in several studies on serine proteases from various insects 
such as Spodoptera litura (Lepidoptera) [39], in Helicoverpa armigera (Lepidoptera) 
[40]; soluble and membrane trypsin-like proteins of Musca domestica (Diptera) [41]; 
trypsin of Spodoptera littoralis (Lepidoptera) [42], and in Ref. [11] Pilon and coworkers 
analyzed the trypsins of A. gemmatalis (Lepidoptera), verifying that trypsins found in 
these insects are not stabilized or activated by calcium ions.

The autolysis of insect trypsins typically differs from that of mammalian trypsins. 
The stabilization of mammalian trypsins depends on calcium binding to the binding 
motif in their structure; this motif is not present in the sequences of insect trypsins. 
The autocatalytic sites in mammalian trypsins (Lys 61-Ser 62, Arg 117-Val 118, 
and Lys 145-Ser 146) are not conserved in insects, having their cleavage sites [33]. 
However, several authors found that the trypsins of the studied insects suffered a 
drop in tryptic activity on the substrate BApNA in the presence of EDTA, a result that 
led the authors to suggest that calcium maybe, in some way, acting on the enzymes of 
these insects [19, 43, 44].

The processing and secretion mechanisms of insect trypsins also appear to include 
aspects that differ from other animals. There is evidence that the soluble form of 
insect trypsin is derived from a membrane-bound form [45]. The presence of trypsin 
in the soluble form whose kinetic and physical properties were identical to the micro-
villar membrane-associated form in M. domestica [46] led the authors to propose a 
mechanism of trypsin secretion, where trypsin is synthesized in the midgut cells of 
insects in the active form but associated with the vesicle membrane, which will be 
processed in the microvilli becoming soluble before being secreted [45].

Through immunolocalization studies, trypsins also were detected in more than one 
form in the gut of Spodoptera frugiperda (Lepidoptera) [47]. Trypsins were observed 
associated with the microvillar membrane of midgut cells, the membrane of secretory 
vesicles, and within the microvilli. A secretion model was proposed, where trypsin is 
synthesized bound to the membrane via a hydrophobic anchor peptide. Subsequently, 
the enzyme would be processed in the Golgi complex and transported in secretory 
vesicles. These vesicles migrate through the microvilli and either before or after fusing 
with the microvillar membrane are released into the intestinal lumen in the form of 
double- or single-membrane vesicles, respectively. The double-membrane vesicles fuse 
to form a single membrane. The trypsin present on the luminal surface of these vesicles 
is then solubilized by limited proteolysis or by the dissolution of the vesicles due to the 
highly alkaline pH of the midgut contents. Remnant membranes, with some trypsin 
bound, are finally incorporated into the peritrophic membrane [48].

In A. gemmatalis, a study provided evidence of the presence of membrane-bound 
trypsin-like proteases in midgut preparations of the velvet bean caterpillar, a key soy-
bean pest in warm climates, and the likely occurrence of members of other protease 
families [43]. The detection of proteolytic activity in the insoluble fraction from the 
midgut of A. gemmatalis, after treatment with Triton X-100 and centrifugation at 
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100,000 g, indicates the occurrence of membrane-bound proteases that may be least 
partially transferred to the peritrophic membrane [43].

3.  Methodologies and techniques for the study of digestives trypsin-like 
enzyme of lepidoptera larvae

3.1 In vitro

3.1.1 Gel-filtration chromatography

Gel-filtration chromatography is performed on a Superose 12 HR10/30 column 
(10 mm × 30 cm) in an FPLC system equilibrated with 0.1 M Tris-HCl pH 7.5 and 0.1 M 
NaCl. A flow rate of 0.5 mL/min is used and fractions of 1.5 mL, collected in each tube, 
and before collection, 1.5 M Phomic acid is added to keep the collected samples at 
pH 3.0. The sample applied to the gel-filtration column is the enzyme extract obtained 
from the intestines of the insect larvae. The enzymatic activity of each fraction collected 
in the chromatographs is monitored using L-BApNA as substrate. For calibration of the 
Superose 12 HR10/30 column, the following molecular mass standards are used: Blue 
Dextran (2 × 106 Da), amylase (205,000 Da), alcohol dehydrogenase (150,000 Da), 
BSA (66,000 Da), ovalbumin (45,000 Da), chymotrypsinogen (25,000 Da), cyto-
chrome C (12,327 Da), aprotinin (6500 Da), which are applied to the column; and the 
retention time and Kav obtained for each standard applied, through these data, it is 
possible to calculate the molecular mass ranges of the samples of interest.

3.1.2 Ion exchange chromatography

The samples after gel-filtration chromatography are dialyzed, in membranes 
with a cutoff of 12,000–14,000 Da, 150 times against 5 mM Tris–HCl pH 7.5 buf-
fer, and subsequently applied (10 mL per run) to the ion exchange column. Ion 
exchange chromatography is performed on a Mono-Q HR 5/5 column (5 mm × 5 cm). 
Equilibrated with 0.1 M Tris–HCl pH 7.5 and eluted with a NaCl gradient. A flow rate 
of 1 mL/min is used and 1.5 ml fractions are collected. The enzyme activity of each 
fraction is monitored using L-BApNA as substrate.

3.1.3 Affinity chromatography

Affinity chromatography by column HiTrap Benzamidine is an efficient method 
for partial purification of trypsin-like proteases and has been used in other studies 
getting similar results [11, 18]. The efficiency of the method may be due to the fact 
that the benzamidine is a potent competitive inhibitor of trypsin-like proteases that 
occupies the S1 subsite (site of specificity) of the enzyme; benzamidine is stabilized 
by hydrophobic interactions in its hydrophobic pocket and electrostatic interactions 
between the amidine group and carboxyl group belonging to the residue aspartic acid 
present in the bottom of the S1 site [11, 49].

The samples, after gel-filtration or ion-exchange chromatography, have their pH set 
to 7.5 and were applied (5 mL) to affinity chromatography. This chromatography is done 
on a HiTrap Benzamidine column equilibrated with 0.1 M Tris-HCl, pH 7.5, and eluted 
with 10–3 M HCl. A flow rate of 0.5 mL/min is used, and 1.5 mL fractions are collected. 
The enzymatic activity of each fraction is monitored, using L-BApNA as substrate.
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3.1.4 Enzyme activity

The amidase activity is carried out according to the method already described 
[50], using sample (extract of the intestate or enriched trypsin fraction after chroma-
tography), chromogenic substrate L-BApNA at a final concentration of 0.5 mM, and 
0.1 M Tris-HCl buffer, pH 8.2. The initial velocities are determined by the formation 
of the product p-nitroanilide, by measuring its absorbance at 410 nm as a function 
of time (120 s), using for the calculations of the molar extinction coefficient of 
8800 M−1 × cm−1 for the product. The experiment is performed in triplicates.

3.1.5 Determination of protein concentration

The determination of the total protein concentration of the samples is estimated 
by the method described [51], using a 0.2 mg/mL BSA solution to obtain a standard 
curve for quantification.

3.1.6 SDS-PAGE

The efficiency of the purification method was also confirmed by the results of 
SDS-PAGE with a reduction of protein species in the purified sample compared with 
the crude extract. Electrophoresis is performed by the method already described 
[51]. Using a 12.5% polyacrylamide gel in the presence of SDS (0.1%), the experiment 
is performed at a constant voltage of 100 V for 1 h20 at room temperature. The gel 
is stained by silver or Coomassie blue staining. The molecular mass standard used is 
purchased from Invitrogen (“BenchMark ™ Protein Ladder”).

3.1.7 Zymogram

Zymogram is performed using 12.5% SDS-PAGE containing 0.1% copolymerized 
gelatin. Electrophoresis occurred at 50 V at 4°C, and the gel was subsequently incubated 
in 2.5% (v/v) Triton X-100 for 1 h at room temperature and under stirring to remove 
SDS. After incubation, the gels are washed and again incubated with 0.1 M Tris-HCl 
buffer, pH 8.0, for 2 h at 37°C. The activity is revealed by staining with “Coomassie 
Blue” R-250 (0.25%).

3.2 In silico methods

The interaction between PIs and insect trypsin-like enzymes is an example of 
ligand-macromolecule recognition, required in the plant defense process. The under-
standing of these recognition mechanisms is one of the central aspects for the success 
in the discovery of new promissory compounds. The characterization of binding 
mode between inhibitor and protease can be obtained from several methods, among 
them the in silico studies that allow the reduction of time and costs, specifically 
docking-molecular analyzes allow to identify the binding conformation and affinity 
quantification [52]. Below we will show the main methodologies.

3.2.1 Molecular modeling

Molecular modeling encompasses all the computational techniques used to 
simulate the behavior of molecules. These techniques are widely used in the fields of 
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computational chemistry and drug development to study biological systems and can 
therefore be applied to the discovery of enzyme inhibitors.

3.2.1.1 Comparative protein modeling

Functional characterization of protein sequences is a frequent problem in the 
biological field. It is now well established that knowledge of molecular structure is a 
powerful tool to understand, control, and alter functions of biomolecules. Although 
three-dimensional structures of proteins can be determined by X-ray crystallography 
and nuclear magnetic resonance (NMR), these experiments demand time and large 
quantities of proteins in self-purify and have some limitations. The NMR technique 
is difficult to apply to large proteins (greater than 250 amino acid residues), or very 
flexible proteins, while X-ray crystallography depends on obtaining crystals with 
good diffraction ability, a process performed by trial and error, and solving the phase 
problem [53]. However, protein sequences can be determined much more easily by 
using molecular biology and protein sequencing techniques. Therefore, in cases where 
the structure cannot be determined experimentally, homology modeling can often 
produce a useful three-dimensional model of a target sequence based on its similarity 
to a protein with a known structure used as a template protein [54].

The principle of molecular homology modeling is based on the fact that throughout 
evolution the structures of proteins are more conserved than their sequence [53, 55]. 
The biological evolution of proteins has some rules such as homology between amino 
acid residue sequence implies structural and functional similarity; homologous pro-
teins have conserved internal regions (mainly consisting of secondary structure ele-
ments: α-helices and β-sheets); structural changes between homologous proteins occur 
in the loop regions [55]. Furthermore, proteins are grouped into a limited number of 
three-dimensional families making it possible to model the proteins of interest if there 
is a member of the family that already has its structure determined. A model built by 
comparative modeling needs that at least one 3D structure of the family in question has 
been elucidated by experimental techniques. Another important point is the identity 
between the sequences (target and template), this value should be above 25% so that 
the generated model can be reliable [53, 56]. Homology molecular modeling features 
four main steps: the search for homologous protein sequences, the alignment of the 
sequences, the construction and optimization of the models, and finally, the evalua-
tion and validation of the generated structures [56].

3.2.1.2 Phyre2 and protein modeling

The Phyre2 system is a combination of software created and written in several 
languages by a researcher’s group in London, England. The system runs on a Linux 
program with an approximately 300-core CPU. The Phyre2 server can be used in sev-
eral ways, depending on the user’s research focus. The most commonly used facility is 
the prediction of the 3D structure of a single submitted protein sequence [57].

The Phyre and Phyre2 servers predict the three-dimensional structure of a protein 
sequence using the principles and techniques of homology modeling. A protein sequence 
of interest (the target) can be modeled with reasonable accuracy using a sequence far 
removed from the known structure (the template) since the relationship between the 
target and template can be discerned through sequence alignment. Currently, the most 
powerful and accurate methods for detecting and aligning remotely related sequences 
rely on profiles or hidden Markov models (HMMs). These profiles/HMMs capture 
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the mutational propensity of each position in an amino acid residue sequence based 
on mutations observed in related sequences and can be thought of as an “evolutionary 
fingerprint” of a specific protein (Figure 1) [57, 58].

Typically, the amino acid residue sequences of a representative set of all 
known three-dimensional protein structures are compiled, and these sequences 
are processed by scanning into a large protein sequence database. The result is a 
database of profiles or HMMs, one for each known 3D structure. A user sequence 
of interest is processed in a similar way to form a profile/HMM. This user profile 
is verified in the profile database using profile-profile or HMM-HMM alignment 
techniques. These alignments can also take into account predicted or known 
secondary structure element patterns and can be scored using various statistical 
models [57, 58].

3.2.2 Quality and validation of three-dimensional protein models

The quality of the generated models depends mainly on the existence of appropriate 
templates, i.e., with good resolution, high coverage, and high identity. For close homo-
logs, the most commonly used programs in most cases generate resolutive models with 
RMSD (root mean square deviation) of approximately 2 Å from the experimental struc-
ture. Generally, a sequence identity above 35% is sufficient to produce good models for 

Figure 1. 
Normal-mode Phyre2 pipeline showing algorithmic stages taken to the Phyre2 web portal for protein modeling, 
prediction, and analysis. Stage numbers are shown in circles, and elements within a stage are surrounded by a 
dashed box. Stage 1 (gathering homologous sequences): A query sequence is scanned against the specially curated 
nr20 (no sequences with >20% mutual sequence identity) protein sequence database with HHblits. The resulting 
multiple-sequence alignment is used to predict secondary structure with PSIPRED and both the alignment and 
secondary structure prediction combined into a query hidden Markov model. Stage 2 (fold library scanning): 
This is scanned against a database of HMMs of proteins of known structure. The top-scoring alignments from 
this search are used to construct crude backbone-only models. Stage 3 (loop modeling): Indels in these models are 
corrected by loop modeling. Stage 4 (side-chain placement): amino acid side chains are added to generate the final 
Phyre2 model [58].
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proteins above approximately 100 amino acid residues, and as the similarity between 
target and template decreases, the model error increases [59].

Among the programs used for validation of stereochemical features of protein 
structures is the PROCHECK program, which uses selected stereochemical informa-
tion from high-quality structures to provide an overall assessment of the structure 
and to highlight regions that need refinement.

The program can be used independently of experimental data and applied to 
structures already published or to structures generated by comparative modeling. 
The program also analyzes the torsion angles of the main (phi and psi) and side 
chains of the molecule informing the bad contacts and planarity of peptide bonds 
[60]. One of the most well-known output files generated by the program is the 
Ramachandran plot that presents a correlation between the torsional angles of the 
main chain. Analysis of the rotation of these angles led to the identification of 
allowed and disallowed regions where collisions between atoms occur [60].

Another widely used program for validation is ProSa, a tool that relies on a 
statistical analysis of all protein structures deposited in the PDB. Soluble protein 
structures whose z-scores, a score used by the program to evaluate the quality of 
three-dimensional protein models, depart from the averages obtained for experimen-
tally determined structures are uncommon and usually stem from various structural 
errors. This tool uses a knowledge-based function of the Potential of Mean Force type, 
which describes the preferred geometries of a given sequence of amino acid residues 
by statistically analyzing the interaction geometries between atoms of structures 
deposited in the PDB [61].

3.2.3 Molecular docking

Understanding the mechanisms of protein-ligand molecular recognition is one 
of the central aspects for the discovery and planning of new compounds. Obtaining 
an accurate and automated description of the molecular recognition process, using 
computational methodologies, can allow the reduction of the time and high costs 
involved in the development of new drugs [62].

Among these methodologies, receptor-ligand docking has contributed significantly 
to advances in drug development and is employed in the refinement and optimiza-
tion of previously identified prototype compounds, virtual database screening, and 
estimation of protein-ligand binding affinities. The molecular docking methodology 
aims to predict the binding orientation of two molecules forming a stable complex and 
to estimate the binding affinity between them. Therefore, the success of the technique 
is measured by comparing the predicted results with binding modes determined by 
X-ray crystallography of the complexes and affinity measurements determined in vitro 
assays [62].

To perform molecular docking, basically, three steps are required: definition of the 
structure of the target molecule, location of the binding site, and prediction of the 
binding mode and affinity of a ligand using specific algorithms. The structure can be 
obtained by X-ray crystallography, NMR techniques, or computationally predicted 
by comparative modeling as described earlier. The application of these models for 
docking is already well established and represents an important alternative when 
experimental structures are not yet available [63].

The prediction of binding mode and affinity is performed using search algorithms 
and evaluation functions, two main aspects that differentiate docking programs. 
Search algorithms are used to sample the possible orientations of the ligands bound to 
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the protein target, considering translational, rotational, and conformational degrees of 
freedom (which evaluate the dihedral angles associated with simple covalent bonds).

Evaluation functions can be divided into three main classes: force-field-based 
functions, empirical functions, and knowledge-based functions. Force-field-based 
functions use a force field to calculate the binding energy between the ligand and the 
protein target. Empirical functions use empirical and semiempirical methods whose 
coefficients have been pre-optimized based on experimental results of receptor-
ligand structures and their respective inhibition constants. Knowledge-based func-
tions also use experimental data but use crystallographic structures to describe the 
receptor-ligand interaction geometries, instead of using data from the inhibition 
constants. Through statistical analysis of these geometries, “Mean Force Potentials” 
are derived, which evaluate the change in free energy as a function of interatomic 
coordinates. Because of the errors associated with these three-class evaluation func-
tions, newer programs are using combinations of these functions to produce consen-
sus functions, which appear to increase the quality of the results [64].

3.2.4 Protein-protein docking

Protein–protein docking has immense applications (Figure 2). It is particularly 
important in predicting metabolic pathways, macromolecular interactions, and 
macromolecular assemblies. Due to the difficulty in determining macromolecular 
assemblies experimentally, computational prediction of possible binding modes is 
one of the main goals of this type of docking [64]. Protein-protein docking simu-
lates molecular recognition and is the most complex docking task. This is because 
the number of degrees of freedom is enormous, and it is not a possibility to do an 

Figure 2. 
Protein-protein docking, the receptor protein in blue surface and ligand protein in red surface. The docking 
study is determined the interface region (yellow), i.e., the residues of amino acids of the receptor and ligand that 
participate in the interaction or formation of the protein-protein complex, these residues (hot-spots) can serve to 
design new molecules with an inhibitory character, for example, in the case of the study of the trypsin-inhibitor 
complex.
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exhaustive search of the conformational space. This is why many docking algorithms 
treat proteins as rigid bodies [65].

The Cluspro 2.0 server could be employed for protein-protein docking. This server 
performs rigid body docking and generates 109 complexes by performing rotation 
and translation movements of one protein (“ligand”) relative to another (“receptor”, 
held fixed). Docking conformations are classified according to the properties of their 
clusters. To rank the docking conformations, the program considers the pairwise 
interaction potential, the solvation energy, as well as the van der Waals (attraction 
and repulsion) and electrostatic contributions.

4. Trypsin-inhibition focus for the pest control

Insects represent one of the most important biotic stresses in agriculture worldwide. 
They are responsible for reducing crop yields, despite the use of chemical pesticides. 
These not only cause yield losses directly due to herbivore attack but also indirectly by 
acting as vectors for various plant pathogens. The estimated losses in crops around the 
world, without the use of pesticides or other non-chemical control strategies, reach 
about 70% of production, representing a loss of US$ 400 billion to the agricultural 
sector [66].

In the attempt to control the attack of insects on cultivars, new methods have been 
sought that are not based on agrochemical strategies. Although today the methods of 
pest control still concentrate primarily on the use of these substances, the high cost 
of developing new products whose formulations must suit pests that are increasingly 
resistant to their use, the unacceptable environmental consequences, and consumer 
pressure against this practice have caused a revolution in pest control in modern 
agriculture [67].

Thus, the study of molecules that can help in the control of herbivorous insects 
is very important. Until now, the main strategies of agricultural crop management, 
especially of large crops, consisted of the use of inorganic pesticides and transgenic 
cultivars containing Bacillus thuringiensis toxins. However, in addition to the dam-
age caused to the environment and human health by inorganic insecticides, several 
insects of agronomic importance have developed resistance to these molecules.

For example, the frequent applications of diamide-type insecticides have already 
selected resistant individuals of important lepidopteran pests, in several locations 
around the world, since the beginning of their use 10 years ago [68]. Moreover, the 
other, more sustainable control method, based on the expression of Bt toxins, also 
suffers similar problems as insecticides. There have already been reported cases of Bt 
resistance since 1990, from Plutella xylostella (Lepidoptera: Plutellidae) larvae that 
required dosages of the dispel toxin (Abbott Laboratories North Chicago, OL), e.g., 
one of the first Bt toxin formulations for field spraying; 2x higher than susceptible 
populations to be controlled at acceptable levels [69]. In the following years, reports 
of resistance involving Bt insecticides and transgenic cultivars containing Bt toxin 
variants began to emerge in several other parts of the globe as well [70]. For these 
reasons, searches for new, preferably more sustainable, molecules have been ongoing 
in science.

Among possible new molecules are plant-derived protease inhibitors (PIs). 
Until the early 1980s, it was known that molecules that reduced the activity of 
proteolytic enzymes, the PIs, were present in plant tissues. It was then, in 1992, that 
Dr. Terry Green, a postdoctoral fellow at the University of Washington, showed 
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that tomato and potato plants accumulated large amounts of protease inhibitors when 
exposed to herbivory by the potato beetle, Leptinotarsa Decemliata (Coleoptera: 
Chrysomelidae). From this moment on, the IPs and digestive proteases of herbivorous 
insects became the target of the study of many researchers. Several works show that 
chronic exposure of insects, mainly those of the order Lepidoptera, to plant-derived 
protease inhibitors such as SKTI (Soybean Kunitz Trypsin Inhibitor), SBBI (Soybean 
Bowman-Birk Inhibitor), APTI (Adenanthera pavonina Trypsin Inhibitor), ILTI 
(Inga Laurina Trypsin Inhibitor) showed negative effects on the larval cycle of these 
herbivores (Figure 3). These adverse effects include reduced weight, survival, and 
delayed larval cycle [17, 29, 71–75]. However, the use of these molecules so far in 
agriculture has not proven effective, mainly due to the long exposure period required 
to cause effective control rates. In this regard, even efforts to express exogenous IPs 
constitutively (e.g., as is done with Bt toxins) in plants have not proven effective yet, 
since the initial attempt in 1987, when researchers expressed an inhibitor found in 
peas (Cowpea Trypsin Inhibitor) in tobacco (Nicotiana tabacum) leaves and observed 
that several orders of insects adapted quickly, returning to normal weight in a short 
period of time [76].

The commonly accepted mode of action of IPs in herbivores is that these molecules 
inhibit digestive proteases in the gut, resulting in a deficiency of free amino acids 
and consequently slowing the larval cycle and reducing survival and fecundity [77]. 
However, the effect of IPs may be more complex than just reducing proteolytic activity 
in the gut. It has been shown that feedback mechanisms in response to IPs lead to 
hyperproduction of proteases to compensate for the activity of the inhibited enzymes. 

Figure 3. 
APTI (Adenanthera pavonina trypsin inhibitor) and ILTI (Inga Laurina trypsin inhibitor) are an example of 
protein inhibitors of lepidoptera trypsins.
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The nutritional stress imposed by this mechanism, which needs to divert amino acids 
important for insect development, slows development and reduces survival [78].

The main mechanisms of adaptation to IPs by herbivores so far recorded involve 
the following strategies: overexpression of the target protease, expression of proteases 
insensitive to the IP, and degradation of the molecule by endogenous proteolytic 
cleavage [79]. Thus, although naturally produced protease inhibitors are supplanted 
by the high gene plasticity of herbivores, these molecules are undoubtedly a defense 
mechanism against insects and thus a valuable target for the development of new 
insecticides. Plant tissues have a suboptimal protein content. Thus, nitrogen often 
becomes the limiting factor in the nutrition of many if not most phytophagous 
insects. Efficient hydrolysis of plant proteins to obtain essential amino acids is crucial 
for the survival of herbivores.

Indeed, for these molecules to be efficient against herbivores, more complex studies 
using more current bioinformatics tools, omics, and protease kinetics can be used to 
further explore and understand the mechanisms of adaptations to IPs. It is known that 
the set of proteolytic enzymes present in the midgut of herbivores can be composed of 
serine, threonine, cysteine, aspartic, and metalloproteases [80]. However, in the case 
of insects of the order Lepidoptera, the vast majority use protein digestion systems 
based on serine-proteases, trypsin-like, and chymotrypsin-like [81]. In addition, 
different isoforms of serine-proteases are known to be present in the gut of the same 
species. These different isoforms assist in the complex mechanism of insect response 
to IPs [76]. Insect trypsins share similar, but not identical, specificities with vertebrate 
trypsins. For example, some insect trypsins, unlike those of mammals, are calcium-
stabilized and others not [11].

The mechanisms of response to IPs in herbivorous insects are not yet fully 
understood, and therefore protease inhibitors with characteristics that can prevent 
the insect from supplanting the effect of these molecules may generate more promis-
ing results. To date, much of the work testing the anti-insect effects of IPs has used 
molecules extracted and purified from plants [76]. However, due to the long periods 
of close association/interaction between insects and plants, possibly the mechanisms 
of herbivores are more prepared to counteract these kinds of molecules. Therefore, 
exposing herbivores to protease inhibitors that were not closely evolved, such as 
mammalian IPs and designed peptides, may elevate the anti-insect effects of these 
molecules. In Spodoptera gregaria larvae (Lepidoptera: Noctuidae) exposed to inhibi-
tors of the pacifastin multidomain fam¬ily (115 kDa), e.g., (inhibitors of non-vege-
table origin) was shown further growth suppression than plant inhibitors early in the 
insect cycle. However, the effect was gradually supplanted by the herbivores, which 
normalized their growth by the end of the cycle. Possibly, due to the high number of 
residues of the pacifastin IPs, a high amount of cleavage sites may be present, causing 
them to undergo endogenous proteolysis in the midgut.

Several works unravel the mechanisms behind the interactions between protease 
inhibitors (natural or otherwise) and proteases in the digestive tract of herbivorous 
insects, mainly the soybean caterpillar Anticarsia gemmatalis. Until then, much infor-
mation has been generated regarding the specificities of A. gemmatalis proteases, 
mainly cysteine-proteases and serine-proteases. In 2005, trypsin-like enzymes from 
the gut of A. gemmatalis were purified and characterized. They showed the potential 
effect of several protease inhibitors on the activity of these enzymes. Inhibitors 
of serine proteases, including Benzamidine, TLCK, PMSF, and BPTI, reduced the 
activity of purified trypsins by more than 50% at relatively low concentrations in the 
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micromolar and millimolar range [44]. And in the reference [11] the in vivo effects of 
synthetic trypsin inhibitors such as Benzamidine were evaluated.

Benzamidine was able to reduce protein digestibility, which affects the survival 
and formation of A. gemmatalis adults. The reference [11] evaluated the effect of 
this inhibitor throughout the insect cycle and concluded that although it caused 
an increase in the larval cycle and a higher percentage of mortality, most larvae 
were able to adapt to the inhibitor by remodeling the amount and type of enzyme 
present during digestion of the artificial diet. In addition, negative effects of 
other protease inhibitors on A. gemmatalis, mainly the organic ones [29, 30], were 
shown. Peptide protease inhibitors have also been tested, which were developed 
from molecular minimization using docking-molecular techniques in developing 
insects of the order Lepidoptera [81]. Even after molecule minimization, the con-
served domains of trypsin IPs were able to reduce survival and important biologi-
cal parameters of A. gemmatalis and S. cosmioides. An important work opened the 
vision for another approach in the attempt to use protease inhibitors in herbivore 
control.

Smaller, rationally designed molecules, based on enzyme kinetics and bioinformatics 
results, can help in the development of molecules that present better levels of control 
[82]. Besides generating increased molar concentration of protease inhibitors in the 
gut lumen and presenting higher stability than the conventionally tested PIs. In addi-
tion, protease inhibitor molecules without close association with the herbivore are 
less likely to find adaptation mechanisms. Transgenic plants can also be generated by 
generating proteins based on tandem sequences of previously tested peptides.

5. Conclusion

We concluded that the trypsin enzymes are serine proteases and are considered 
the most important digestive proteases of most insects. Trypsins are involved in the 
initial phase of protein digestion and are characterized by containing a catalytic 
triad consisting of the amino acid residues Hys, Asp, and Ser; in A. gemmatalis 
trypsin is Ser 229, Hys 85, and Asp 132. In the gut, insects exhibit the potential 
expression of various trypsin isoforms, but the proteolytic metabolism can be 
targeted by protease inhibitors, such as SKTI, ILTI, ApTI, BPTI, which offer pos-
sibilities for the development of novel biorational-based insect control approaches 
in silico methodologies such as molecular modeling and docking. The action of 
the protease inhibitors on the development of Lepidoptera larvae shows that these 
inhibitors influence larval survival, indicating that these proteins may have great 
toxic potential.
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Chapter 5

The Hydrolysates from Fish
By-Product, An Opportunity
Increasing
Jose Edgar Zapata Montoya and Angie Franco Sanchez

Abstract

The fishery industries have continuously increased over the last decade. This
growth comes accompanied by a high volume of by-products released to environ-
ment, because these industries discard between 60 and 70% of their production as
waste. This waste includes fish whole or part from these such as fillet remains (15–
20%), skin and fins (1–3%), bones (9–15%), heads (9–12%), viscera (12–18%) and
scales (5%). This by-products are rich in proteins and lipids which of several nature,
which can be recovered to obtain compounds of high added value. In this chapter,
some methods to recover compounds from fish by-products will be discussed. Among
others, will be discussed topics about postharvest of fish, by-product releasing, enzy-
matic hydrolysis of by-product and bioactive peptide obtaining from fish waste.

Keywords: bioactives peptides, enzymatic hydrolysis, protein revaluation

1. Introduction

Production levels of fishery and aquaculture have been increasing for the last
30 years, as fish is an important protein source for human consumption and it is
expected to reach a production of 196 mt by 2025 [1]. As a result, more and more
people depend on fish or other fisheries production, capture, processing and market-
ing. By 2018, aquaculture production in the world was estimated to reach over 178
million tons [2], whereas marine capture fisheries have been around half the global
production [3].

A huge waste volume has been produced along with that production increase, too.
Around 70% of fish is processed before final sale, producing between 20 and 80% of
fish waste, depending on the fish type and its transformation technology [4]. Further-
more, important amounts of water are required for those processes [5]. That situation
represents a challenge from an environmental perspective because around 50% of that
fish waste is discarded without being used [6]. Most of it is buried or deposited in water
sources, either in the ocean, rivers, or streams. In the case of landfills, it can lead to
saturations that cause odor and leachate problems. As for dumping in water sources,
aerobic bacteria use organic matter by the action of oxygen, releasing large amounts of
phosphorus, nitrogen and ammonium, affecting pH, causing algae growth, and
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turbidity. The absence of oxygen in water results in the release of hydrogen sulfide,
carbon dioxide, organic acids, methane, and ammonium [7].

These wastes contain important nutrient levels [8] and their composition depends
on species, source organs or obtaining processes, as seen in Table 1. On the other
hand, some of those nutrients represent an opportunity from an economic perspec-
tive, as in the case of the protein, which can be recovered to obtain high added-value
compounds.

Among the methods used to add value to fish residues, there are protein hydroly-
sis, silage, and collagen recovery [9]. In the first hydrolysis tests evaluated, chemical
processes and extraction with organic solvents were used, showing that they affected
the nutritional quality of proteins and amino acids. For this reason, commercial
enzymes have been increasingly applied to intend to obtain hydrolyzed protein of this
substrate type [10]. These latter processes have moderate operating conditions, show
greater reproducibility, and are more controllable and selective than chemical pro-
cesses. Besides, they deliver products with techno-functional properties, excellent
digestibility, rapid absorption, and amino acid balance, in addition to high levels of
bioactive peptides [11].

This chapter will address the issue of protein residues used in fish processing
aiming to obtain bioactive peptides through enzymatic hydrolysis using commercial
enzymes. The basic concepts of fish processing, the characteristics of the waste
generated, their use by enzymatic hydrolysis, and bioactive and functional peptide
production will be addressed.

2. Fish post-harvest

Once the fish is harvested, it undergoes different processes intending to improve
conservation conditions, separate the non-edible or low commercial value parts, and

Process Organic
byproduct

% Goal

Stunning N/A Decrease agony time to reduce undesirable compound
production

Classification Whole fish Separate by size or species

Slime removal Aqueous fluid Reduce microbial contamination surface

Scaling Scales 5 Reduce bacterial contamination

Washing Washing water 100 Remove micro-organisms and contaminants

Head removal Heads 9–32 Remove non-edible or low-value parts

Evisceration Viscera 12–18 Remove internal organs to reduce microbial
contamination

Fin Cutting Fins 1–2 Remove non-edible parts

Skinning Skin 3 Remove non-edible parts

Filleting Fillet remains 15–20 Separation of dorsal and abdominal meat from fish

Bone/meat
separation

Bones and
skeletons

9–15 Separate meat from ribs and bones

Table 1.
Processes used for fish preparation after capture.
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leave the product ready to deliver to the consumer. Table 1 lists, in general
terms, the stages of fish processing, many of which release some type of organic
by-product [3, 6].

3. Bromatological characteristics of the Main fish-farmed by-products

Fish by-products are made up of different compound types with food importance
[12]. The major components are moisture, fat, and protein. However, the
bromatological composition varies depending on the species, age, and gender of the
fish, in addition to the part of the fish from which the by-product comes, or the
processes to which it has been subjected [13]. Thus, Table 2 presents the
bromatological composition of different fish by-products, for different species, fish
parts, and processes.

As Table 2 shows, these residues contain mainly proteins, fats and water, but they
may also contain high added-value compounds such as collagen and gelatin, polyun-
saturated fatty acids (EPA and DHA), monounsaturated such as palmitic and oleic, in
addition to minerals and enzymes such as pepsin, trypsin, chymotrypsin and collage-
nase [3]. Because of their nutrient richness, inappropriate dumping of these residues
affects not only the area where they are directly discharged, but it can also alter
natural ecosystems in a wider area. In this sense, phosphorus and dissolved nitrogen
release can be favored and thus increase biochemical demand for oxygen (BDO),
because at least 80% of the nutrients in fish residues are potentially eutrophic sub-
stances. This leads to the higher growth of macroalgae in aquifers [31].

In some regions of the world, alternatives to use by-products have been sought.
That is how the demand for complete fish heads and skeletons as food for humans has
increased in Asia and Africa [32]. Bones, which contain the highest protein levels
among the residues (41–84%), are a good source of collagen and gelatin. Besides, their
mineral content has been used in the manufacture of food products for schoolchildren
(85 mg/kg zinc, 350 mg/kg iron, and 84 g/kg calcium) [32]. Whereas skeletons
contain significant amounts of meat remaining after filleting, whose protein is highly
digestible and can be extracted for different purposes since it has better nutritional
properties than plant proteins, and better essential amino acids balance than other
animal protein sources [33] but are more sensitive to heat [34]. On the other hand,
fish skin, provides gelatin [32], such as, Nile Tilapia skin has been used to produce
collagen [35], which can be used for tissue regeneration [36].

A fish by-product that has gained the most attention in recent years is the viscera
(12–20% of the fish), which comprise all organs of the main body cavity, including
gills, heart, liver, spleen, swim bladder, stomach, gonads, intestines and their contents
[6]. This residue has an average composition of 8–21% proteins, 2–12% lipids, 60–81%
humidity and 1–5% ash [6]. The high protein content, in addition to being an excellent
enzyme source, makes them a potential source of added-value products with excep-
tional properties for different industrial applications [37].

Between 70 and 80% of fish muscle is a structural protein, between 20 and 30%
sarcoplasma proteins, and the remaining 2–3% of proteins are insoluble connective
tissue. The main food protein is myofibrillar, with 66–77% of the total in fish meat.
This protein comprises between 50 and 60% myosin and 15–30% actin [38]. Myosin
fibers are connected by actin molecules and can be cut at one end by trypsin and
chymotrypsin, while at the other end by papain, to form they divide into two forms of
meromyosin, heavy and light, with different functional properties [39].
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Fish proteins contain between 16 and 18 amino acids, which have an excellent
balance, usually 8 essential and 8 non-essential. This makes this type of protein very
widely used for animal feed, although they are also used for fertilizer production,
silage and in recent decades, bioactive peptide production [30, 40]. Table 3 shows the
aminograms of different residues of several fish species, some raw and others that

Type of waste Protein Fat Moisture Ash Reference

Freeze-dried Viscera of Yamú (Brycon siebenthalae) 19.19 79.49 0.48 — [14]

Argentine hake (Merluccius hubbsi) gonad 21.95 10.92 68.72 11.61 [15]

Raw Viscera Tilapia of (Oreochromis spp.) 4.03 32.93 61.36 0.67 [16]

Tilapia (Oreochromis nilotica) skeleton (D.B) 50.6 30.6 65.3 15.3 [17]

Raw Viscera of Trucha (Oncorhynchus mykiss) 9.14 31.15 56.93 1.51 [10]

Argentine hake (M. hubbsi) liver 16.38 29.71 55.79 1.61 [15]

Viscera of Catla Catla 8.52 12.46 76.25 2.50 [18]

Cape hake (Merluccius capensis) by products 18.0 1.1 78.5 1.9 [19]

Tilapia (Oreochromis spp.) scales (D.B) 67.96 — 15.18 32.08 [20]

Greenland halibut (Reinhardtius hippoglossoides) skin 15.95 10.62 55.44 17.63 [21]

Tilapia (Oreochromis spp.) viscera 7.87 26.08 62 1.19 [22]

Blue shark (Prionace glauca) skin 22.79 0.24 76.03 4.24 [21]

Rainbow trout (O. mykiss) viscera 15 13 71.7 2.7 [23]

Atlantic salmon (Salmo salar) viscera 8 44 60 1 [24]

Tilapia (Oreochromis spp.) defatted viscera 10.04 1.88 83.21 1.71 [22]

Yellowfin tuna (Thunnus albacares) skin 32.38 3.22 0.67 62.57 [21]

Red tilapia (Oreochromis niloticus) head, skeleton, and
tail

14.6 5.5 66.6 8.9 [25]

Tilapia del Nilo (O. niloticus) skin 29.68 13.89 54.91 1.61 [26]

Black Sea anchovy (Engraulis encrasicholus) head 13.39 10.02 70.94 5.00 [27]

Atlantic salmon (S. salar) head (D.B.) 13 22 39 44 [24]

Tilapia (Oreochromis spp.) spines (D.B.) 55.54 — 53.46 22.91 [20]

Tilapia (Oreochromis nilótica) skeleton 50.6 30.6 65.3 15.3 [17]

Black Sea anchovy (Engraulis encrasicholus) frame 16.47 15.50 59.72 7.60 [27]

Tilapia (Oreochromis spp.) viscera 4.574 33.602 62.693 0.732 [28]

Atlantic salmon (S. salar) skeleton 15 27 42 4 [24]

Tilapia (Oreochromis spp.) defatted viscera 12.644 2.525 82.607 1.462 [28]

Black Sea anchovy (Engraulis encrasicholus) viscera 12.05 23.90 61.50 2.09 [27]

Cuttlefish (Sepia officinalis) viscera 17.45 4.78 74.99 1.95 [29]

Salmon (S. salar) head 13 22 39 4 [24]

Tilapia (Oreochromis spp.) scales 83.9 0.9 — 15.1 [30]

Salmon (S. salar) skeleton 15 27 42 4 [24]

Table 2.
Bromatological composition of fish by-products D.B.: Dry base.
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have undergone hydrolysis processes [14], atomization drying [40] and membrane
fractionation [11].

4. Enzymatic hydrolysis of fish by-product proteins

4.1 Protein hydrolysis

Protein hydrolysis occurs when a peptide bond is broken by water action, in the
presence of a catalyst that may be an enzyme or a chemical agent [42]. Low-cost

Amino Acid Red tilapia Mackerel fish Yamú viscera

RTVH FRTVH WT WM DM PI DH9 DH28

Histidine 4.06 1.99 4.5 3.8 5.2 6.629 5.069 5.222

Isoleucine 2.53 2.44 5.5 6 5.6 4.919 4.073 5.221

Leucine 7.99 8.14 9.4 10 8.8 5.445 5.254 5.267

Lysine 7.68 9.91 7.9 8 7.6 3.54 3.33 2.437

Methionine 1.32 0.14 2.7 4.6 2.8 0.944 1.018 0.656

Arginine 3.97 4.44 7.6 5.9 7.1 — — —

Valine 5.27 4.43 7.8 6.8 8.5 1.108 1.901 0.874

Phenylalanine 0.91 1.17 4.2 4 3.1 2.407 1.898 2.406

Threonine 8.04 6.06 5.7 5.5 5.5 1.228 1.927 1.898

Tryptophan — — — — — — — —

Ac Aspartic 2.31 4.39 11.8 12.2 11.4 1.837 1.799 2.135

Ac Glutamic 6.6 5.84 15.8 18 15.6 4.329 4.797 5.045

Asparagine 2.31 4.39 — — — 1.054 0.984 0.627

Serine 4.26 3.94 4.5 5.2 4.1 3.436 3.72 3.398

Glycine 21.38 17.62 6 6.2 4.6 1.516 1.882 1.508

Alanine 3.8 3.82 7.7 7.3 7.3 2.498 3.18 2.89

Tyrosine 3.11 4.23 3.5 3.9 3.4 17.54 17.66 13.824

Cystine — — — — — 3.237 4.302 3.706

Hydroxyproline — — — — — — — —

Proline — — 1.5 4.6 1.5 — — —

Glutamine 6.6 5.84 — — — — — —

Total 92.14 88.79 106.1 112 102.1 61.66 62.79 57.114

Reference [11] [41] [14]

RTVH: Red Tilapia Viscera Hydrolysates.
FRTVH: Fraction <3 kDa of Red Tilapia Viscera Hydrolysates.
PI: Yamú Protein Viscera Isolate.
DH9: Yamú Protein Viscera Hydrolysates with 9% of Degree of hydrolysis.
DH28: Yamú Protein Viscera Hydrolysates with 28% of Degree of hydrolysis.

Table 3.
Amino acids content of fish y-products.
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chemical processes can be by acid or alkaline hydrolysis, but they are non-specific, not
reproducible and lead to amino acid denaturation. On the other hand, enzymatic
hydrolysis is more expensive but does not deteriorate amino acids [43].

Once the native protein is broken, fragments of the native protein (oligomers)
form, which can be a substrate for the subsequent hydrolysis process, so it is a multi-
substrate reaction [44], especially in mediums where no pure protein is available, but
mixtures of innumerable proteins, such as in fish residues and in general in other agro-
industrial waste. Due to the hydrolysis process, the molecular characteristics of the
proteins change, because the average molecular weight of the protein fragments
present decreases, this increases the surface load, causes the release of hydrophobic
groups, and changes functional properties, among other effects [45].

4.2 Enzymatic hydrolysis of protein

This process consists of decomposing proteins into smaller fragments, whose cata-
lysts are enzymes called proteases [11]. This is a set of simultaneous link break
reactions, consisting of serial stages, with different species loaded in equilibrium,
giving fragments of decreasing size as follows [46]:

proteous ! proteins ! peptones ! peptides ! amino acid

The catalytic process that occurs is divided into three steps. First, the enzyme (E)
should approach the substrate (S) and bind to form the enzyme-substrate complex
(ES). Second, the rupture of the peptide bond results in the release of a peptide. Third,
the remaining peptide is separated from the enzyme after a nucleophilic attack from a
water molecule [11]. Each of these reactions has its speed as described in Eq. (1) [47].
This process can be repeated on any of the peptides formed [46].

Eþ S⇔
K1

ES!
K2
EPþH � P´þH2O!

K3
Eþ P� OH þH � P´ (1)

E: Enzyme, S: Substrate, P and P´: Resulting peptides, kx: Constant reaction rate.
This procedure has advantages over chemical hydrolysis as they have high selec-

tivity and low contamination. It is a specific process that is carried out under moderate
pH and temperature conditions, which makes it easy to control [30]. The product
obtained is called protein hydrolyzate and it consists of peptides generally between 2
and 20 amino acids [48]. However, there are also disadvantages such as the high
enzyme costs and long processing times [49].

Critical operating conditions in protein enzymatic hydrolysis include temperature,
pH, enzyme type and concentration, substrate and concentration, cofactors, coen-
zymes, hydrolysis time [50], agitation speed [51], and presence of inhibitors, like fat
in fish by-products [11].

On the other hand, variations that enzyme activity may suffer during the reaction
should be controlled, such as denaturation, aggregation, or enzyme inactivation,
which can be produced by temperature effects, pH shear stress or other substances
that interfere with catalysis [12].

4.2.1 Enzymatic hydrolysis kinetics

During the reaction, the enzyme attacks the peptide bond as follows [52, 53]:
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Opening of the peptide bond

�CHR´� CO�NH � CHR´´�þH2O enzyme����!� CHR´� COOH þNH2 � CHR´´
(2)

Proton exchange

�CHR´� COOH �NH2� CHR´ ! ´� CHR´� COO� þNþH3 � CHR´´ (3)

Tritation of amino group

NþH3 � CHR´´þ OH� ⇌NH2 � CHR´´þH2O (4)

Under neutral or alkaline conditions, the dissociation of the amino group becomes
significant, so a decrease in pH may occur due to the accumulation of the protons
released, which makes it necessary to add a base to keep pH constant and prevent the
enzyme from being affected in its activity [30]. The analysis of the equations above
concludes that the amount of hydrolyzed protein is proportional to the amount of base
required to neutralize the pH of the reaction medium [30].

4.2.2 Follow-up of hydrolysis reaction

The hydrolysis reaction progress is established by the Hydrolysis Degree (HD),
expressed as a fraction or percentage of the number of broken peptide bonds at any
given time (h) for the total peptide bonds in the intact protein (htot) (Eq. 5) [54].
Both can be expressed as protein meq/g or as protein mmol/g [30].

GH %ð Þ ¼ h
htot

:100 (5)

Methods used to determine Hydrolysis Degree (HD) include the pH-stat method
[52], O-phthaldialdehyde (OPA) [54], Trinitrobenesulfonic acid (TNBS) [55], forma-
lin titration, and soluble nitrogen in trichloroacetic acid (TCA) [56]. The fundamental
difference between these methods is in the principle that each one is based to measure
the number of broken bonds (h) at any given time of the reaction, because htot is
usually determined from the analysis of the total amino acid content in the intact
protein [57].

4.2.2.1 pH-stat method

This method is based on the fact that in peptide bond hydrolysis, a carboxyl group
and an amino group are released. In an aqueous solution, these groups will be more or
less ionized depending on pH [55]. At neutral or alkaline pH, carboxyl groups are fully
ionized and proton exchange occurs between the carboxyl group and the amino group.
At alkaline pH, amino groups will also be partially or fully ionized depending on the
pH and amino acid in question, since the pK of the free amino acids N-terminal amino
group ranges from 9 to 10.8. The following equations show, in general, the chemical
species involved in protein enzymatic hydrolysis [58].

P1 � CO�NH � P2 þH2O ����!protease
P1 � COOH þNH2 � P2 (6)
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P1 � COOH��!P1 � COO� þHþ (7)

NH2 � P2 ⇄NHþ
3 � P2 (8)

The resulting free protons cause a pH decrease of the reaction mixture, and a base
addition is required to keep pH constant. The amount of base required is directly
related to the amount of hydrolyzed peptide bonds, and it can be used to estimate HD.
Unfortunately, the relationship between HD and base consumption is not simple and
depends on several variables, including pK of the α-amino group released, the tem-
perature of the reaction mixture, and length of the peptide chain [52]. The relation-
ship between the spent base volume and HD has been described by Adler-Nissen, 1986
[55] in Eq. (9).

GH %ð Þ ¼ BNB

MpαhTot
:100 (9)

where B is the base volume consumed in L to keep pH constant, MP is the protein
mass in kg, NB is the base concentration, and α is the dissociation degree of the amino
groups released in the reaction. α and pK are calculated with Eqs. (10) and (11),
respectively, where T is the temperature (K) [59].

α ¼ 10pH�pK

1þ 10pH�pK� � (10)

pK ¼ 7:8þ 298� T
298 ∗T

∗ 2400 (11)

4.2.2.2 O-phthaldialdehyde method (OPA) and Trinitrobencenesulfonic
acid method (TNBS)

Both methods are spectrophotometric, based on the determination of the α-amino
groups released, by derivatization with trinitro-bencenesulfonic acid or ortho-
phthaldialdehyde, respectively [56]. They are detected in the ultraviolet–visible range
for the TNBS method, or fluorescent for the OPA. The absorbance value obtained is
then converted into quantitative values using a standard curve prepared with a free
amino acid, usually leucine, calculating HD as the percentage proportion of the amino
acid released in the hydrolyzed regarding the amino acid amount of the whole protein
[54, 55]. In Figures 1 and 2, reactions of an amino group with TNBS and OPA,
respectively, take place [56].

However, in these methods, derivatization reagents exhibit different reactivity to
some amino acids, affecting measurement accuracy. For example, in the case of the
OPA method, it will not be accurate when applied on proline- and cysteine-rich
hydrolyzates [57].

4.2.3 Proteases most important characteristics

Proteases are the enzymes responsible for catalyzing the hydrolysis reaction of
protein-peptide bonds, also known as peptidases [62]. Although, they can be obtained
from plants, animals or microorganisms, most commercially viable proteases are
obtained from this latter [63], especially Bacillus species, such as Bacillus
licheniformis, Bacillus subtilis, and Aspergillus fungal species such as Aspergillus
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niger, A. flavus, Ammophilus fumigatus, and A. oryzae [64]. Some of the commercial
proteases that have been used to obtain hydrolyzates from fish residues include
trypsin, chymotrypsin, pepsin, Alcalase® 2.4 L, Flavourzyme® 500 L, E Properase,
pronase, collagenases, bromelain and papain [50].

Proteases belong to the hydrolases group, they constitute a large and complex
group of enzymes that differ from each other in their specificity due to substrate, their
selectivity, the nature of their active sites, their catalytic mechanism, their stability
profile, their pH, and optimum temperature. For these reasons, proteases cannot be
classified under the general enzyme nomenclature system, but are classified according
to their catalytic action, the nature of their active site, and their optimal pH value [63].
From the point of view of functional groups that have their active site, proteases can
be classified into four main groups as follows [62]: Serine Proteases, Aspartic Pro-
teases, Cysteine Proteases, Metalloproteases. On the other hand, when considering its
catalytic mode of action, i.e., the excision site of the polypeptide chain, proteases are
classified into exopeptidases and endopeptidases [65]. While, based on their optimal
pH range, proteases can be classified into alkaline, neutral and acidic.

5. Production of bioactive and techno-functional peptides of fishery
by-products

According to the HD achieved, the hydrolyzate obtained will potentially have
biological activities or techno-functional properties. HD less than 10% result in
improved techno-functional properties, such as emulsification, foaming capacity and
greater solubility, whereas a higher HD tend to deliver hydrolyzates with greater
potential as bioactive peptide sources [66].

Figure 2.
Reaction of TNBS with amino acids. Source [61].

Figure 1.
Reaction of OPA with amino acids. Source [60].
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5.1 Bioactive peptides

A bioactive peptide is a sequence of amino acids that is encrypted in the intact
protein, in which it remains inactive, but once released, it can interact with certain
receptors and regulate the physiological functions of the organism [67]. This may
express some kind of effect on metabolic behavior, either human or animal [65].
These peptides can be released from the protein by gastrointestinal digestion, enzyme
hydrolysis, or fermentation [68].

Among the most widely studied biological activities, are antihypertensive [69]
Antioxidant [11] Antimicrobial [70], antithrombotic [71], anticancer [11] metal
chelating agent, anticoagulants, among others [72].

One of the methods currently applied for obtaining bioactive peptides is enzymatic
hydrolysis using commercial enzymes, which represents a reproducible, scalable, and
industrial-application-capable method [73]. In this technology, biological activities of
the peptides obtained may be affected by the operating conditions applied to isolate
proteins, hydrolysis degree, protease type, peptide structure, the amino acids
sequence, concentration, and the molecular weight of the peptides obtained [74].

The relationship between the peptide’s biological activity and their molecular
weight has been widely documented [73], so the search for conditions that maximize
HD has been one of the priorities in many studies [75] Peptide fractions with molec-
ular weights between 1 and 4 kDa are of the greatest interest for nutritional and/or
pharmaceutical uses in particular [75].

5.1.1 Antioxidant peptides

Free radicals and reactive oxygen species ROS [76], can cause DNA, protein, or
lipid damage, resulting in human body damage from neurodegenerative, inflamma-
tory, cardiovascular, diabetes, and cancer diseases [76]. This type of effect can be
counteracted by substances with antioxidant capacity, which have different mecha-
nisms of action depending on the free radical reduction form, among which are SET
(single electron transfer), and HAT (hydrogen atom transfer) [77]. Based on these
mechanisms, some methods to evaluate the antioxidant capacity of different
substances have been designed. SET-based methods detect the antioxidant’s ability
to transfer a chemical species such as metals, carbonyls and electrons, the most
commonly used methods of this type are ABTS and FRAP. In the case of HAT
methods, the antioxidant ability to inactivate a free radical is measured through the
donation of a hydrogen atom, in which one of the most commonly used methods is
ORAC [77].

On the other hand, some metals such as iron and copper, which are of importance
at the physiological level, may also participate in the formation of reactive oxygen
species [78], as in the case of hydroxyl radicals (OH), that are formed by the Fenton
reaction and can cause damage to different types of tissues (Canabady-Rochelle et al.,
2018). In this sense, metal chelation can counteract the formation of metal-catalyzed
radicals in some way, which has somewhat been considered as a form of antioxidant
activity [79].

Thus, peptide antioxidant activity is related to metal chelating activity and electron
donation activity, which facilitates interaction with free radicals and cuts the reaction
chain in which they participate [80]. In addition, the presence of hydrophobic
sequences in peptides can interact with lipid molecules, eliminating the donation of
protons to result in lipid radicals [81]. Thus, the imidazole group in histidine residues
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participates in hydrogen atom transfer, electron transfer, active oxygen extinction and
capture of hydroxyl radicals [82].

The antioxidant capacity in these hydrolyzates has been attributed to the presence
at the N-terminal end of peptide sequences of non-polar hydrophobic amino acids,
such as phenylalanine, alanine and proline, and hydrophilic amino acids such as
tyrosine, histidine and valine [6]. Thus, capturing the activity of hydrogen peroxide,
the chelating activity of Fe2+, and reducing the power of Abalone (Haliotis discus
hannai) hydrolyzates was related to hydrophobic amino acids in their peptides [83].
The capturing capacity of radicals has also been attributed to the presence of aromatic
residues [84]. While tryptophan and tyrosine have been attributed antioxidant activ-
ity mediated by their phenolic and indolic groups, capable of donating hydrogen
atoms [85]. The Table 4 lists several sequences of antioxidant peptides, from different
kinds of fish by-products.

5.1.2 Antihypertensive peptides

Hypertension is one of the most important cardiovascular risk factors worldwide,
since high blood pressure currently affects about 20% of adults around the world [97].
In these blood pressure-increasing processes, the angiotensin I converter enzyme
(ACE) plays a crucial role. This enzyme, a dipeptidyl carboxypeptidase (EC. 3.4.15.1),
promotes the conversion of angiotensin I to a powerful angiotensin II vasoconstrictor,
and inactivates the bradequinine vasodilator, which is a depressant of the renin-
angiotensin system action [97]. Angiotensin II is also involved in the release of the
steroid Na-retaining, which also tends to increase blood pressure [97]. For these
reasons, a first step in the search for potentially useful substances to control high
blood pressure is the ability test to inhibit ACE. In this sense, the search for peptides
that can reach therapeutic tests as drugs for blood pressure control should initially be
evaluated as ACE inhibitors [97]. The Table 5 lists several sequences of antihyperten-
sive peptides, from different kind of fish by-products.

Source Sequence Reference

Amur sturgeon (Acipenser schrenckii) skin PAGT [86]

COD (Gadus macrocephalus) gelatin TCSP, TGGGNV [87]

Hoki (Johnius belengerii) Skin HGPLGPL [88]

Tilapia (Oreochromis niloticus) skin EGL, TGDET [89]

Mackerel (Magalaspis cordvla) viscera ACFL [90]

Biuefin leatherjacket (Navodon septentrionalis) Head WEGPLK, GPP, GVPLT [91]

Salmon Pectoral fin FLNEFLHV [92]

Black Pomfret (Parastromateus niger) Viscera AMTGLEA [93]

Skate (Raja porosa) Cartilage F1MGPY, GPACDY, 1VAGPQ [94]

Grass carp (Ctenopharyngodon Idella) skin PYSFK, GFGPQLVGGRP [95]

Squid (Ommastrephes bartrami) Viscera WVAPLK [96]

Salmon (Salmo sp.) Fin FLNEFLHV [92]

Table 4.
Amino acid sequence of antioxidant peptides from fish by-products.
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5.1.3 Anti-carcinogenic peptides

Cancer (malignant tumor), one of the most common diseases in the world [106],
consists of abnormal and uncontrolled growth of cells, with proliferation and spread
in surrounding tissues [11]. Thus, inhibition of deregulated cell proliferation is one of
the strategies for treating this type of disease [107]. Among the broad list of sub-
stances that have been evaluated for this purpose are luteinizing hormone-releasing
hormone and Atrial natriuretic peptide, for the treatment of prostate and colorectal
cancer, respectively [106].

Various fish-derived proteins have been reported as sources of anticancer peptides
[11, 108], as in the case with the antiproliferative activity of protein hydrolyzates of 18
fish species against breast cancer cell lines [109]. In Table 6, different fishery sources
that have been active against some types of cancer are shown.

There are three ways in which antiproliferative peptides act on cancer cells, apo-
ptosis, necrosis, and cell cycle disturbances [11]. These mechanisms of action change
according to structural characteristics such as molecular weight and amino acid com-
position. Thus, smaller peptides have greater molecular mobility and diffusivity, so
they can interact better with the components of cancer cells. This activity has been
attributed to amino acid sequences between 3 and 25 residues, with the predominance
of hydrophobic amino acids, and one or more residues of Lys, Pro, Arg, Ser, Glu, THR
Leu, Gly, Ala and Tyr. Because hydrophobic amino acids improve interactions

Source Sequence Reference

COD (Gadus macrocephalus) gelatin TCSP, TGGGNV [87]

Pollack (Theragra chalcogramma) Skin GPL, GPM [98]

Salmon (Oncorhynchus keta) Skin GLPLNLP [99]

Sea Bream Scale GY, VY, GF, VIY [100]

Sardinella (Sardinella aurita) Head/viscera FRGLMHY [101]

Snakehead fish (Channidae sp) Muscle LYPPP, YSMYPP [102]

Small-spotted catshark (Scyliorhinus canicula) Muscle, viscera, skin,
and frame

VAMPF [103]

Lizard fish (Saurida elongate) Muscle RVCLP [104]

Lizardfish (Synodus macrops) Scale Gelatin AGPPGSDGQPGAK [105]

Table 5.
Amino acid sequence of ACE inhibitor peptides from fish by-products.

Source Type of cancer Reference

Ruditapes philippinarum hydrolysates prostate, breast, and lung cancer [110]

Squid gelatin hydrolysates CMF-7, U87 [111]

Oyster protein and anchovy hydrolysates Colon and prostate cancer [112]

Blood clam muscle Prostate cancer [91]

Krab subproducts Prostate cancer [113]

Table 6.
Use of peptides from fish by-products in cancer treatment.
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between peptides and the outer surface of the bilayer of the tumor cell membrane, due
to their phospholipid content and thus, they exert selective cytotoxic activity on these
cells to healthy cells [107].

In addition to the amino acid sequence, the anti-cancer peptide’s function is
influenced by net load, amphipathicity, hydrophobicity, structural membrane folding
(including secondary structure, dynamics and orientation), oligomerization, and
peptide concentration [11]. The cationic amphibious structure predisposes them to
interact with the cell membrane anion surfaces [114]. The α helix is a main structural
characteristic of this peptide type, with lateral chains of hydrophilic and hydrophobic
amino acids, forming clear hydrophilic and hydrophobic surfaces. On the other hand,
they concentrate on the N-terminal and the C-terminal to form different hydrophilic
and hydrophobic domains. Anti-cancer peptides with a β sheet structure are generally
stabilized by disulfide bonds, and these sheets are in β antiparallel formation. Mean-
while [11]. The net charge and positive charge number also influence these peptides
activity, since their association with the cancer cell membrane occurs through elec-
trostatic interactions due to its cationic condition and the anion lipopolysaccharide on
the external membrane that causes its disturbance [115].

5.1.4 Anticoagulant peptides

Blood clotting is a crucial process for human health, excessive clotting that leads to
blocked blood vessels causes strokes, heart attacks, and pulmonary embolism [11].
This makes anticoagulant compounds vital to preserving life quality in modern times.
The anticoagulant is a compound that will stop blood clotting by binding to one or
more coagulation factors, preventing it from binding to the membrane phospholipids
[11]. Heparin is currently the anticoagulant most commonly used, but heparin has
several disadvantages, including thrombocytopenia and non-specific plasma binding.
In addition, it can cause platelet dysfunction and aggregation [116]. Therefore, there is
a marked interest in the search for new anticoagulant compounds with minor collat-
eral risks for the medical treatment of thromboembolic events [11].

Anticoagulant activity is less investigated than other biological activities, and spe-
cifically, peptides with this activity isolated from fish-based by-products have not been
reported [11]. This way, an oligopeptide from the blue mussel, with a molecular mass of
approximately 2,5 kDa has been isolated, showing anticoagulant activity by the prolon-
gation of both thrombin time and activated partial thromboplastin time, by interaction
specifically with blood clotting factors IX, X, and II. Nasri et al. [71], in 2012 isolated
four anticoagulant peptides from protein hydrolyzates of goby muscle proteins, in
which they found that they had Arg in the C-terminal position. Thus, concluding that
small peptides with an amino acid charged at the C-end are considered potential
thrombin inhibitors and/or other factors involved in the coagulation process [71]. Anti-
coagulant peptides from yellow-sole fish skeleton have also been isolated [117].

5.1.5 Antimicrobial peptides

The excessive use of conventional antimicrobial products has caused the emer-
gence of resistant strains, which poses a health threat. Therefore, the development
of antimicrobials using mechanisms other than traditional antibiotics is needed [11].
In this context, antimicrobial peptides effectively promote toxicity against invading
pathogenic microorganisms, and also modulate the immune response in superior
organisms [118]. These peptides are produced in all kingdoms, from bacteria to fungi
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and plants to mammals. Their unique intrinsic properties make them attractive ther-
apeutic agents, since they show high biological activities associated with low toxicity
and high specificity, as well as potentially useful as ingredients of functional or health-
promoting foods [119]. These peptides generally contain less than 50 amino acid
residues, with a molecular weight less than 10 kDa [120]. Despite their structural
diversity, they have common physico-chemical characteristics; they are positively
charged (+2 to +9) under physiological conditions due to the presence of lysine, arginine
and histidine residues; and contain a substantial portion (50% or more) of hydrophobic
residues [118]. These peptides commonly adopt an amphipathic conformation in which
positively charged and hydrophobic groups are segregated into opposite faces of a α-
helix, a β-leaf, or some other tertiary structure. This gives them the ability to cross the
phospholipid membrane. The spectrum of different chemical properties of the amino
acid side chain provides a variety of peptide sequences to show a cationic amphibious
helical peptide [121]. Having a positive net charge allows them to interact with the
anionic phospholipids of the bacterial membrane or other pathogens, and their
amphipathicity, i.e., presence of apolar regions (with hydrophobic amino acids), and
positive loads regions (cationic amino acids, Arg, Lys or His), facilitates them that, after
initial interaction, the polar regions interact with the polar chains of the phospholipids,
achieving the insertion of the peptide into the microbial membrane [122]. They are also
flexible, which allows their internalization toward the bacterial cytoplasm, and leads to
cell death due to ion and metabolic substances loss [123].

The most common mechanisms of action recognized in peptide antimicrobial activ-
ity include (i) the barrel model, in which a water-filled channel and an ion channel
protein are formed by the interaction of peptides, acting as pores that disrupt the
structure of the cell membrane; (ii) toroidal pore, in which less organized pore struc-
tures are formed; (iii) carpet models, in which the destabilization of the cell membrane
in mycellar structures is caused by the accumulation of peptides above the limit con-
centration; (iv) molecular electroporation, following the concept that molecular elec-
troporation can be achieved not only by electrical fields externally applied, but also by
highly charged molecules that bind to the membrane surface; (v) sinking raft model,
product of the induction of the membrane curvature by adsorbed peptides, which is
relieved by its aggregation in the bilayer, allowing the aggregate to be translocated into
the lumen of the gallbladder by a sinking raft process; and after membrane permeation,
intracellular targets activation or blocking occurs [11]. These peptides not only generate
toxic effects on microorganisms, but also exert important effects on the host, including
immunomodulation, angiogenesis induction, wound healing and gene expression mod-
ulation. These effects may complement each other during the control of infectious and
inflammatory diseases, and may be highly desirable when considered an optimal com-
bination of an antimicrobial compound and regeneration booster [118]. In recent
decades, barbel muscle antimicrobial peptides have been obtained by enzymatic hydro-
lysis of proteins from aquatic organisms [124]. Mustelus viscera [125], sea cucumber by-
products [126], and different fish species [120], among others.

5.2 Commercial peptides obtained from fish sources

Thanks to their potential to produce bioactive compounds, fish parts and their
residues have been used to obtain different types of functional inputs that have
reached the market in different countries (Table 7). It should be noted, however, that
few countries in which these products are being marketed. Given that fish, production
extends to a much larger number of countries and that waste from that industry is
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proportional to production, it is clear that there is a latent possibility of expanding the
market for products derived from fish sources.
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Commercial name Source Functionality Country

Custom Collagen® Tilapia Liver and kidney US

Hydroiyzed Fish Collagen
Type 1

Tilapia Skin, tendons, and arteries UK

Amizate® Atlantic salmon Muscle anabolism North America

Protizen® Stress, weight disorder, sleep trouble UK

Levenorm® Sarda Antihypertensive Canada

MOLVAL® Molva Cholesterol, stress, and cardiovascular
health

UK

Norland Hydrolyzed Fish
Collagen

Cod Hair, skin and nails US

PeptACE® Sarda Vascular function and blood pressure Japan and US

Stabilium®200 Molva
dypterygia

Stress, memory, and cognitive
function

UK

Seacure® Hake Gastrointestinal and bowel function Canada and US

Seagest™ White fish Intestinal lining and health US

Valtyron® Sardine Blood pressure

Vasotensin® Tuna and verdel Vascular function and blood pressure Japan and US

Nutripeptin® Cod Weight and blood glucose US and UK

Liquamen® Molva Oxidative stress, glycemic index, and
stress

UK

Table 7.
Commercial products obtained by enzymatic Hydroiysis of fish protein by-products [37, 127].
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Chapter 6

Review of the Structural Basis of
Human E2 Conjugating Enzymes in
Complexed with RING E3 Ligases
Erin Meghan Gladu, Iman Sayed and Michael Anthony Massiah

Abstract

Protein ubiquitination is a post-translational modification that controls essential
biological processes through its regulation of protein concentration, function, and
cellular location. RING E3 ligases are a critical component of a three-enzyme cascade
that facilitates the ubiquitination of proteins. RING-type E3 ligases represent one class
of E3 ligases that function by binding the substrate protein and ubiquitin-conjugating
enzymes (E2s). Proteins exhibiting RING-type E3 ligase activities do so via a domain
that adopts a ββα-RING fold and coordinates two zinc ions. To date, structural studies
show that the RING domain interacts with the catalytic domain of the E2 enzyme. The
catalytic domain is approximately 150 amino acids and adopts a canonical structure
consisting of four α-helices and 3–4 β-strands. Structural analyses of RING–E2 com-
plexes reveal that RING domains interact on a similar surface of the E2 enzyme. We
postulate that the mechanism of interaction between an E2 enzyme and its cognate
RING E3 domain may contribute to the extent of substrate modification. In this
review, we compare the primary and secondary structures of human E2 enzymes and
examine their quaternary structure with RING domains. Our analyses reveal the
interactions appear to be relatively conserved with similar types of amino acids
involved.

Keywords: ubiquitination, ubiquitin, really interesting new gene, E2–E3 binding,
protein degradation; E2 conjugating enzyme, zinc-binding proteins, protein–protein,
E2 recognition

1. Introduction

Protein ubiquitination is a highly conserved process in eukaryotic cells that plays
key roles in cellular functions [1–4]. Depending on the type and extent of ubiquitin
(Ub) modification, the cellular fate of the protein can be defined. Proteins that are
composed with a chain of Ub (polyubiquitination) are usually captured by accessory
proteins, including deubiquitinating enzymes (dubs) on the proteasome [5]. The Ub
are cleaved and recycled while the target protein is degraded. In other instances,
proteins with a single Ub (monoubiquitination), diubiquitination or less extensively
modified can have their cellular location or function altered [6–10]. As a result,
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ubiquitination can regulate most, if not all, signaling processes through the temporal
and spatial regulation of proteins. Dysregulation in the ubiquitination pathway is
associated with several diseases, including cancers, genetic defects and neurodegen-
erative diseases [11–16].

Ubiquitination is a highly coordinated event that is conserved in plants and ani-
mals as well as prokaryotes. The process of protein recycling in bacterial cells is called
pupylation [17–20]. In eukaryotic cells, there are several mechanisms by which a
protein is covalently modified with the small and stable Ub protein (Figure 1). The
process involving RING E3 ligases is the most common because of the abundance of
proteins with RING domains. Typically, RING-mediated ubiquitination involves three
classes of enzymes. The first enzyme is common to all types of protein ubiquitination
mechanisms. The ubiquitin-activating enzyme (E1) prepares the C-terminal carbox-
ylate group of Gly-76 for chemistry by first catalyzing the addition of adenine
monophosphate (AMP). The AMP group serves as a good leaving group and prepares
the C-terminus carboxylate group for nucleophilic attack. The activated Ub � AMP
first becomes covalently attached to the thiol group of an active site cysteine residue
via a thioester bond. To date, there are 8–10 different types of E1 enzymes [21] and of
these two are associated with activation of Ub [22]. In step two, the Ub is trans-
ferred [17] to an active site cysteine residue on one of four classes of human Ub-
conjugating enzymes (E2). The thioester bond between C-terminal carboxylate group
and the cysteine residue preserves the bond energy associated with the phosphoester
bond with the AMP and the thioester bond with the E1 enzyme. RING-type E3 ligases
promote substrate ubiquitination by binding the E2 enzyme and the substrate. In this
case, a lysine residue serves as the nucleophile to attack the E2 � Ub thioester bond to
form a stable isopeptide bond with the Ub. Subsequently, Ub can be attached to other
lysine residues on the chain to generate a multi-ubiquitinated protein or Ub can form a
Ub-chain on a lysine. This means that Ub can form a chain via one or several of its
seven lysine residues. While lysine sidechain is the most common and most stable

Figure 1.
Schematics of the ubiquitination cascade associated RING E3 ligases. The process begins with the ubiquitin-
activating enzyme (known as E1), adding an AMP moiety to the C-terminal carboxylate group before transferring
it to an internal cysteine to form an E1 � Ub intermediate. The ubiquitin is then transferred to the ubiquitin
conjugating enzyme (E2) via a thioester bond involving a cysteine residue and Gly76 of ubiquitin. A RING E3
ligase then interacts with the E2 enzyme, influencing, among several things, the closed conformation between the E2
and ubiquitin. The closed conformation allows for aminolysis.
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covalent linkage with Ub, evidence suggests that the Ub can be transferred to the side-
chains of cysteines, serine, and threonine of substrates [23, 24]. The lysineless Pexp5
protein was observed to be monoubiquitinated via one of its cysteine residue and this
modification affect its translation [25]. Hydroxyester linkages with Ub were observed
for MHC-1 heavy chain in the ER-associated degradation pathway [26]. It would
appear that both these types of linkages should be transient because they would be
very susceptible to hydrolysis.

Furthermore, it is observed with in vitro assays, which are routinely performed to
confirm that proteins with RING domain possess E3 ligase activity, that RING E3
ligases also facilitate autoubiquitination [2, 27, 28]. While the function and conse-
quences of self-ubiquitination are poorly understood, it was demonstrated that
autoubiquitination of Mdm2 and Nedd4 RING E3 ligases enhance their substrate
ubiquitination activity [27, 29]. In contrast, autoubiquitination can result in
self-induced degradation [30, 31].

To analyze the sequence, structure and interactions of E2 and RING E3 enzymes,
this review focuses on a limited number of E2 and E3’s from humans, and for the most
part, the analysis presented is consistent with proteins in cells from plants and ani-
mals. From the literature, there are 394 reports of E2 enzymes with their cohort E3
enzymes from animal and human origins. These complexes represent the interactions
from 23 specific E2 enzymes with 247 different E3 ligases. Of these, the quaternary
structures of 33 E2–E3 pairs are reported in the protein database (PDB) for which the
structure of the E2 and the E3 enzymes are known individually as well. These proteins
are of human origin.

This review focuses on RING-type ubiquitination that includes E2 enzymes
representing 4 classes with specific RING-type E3 ligases (Figure 2, Tables 1 and 2).

Figure 2.
Classification of 36 current human E2 enzymes. The E2 enzymes are classified based on the differences in number
of amino acids for at their termini. Class one E2’s do not have any terminal extensions and is essentially
approximately 150 amino acids that adopts the catalytic domain, class 2 E2’s have >20 amino acids at their N-
terminus, class 3 enzymes have > 20 amino acids at their C-terminus, and class 4 enzymes have extensions at their
C and N termini. The bolded E2’s represent the E2’s that for which structural analysis of E2 and E3 interactions
were discussed.
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For Class 1, there are 20 structures between Ube2D1–3 and RING E3 domains, class 2
involves Ube2e1–2 with 2 structures bound to RING E3 domains, class 3 involves
Ube2g2 with 2 structures with RING E3 domains, class 4 consists of 2 structures with
Ube2l3 bound with RING E3 domains, and class 5 consists of seven structures of
Ube2n bound with RING E3 domains. This review discusses the structures of RING
domains and the E2 catalytic domains, their interactions, and evaluating patterns of
key amino acids and the role they may play in how E2 and RING E3 domains interact
and facilitate substrate ubiquitination.

2. Ub E2 conjugating enzymes are categorized into four classes

To date, there are between 40 and 75 different Ub E2 enzymes identified in plants
and animals [33, 34]. In mammals and humans, there are currently 36 known Ub E2
enzymes [35]. It is expected that this number should increase as more research in this
central area continues. All E2 enzymes consist of a catalytic domain of approximately
150-amino acids. Given this commonality, the human E2 enzymes are categorized into
four classes based on the number of amino acids that precede or follow the catalytic
domain (Figure 2). Class 1 E2 enzymes are essentially just the catalytic domain and
are approximately 145–160 amino acids. Class 1 has the most members, consisting of
15 of the 36 E2 enzymes. The most studied, and possibly the most promiscuous when
it comes to binding different RING E3 domains, are the three isoforms, Ube2D1–3.
Class 2 E2 enzymes have a considerably larger number of residues (20–45 amino
acids) N-terminus to the catalytic domain and include the enzymes Ube2e1, Ube2e2,
Ube2e3, and Ube2f. Class 3 E2 enzymes have between 10 and 50 amino acids at the
C-terminus and includes Ube2r1, Ube2r2, Ube2s, Ube2t, and Ube2u, which represent
5 of the 9 E2 members [35]. Both classes 2 and 3 consist of nine E2 enzymes. Class 4
E2s have both N- and C-terminal extensions and consists of three members, Ube2Z,
Ube2O and Birc6. While the exact role the N- or C-terminal residues have on
impacting specificity with specific E3 ligases is unclear, they bind is unclear but they
have been shown to contribute to substrate binding and the linkages of Ub chain
elongation [36–38].

3. Primary sequence alignments show high identity and homology

To understand how the E2 enzymes of the four classes are related and whether the
classifications using N- and C-terminal extensions are appropriate criteria, the
sequences of the catalytic domains are compared (Table 1). The matrix shows the
percent identity and homology (in parenthesis) between pairs of E2 enzymes within
and between classes. Within class 1, the identities of the primary sequences range
between 25% and 45% and the similarity/homology between 70% and 78%. The
Ube2A enzyme has sequence identities between 40% and 42% with Ube2D1–4,
Ube2g2, and Ube2i. The Ube2A and Ube2B enzymes may be isoforms because they are
95% identical and 99% homologous. The Ube2D [1–4] family has the highest percent
identities and homology among each other with values of 88–92% and 97%, respec-
tively. Interestingly, Ube2v2 shows the lowest percent identity among its class with an
average identity of 21 � 4%. The E2 with the next lowest identity is Ube2L3 with an
average value of 26%; however Ube2D1–4 shows �38% identity with Ube2L3. The
Ube2L3 E2 enzyme only reacts with cysteine, indicating it would interact with the
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other classes of E3 enzymes; only two HECT-type E3 ligases that interact with Ube2L3
have been identified. In general, the remaining E2 show an average identity of
42 � 8%. When comparing the class 1 and 2 enzymes, Ube2V2 not only has the lowest
percent identity within class 1, but also with almost all of the E2 enzymes with an
average value of 20 � 3%. In contrast, it has 88% identity with Ube2V1. Many of the
class 1 E2s show considerably higher identity and homology with Ube2C and Ube2E1–
3 of �32% and 70%, respectively. Ube2D1-4 show higher identities with these four
enzymes, which is �63%. The identities between class 1 E2s with Ube2F, Ube2M,
Ube2Q1–2, and Ube2V1 are considerably lower. The sequences between classes 1 and 3
have identities between 30 and 45% with homologies in the 55–70% range. Again,
Ube2D1–4 sequences show the highest sequence identity with class 3 sequences. Class
1 shows high sequence identities with the Class 4 E2 enzymes. Specifically, Ube2A,
Ube2B, Ube2D1, Ube2D2, Ube2D3, Ube2D4, and Ube2N show sequence identities and
homolgies of approximately 30% and 60%, respectively, with the class 4 Ube2Z.
Ube2O shows the lowest sequence identity with the class 1 sequences.

The class 2 enzymes appear to fall in two groups based on their sequence identities.
Six of the nine show identities between 25 and 35, while conversely showing identities
ranging between 15 and 25% with Ube2Q1, Ube2Q2, Ube2V1. Ube2Q1 and Ube2Q2 are
75% identical but show 20% identities with Ube2V1. Similarly to Ube2D1–4, the
Ube2E1, Ube2E2, and Ube2E3 enzymes have the highest identities at >85% among
each other. Class 3 E2 enzymes show identities in the 16–30% range, with an average
of 26 � 11% among each other. The similarities in sequence are in the 60–70% range.
Incidentally, this range and average values are lower than those values when compar-
ing with class 1 sequences. The enzymes Ube2R1 and Ube2R2 are 82% identical. Given
that the other E2 enzymes in this class are not as related sequentially with each other,
Ube2K and Ube2T stand out with showing the next highest identity of 36%. These
enzymes show the lowest sequence identities with class 4 enzymes, with an average
percentage of 22� 3%. Lastly, the class 4 enzymes show the average percent identities
of 24 � 2%. Based on sequences, the Ube2Z enzyme has 25% and 26% identities with
BIRC6 and Ube2O, respectively, while BIRC6 and Ube2O have 21% with each other.
As noted above, the three class 4 enzymes have the highest sequence identities with
class 1 enzymes than with the other two classes.

Identities compare identical amino acids in the same location between proteins.
Sequence homology, which includes identical and amino acids with similar properties,
provides another perspective on how these enzymes preserve their structure and
function. For class 1 enzymes, the Ube2d1, Ube2d2, Ube2d3, and Ube2d4 are the most
related and commonly used in ubiquitination assays, sharing 97–100% homology with
each other. In fact, these four enzymes will most likely interact with the same RING
E3 ligase if one is shown to be a cohort. Similarly, Ube2A and Ube2B share 99%
homology and Ube2NL share 97% homology with Ube2n. Ube2V2 has the lowest
percent homologies when compared with other E2’s within class 1, and those values
range between 48-56%. In summary, class 1 enzymes have an average pairwise
homology of 56% with each other. In class 2, Ube2E1, Ube2E2, Ube2E3 share 88-93%
homologies with another, and the average pairwise homology among members is 54%.
For Class 3, the E2’s share greater than 50% homology with one another (average of
54%), with the exception of Ube2U and Ube2J1, which share 49% homology. Ube2R1
and Ube2R2 share 94% homology. For Class 4, Ube2O and Ube2Z share only 27%
homology with each other.

Comparing the homologies between classes, class 1 Ube2V2 shares 94% homology
with class 2 Ube2V1, and class 1 Ube2D1-4 share 78-81% homologies with class 2
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Ube2E1, Ube2E2, and Ube2E3. 93% of class 1 E2 enzymes shared the lowest percent
homologies with Ube2V2 (class 2), ranging between 41 to 49%. Most of class 1 E2’s
shows the least percent homology with class 3 Ube2J1 and Ube2J2, ranging from 52 to
56%. Class 1 Ube2V2 and Ube2W share 44% homology with Ube2H, the lowest
homology between these two classes. Class 2 Ube2Q1 and Ube2Q2 share 27–29%
homologies with class 3 Ube2U. 93% of class 1 E2 enzymes have the lowest percent
homology with class 4 Ube2O, compared with Ube2Z and Birc6, however, the values
are greater than 48% homology.

Based on these sequence alignments, it appears that proteins with sequence iden-
tities as low as 16% and sequence homologies at 50% with similar function will adopt a
very similar tertiary structure. It would be important to analyze the role of the amino
acids that are not conserved among those proteins to determine their role in catalytic
rates, substrate binding, mechanism of Ub binding, and specificity for RING domains.
Furthermore, given that class 1 enzymes show the highest sequence identity among
each other than those of the other classes, it would be interesting to determine how
residues on the N- and C-termini may compensate for the lower sequence identities
within the catalytic region.

4. The tertiary structure of the catalytic subunit of E2’s is conserved

The structure of the catalytic subunit of E2 enzymes consists of four-antiparallel β
strands that forms one surface (Figure 3). On one end of the surface is the C-terminal
helix-turn-helix region and on the other side is the N-terminal helix. Across the inner
surface of the β-sheet sits the fourth helix, along with a helical turn located adjacent to

Figure 3.
Ribbon representation of E2 structures. A. Tertiary structure of Ube2D2 class1 E2 enzyme showing the structure of
the catalytic domain. The catalytic cysteine that forms the thioester bond with Ub is shown. B. Overlay of the
catalytic subunits of an E2 enzyme from each of the four classes. Class1 (Ube2A, 6cyo) is colored red, class2
(Ube2C, 1ik7) is in green, class3 (Ube2T,1yh2) is in blue and class4 (Ube2Z, 5a4p) is in yellow-orange. C. Same
superposition as B but with the loop containing the catalytic cysteine highlighted. Ube2C is solved with a serine
instead of the cysteine and it adopts a very similar orientation. D. Table of the pairwise RMSD values for the
superposition of the backbone atoms between structures.
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the catalytic cysteine. This helical turn is important for interaction with the RING E3
domain and activation for nucleophilic attack of the thioester linkage with Ub [37].
There are several loops connecting the β-strands that the quaternary structures of E2
enzymes in complex with RING domains show which are important for contacts with
the RING E3 domains.

Not surprisingly, structures of the catalytic domains of E2 enzymes belonging to
the four classes show remarkable similarity (Figure 3B). For the most part, all four
proteins have the same number of amino acids that contribute to the four β-strands.
The number of amino acids associated with the helices are very similar. The N-
terminal and central helices as well as the 1-turn helix appears to have the same
number of amino acids in their composition. Helix 1 is formed by �15 amino acids of
the first residues that form the start of the secondary and tertiary structure. The last 25
amino acids of the catalytic core adopt a 4-turn α-helix, followed by what appears to
be a reverse turn and a 2-turn terminal α-helix.

Interestingly, the significant difference between an overlay of four structures
belonging to each class is observed within the C-terminal helix-turn-helix region. The
lengths of these helices differ, with the helices of Ube2Z (class4) being the longest
with two additional 2-helical turns. There are also greater variations in the position
from of the C-terminal helices, which is surprising given the fact that its location is on
the opposite surface to where the RING domains typically bind E2 enzymes. The
residues that precedes the C-terminal helix for Ube2Z did not superimpose well with
the other structures. The relative positions of the loops are very similar among the
four structures, however, Ube2Z has two additional loops that are not present in the
other classes [39]. One of these loops is absent in all Class1–3 E2 enzymes and only
present in class 4 E2 BIRC6.

To measure the overall similarity and consistency in the structures, the backbone
Cα,C,N atoms are superimposed. The root mean square deviation (RMSD) values of
the superposition of the backbone atoms between the four structures range from 0.8
to 1.3 Å, confirming the similarity in structures. The lower the RMSD between pairs of
structures, the more closely aligned the structures. RMSD values ranging from 0.8–
1.3 Å indicate that while there are small differences in the structures, overall they are
very similar. The RMSD values between Ube2A (class1) and Ube2C (class2) is 0.8 Å,
and with Ube2T (class3) and Ube2Z (class4) are 1.1 and 1.2 Å, respectively. The
RMSD values of the superposition of Ube2Z with Ube2A and Ube2T are 1.26 Å and
1.34A. The similarity in structures indicates a common mechanism of function.

The catalytic cysteine that forms the thioester bond with the C-terminal carboxyl-
ate group of Gly76 is located on a 11-amino acid structured loop that precedes the
single helical turn. The sequences of this loop show a 74% sequence homology with a
consensus sequence of H-P-N-h-D/Y-x-x-G-p-I/V-C-L, where h, p and x indicate a
hydrophobic, a polar residue, and any residue, respectively. The proline residue is
important because it introduces a bend in the loop that positions the backbone car-
bonyl of the adjacent Asn (N) residue to form a hydrogen bond with the backbone NH
of the Cys residue, which is located between two aliphatic hydrophobic residues. The
side-chain amine (NH2) hydrogens form two hydrogen bonds with the backbone
carbonyl groups of a conserved N-x-x-S motif on the structured loop that precedes the
C-terminal helix-turn-helix region. Residues D/Y-x-x-G are involved in forming a
tight type-I turn in the loop. The positions of the loops between the four structures
superimposed well (<0.6 Å). The conserved sequence and structure indicate their
importance in chemistry associated with the covalent binding of an Ub molecule. The
structure shown for Ube2C E2 enzyme is that of a mutant that consists of a serine
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instead of a cysteine (Figure 3C). The structure of the serine side-chain is positioned
very similar to those of the cysteine residues of the other structures. Interestingly, the
C/S mutant Ube2C was able to form ester linkages with the Ub in vitro [40]. This
observation suggests that the native Ube2NL (Ube2N-linked) should function as an E2
ligase given that it has a serine in place of the catalytic cysteine.

Furthermore, sequence alignment of all 36 E2 enzymes revealed several motifs,
conserved residues, and conserved properties in certain parts of their sequences
(Figure 4A). Starting from the N-terminus, there are conserved I-h-P-G and P-a-Q/E-
GG motifs, where ‘h’ represents a hydrophobic residue and ‘a’ indicates an aromatic
residue, at around position 37. Near the 60th position, there is a PF motif (Y-P-F)
followed by a conserved proline three amino acids downstream. There are also several
additional conserved regions that include K/R-I-Y/a, H-P-N, I-C-L-D-I-L, a conserved
tryptophan around position 93, followed by S-P-A-L and S-L-L motifs, and a
hydrophobic residue at positions near 105 and 109.

In Figure 4B, the conserved motifs are mapped to their locations on the
3-dimensional structure of an E2 enzyme with respect to the active cysteine site. The
ICLDIL motif consists of the active site cysteine and encompass the single helical turn,
and the HPN and SPAL motifs are spatially located to the left and top right, respec-
tively, to this cysteine. The LLS motif is located at the center of the α-helix that lays
across the β-sheet. The I-h-P-G and P-a-Q/E-GG motifs, in which h and a represent
hydrophobic and aromatic residues, respectively, are located on the loops preceding
the C-terminal helices on the opposite surface of the cysteine. The conserved

Figure 4.
Sequence alignment of 36 human E2 enzymes. A. The sequences of the catalytic domain of the E2 enzymes from the
4 classes are aligned. motifs that are conserved among the enzymes are highlighted; these residues mostly surround
the catalytic cysteine and maybe important for allosteric communication between the E2 and RING domains. The
alignment is performed using ClustalW [41, 42]. B. Location of the sidechains of several conserved sequence motifs
on the E2 catalytic domain, noted in the text and identified from the sequence alignment. The catalytic cysteine
residue is shown as yellow spheres.

118

Hydrolases



tryptophan and proline residues at positions near 93 and 65, respectively, are spatially
located in the region above the N-terminal α-helix, adjacent to that SPAL motif. The
side-chains of two conserved hydrophobic residues located on the α-helix point
towards the cysteine while another on a β-strand appears to make hydrophobic con-
tacts with those on the α-helix. Based on the alignment of these residues along the
pathway between with the RING domain binds the E2 enzyme and the catalytic side,
it appears that some of these conserved residues are involved in RING domain binding
(on the right), while most may be important for allosteric effects to activate the
reactivity of the cysteine and its thioester bond with the Ub (Figure 4B).

5. Proteins with RING domains exhibit E3 ligase activities

E3 ligases include the HECT (homologous to the E6AP carboxyl terminus)-type,
SCF (Skp1–Cullin–F-box-protein), and RING (really interesting new gene) protein
families [43, 44]. The RING-type represents the largest class with several hundred
members in animals, including humans [45], and which includes the RBR (RING-
inbetween-RING), U-box and B-box families [46–52]. Unlike the prototypical RING
zinc-finger domain, U-box domains adopt the same ββα-RING fold but are not cyste-
ine and histidine rich and do not bind any zinc ions. It is believed that RING E3 ligases
specify themselves and specific proteins for ubiquitination. Some RING E3 ligases can
target several substrates [16, 53, 54].

Proteins with a RING domain are typically hypothesized to possess E3 ligase
activity. Commonly, RING proteins are demonstrated to have E3 ligase activity by
performing in vitro autoubiquitination assays. In these assays, the reaction mixture
consists of the E1 and E2, enzymes, Ub, the RING E3 protein, and ATP. Often, the
isolated RING domain is used to confirm that it is the RING domain that confer E3
ligase activity to the RING containing protein [3, 28]. Western blot analysis of the
reaction mixture is probed with either an antibody specific for the E3 protein or
domain, but more often specific for a modified Ub, such as with biotin, His6- or HA
tag [3, 7, 28]. RING E3 ligase activity is confirmed by the presence of mono-
ubiquitinated Ub (mono-Ub), di-Ub, and/or poly-Ub; the polyubiquitinated products
with various amounts of Ub appear as a smear of high-molecular weight bands [28].

While most RING E3 ligases possess a single RING domain, the TRIM (tripartite
motif) family possesses two or three domains with RING folds, with the RING domain
found at the N-terminus [46, 55–60]. RING domains are 50 to 90-amino acid regions
that typically consist of at least eight cysteine and histidine residues uniquely spaced
along the primary sequence (Figure 5). RING domains are classified as zinc-fingers.
As with most zinc-finger domains, the zinc ion (Zn2+) is tetrahedrally coordinated.
RING domains bind two zinc ions in a unique cross-braced arrangement (Figure 5A)
[40, 57]. The cross-braced mechanism involves the first and third pair of zinc-ligands
binding one zinc ion, and the second and fourth pair of zinc-binding residues coordi-
nating the other zinc ion. The consensus sequences for RING domains (C-X(2)-C-X(9–

39)-C-X(1–3)-H-X(2–3)-C/H-X(2)C-X(4–48)C-X(2)C) [61] indicate that one zinc ion is
normally bound by the sulfur atom of three cysteines and the imidazole nitrogen of a
histidine residue while the other is usually bound by the sulfur of four cysteine
residues. Other common consensus are C3H2C3, C4HC3 and C8. The number of
amino acids between the Cys/His residues varies considerably in two regions, desig-
nated loops 1 and 2; the lengths are between 3 and 39 and 4–48 amino acids, respec-
tively.
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Despite having eight covalent bonds to two zinc ions to stabilize the tertiary
structure, RING domains can be susceptible to unfolding or aggregation when pro-
duced at the concentration to perform structural studies. Mutation of any of its eight
zinc-binding ligands to a non-zinc binding amino acid, for example cysteine to serine,
results in loss of binding to both zinc ions and unfolding of the domain [62].

As noted, RING domains can vary in the lengths of their sequences. In addition,
with the exception of the conserved cysteine and histidine residues, RING domains do
not share high sequence homology, which is normally in the 20% range. Despite these
differences, RING domains adopt an overall beta-beta-alpha (ββα) canonical RING
fold (Figure 5B). RING fold is characterized by two large loops (L1, L2) in which L1
precedes the 2- to 3-turn α-helix, and L2 follows the helix. Loop 1 is typically more
structured and consists of two short β-strands separated by a type-2 turn. Loop 1
consists of the first and second pairs of zinc-binding residues, while the first helical
turn of the α-helix has another pair. Loop 2 consists of the last pair of zinc-binding
residues and tends to exhibit more dynamic properties than L1. The relative locations
of the two zinc ions are similar for all RING domains.

Despite the low sequence homologies among RING domains, there are several
amino acids that are fairly well conserved at specific locations in the sequence. There

Figure 5.
Sequences and structures of RING domains. A. Cross-braced arrangement of the zinc-binding mechanism in which
the first and third pair of zinc-ligands bind one zinc ion, and the second and fourth pair binds the other zinc. B.
Prototypical structure of the RING ββα-fold adopted by RING domains exhibiting E3 ligase activity. The spheres
present the two zinc ions bound by key cysteine and histidine residues. It should be noted that some RING domains
do not have well-defined β-strands in their loop1. C. Sequence alignment of several RING domains for which the
structures of E2–E3 complexes are known (Table 2).
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is a conserved hydrophobic residue (I/V/L) located between the first pair of cysteine
residues and an acidic residue located two residues after the cysteine (Figure 5C). In
addition, there are an additional 2–3 acidic (D/E) residues located between the first
and second pair on L1. Just preceding and following the third pair of ligands are
hydrophobic residues, in which the preceding residue is usually aromatic. For the last
pair of zinc-binding residues on L2, there is a conserved proline and a hydrophobic
residue located between them, while an arginine immediately follows this pair. The
similarity in structures of RING E3 domains suggests a common mechanism of action.

While the RING domain confer E3 ligase activity, this function is generally in
concert with it binding the substrate in order for the substrate to be ubiquitinated
[63–65]. For instance, loss of interaction between the RING domain and its substrate
results in loss of substrate ubiquitination [16, 65]. However, since the RING domain is
only part of a larger protein, often, other domains or regions of the protein play key
roles in substrate recognition and binding [16, 66, 67]. For example, mutations of the
B-box domains in the MID1 protein that disrupted binding to a substrate protein
prevents ubiquitination of the substrate despite MID1 possessing wild-type level ligase
activity [16, 32]. Unfortunately, while the number of RING E3 ligases are prevalent,
their substrates are not always known or fully characterized; so how RING E3 ligases
recognize their substrates is still a work in progress.

6. Mapping E2-RING domain interactions

Unlike the other classes of E3 ligases (HECT, RBR, SCF) that first transfer the
ubiquitin from the E2 enzyme to themselves, RING E3 ligases facilitate the concerted
Ub transfer to the substrate protein by interacting with both the E2 and substrate,
placing the substrate in close proximity to the E2 � Ub thioester bond. Thus, the
interactions between RING E3 ligase, its cognate E2s and its substrate protein are
essential for Ub transfer [63–65]. The inability of the RING domain to interact with
either the E2 or substrate will result in loss of ubiquitination of either the RING
protein (autoubiquitination) or the substrate (ubiquitination) [16, 32]. The ability of
Ub to transfer from the E2 enzyme to the substrate is based on the reactivity towards
the amino group of a lysine (aminolysis) or cysteine (transthiolation). Aside from
lysine, its surrounding residues also play a crucial role in the determination of whether
the protein will be ubiquitinated. The level of ubiquitination is determined by how the
E2 enzyme accommodates the preferred lysine [8, 68].

7. RING domains are positioned far from the active site

Given that the interactions of RING E3 ligases and E2 enzymes impact auto- and
substrate-ubiquitination, the structures of several RING domains and their cognate E2
enzymes are examined [69–74].

Evaluation of the literature and PDB reveal that four E2 members are highly
studied: Ube2D1-3, Ube2N, Ube2G2, and Ube2L3 (class 1) (Table 2). The Ube2D1–3
family appears to be the most promiscuous; these three enzymes are usually the first
to be employed to test whether a protein with a RING domain possess E3 ligase
activities. The complexes of Ube2D1 with 12 RING E3 domains (MDM2,
RNF12,13,25,31,165, CNOT4, c-CBL, BIRC2,7) have been characterized [75–83].
Sequence analysis of these RING domains reveal low pairwise sequence identities. The
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E2’s Interacting E3’s E2-E3 structures E3 structures

Ube2d1 RNF147 5FER 6FLM

2CP4 SNURF 4AP4 2EA6

ZNRF4 3OJ4

CNOT4 5AIE 2CPI

Ube2d2 CNOT4 1UR6 2CPI

3L1Y MDM2 6SQS 5AFG

RNF12 6W7Z

RNF13 5ZBU 5ZC4

RNF31 5EDV 4LJQ

RNF165 5ULK 5D0I

RNF165 5D0K 5D0I

RNF25 5D1K

RNF55 4A49 2JUJ

RNF50 4AUQ 3GT9

cLAP1 6HPR 3M1D

cLAP2 3EB6 2UVL

Ube2d3 mycbp2 6T7F 5O6C

1X23 UBE4B 3L1Z 3KRE

RING1B 4S3O 2CKL

RING1B 3RPG 2CKL

Ube2e1 TRIM21 6FGA 5OLM

3BZH

Ube2e2 RNF12 6W9A

1Y6L

Ube2g2 AMFR 2LXP 4G30, 2LXH(NMR)

2CYX AMFR 3H8K 4G30, 2LXH(NMR)

Ube2l3 ARIH1 5TTE 4KC9

6XXU ARIH1 5UDH 4KC9

Ube2n RNF85 5VNZ 2JMD

1JBB RNF85 3HCU 2JMD

SNURF 5AIT 2EA6

TRIM21 6S53 5OLM

ZNRF1 5YWR

RNF8 4WHV 4AYC

RNF8 4ORH 4AYC

Table 2.
PDB IDs corresponding E3, cognate E2, and E2-E3 structures.
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highest sequence identity is between RNF165 and RNF12 at 25%, while the remaining
RING domains have identities of 15 � 4%. The structures of Ube2D1 were solved in
complexes with ZNRF7, CNOT4, TRIM25, and RNF4. NOT4 and ZNRF4 have the
lowest sequence identity of 13%, while the highest pairwise identity is between
TRIM25 and RNF4 at 30%. The average is �20%. The Ube2D3 was solved in com-
plexes with Ube4B, Mycb2 and RING2. Structural studies of Ube2N with ZNRF1,
TRAF6, TRIM21, RNF4 and 8 RING E3 ligases are also reported [84–88]. The average
pairwise identity among these RING domains is 23 � 6%, while the highest is 36%
between RNF4 and TRIM21; the lowest is between RNF8 and ZNRF1 at 16%.

Interestingly, despite the low sequence identities between the RING domains, the
structures of the E2-RING complexes reveal a common mode of interaction
(Figure 6). All the RING domains are located on a similar site of the E2 enzyme and
oriented in a similar manner. The face of the RING domain that interacts with the E2
enzymes involves residues of the structured loop1 and its two β-strands and loop2, and
incorporates both zinc ions. The zinc ions do not provide any stabilizing interaction
with the E2 amino acids but may contribute an electronic effect that adds to the
allosteric effects. The RING domains interact with the surface opposite to the β-sheet
of the E2 structure, and contacts residues at the N-terminal end of helix 1 the loops
connecting the helix traversing the β-sheet, the helical turn adjacent to the catalytic

Figure 6.
Interactions of RING E3 domains with Ube2D2. A. Structures of Ube2D2 bound to MDM2 (purple), RNF12
(salmon), RNF165 (orange), and RNF50 (yellow). This mode of binding is prototypical for all known E2–RING
interactions. The closest residue of the RING domain from the catalytic cysteine is �15 a. the binding interface
averages �550 � 30 Å [2]. B. Structure of an E2–RING (pdb: 4ap5) with key pairs of residues highlighted at the
interface. Some of these residues are identified in ‘D’. C. the tertiary structures of E2–RING pairs from each of the
four E2 classes were analyzed by the program ConSurf to identify the locations of conserved residues. Residues/
regions on the protein that are more conserved are colored bright pink/red and regions with variable residues are
colored blue. Bright pink/red regions are located at the interface with the RING domains for all four types of Ub E2
enzymes. D. Summary of the types of interactions associated at the interface. There is usually one salt-bridge, four
hydrogen bonds and � 40 non-covalent contacts.
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cysteine, and a loop connecting two of the β-strands. The area of the interface aver-
ages to �550 Å [2] for the various structures, as calculated by PDBsum [89, 90].

Interestingly, the location of the RING domains is found to be at least �15 Å from
the thioester linkage catalytic site (Figure 6B), which would suggest that RING
domains are not directly involved in the chemistry of the Ub transfer. In fact, the
distal location indicates that RING domains exert an allosteric effect as the key factor
in influencing Ub transfer to the substrate. Based on the sequence alignment, and the
structures of the complexes, it appears that E2 members of each family have uniquely
conserved residues involved with their interactions with different RING domains and
these residues can contribute to the long range of structural communication. Analyz-
ing the structures and sequences of these complexes with the program
ConSurf [91, 92], confirmed conserved residues at the interface. The structures of
Ube2D2, Ube2N, Ube2G2 and Ube2L3 all show a large patch of conserved residues at
the interface where the RING domains interact (Figure 6B). Most of these residues
are found on the N-terminal half of helix 1, the central helix that traverse the β-sheet,
on the loops connecting the β-strands and on the helical turn. Residues that are less
conserved are located away from this E2-RING interface (Figure 6C).

Among the class 1 enzymes, for which the most structural information is available,
there are four key sets of interactions with RING domains. The amino group of an
arginine near position 5 (helix 1) forms a hydrogen bond with the carbonyl group of a
hydrophobic residue (valine, leucine, or isoleucine) on the RING domain. The hydro-
phobic property of the hydrocarbon chain contributes to the arginine interaction with
the hydrophobic residue. For many of E2s, a glutamine (Gln) or asparagine (at posi-
tion 92 of Ube2D2), located on the helical turn, forms a hydrogen bond with an
arginine side-chain found on loop2 of the RING domains. This interaction appears to
be essential for the activation of the thioester bond for nucleophilic attack. Mutation
of this glutamine dramatically affects Ub transfer [63, 64]. Interestingly, other mem-
bers of the E2 (ex: Ube2G2, Ube2N) have a basic residue (R/K) at this position,
indicating that these E2 enzyme may interact with a RING domain that instead of
having an arginine on loop2 may have a complementary Asn/Gln residue. Such com-
plementarity may provide some clue about specificity. For example, Ube2D2 with a
Gln may not bind the same RING domain as Ube2G2, which has a Lys in place of the
Gln. It would seem logical then that the cohort RING domain will have a Gln or Asn to
form a hydrogen bond with the E2 enzyme.

The class 1 E2’s have several fairly conserved proline residues, but the proline
(position 95 of Ube2D2) makes hydrophobic contacts with a proline or isoleucine
residue on the RING domain. Multiple sequence alignment of the RING domains
confirmed these conserved residues (Figure 6C). The hydrophobic residue that
interacts with Arg5 of Ube2D2 and the arginine that interacts with Gln92 are con-
served in RING E3 domains. Adjacent to Pro95 (Ube2D2) is Ser94 that forms a
hydrogen bond between its sidechain OH and backbone carbonyl group of the proline/
isoleucine of the RING domain that interact with Pro95 (Figure 6B, D).

The Ube2N family is also found to have four conserved interactions with three
RING domains. The Serine and Proline interaction is conserved, however in the
Ube2N family it corresponds to Ser96. The arginine interaction with a hydrophobic
residue is also conserved for this family, however it is Arg7 instead of Arg5. An
interaction between Lys10 and Leucine is also conserved in almost all catalog entries,
with hydrocarbons in their side chains interacting. Lastly, Arg6 is found to be
involved in a conserved interaction with a negatively charged residue (Asp or Glu). It
is possible that the slight differences in positions of the various RING domains with
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the Ube2D2 enzyme may reflect the RING domains adjusting to make these conserved
interactions with the E2.

Although the Ube2G2 and Ube2L3 families had significantly less cataloged entries,
a few conserved interactions with their RING families are noted. Despite Ube2G2
being solved in a complex with only one RING domain (RNF45), the serine and
proline interaction is conserved, and in Ube2G2’s case it is Ser111 interacting. An
interaction between Ser67 of Ube2G2 and a Gln of RING domain is conserved, as well
as an electrostatic interaction between Glu108 and an arginine of RNF45. Ube2L3 has
conserved interactions between its Pro95 and the RING domain proline or isoleucine,
and between its Arg5 and an isoleucine of RING E3 ligase. Notably absent from
conserved residues in Ube2G2 is the interaction of serine and proline. Ube2L3 is also
missing the conserved interaction of Arg5 and a hydrophobic residue.

The conserved interactions among the E2s and RING domains, noted above, are
confirmed by analyzing the various structures using PDBsum. The analyses reveal an
average of one salt-bridge, four hydrogen bonds and � 40 non-covalent interactions.
The surface area of the interface is relatively small, usually less than 600 Å [2]. These
observations would indicate a rather labile interaction between RING and E2s. NMR
studies probing the interactions of RING and E2 enzymes confirm fast exchange in
binding by the observation of very small chemical shift changes in the protein NH
NMR signals when these proteins are titrated with respect to each other [69, 93–95].
NMR, isothermal calorimetry, and SPR binding studies of 23 pairs of RING E3 and E2
proteins exhibit dissociation constants (Kd) are in the sub-millimolar (60–200 μM)
range [64].

Despite this common binding mechanism, it is not exactly clear how specificity is
established between different E2 enzymes and their cognate RING E3 ligases. It is
possible that although the catalytic domain of these proteins have a high level of
sequence and structural similarity, minor differences of amino acids may dictate
binding specificity to different RING E3 ligases. Interestingly, yeast two-hybrid
screening studies reveal that some E2s interact specifically with one RING protein,
while others can interact with over a hundred different RING E3s [36]. For instance,
Ube2U has 52 interactors, UBE2D1–4 have 29–35 interactors, and UBE2N has 28 [36].
These observations of E2s promiscuity for many RING E3s is not unsurprising given
that human cells have only a few dozen E2s and hundreds of RING E3s that must
associate to promote the ubiquitination of protein substrate. There are also RING E3
ligase that can interact with multiple E2s [28, 36]. However, there are still RING E3s
that only bind specific E2s [36]. It is possible that a RING domain interacts with
several E2s and that some of these interactions may dictate different levels of sub-
strate ubiquitination, i.e. mono- vs. di- vs. polyubiquitination [28].

8. RING domains as activators for aminolysis of E2 � Ub linkage

As noted, the distal binding of RING domain from the catalytic cysteine exerts
allosteric effects on the reactivity of the active site [71, 72]. Structures of a RING domain
interacting with an E2 enzyme with an Ub reveal that the RING domain binds in the
same position compared with when it binds the free E2 enzyme [48, 71, 80, 96, 97].
NMR and computational studies have shown that the covalently attached Ub is highly
mobile making transient interactions with the E2 enzyme, but in the presence of the
bound RING domain the Ub exhibits more interactions with the E2 enzyme [35, 71].
This confirmation is referred to as the closed conformation. In the absence of the RING
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domain, the Ub is substantially more flexible. Thus, the RING domain promotes a more
closed E2 � Ub conformation (more E2:Ub contacts). Mutations that destabilize the
closed conformation of the E2 and Ub are shown to disrupt Ub transfer activity [71, 98].
The closed E2 � Ub conformation is important for activation of the thioester bond for
nucleophilic attack from a lysine side chain amino group [64]. Examination of the
several E2–RING structures reveals that the central helix moves slightly outwards and
the N-terminal helix becomes longer by a helical turn for several E2 enzymes. Some of
the β-strands also move positions ever so slightly. Despite the small interface, the
binding of the RING is sufficient to induce electronic and conformational changes as
part of its allosteric effect.

While this review focuses on the interaction of E2 enzymes and monomeric RING
domains, there is now studies that suggest that RING homo- and hetero-dimers and
multimers are important for increasing the rate of aminolysis and Ub trans-
fer [15, 76, 85, 97, 99–106]. BRCA1 is shown to have enhanced ligase activity when in
a RING-RING complex with BARD1 [101, 105, 107], and MID1 RING domain exhibits
increased activity in complex with the B-box domain [16, 28, 53]. The enhanced
effects of RING dimerization is observed in vivo and in vitro and cannot be rational-
ized structurally [63, 64, 65, 107, 108]. The structures of RING dimers reveal that they
are symmetrical and that the interface involves the surface opposite to the one
involved in the interaction with E2 enzymes. How this interaction enhances the
allosteric and electronic effects that RING has on the reactivity of the thioester linkage
is not clear. Structures of RING dimers with E2 enzymes are also dimeric structures, in
which each RING binds its own E2 enzyme [80, 106, 109]. It is possible that the
increased activity for some RING proteins may be due to an increased apparent
concentration effect due to their dimerization or multimerization.

9. Conclusion

Ubiquitination is an essential process that serves to regulate many cellular pro-
cesses, most notably in regulating the cellular concentrations of proteins (homeosta-
sis) through cellular degradation. The pathway to covalently attach a Ub to a substrate
protein is highly coordinated. Errors in this pathway have significant consequences to
cell function and contribute to the pathogenesis of several human illnesses including
cancers, genetic disorders, and brain disorders [13, 110–114]. Many of these defects
are associated with a dysfunctional RING protein that obviously leads to an increase in
concentration of their target protein.

Though the eukaryotic system have created redundancies in how it labels proteins
for proteasomal degradation, RING E3 ligases are overwhelmingly the most prevalent
with currently over 700 members in humans. It is expected that this number will
increase to also include proteins with domains that have ββα-RING folds. For instance,
the U-box domain is shown to have the same RING fold despite not being cysteine and
histidine rich and not binding any zinc ions [47, 115, 116]. The U-box domain is shown
to interact on the same interface and manner on Ube2D2 as the zinc-binding RING
domains [71, 72], suggesting that function preserves structure. Furthermore, the
MID1 B-box1 and B-box2 domains are shown to bind two zinc ions and adopt a similar
RING fold as monomers and a RING dimers in tandem, despite having less than 25%
sequence homology with RING domains [46, 58, 59]. The B-box domains are similar
to RING domains in the manner in which they bind the zinc ions but the sizes of their
L1 and L2 regions are on the smaller ranges of RING domains.
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In contrast, there are some zinc-binding domains that adopt the same ββα-RING
fold but function as E3 ligase enhancers or E4 ligases. The BARD1 RING domain
dimerizes with BRCA1 to enhance the E3 ligase activity of BRCA1 [101, 105, 107];
similarly, MdmX dimerizes with Mdm2 to target p53 [68, 76]. It is unclear why these
E4 RING domains do not facilitate ubiquitination but it is possible that their interac-
tion with the E2 enzyme is considerably different than that of RING E3 domains.
There are currently no structures of an E4 enhancer with an E2, possibly because
the interaction is so weak. The structures of BRCA1:BARD1 and Mdm2:MdmX are
essentially very similar to homo-RING dimers suggesting that the mechanism of
enhanced activities observed for RING homo-dimers may be the same for RING
hetero-dimers.

It has long been postulated that the RING E3 ligases target a specific protein for
ubiquitination and therefore how a large number of proteins interact with a little over
three dozen E2 enzymes is not fully understood. As noted, RING domains share very
low sequence homology with each other yet they all adopt a very similar structure,
indicating that their mechanism of function is very similar. To try and provide
insights into how RING domains are recognized, the sequences and structures of
RING domains and E2 enzymes are evaluated. And while this review does not answer
all the questions about the interaction, many of which are being investigated, it does
provide some clues. As noted, E2 enzymes have a central catalytic domain that adopt a
common structure. Despite variations in sequence identities and similarities, it
appears that the catalytic domain preserves conserved residues at the interface that
bind RING domains and residues that will transmit the allosteric effect of the bound
RING domain (Figures 3 and 4). Similarly, the RING domain with far less sequence
homologies also maintain key amino acids in specific locations to interact with the E2
catalytic domain in a similar location.

RING domains are relatively small (50–70 amino acids) in the context of their roles
as enzymes and in facilitating the ubiquitination of substrate proteins. It would seem
quite daunting for such a small protein domain to bind large proteins (E2, substrate)
while maintaining their role to influence Ub transfer [16, 28, 53]. Despite the impor-
tance of substrate ubiquitination via RING E3 ligases, the mechanism is still not
completely understood. Furthermore, it appears that the mechanism of interaction
helps to determine which lysine residue on a substrate gets ubiquitinated. It should be
noted that the RING domain exists as part of a larger protein and that the binding of
substrates is not always relegated to the RING domain; more often substrates are
proteins that bind other domains within the RING-containing E3 ligase protein.
Mutations in the B-box1 domain of the MID1 RING protein, which binds alpha4 and
the catalytic subunit of protein phosphatase 2A (PP2Ac), prevented polyubiqui-
tination of these proteins despite MID1 maintaining full autoubiquitination activ-
ity [53]. Similarly, the SH2 domain of the c-CBL E3 ligase functions to bind the
substrate while the RING domain interacts with the E2 enzyme and facilitates
ubiquitination [45, 65]. In fact, it is possible to create chimeras with a RING domain
followed with a domain that specifically binds any protein. Such substrate trapping
strategy can be useful in regulating proteins whose upregulation is associated with
cellular dysfunction and human diseases.

Finally, while there has been considerable research in this exciting area of protein
ubiquitination, specifically in understanding how E2 and E3 proteins interact, there
are still many questions left unanswered, such as how does specific E2-RING interac-
tion influences the level and type of ubiquitination, and the lysine that becomes
covalently modified.
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Functional Significance of the 
E3 Ubiquitin Ligases in Disease 
and Therapeutics
Julius Tieroyaare Dongdem and Cletus Adiyaga Wezena

Abstract

E3 ubiquitin ligases of which there are >600 putative in humans, constitute a 
family of highly heterogeneous proteins and protein complexes that are the ultimate 
enzymes responsible for the recruitment of an ubiquitin loaded E2 ubiquitin-
conjugating enzyme, recognise the appropriate protein substrate and directly or 
indirectly transfer the ubiquitin load onto the substrate. The aftermath of an E3 ligase 
activity is usually the formation of an isopeptide bond between the free carboxylate 
group of ubiquitin’s C-terminal Gly76 and an ε-amino group of the substrate’s Lys, 
even though non-canonical ubiquitylation on non-amine groups of target proteins 
have been observed. E3 ligases are grouped into four distinct families: HECT, RING-
finger/U-box, RBR and PHD-finger. E3 ubiquitin ligases play critical roles in subcel-
lular signalling cascades in eukaryotes. Dysfunctional E3 ubiquitin ligases therefore 
tend to inflict dramatic effects on human health and may result in the development of 
various diseases including Parkinson’s, Amyotrophic Lateral Sclerosis, Alzheimer’s, 
cancer, etc. Being regulators of numerous cellular processes, some E3 ubiquitin ligases 
have become potential targets for therapy. This chapter will present a comprehensive 
review of up-to-date findings in E3 ligases, their role in the pathology of disease and 
therapeutic potential for future drug development.

Keywords: classification, disease, E3 ligases, dysfunction, mechanism, therapeutics, 
ubiquitin

1. Introduction

1.1 E3 ubiquitin ligases in Ubiquitylation

E3 ubiquitin ligases play crucial roles in ubiquitin conjugation to substrates and 
therefore ubiquitin signalling. Protein ubiquitylation (also referred to as ubiquitina-
tion) is a dynamic multifaceted post-translational modification in which ubiquitin 
is covalently attached to a specific protein target in a three-step enzymatic cascade 
involving the action of an E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating 
enzyme and E3 ubiquitin ligase [1]. An E3 ubiquitin ligase is the ultimate enzyme 
which directly or indirectly catalyses the transfer and subsequent ligation of an 
ubiquitin monomer to a specific target protein (i.e., the substrate). The aftermath 
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of ubiquitylation is usually the formation of an isopeptide bond catalysed by the E3 
ligase between the free carboxylate group of ubiquitin’s C-terminal Gly76 and an 
ε-amino group of the substrate’s Lys [2]. However, non-canonical ubiquitylation in 
which ubiquitin is conjugated to the target protein’s N-terminal amino group of Met 
has been observed in more than 22 proteins including ubiquitin itself [3–5]. There 
is also increasing evidence of ubiquitylation on non-amine groups of target proteins 
including the thiol groups of Cys [6] and the hydroxyl groups of Thr, Ser and prob-
ably Tyr [7].

In the initial ATP-dependent activation step of ubiquitylation, E1 catalyses the 
acyl-adenylation of ubiquitin’s C-terminus for conjugation by forming an ubiquitin-
adenylate intermediate (Figure 1). In the second step, ubiquitin is transferred to the 
active site Cys residue resulting in the formation of a thioester linkage between the 
C-terminal carboxyl group of ubiquitin and the E1 Cys sulphhydryl (-SH) group with 
a consequential release of AMP [8]. Ubiquitin is then transferred from the ubiquitin-
adenylate intermediate in the subsequent transthiolation reaction to the -SH group of 
the catalytic Cys of an E2 enzyme [9]. In the final ligation step, E3 binds both the tar-
get protein and the ubiquitin-charged E2 and facilitates the transfer of ubiquitin from 
E2 to the ε-amino group of a Lys in the target protein. E3 enzymes thus function as the 
substrate recognition modules and consequently determine substrate specificity of 
ubiquitin conjugation, while the E2s determine the chain type of polyubiquitylation 
[10, 11]. Human cells possess two E1 enzymes (UBA1, UBA6), approximately 40 E2 
enzymes and more than 600 putative E3 enzymes [12–15]. This notwithstanding, 

Figure 1. 
The ubiquitin-mediated proteasome proteolytic pathway. Ubiquitin modification is an ATP-dependent process 
carried out by three classes of enzymes, E1, E2 and E3 which specifically target proteins to either change their 
activity or their location, or in some cases earmark target proteins for proteasome-mediated degradation. E1 
forms a thioester bond with ubiquitin which allows subsequent transfer of ubiquitin to E2, followed by the E3 
ligation of an isopeptide bond between the carboxyl-terminus of ubiquitin and a Lys residue on the substrate 
protein. Isopeptide bonds between ubiquitin and ubiquitin or ubiquitin and other target proteins can, however, be 
hydrolysed by deubiquitylating enzymes (DUBs).
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ubiquitin-chain elongation factors (E4 enzymes e.g., the mouse double minute 2 
homologue (mdm2)) which extend pre-existing polyubiquitin chains on substrate 
proteins (e.g., the tumour suppressor p53) have also been reported [16, 17].

1.2 Cellular functions of ubiquitylation in eukaryotes

Ubiquitin’s versatility in the regulation of cellular processes is by virtue of its 
ability to covalently modify other proteins [18]. Post-translational modifications, 
which are usually covalent and reversible, may alter the properties and therefore, 
the functions of the modified protein. A major function of ubiquitin is regulation of 
the degradation of other specific proteins, literally referred to as ‘the molecular kiss 
of death’ [19–21]. The 26S proteasome is responsible for degradation and recycling 
of unwanted, short-lived, inactive, oxidised, unfolded and/ or misfolded proteins 
(Figure 1) [22, 23]. Proteasomal proteolysis enables the cell to rid itself of these 
misfolded or damaged proteins and re-adjusts the concentration of essential pro-
teins so that cellular homeostasis is maintained [24]. For a condemned protein to be 
recognised by the 26S proteasome, a polyubiquitin chain of at least four ubiquitin 
molecules must be covalently attached to a substrate Lys residue [25]. The proteasome 
is a barrel-shaped multisubunit protein complex, consisting of two chambers within 
which proteolysis occurs. The eukaryotic 20S proteasome is the catalytic portion of 
the 26S proteasome. The 19S regulatory complex mediates substrate recognition and 
substrate unfolding (Figure 1). Exploration of the ubiquitin system in eukaryotes 
has shown that the chemical modification of proteins by ubiquitin is an incredibly 
important post-translational event that is crucial to numerous complicated cellular 
processes beyond the ubiquitin proteasome system. Ubiquitin conjugation also plays 
a wide variety of roles that are independent of proteasomal degradation [2, 18]. The 
ubiquitin code modulates cell cycle progression, differentiation, signal transduction, 
protein–protein interactions, and intracellular protein trafficking. Ubiquitin regulates 
subcellular localisation of proteins where they control other protein function and 
cell mechanisms. Transcription, autophagy, inflammatory signalling, modulation 
of enzymatic activity, DNA repair, heat shock responses, chromatin structure, 
embryogenesis, cell apoptosis, virus budding, vacuolar protein sorting, inflammatory 
response and receptor endocytosis are also regulated by ubiquitin-mediated signalling 
[26, 27]. The cellular environment must constantly maintain homeostatic conditions. 
The ubiquitin-proteasome system is the major ubiquitin-mediated process recognised 
as the cellular quality control system [28]. Deubiquitylating enzymes (DUBs) cleave 
isopeptide bonds releasing free ubiquitin residues from protein substrates. As such 
DUBs are also implicated in the regulation of cellular events by trimming (poly)
ubiquitin conjugates and recycling ubiquitin monomers.

1.2.1 Ubiquitin modifications

The functional consequences of ubiquitylation vary because of recognition by 
different ubiquitin-binding modules which can distinguish different polyubiquitin 
modifications. Monoubiquitylation is the conjugation of a single ubiquitin molecule to 
a single Lys of the target protein. Multimonoubiquitylation occurs when a target pro-
tein is tagged with more than one single molecule of ubiquitin. In polyubiquitylation, 
the target protein is tagged with an ubiquitin chain linked through the C-terminal Gly 
of each ubiquitin unit and a specific internal Lys of the previously attached ubiquitin 
through sequential rounds of ubiquitylation (Figure 1). The presence of N-terminal 
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Met including seven Lys residues per ubiquitin moiety on which polyubiquitylation 
occurs, empowers ubiquitin with potential to exhibit diverse and highly complicated 
linkage specific post-translational modification of target proteins [29]. Unlike 
homogenous chains of ubiquitin which contain a single ubiquitin-ubiquitin linkage 
type, heterogeneous polyubiquitin chains contain more than one linkage type. In 
mixed polyubiquitin chains therefore, one linkage type can be extended by a second 
type, forming a non-branched structure. In branched polyubiquitin chains however, 
different linkage types form one or more branches (i.e., multiple Lys residues in the 
same ubiquitin) [29].

Monoubiquitylation has been implicated in the endocytic trafficking of certain 
cargo proteins, e.g., small GTPases and receptors (e.g., Epidermal Growth Factor 
Receptor, EGFR) to specific cellular compartments at different stages of the endocytic 
pathway. Monoubiquitylation has also been implicated in gene expression and DNA 
repair [30–33]. Multimonoubiquitylation is important for receptor endocytosis [34]. 
Lys48-linked polyubiquitylation (i.e., polyubiquitin chains linked via Lys48 of the 
proximal ubiquitin to the next ubiquitin moiety in the chain) has predominantly been 
linked to targeting proteins for proteasomal degradation [35]. Lys63-linked polyu-
biquitin chains function as scaffolds to assemble signalling complexes e.g., activation 
of transcription factor NF-κB involved in inflammatory and immune response, DNA 
damage tolerance, the endocytic pathway and ribosomal protein synthesis [36]. It 
has been demonstrated that unanchored (substrate-free) Lys63-linked polyubiquitin 
chain assembled via UBE2N/UBE2V1 (E2) and TRAF6 (E3) enzymes activate the 
NF-κB pathway by activation of TAK1 which in turn phosphorylates and activates 
IκB kinase (IKK) [37]. Linear linkage via N-terminal Met is also reported to regulate 
NF-κB signalling [38–40].

2. Types of E3 ubiquitin ligases

Based on considerations of structure, chemistry, and mechanisms by which 
ubiquitin is transferred to the substrate, four families of E3 ubiquitin ligases are 
distinguishable. These include homologous to the E6AP carboxyl terminus (HECT), 
Really Interesting New Gene (RING)-finger/U-box, RING-between RING (RBR) and 
the recently characterised plant homeodomain (PHD)-finger ligases.

2.1 RING-finger E3 ligases

The RING E3s constitute the largest family of E3 ligases. RING-finger E3 family of 
ligases include the U-box ligases. Although able to promote the formation of polyubiq-
uitin chains, RING-Finger/U-box E3s lack a catalytic site and hence, do not participate 
directly in catalysis. RING-type E3s are characterised by the presence of the canonical 
Cys3HisCys4 amino acid motif (i.e., the RING domain) and consequently mediate the 
direct transfer of ubiquitin from E2 ~ ubiquitin complex to the substrate (Figure 2a). 
Each canonical Zn finger (Cys3HisCys4) type domain binds two Zn2+ ions which are 
critical to its stability. RING E3 ligases can exist and act as single-subunits e.g., CHIP/
Stub1, mdm2, RNF4, RNF114, UBE4B (Figure 2a) or may be assembled on a Cullin 
scaffold to form multiple subunits. Multi-subunit RING E3s contain a substrate receptor 
(responsible for substrate specificity) at the C-terminus, an adaptor(s), a Cullin- and 
a RING-box at the N-terminus (Figure 2b). The APC (anaphase-promoting complex) 
and the SCF (Skp1-Cullin-F-box protein) complex are examples of multi-subunit RING 
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E3s involved in substrate recognition and are the most abundant type of RING E3s 
[41, 42]. RING-finger E3 ubiquitin ligases regulate several cellular processes, including 
cell metabolism, cell proliferation, apoptosis, differentiation, and DNA repair making 
them potential targets for anti-cancer drug development. There is evidence to suggest 
that RING-finger domains can also allosterically activate the E2 enzymes [43]. RING E3 
ligase activity is often regulated by neddylation, phosphorylation and protein–protein 
interactions with small molecules among others.

2.1.1 U-box E3 ligases

The U-box proteins contain a U-box domain of ~70 amino acids which lacks the 
characteristic Zn chelating Cys and His residues in RING-finger domain and are 
characteristically stabilised by a network of H-bonds within each loop, flanked by a 
central α-helix [44–46]. U-box E3s are more abundant in plants than animals [47]. 

Figure 2. 
Illustration of RING/U-box E3 ligase types and their mechanism of ubiquitin transfer to target proteins.
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Both RING and U-box domains are responsible for binding the ubiquitin-charged 
E2 and stimulating the transfer of ubiquitin to substrate (Figure 2). Additionally, 
RING and U-box E3 ligases can function as monomers (Figure 2a), homodimers 
(Figure 2c and d), or heterodimers. In a homodimer, each monomer can bind an E2, 
but apparently not the case in the heterodimeric RINGs.

2.2 PHD-finger E3 ligases

Another RING-related family of E3s are the PHD E3 ligases. Unique sequence and 
structural signatures that distinguish the PHD-finger from RING fingers have been 
demonstrated indicating that the PHD-fingers function primarily as E3 ligases that 
promote protein degradation and constitute a distinct class of E3 ligases. The PHD 
or leukaemia-associated-protein (LAP) domain resembles the RING finger domain 
[48–50]. It also has the eight conserved metal binding ligands, Cys4HisCys3 consen-
sus, with similar spacing [51] however, it represents a variant of the RING finger. An 
example of a PHD domain E3 ligase is Mekk1 kinase. The second N-terminal Cys-rich 
domain of Mekk1 kinase has been shown to exhibit E3 ubiquitin ligase activity toward 
ERK1/2 and is involved in the down regulation of the MAP kinase cascade [52]. The 
PHD domain is found in many proteins involved in chromatin-mediated transcrip-
tional regulation [53], however, very little is known about their precise functions.

2.3 HECT E3 ligases

Unlike the RING-finger E3s, the HECT type E3s instead contain a conserved 
C-terminus HECT domain which consists of a larger N-terminal bi-lobe architecture 
encompassing the E2-binding site and a smaller C-terminal lobe which comprises the 
active-site Cys residue (Figure 3a). Their reaction cycle consists of three steps; binding 
to an E2 ~ ubiquitin, transiently loading ubiquitin on themselves via formation of a 
covalent ubiquitin-thioester linked intermediate with the catalytic Cys, before transfer-
ring the ubiquitin molecule onto the target protein [54]. These two lobes are connected 
by a flexible hinge region, which is critical for juxtaposing the catalytic Cys residues of 
the E2 and E3 during ubiquitin transfer (Figure 3a). A conformational change involv-
ing an alteration in the relative orientation of the two lobes is thought to facilitate the 
transthiolation reaction [54–56]. Whereas the C-terminal HECT domain is responsible 
for E3 catalytic activity, the N-terminal portion is highly variable and determines the 
substrate specificity. HECT domain containing E3 ligases are estimated at 30 in mam-
mals and 28 in humans out of the over 600 E3s [57]. Human HECT E3s can further 
be categorised into subfamilies based on the mode of protein–protein interactions of 
their N-terminal domain extensions which determine their substrate specificity. These 
include the Nedd4 family, which are characterised by the presence of tryptophan-tryp-
tophan (WW) motifs, the HERC (HECT and RCC1-like domain) family, which contain 
one or more regulators of chromosome condensation 1 (RCC1)-like domains (RLDs), 
and the SI (ngle)-HECT/“other” HECT E3s lacking either WW or RLDs domains but 
contain various other domains. These subfamilies have been extensively reviewed [58]. 
HECT domain E3s play several roles. They determine the specificity of ubiquitylation 
and mediate the trafficking of many receptors. They are also regulators of immune 
response and several signalling pathways in cell proliferation [59]. Naturally, the intrin-
sic catalytic activity of HECT E3s is normally folded together in an autoinhibited state 
by intramolecular interactions between domains which can be released to an active form 
of the enzyme in response to various signals by unfolding to expose the catalytic Cys.
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2.4 RBR E3 ligases

RBR E3 ligases employ the characteristic RING-HECT hybrid mechanism [60–65]. 
Like the HECT E3 ligases, the RBR E3 ligases catalyse the transfer of ubiquitin from 
E2 to the substrate through a three-step reaction where the RBR E3 first binds the 
E2, transfers the ubiquitin load to its catalytic Cys and subsequently to the substrate 
(Figure 3b). RBR E3 ubiquitin ligases differ from RING-type E3 mainly because they 
possess an active site which is absent in other RING-type E3s. However, like RING 
E3s, the RBR E3 ligases have four RING Zn2+ finger domains. Each of these domains 
coordinates two Zn2+ ions through His and Cys residues. They include the canonical 
Cys3HisCys4-type RING (named RING1) domain as in RING E3s, that binds the E2 
enzyme followed by; in-between-RING (IBR) domain and RING2 domain which 
contains the active site Cys residue (Figure 3b). The name RBR was derived from the 
presence of two predictable RING1 and RING2, separated by an IBR (i.e., the RING1-
IBR-RING2 module). Though RING2 domain possesses the catalytic Cys (Figure 3b), 
it does not conform to the canonical RING E3 structure, and it has also been called 
Rcat (required-for-catalysis) domain. The IBR domain is conserved among RBR E3 
family of ligases. Its specific function remains elusive. The IBR domain adopts the 
same structural fold as RING2 domain, however, it lacks the essential catalytic Cys 
residue and is sometimes referred to as the BRcat (benign-catalytic) domain [66]. The 
Zn2+ ions bound within RING domains are also reported to be essential for structural 
stability and proper regulation of its intrinsic enzymatic activity. Their removal from 
parkin for instance, result in near complete unfolding of the protein [67, 68]. HHARI 
and Parkin were initially characterised to have the hybrid mechanism [64]. TRIAD1, 
RNF144A, HOIP, and HOIL-1 L have later been characterised to employ the same 
RING-HECT hybrid mechanism [69]. RBR RING domains are also normally involved 
in intramolecular interactions between amino acids of different domains that keep the 
enzyme in a coiled autoinhibited state. Through different molecular mechanisms such 
as phosphorylation and protein–protein interactions, the uncoiling of closed-compact 
or folded autoinhibited states of RBR E3 ligases may be triggered thereby exposing 
the catalytic sites and increasing the intrinsic E3 ligase activity.

Figure 3. 
Mechanism of ubiquitin transfer to target protein by (a) HECT and (b) RBR E3 ubiquitin ligases.
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3. Implication of the E3 ubiquitin ligases in disease and therapy

3.1 Role of E3 ligases in disease

Aberrations of ubiquitin signalling are often associated with pathogenesis of sev-
eral diseases and genetic disorders [58, 70–73]. Errors in ubiquitin signalling processes 
result in defective autophagy and mitophagy, DNA repair mechanisms, NF-kB signal-
ling, etc. [74]. Subsequently, associated diseases including Parkinson’s, Amyotrophic 
Lateral Sclerosis, Alzheimer’s, cancer, systemic lupus erythematosus, rheumatoid 
arthritis, and inflammatory bowel diseases (e.g., Crohn’s disease and ulcerative coli-
tis) among several others may ensue [75, 76]. Ubiquitin E3 ligases, most notably RING 
finger and RING finger-related E3s are fundamental to the specificity of the ubiquitin 
proteasome system. Many RING finger E3s are implicated in either the suppression or 
the progression of cancer and cancer chemoresistance [58, 75, 77, 78]. Due to limited 
space only some key E3-linked diseases have been explained below.

Parkin, a RBR E3 ligase functions in the covalent attachment of ubiquitin to 
specific substrates e.g., outer mitochondrial membrane proteins – Mfn1, Mfn2, and 
Miro GTPases [62]. Parkin is involved in protein degradation, collaborating with the 
ubiquitin-conjugating enzyme, UbcH7 [79, 80]. Even though much of the aetiology 
of Parkinson’s disease remains largely unknown, malfunctioning of PINK1 and/or 
parkin causes accumulation of damaged mitochondria, which trigger familial par-
kinsonism. Parkinson’s disease (named after Dr. James Parkinson, AD1783–1824) is a 
neurodegenerative movement disorder caused by the progressive death of dopamine 
producing neurons in the substantia nigra pars compacta of the mid-brain [81]. 
The characteristic symptoms of Parkinson’s disease include muscle tremor, muscle 
rigidity, slowness of movement (bradykinesia) and postural instability [82–85]. 
Parkinson’s disease is the second most common neurodegenerative disease after 
Alzheimer’s, affecting predominantly, individuals above 65 years even though earlier 
onset have been reported [79, 84, 86, 87]. Early-onset Parkinson’s disease (EOPD - 
onset in individuals before 50 years) which account for approximately 5–10% of all 
cases of Parkinson’s disease are attributable to monogenic causes [88, 89]. Mutations 
in coding regions of PARK2 gene are often implicated as the most common cause 
of autosomal-recessive juvenile Parkinsonism (AR-JP) (EOPD), followed by PINK1 
gene variants resulting in a loss of kinase function which apparently, is required for 
parkin phosphorylation and subsequent activation [84, 90–93]. This renders PINK1 
and parkin proteins vital targets for drug development. Greater than 120 pathogenic 
Parkinson’s disease mutations are spread throughout parkin’s four domains, indicating 
the critical functions for each of the individual domains [94].

The multi-functional pathways regulated by RING-type E3 ubiquitin ligases 
in inflammatory signalling and consequential inflammatory bowel disease have 
been expansively reviewed by several researchers [73]. Inflammatory bowel disease 
is characterised by inflammation of the digestive tract and patients present with 
anomalies in gut microbiota composition e.g., increased levels of harmful bacterial 
strains, reduced levels of bacterial diversity and protective probiotics. These trig-
ger proinflammatory intestinal pathogenic immune responses which in turn induce 
intestinal mucosal inflammation. Examples of implicated RING E3 ligases in inflam-
matory bowel diseases include, TRAF5, TRAF3, TRAF2, UHRF1, RNF183, RNF40, 
RNF20, RNF170, and RNF186 [73]. For instance, RNF170 E3 ligase ubiquitylates 
TLR3 for proteasomal degradation. TLR3 is a pattern recognition receptor which 
recognises pathogen-associated molecular patterns (PAMPs) of lipopolysaccharides, 
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flagellin, and microbial nucleic acids and triggers activation of downstream effectors 
in innate immune responses. Proteasomal degradation of TL3 therefore suppresses 
TLR3-mediated innate immunity in macrophages thereby promoting inflammatory 
diseases [95]. Several sites of the NF-kB pathway are regulated by ubiquitylation. 
NF-kB constitutes a family of conserved transcription factors well known to regulate 
several cell processes particularly inflammatory responses, cell proliferation and 
apoptosis. NF-kB signalling is therefore associated with several diseases such as 
asthma, arthritis, cancer, etc. [96]. For instance, RNF183 upregulates proinflamma-
tory responses via NF-κB signalling by ubiquitylating IκBα- the inhibitor of c-Rel/
p50 heterodimer, for proteasomal degradation which may induce intestinal mucosal 
inflammation [97]. Receptors that stimulate the NF-kB pathway following various 
stimuli include CD30, CD40, RABK, TNF-α, TCR, and TLRs. In contrast, TRAF2 and 
TRAF3 catalyse Lys48-linked ubiquitylation of c-Rel and interferon regulatory factor 
5 thereby signalling their degradation by the proteasome. This in turn inhibits biosyn-
thesis of proinflammatory cytokines, thereby down regulating immune responses in 
macrophages [98, 99].

The roles of E3 ubiquitin ligases in the RTK pathway (e.g. EGFR) and MAPK path-
way and other oncogenic/tumour suppressive signalling pathways in glioblastoma 
have been expounded including validation of the potential of E3 ligases as future 
therapeutic interventions for glioblastoma treatment [72]. Glioblastoma is a malig-
nant brain tumour which is characterised by a mutation in the metabolic enzyme 
isocitrate dehydrogenase 1 with limited treatment options [100]. In glioblastoma, 
67% of cases have mutation in at least 1 RTK and about 20% of classical tumours 
express a truncated form of EGFR (EGFRvIII). RTK signalling is down regulated by 
several E3 ligases such as Cbl, Chip and parkin [72]. Ubiquitylation of EGFR by Cbl 
E3 ligase results in clathrin-mediated internalisation of the receptor and subsequent 
sorting into lysosomes where the receptor is degraded and therefore reduces EGFR 
signalling in glioblastoma. LZTR1 is the substrate recognition domain of a Cul3 E3 
ubiquitin ligase complex. Mutations in LZTR1 are associated with schwannomatosis 
and Noonan syndrome in which loss of LZTR1 function drives de-differentiation 
and proliferation of cells. LZTR1 is also mutated or deleted in about 4% or 20% of 
glioblastoma cases respectively, where mutations of LZTR1 increase Ras-dependent 
proliferation of cells coupled with increased resistance to tyrosine kinase inhibitors 
(glioblastoma chemotherapy) because of enhanced MAPK signalling [101, 102]. The 
MAPK pathway is a commonly mutated pathway in human cancers. It upregulates 
cellular phenotypes such as proliferation, differentiation, migration, and invasion.

The BRCA1 RING-type E3 ubiquitin ligase is a human tumour suppressor gene 
and plays critical roles in DNA repair. Mutation of BRCA1 is associated with the 
inherited predisposition for breast and ovarian cancers [102]. The E3/E4 ubiquitin 
ligase, mdm2 is an important negative regulator of the p53 tumour suppressor gene 
as mentioned earlier. p53 protein regulates the cell cycle, DNA repair and induces cell 
apoptosis, hence it functions as a tumour suppressor. Mdm2 serves as an E3 ubiquitin 
ligase of p53. This implies that increased activity of the mdm2 oncogenic protein 
via augmented mdm2 expression induces tumorigenicity especially those 50% that 
retain wild-type p53. In addition, inactive mdm2 results in increased cellular levels 
of p53, which is detrimental to cells and may accelerate the ageing process by exces-
sive apoptosis [103]. It has also been reported that SIAH2 is a RING-finger E3 ligase 
which contributes to the progression of various malignant tumours, including breast 
carcinoma, lung and prostate tumours, and oral cancer [104–106]. Furthermore, 
the E3 ligase, c-Cbl has also been demonstrated to be frequently dysregulated in 
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myelodysplastic myeloproliferative neoplasms and additionally associated with 
myelodysplastic syndromes, myeloid neoplasms, and primary colorectal cancer [75].

Multiple studies have implicated several E3 ubiquitin ligases in ovarian cancer 
chemoresistance which hamper improvement of ovarian cancer patient outcome 
through degradation of various chemoresistance-related substrates in ovarian cancer. 
Among several studies, [107] demonstrated that NEDD4-2 protein (an E3 ligase 
that regulates endocytosis and lysosomal degradation of ENaC and other channels) 
expression is reduced in invasive ovarian epithelial cancer tissues compared with 
non-cancer ovarian tissue suggesting an important role of NEDD4-2 in the regulation 
of chemoresistant ovarian cancer [58]. Indeed Nedd4-1 and Nedd4-2 E3 ligases have 
been demonstrated to mediate numerous pathophysiological processes [108]. Briefly, 
Nedd4-1 mediates endosomal trafficking of receptor tyrosine kinases, such as EGFR 
and fibroblast growth factor receptor (FGFR), by ubiquitylating endocytic or vesicle 
sorting proteins. Nedd4-1 is overexpressed in lung epithelial cells and is associated 
with lung cancer progression [109]. NEDD4-1 can promote Alzheimer’s disease 
by weaking synaptic strength through ubiquitylation of AMPAR (alpha-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor) and cytoplasmic internali-
sation. Nedd4-2 knockout mice reportedly die perinatally due to failure of the pups 
to breathe resulting from increased ENaC expression, extensive fibrosis, and infiltra-
tion of inflammatory cells in the alveolar spaces [110]. This indicates the important 
regulatory functions of Nedd4-2 in the respiratory system. Ubiquitylation of ENaC 
by Nedd4-2 E3 ligase through direct binding to its conserved proline-rich PY motif in 
the C-terminals results in sodium current decrease and associated lung oedema [111]. 
UBR5/EDD is an E3 ligase that mediates the accumulation of ubiquitylated-H2A and 
-H2AX at DNA damage sites, and G2 checkpoint control. UBR5 is reported to enhance 
cell survival and cisplatin resistance by regulation of expression of the pro-survival 
protein myeloid cell leukaemia sequence 1 (Mcl-1) and is an undesirable prognostic 
factor for patients with serous epithelial ovarian cancer [112]. UBR5 influences ovar-
ian cancer cell cisplatin resistance by mediating MOAP-1 ubiquitylation and degrada-
tion through cooperation with Dyrk2 kinase [113].

BCL6 proto-oncogene is the transcription factor implicated in the pathogenesis 
of human B-cell chronic lymphocytic leukaemia. Deregulation of BCL6 expression 
or increased degradation are pathogenic events in many lymphomas. Mutation of 
the multi-subunit SCF FBXO11 E3 ligase is associated with the development of B-cell 
lymphomas. FBXO11 is the substrate recognition component of the ligase and func-
tions as a tumour suppressor by targeting BCL6 transcription factor for proteasomal 
degradation [114, 115]. BCL6 binds to specific DNA sequences and down regulates 
transcription of a variety of genes involved in B-cell development, differentiation and 
activation including the transcription of STAT-dependent IL-4 responses of B-cells 
[116].

FANCL is a multisubunit E3 ubiquitin-protein ligase that monoubiquitylates 
FANCD2 and FANCI, a key step in the DNA damage repair pathway. FANCL contains 
a RING finger-like PHD domain with E3 activity [78, 117]. Mutations in 8 out of 13 
components of the FANCL complex cause Fanconi anaemia (FA). Individuals with 
this condition experience severe multiple congenital and haematological abnormali-
ties including predisposition to development of a variety of cancers [118]. Individuals 
may experience congenital skeletal anomalies especially of thumb and forearm. They 
also display endocrine abnormalities, short stature correlating to growth hormone 
production and hyperthyroidism among several other anomalies [119].
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Mutations in von Hippel–Lindau (VHL), the substrate recognition component 
of Cullin RING E3 ubiquitin ligase (CRL2VHL), results in an autosomal-dominant 
familial VHL syndrome. This implies that a mutation in just one copy of the VHL 
gene in each cell is enough to increase risk of developing VHL disease. Substrates 
for CRL2VHL E3 ligase tumour suppressor include the hypoxia-inducible factor 
(HIF) family of transcription factors (HIF1-3α) which bind the VHL subunit when 
hydroxylated on two proline residues by prolyl hydroxylase. This results in ubiquity-
lation of HIF1-3α and subsequent proteasomal degradation which would otherwise 
accumulate and cause inappropriate upregulation of hypoxia-inducible genes such 
as Transforming growth factor alpha (TGF-α), Vascular endothelial growth factor A 
(VEGF-A), etc. leading to hyperangiogenesis in VHL mutant individuals [120]. VHL 
disease is characterised by benign and malignant tumours mostly clear cell kidney 
and lung carcinomas [121]. Hemangioblastomas that develop in the brain and spinal 
cord cause headaches, vomiting, weakness, and a loss of muscle coordination (ataxia). 
If left untreated, hemangioblastomas may result in blindness, permanent brain dam-
age or death. Pheochromocytomas develop and affect the adrenal glands, which may 
produce excess hormones thereby causing high blood pressure.

Angelman syndrome is a complex genetic disorder caused by a disruption of the 
UBE3A gene, which encodes the wild-type ubiquitin ligase E6 associated protein 
(E6-AP/UBE3) [122]. The disease occurs in individuals with a loss of expression or 
mutations in E6-AP. Angelman syndrome is characterised by intellectual disability, 
severe speech impairment, a tendency to jerky movement (ataxia), recurrent seizures 
(epilepsy) and a small head size [123, 124]. Even though investigations have estab-
lished that E6-AP plays an essential role in the proteasome-dependent degradation of 
several identified cellular substrates and therefore promote Angelman syndrome, to 
date, the molecular mechanisms behind the disease pathology is poorly understood 
[125]. Identified E6-AP substrates include Sox9, C/EBPα, α-synuclein, p27, promy-
elocytic leukaemia (PML) tumour suppressor, annexin A1, amplified in breast cancer 
1 (AIB1), hHR23A, etc. [126]. This indicates that a functionally defective E6-AP 
mutant cannot initiate degradation of substrates thereby promoting development of 
Angelman syndrome.

3-M syndrome is a rare autosomal-recessive growth retardation disorder associ-
ated with mutations of the Cullin7 (Cul7) E3 ligase [127]. 3-M syndrome is character-
ised by severe pre- and postnatal growth retardation, large head circumference, facial 
dysmorphia and skeletal abnormalities including dwarfism even though affected 
individuals exhibit normal intelligence [128]. Cul7 is a member of the Cullin fam-
ily of proteins, which function as scaffolds in the formation of numerous E3 ligases 
with RING proteins, adaptor proteins and substrate recognition receptors [129]. The 
specific role and substrates of Cul7 are mostly unknown. Recently however, evidence 
of CUL7’s involvement in pivotal growth-regulatory signalling have begun to emerge. 
Cul7 interacts with both Skp1-Fbx29 heterodimer and the ROC1 RING-finger protein 
to form the Cul7 E3 ligase complex which ubiquitylates proteins for proteasomal 
and lysosomal degradation [130]. The insulin receptor substrate 1 (IRS-1), a critical 
mediator of the insulin/insulin-like growth factor 1 signalling has been identified as 
a proteolytic target of the Cul7 E3 ligase [131]. Additionally, mammalian Eag1 potas-
sium (Eag1 K+) channels, which are widely expressed in the brain, are novel targets of 
Cul7 E3 ligase [130]. Mutant Eag1 K+ channels are associated with congenital neuro-
developmental anomalies. Cul7 E3 ligase has also been implicated in the proteasomal 
degradation of cyclin D1 [132]. Cyclin D1 proto-oncogene is a vital regulator of cell 
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cycle progression from G1 to S phase in several different cell types. Accumulation of 
cyclin D is associated with development and progression of cancer and deregulation 
of its expression is linked to resistance to hormone therapy in breast cancer [133]. 
Consequently, in many cancers, impaired activity of Cul7 is essentially responsible for 
cellular elevated levels of cyclin D1.

Ubiquilin (UBQLN), a ubiquitin binding protein, is a ubiquitin-like protein that 
shares a high degree of sequence similarity with ubiquitin across several species. 
UBQLNs contain both N-terminal ubiquitin-like and C-terminal UBA (ubiquitin 
associated) domains and are capable of functionally recruiting E3s and linking to the 
ubiquitylation machinery to proteasomal degradation of targeted proteins [134, 135]. 
Mutations in UBQLNs may be associated with lesions in Alzheimer’s and Parkinson’s 
disease. UBQLNs have also been shown to modulate accumulation of presenilin pro-
teins, which play an important role in the generation of ß amyloid precursor protein 
(APP). Presenilin is the sub-component of gamma secretase whose role is endopro-
teolysis of APP [136]. UBQLN-1 is also a molecular chaperone for APP. Therefore, its 
presence prevents aggregation of APP [137]. Consequently, low levels of UBQLN-1 
increase malformation of APP thereby triggering Alzheimer’s disease [138].

The list of diseases associated with E3 ligase dysfunction is not exhaustive. More 
insights are available in the literature of which each apparently addresses a specified 
disease in more detail. It is anticipated that new discoveries in this regard will emerge 
in the future.

3.2 Potential therapeutic benefits of E3 ligases

There remains a significant unmet need for novel therapeutic strategies for genetic 
disorders such as Alzheimer’s, Amyotrophic Lateral Sclerosis, Arthritis, cancer, etc. 
Owing to the critical cellular signalling role of the ubiquitin system in protein degra-
dation, activation, subcellular localization and beyond, various targets of the ubiq-
uitylation pathway are being earmarked to have potential for development of drugs 
to treat malignant cancers among several other diseases. Among these targets include 
the E3 ubiquitin ligases [41]. So far, some E3 ligase inhibitors including Velcade (bort-
ezomib), Ninlaro (ixazomib), and Kyprolis (carfilzomib) have proved effective and 
have been approved by the US FDA for the treatment of multiple myeloma suggesting 
that specific E3 inhibitors are promising in anti-cancer therapy and beyond. This 
breakthrough has inspired researchers to probe more aspects of the ubiquitylation 
system for therapeutics [139]. Ideally, a potential cancer treatment target should be 
playing an essential role in carcinogenesis, it should overexpress in cancer cells and its 
activity inhibition or expression should induce growth suppression and/or apoptosis 
in cancer cells [140]. In addition, an ideal druggable candidate should be an enzyme 
or a G Protein Coupled Receptor (GPCR) and therefore druggable. More importantly, 
it is either not expressed or is only expressed at low levels in normal cells and its 
inhibition has minimal effect on normal cell growth and function. Inhibition of such 
a target would achieve a maximal therapeutic index with minimal toxicity [140]. 
Being enzymes and mostly natural tumour suppressors, many E3 ligases function 
within these criteria and are therefore attractive targets for therapeutic intervention 
of cancers. Several studies have explored and validated the therapeutic potential of E3 
ligases [58, 71, 72]. In this section, the rationale for selected E3 ligases with pharmaco-
logical potential have been reviewed.

Firstly, one therapeutically significant pathway is the PINK1-parkin cascade for 
mitochondrial quality control. PINK1 and parkin appear to offer multiple therapeutic 
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targets for the treatment of Parkinson’s disease and several other neurodegenerative 
disorders [141, 142]. Unidentified and putative members of this cascade may also be 
therapeutically relevant. Parkin displays low basal activity under normal physiologi-
cal conditions [82]. Any means by which wild-type parkin activity may be increased 
for instance by development of small molecule activators could be significant in 
promoting mitophagy to downregulate progression of Parkinson’s disease and other 
PINK1-parkin pathway-mediated neurodegenerative diseases. In PINK1 mutant 
patients, PINK1 by-pass biomolecules that either mimic phospho-Ser65-ubiquitin or 
can disrupt the serpentine autoinhibited tertiary structure of parkin could augment 
its E3 ligase activity and hence, its neuroprotective functions [143]. Investigations 
revealed that primary neuron cells and post-mortem brain tissue from Parkinson’s 
disease patients carrying pathogenic mutant PINK1 were largely devoid of phospho-
Ser65-ubiquitin signal because phosphorylation of ubiquitin at Ser65 is dependent on 
PINK1 kinase activity [144]. Their data further indicated that phospho-Ser65-ubiq-
uitin accumulates with stress, disease or age in individuals bearing functional PINK1 
and therefore highlight the significance of phospho-Ser65-ubiquitin as a potential 
candidate for the development of biomarkers and therapeutics. In vitro mutagenic 
investigations have shown that mitochondrial depolarisation and PINK1-dependent 
recruitment of parkin to mitochondria is significantly enhanced by mutations at 
Trp403 in repressor element (REP) or Phe463 in RING2 of parkin [145]. This knowl-
edge is pharmacologically relevant. The REP linker of parkin is anchored through 
Trp403 with RING1 and prevents E2 binding to its site on RING1. REP must dissociate 
from RING1 to enhance E2 binding. In addition, RING0 must dissociate from RING2 
to expose the active site Cys431 [62, 146]. Therefore, any biomolecule capable of 
binding tightly to the pockets occupied by the amino acid side chains can disrupt 
parkin’s autoinhibited structural state and induce UbcH7 binding and discharging 
thereby enhancing E3 ligase activity. Scientists have also shown that the DUBs, USP30 
and USP15 function antagonistically to the PINK1-parkin dependent mitophagy 
making inhibitors of these enzymes prime candidates for designing drugs that will 
enhance PINK1-parkin dependent mitophagy [147, 148]. In contrast, USP8 promotes 
parkin-mediated mitophagy and thus agonists of this DUB will enhance mitophagy 
and neuroprotection [149]. Mutations of PINK1’s kinase domain are also observed 
with Parkinson’s disease patients where parkin translocation to mitochondria or 
mitochondrial aggregation does not occur [95].

As previously mentioned in Section 3.1, mdm2 is a direct downstream target of 
p53. P53, is a well-studied tumour suppressor which is often mutated in more than 
50% of human cancers. This is because p53 induces growth arrest and apoptosis 
upon activation by different stimuli e.g., DNA damage [150]. Upon induction by 
p53, mdm2 in turn acts as an E3 ubiquitin ligase to ubiquitylate p53 for proteasomal 
degradation. This action reduces p53 levels and consequently inhibits p53-mediated 
cell apoptosis [151]. As such, inhibition of mdm2 E3 ligase activity is a potential 
approach to increasing p53 levels in order to induce cell apoptosis in human cancer 
cells harbouring wild-type p53. Mdm2 is usually expressed in low levels in normal 
cells but is overexpressed in several human cancers such as breast carcinomas, soft 
tissue sarcomas, oesophageal carcinomas, lung carcinomas, glioblastomas and 
malignant melanomas and will represent an excellent pharmacological candidate for 
further research [152].

Pirh2 has recently been found to be a major E3 ligase partnering mdm2 to target 
(tetrameric)p53 for proteasomal degradation. Further, the p53-Pirh2 complex pro-
motes Twist1 degradation leading to inhibition of epithelial-mesenchymal transition 
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in ovarian cancer [153]. Epithelial-mesenchymal transition is critical in cancer metas-
tasis and chemoresistance implying that Pirh2 specific inhibition might be therapeuti-
cally relevant. Some IAPs (Inhibitor of Apoptosis Proteins) that are overexpressed in 
most common human cancers (correlating chemoresistance) also represent important 
therapeutic targets for drug development [154]. Examples of IAPs include XIAP, 
cIAP-1, cIAP-2, Ts-IAP, NAIP, Survivin, Livin/ML-IAP, and Apollon/Bruce. IAPs are 
characterised by the presence of BIR (baculoviral IAP repeat) domain(s) required 
for suppression of apoptosis. Additionally, some members of the family may contain 
a RING finger domain at the C-terminus essential for ubiquitylation and subsequent 
proteasomal degradation of the apoptosis inducer proteins, caspases and Smac [155]. 
Indeed, it has been demonstrated that overexpression of IAPs suppress apoptosis 
[156]. Therefore, IAPs contribute to their anti-apoptosis function by promoting 
proteasomal degradation of pro-apoptotic caspases and Smac proteins. Targeting 
specific IAPs’ E3 ubiquitin ligase activity inhibition thus, has potential for anti-cancer 
drug development [140]. Additionally, research has shown overexpression of com-
ponents of SCF of RING E3 ligases in several human cancers. For instance, Cul4A is 
reported to be overexpressed in breast cancers [157]. Skp2 is likewise overexpressed 
in other human cancers e.g., squamous, colorectal, gastric, and prostate carcinomas, 
small cell lung carcinoma, and breast cancer. Skp1-Cullin-F Box components are the 
substrate recognition sites of the RING E3 ligases and recognise a variety of substrates 
involved in critical cellular processes such as the cell cycle. Examples of SCF targets 
for ubiquitin-mediated proteasomal degradation are p27 and cyclin E which are down 
regulators of different sites of the cell cycle [44]. Furthermore, the role of Nedd4-1 in 
lung cancers has been studied (see 3.1 above). NEDD4-1 expression is up-regulated in 
lung adenocarcinoma compared with normal cells. It has also been demonstrated that 
NEDD4-1 silencing reduces non-small cell lung cancer cells in vitro as well as tumour 
growth in vivo [158]. Overexpression of Nedd4-1 is associated with lymph node 
metastasis and chemoresistance, as such NEDD4-1 is a potential drug target since 
specific inhibitors of NEDD4-1 will likely promote cancer cell apoptosis. NEDD4-1 E3 
ligase activity inhibition therefore has potential for lung cancer treatment [108].

Cbl E3 ligase (Section 3.1) ubiquitylates EGFR thereby reducing EGFR signal-
ling in glioblastoma. Specific inhibitors of Cbl could helpfully target upregulating 
EGFR signalling in anti-glioblastoma therapy. As the MAPK pathway is commonly 
mutated in many cancers resulting from increase in cellular proliferation, differ-
entiation, migration, and invasion, specific inhibitors of E3 ligases of the MAPK 
pathway (e.g., TRIM9, SCFFBXO31, KBTBD7, LZTR1) may have potential for 
 anti-cancer therapy [72].

Research suggests that ubiquitylation of Plasmodium falciparum proteins play 
essential roles in parasite development. Recent data indicate ubiquitylation of several 
essential proteins (e.g., merozoite pellicle proteins involved in erythrocyte inva-
sion, exported proteins, and histones) of the human malaria parasite, Plasmodium 
falciparum, which suggest potential for the use of small-molecule inhibitors of the 
ubiquitin-mediated degradation machinery for the development of anti-malarial 
drugs [159]. The data further showed that some commercially available inhibitors of 
the ubiquitylation process e.g., the UBA1 inhibitor MLN7243, is a potent inhibitor 
and blocked schizont differentiation into merozoites by interrupting nuclear division 
and intracellular structural formation. Identification of the associated E3 ligases will 
predictably present a varied number of druggable targets with potential for malaria 
treatment [159]. More research will unveil the most relevant E3s to target in this 
regard.
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Finally, besides small-molecule E3 ligase inhibitors, PROTACs (PROteolysis-
TArgeting Chimeras) appear to have significant therapeutic potential. Reports 
indicate that small-molecule inhibitors have limitations [160]. For instance, small-
molecule inhibitors are limited to molecules that have an active site (enzymes and 
receptors e.g., RTKs). The PROTAC technology has emerged to overcome these limi-
tations and to facilitate the 75% of human proteome e.g., transcription factors, scaf-
folding proteins, and non-enzymatic proteins which are signal effector proteins but 
lack active sites and are thus undruggable. The emerging characteristics of PROTACs 
such as induction of substrate selectivity, rapid, profound, and sustained protea-
somal degradation and consequential induction of robust inhibition of downstream 
signals coupled with overcoming resistance to small molecule inhibitors have been 
extensively reviewed [72, 160]. A PROTAC is a small heterobifunctional molecule 
consisting of an E3 binding domain and a substrate binding domain covalently joined 
together by a linker. This spatial arrangement enhances recruitment of the E3 enzyme 
in proximity with the specific substrate (e.g., an oncoprotein) for ubiquitylation and 
subsequent proteasomal degradation thereby inhibiting downstream signals and 
subsequently down regulating the cell cycle or inducing apoptosis. PROTAC technol-
ogy therefore will utilise the E3-mediated ubiquitin proteasome mechanistic pathway 
to treat disease. It is a very promising alternative technique where E3 inhibitors are 
limited or will present less efficiency.

4. Conclusion and perspectives

The biological importance of E3 ubiquitin ligases cannot be overemphasised 
because protein ubiquitylation is crucial in the regulation of numerous cellular 
processes. E3 ubiquitin ligases have therefore recently emerged as significant future 
therapeutic opportunities for drug development for treatment of several human 
diseases associated with ubiquitin-mediated signalling. Regrettably, the mechanisms 
by which the ubiquitin system regulates cellular signalling and pathogenesis remain 
largely unknown. Many questions remain unanswered considering the number of 
E3 ligases (over 600) in the human genome and lack of the most relevant technolo-
gies to assess these principles, coupled with the extreme complexity of ubiquitin 
signalling processes. Blocking protein–protein interactions is problematic, yet it is 
apparently the most effective treatment option for utilising the ubiquitin system. 
This option relies on blocking the E3 ligase at specific substrate recognition sites. 
Hypothetically, targeting rapid screening of small specific molecular inhibitors of 
E3s which have potential to selectively stabilise specific downstream cellular proteins 
regulated by specific E3s while avoiding unwanted effects on other cellular proteins 
will achieve less toxicity. Therefore, a complete understanding of the mechanisms 
involved in protein substrate recognition by E3 ligases and functions, as well as easy 
identification of aberrant entities within the ubiquitin pathway will be instrumental 
in understanding the aetiology of associated diseases. With the current advances in 
proteomics technology, more E3 substrates are being identified and more insights to 
E3 regulatory roles in many diseases are being better understood. Though new tech-
nologies such as the siRNA, for validation of many E3s, the Fluorescence Resonance 
Energy Transfer (FRET) for High throughput (HTS) assays for screening inhibitors of 
ubiquitin transfer from E2s to E3s, and electrochemiluminescence (ECL)-Based HTS 
for screening inhibitors of the ubiquitylation machinery have facilitated screening 
of compounds against E3s and improved research in this aspect so far, these methods 
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are themselves not devoid of challenges. Development of more efficient, cheaper, 
and simpler techniques will fast-track understanding of the ubiquitin system and the 
drug discovery process. Predictably, E3 ubiquitin ligases will present one of the most 
efficacious targets for anti-cancer drug discovery and for other diseases in the future.
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Chapter 8

Ubiquitination Enzymes
Toshiyuki Habu and Jiyeong Kim

Abstract

Posttranslational protein modifications by mono- or polyubiquitination are
involved in diverse cellular signaling pathways and tightly regulated to ensure proper
function of cellular processes. Three types of enzymes, namely ubiquitin-activating
enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin-protein ligases
(E3), contribute to ubiquitination. Combinations of E2 and E3 enzymes determine �
the fate of their substrates via ubiquitination. The seven lysine residues of ubiquitin,
Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63, can serve as attachment sites for
other ubiquitin molecules. Lys48 (K48)-linked polyubiquitination facilitates recogni-
tion of the conjugated protein by proteasome molecules and subsequent proteolytic
degradation of the target protein. By contrast, Lys63 (K63)-linked polyubiquitination
appears to be involved in polyubiquitin signaling in critical cellular processes, such as
DNA repair, regulation of the I-kappaB kinase/NF-kappaB cascade, or T cell receptor
signaling, but not protein degradation. In this review, we describe the properties of
ubiquitin modification enzymes and the structural interplay among these proteins.

Keywords: E1 ubiquitin, ubiqutin-activating enzyme, E2 ubiquitin-conjugating
enzyme, E3 ubiquitin ligase

1. Introduction

Very large-scale studies of protein ubiquitination have been conducted over the
past two decades. Ubiquitin modification is mediated by three types of enzyme activ-
ity, mediated out by E1 ubiquitin-activating enzymes (UBA; also referred to as UAE
or E1 enzymes; EC 6.2.1.45), E2 ubiquitin-conjugating enzymes (UBC; also termed E2
ubiquitin-carrier proteins or E2 enzymes; EC 2.3.2.23), and ubiquitin-protein ligases
(E3 enzymes). To better understand the molecular mechanisms underlying ubiquitin
modification, this review focuses on the structural interactions between ubiquitin
modification enzymes and their functions.

2. Types of ubiquitin and ubiquitin-like proteins (UBLs)

Ubiquitin is a small, highly conserved 76 amino acids polypeptide found through-
out eukaryotic cells, that modifies cellular proteins. Two mammalian ubiquitin genes,
UBB and UBC, encode polyubiquitin and another two genes, RPS27A and UBA52
encode ubiquitins fused with ribosomal proteins [1]. Ubiquitin is produced as precur-
sor peptides that are proteolytically processed by deubiquitinating enzymes into
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active forms with C-terminal glycine residues. The C-terminal glycine (Gly76) and
seven lysine residues (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63) of
ubiquitin are essential for ubiquitin modification. There is 96% sequence identity
between human and yeast ubiquitin, and the two glycine and seven lysine residues are
conserved throughout the eukaryotic kingdom.

Ubiquitin-like proteins (UBLs) do not share sequence homology with ubiquitin but
also function as protein modifiers. A number of UBLs have been reported, including
SUMO1/SMT3, SUMO2–4 [2–4], Neural-precursor-cell-expressed developmentally
downregulated protein-8 (NEDD8)/RUB1 [3, 5, 6], ISG15 [6, 7], ATG8/APG8 [8],
ATG12/APG12 [9], URM1 [3], and homologous to ubiquitin 1 (HUB1) [10]. During
protein modification by ubiquitin and UBLs, specific activating, conjugating, and
ligase enzymes, catalyze attachment of the modifier to target proteins. Similar to
ubiquitin, UBLs are also produced as precursors, and deubiquitinating enzymes
expose their C-terminal glycine residues to activate them, although HUB1 lacks a
C-terminal diglycine sequence.

The SUMO-1 protein has only 18% sequence identity with ubiquitin, but contains
the ββαββαβ fold structure characteristic of the ubiquitin protein family [2]. The
hydrophobic cores of SUMO-1 and ubiquitin are similar; however, the overall charge
surface topology of SUMO-1 differs significantly from that of ubiquitin or other
UBLs [2, 11]. The selective modifications mediated by the four SUMO homologs,
SUMO-1, SUMO-2, SUMO-3, and SUMO-4 [12–16], remain to be determined. In
addition, SUMO has an N-terminal extension (approximately 20 amino acids) not
present in ubiquitin, which is required for SUMO function [17]. A consensus motif
and lysine residues involved in SUMOylation are present in SUMO-2, SUMO-3, and
SUMO-4 and well-conserved; however, these SUMO proteins do not have Lys residue
counterparts of ubiquitin Lys 48 and 63.

NEDD8 shows 58% sequence identity and 80% sequence similarity to ubiquitin
polypeptide. By contrast, the ATG12 sequence is unrelated to that of ubiquitin, and
forms a covalent protein complex with ATG5, which is required for autophagy; this
reaction requires the C-terminal glycine residue of ATG12 and a lysine residue in
ATG5 [18].

The ISG15/ubiquitin cross-reacting protein (UCRP) gene comprises two exons and
encodes a 17 kDa polypeptide [19, 20]. The immature polypeptide is cleaved at its
carboxy terminus, generating a mature 15 kDa product that terminates with an
LRLRGG motif that is also found in ubiquitin. The tertiary structure of ISG15 also
resembles ubiquitin, despite having only approximately 30% sequence homol-
ogy [21, 22]. ISG15 is induced by type I interferon and serves many functions, acting
as an extracellular cytokine and an intracellular protein modifier [23, 24].

HLA-F adjacent transcript 10 (FAT10; also known as ubiquitin D) also bears two
ubiquitin-like domains. HUB1 has only 22% sequence identity with ubiquitin and
possesses an invariant C-terminal double-tyrosine motif, unlike the double glycine
residues present in ubiquitin and other UBLs [25].

3. Ubiquitin modification enzymes

3.1 E1 ubiquitin-activating enzymes (UBA)

E1 UBA enzymes adenylate the C-terminal glycine residue (Gly 76) of ubiquitin
polypeptides, coupling them with ATP. The C-terminal ubiquitin polypeptide glycine

166

Hydrolases



residue is linked to AMP via an acyl-phosphate bond, and the adenylated ubiquitin
polypeptide is linked with the sulfhydryl side chain of a cysteine residue (Cys 632 in
human UBA1) in the E1 enzyme catalytic center. A thioester intermediate
(S-ubiquitinyl-(E1 UAE)-L-Cys) is synthesized in this two-step reaction, along with
AMP and diphosphate (Reaction (1)).

ATPþ Ubiquitinþ E1 UBA½ �‐L‐cysteine
< ¼ >AMPþ diphosphateþ S‐ubiquitinyl‐ E1 UBA½ �‐L‐cysteine: (1)

In human, ten UBA orthologues have been identified that can activate ubiquitin or
UBLs. Ubiquitin-like modifier-activating enzyme 1 (UBA1) is mainly responsible for
ubiquitin-activation and can also activate the NEDD8 UBL peptide [26–28]. UBA2 (or
UBLE1B) is also known as SUMO-activating enzyme subunit 2 (SAE2), and activates
the SUMO UBL peptide as heterodimer with SAE1 [29]. UBA3 (or UBE1C) encodes
the NEDD8-activating enzyme E1 catalytic subunit and forms a heterodimer with
NAE1 (or APPBP1, an amyloid-beta precursor protein binding protein), which acti-
vates NEDD8. UBA5 activates UFM1 (ubiquitin-fold modifier 1) [30], while UBA6
(alternatively UBE1L2) is an E1 enzyme involved in UBL activation [31, 32].
Autophagy related 7 (ATG7) is an E1 enzyme for UBLs including ATG12 and ATG8.
NEDD8-activating enzyme E1 regulatory subunit (NAE1 or APPBP1) is an E1 enzyme
for NEDD8, along with UBA3 [33]. Ubiquitin-like modifier-activating enzyme 1 Y
(UBA1Y) is encoded by the Y chromosome and expressed specifically during sper-
matogenesis [34–37]. The UBL, FAT10, is activated by UBA1 and UBA6. UBA7 is
induced by interferon-α and β and involved in ISG15 induction.

UBA structures consist of an adenylation domain that interacts with ATP and
UBLs, a catalytic domain comprising a Cys residue that binds to UBLs, and a
C-terminal ubiquitin fold domain (UFD) required for binding to E2 enzymes.

In a study of mammalian UBA1 with a temperature-sensitive (ts) mutation, cells
expressing the ts-UBA1 mutant exhibited cell cycle arrest at the G2/M phase transi-
tion, as well as dramatically decreased ubiquitin conjugation [38, 39]. UBA1-knock-
down in human cells also leads to reduced cell proliferation [40]. Furthermore, cells
expressing the ts-UBA1 mutant show reduced receptor tyrosine kinase endocytosis
and degradation [41]. In addition, mice lacking UBA3 are characterized by a mitotic
defect in G1/G0 transition, that causes accumulation of SCF ligase targets, including
Cyclin E and β-catenin.

3.2 E2 ubiquitin-conjugating enzymes (UBC)

E2 UBC enzymes transthiolate activated ubiquitin from S-ubiquitinyl-[E1 UBA] to
themselves. A thioester linkage is formed between an E2 UBC and ubiquitin via the
C-terminal glycine of ubiquitin, and the sulfhydryl side chain of a Cys residue in the
E2 UBC catalytic center [42] (Reaction (2)).

S‐ubiquitinyl‐ E1 UBA½ �‐L‐cysteineþ E2 UBC½ �‐L‐cysteine
< ¼ > E1 UBA½ �‐L‐cysteineþ S‐ubiquitinyl‐ E2 UBC½ �‐L‐cysteine (2)

The transthiolation reaction involving S-ubiquitinyl-[E1 UBA]-L-cysteine and E2
UBC is strongly stimulated by occupancy of the nucleotide-binding site by either
adenylated ubiquitin or ATP alone [43]. Ubiquitin transfer to the target protein is

167

Ubiquitination Enzymes
DOI: http://dx.doi.org/10.5772/intechopen.100408



assisted by E3 ubiquitin ligases. Homologous to E6-AP C-terminus (HECT) domain
family E3 ligases transfer ubiquitin to the target via a Cys residue in the E3 ligase. By
contrast, Really Interesting New Gene (RING) family E3 ligases transfer ubiquitin
directly to target proteins. The properties of specific E2 UBC enzymes determine the
ubiquitin moiety and substrate specificity of E3 ligases. Indeed, the specificity of
interactions with E2 reflect E3 substrate specificity. Amino acids surrounding the Cys
residue are evolutionarily conserved among E2 UBCs, and referred to as the ubiquitin-
conjugating (UBC) domain or the core catalytic domain [44]. The UBC domain folds
an N-terminal helix (H1), a four-stranded β-meander structure (S1–S4), a short 310-
helix (H2), and three C-terminal helices (H3–H5) [45, 46]. Amino acid sequence
variations in the UBC domain contribute to specific interactions with E1 UBAs, E3
ligases, and target proteins [47–51].

E2 UBCs are divided into four classes based on structural differences [52]: class I E2
enzymes consist of only a UBC domain; class II E2 enzymes contain additional
C-terminal extension residues; class III E2 enzymes have N-terminal extension resi-
dues; and class IV E2s have both N- and C-terminal extensions. Class II UBC2 and
UBC3 proteins have acidic C-terminal extensions, which mediate a preference for
binding to basic substrates, including histones [53–55]. The acidic extension is also
required to contact basic canyon residues of the Cul1 subunit of the SCF RING
subcomplex (ROC1-CUL1) [56–58]. UBC6 processes C-terminal extensions, to pro-
mote ER localization [59, 60]. Class II UBCs include: E2-25K (yeast UBC1) [61], UBC4
[62], UBCH6, UBCH7 [63], UBE2E1 [64], UBE2E2 [65], and UBE2E3 [66, 67].

UBL-specific E2 UBC enzymes process proteins for ubiquitin-like modification.
UBC9 is an E2 UBC enzyme specific for the UBL, SUMO, and binds directly to SUMO
substrates through a specific short consensus amino acid motif, Y-K-X-[D/E], where
Y is any bulky hydrophobic amino acid, including isoleucine, leucine, or valine; K is
the lysine residue which is modified by SUMO; X is any residue; D is aspartic acid; and
E is glutamic acid [68]. UBC9 contains N- and C-terminal extension residues within
the UBC domain, and non-conserved residues in the H1 helix and the insertion β-sheet
(S1/2) are required for both interaction with UBA enzymes and formation of the
SUMO-thioester bond [69, 70]. ATG3/AUT1 is a dedicated E2 UBC for ATG8 [71].
UBC12 is an E2 UBC specific for NEDD8, which interacts with the NEDD8 E1 UBA via
its UBC domain [72, 73], and includes a unique N-terminal region that docks to the E1
enzyme, UBA3, but not to other UBAs. The E2 for ISG15, UBCH8, takes part in
reactions involving both UBEL1, the E1 for ISG15, and UBA1, the E1 for ubiquitin [7].

3.3 E3 ubiquitin ligases

E3 ubiquitin ligases are also referred to as ubiquitin-protein ligases, E3 ligases, or
E3 enzymes. Ubiquitin is covalently bonded to the ɛ-amino group of a lysine residue
within the substrate protein via an isopeptide bond. The last step in this binding is
mediated by E3 ubiquitin ligases, which determine the substrate specificity by � to
target proteins. E3 ubiquitin ligases transfer ubiquitin linked with a UBC to the ϵ-
amino group of a lysine residue of the target protein. An isopeptide bond is formed
between the C-terminal glycine residue of ubiquitin and an ϵ-amino group of a lysine
residue in the target protein.

E3 ubiquitin ligases are divided into three major classes: HECT type (Section 3.3.1),
RING-type (Section 3.3.3), and U-box E3 ligases (Section 3.3.4). HECT type E3
ubiquitin ligases form a thioester intermediate with the active-site cysteine of the E3,
following the formation of an isopeptide bond between the C-terminal glycine residue
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of ubiquitin and the ϵ-amino group of a lysine residue in the target protein. RBR-type
E3 ubiquitin ligases (Section 3.3.2) mediate similar reactions to HECT type E3 ligases.
RING-type and U-box E3 ligases mediate different reactions from HECT and RBR-
type E3 ligases, in which ubiquitin is transferred from ubiquitinyl-UBC directly to the
target protein without formation of a thioester intermediate. Multi-subunit RING-
type E3 ligases (Section 3.3.3.1) form complexes with a scaffold protein and a contain
recognition modules that bind to substrates.

3.3.1 HECT-type E3 ubiquitin transferases (EC 2.3.2.26)

HECT-type E3 ligases transfer ubiquitin from an E2 ubiquitin-conjugating enzyme
(EC 2.3.2.23) to a cysteine residue in the HECT domain in the C-terminal region of an
E3 ligase (Reaction (3)). The activated ubiquitin from S-ubiquitinyl-[E3 ligase]-L-
cysteine is transferred from the intermediate to the target protein (Reaction (4)). The
C-terminal glycine residue of the received ubiquitin is linked with the ε-amino chain
of a lysine residue of the acceptor protein, forming an isopeptide bond. Importantly,
the HECT domain forms a thioester intermediate with ubiquitin, unlike other E3
ligases.

S‐ubiquitinyl‐ E2 UBC½ �‐cysteineþ HECT‐type E3� �‐cysteine
< ¼ > E2 UBC½ �‐cysteineþ S‐ubiquitinyl‐ HECT‐type E3� �‐cysteine (3)

S‐ubiquitinyl‐ HECT‐type E3� �‐cysteineþ acceptor protein½ �‐lysine
< ¼ > HECT‐type E3� �‐cysteineþN6‐ubiquitinyl‐ acceptor protein½ �‐lysine (4)

S‐ubiquitinyl‐ E2 UBC½ �‐L‐cysteineþ acceptor protein½ �‐L‐lysine
< ¼ > E2 UBC½ �‐L‐cysteineþN 6ð Þ‐ubiquitinyl‐ acceptor protein½ �‐L‐lysine (5)

HECT type E3 ligases catalyze a thioester bond between a C-terminal glycine
residue of ubiquitin and themselves and then transfer the ubiquitin to a substrate
protein. HECT type E3 ligase family proteins possess a well-conserved, approximately
350 residue, catalytic HECT domain close to their C-terminal region [74, 75]. The
HECT domain has a bi-lobal structure comprising an approximately 250 residue N-
lobe, required for the binding to UBC-ubiquitin complex, and a C-lobe of around 100
residues, required for ubiquitin transfer [74, 76, 77]. Various linker sequences
between the two HECT domain lobes mediate the properties of HECT type E3 ligases
in accepting ubiquitin from E2 enzymes and transferring it to a target substrate.

The HECT type E3 ligase, E6-AP, can ubiquitinate p53 in the presence of human
papillomavirus E6 protein [75, 78, 79], and another HECT E3 enzyme NEDD4
ubiquitinates SMAD proteins, thereby regulating transcription factors mediating
TGFβ signaling [80], the P63 tumor antigen [81], and MDM2 [82]. HECW1 [83],
HECW2 [84], WWP1 [85], HERC1 [86], HERC2 [87], and ITCH [88] also belong to
the HECT type E3 ubiquitin ligase family.

3.3.2 RBR-type E3 ubiquitin transferase (EC 2.3.2.31)

RBR-type E3 ubiquitin transferases possess two RING finger domains, each of
which is separated by an internal IBR (In Between RING) motif. These E3 ligases bind
to the Cullin-RING ubiquitin Ligase (CRL) complex (see Cullin-type E3 NDD8
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transferase), within which a neddylated cullin scaffold protein and a substrate recog-
nition module are required for ubiquitin transfer. The first RING domain binds S-
ubiquitinyl- [E2 UBC]-cysteine and transfers the ubiquitin to an internal Cys residue
in the second RING domain (Reaction (6)), followed by transfer of the ubiquitin from
the Cys residue in the second RING domain to a Lys in the acceptor protein (Reaction
(7)). RBR-type ligases stimulate a cycling ubiquitination reaction via the S-
ubiquitinyl-[E2 UBC]-cysteine in the first RING domain [88]. RBR-type ligase activity
depends on the neddylation of the cullin protein in the CRL complex. RBR-type E3
ubiquitin ligases include Parkin, Parc, RNF19, RNF144, RNF216 RFA1 HOIP, and
HHARI [89, 90].

S‐ubiquitinyl‐ E2 UBC½ �‐cysteineþ RBR‐type E3� �‐cysteine
< ¼ > E2 UBC½ �‐cysteineþ S‐ubiquitinyl‐ RBR‐type E3� �‐cysteine (6)

S‐ubiquitinyl‐ RBR‐type E3� �‐cysteineþ acceptor protein½ �‐lysine
< ¼ > RBR‐type E3� �‐cysteineþN6‐ubiquitinyl‐ acceptor protein½ �‐lysine (7)

S‐ubiquitinyl‐ E2 UBC½ �‐cysteineþ acceptor protein½ �‐lysine
< ¼ > E2 UBC½ �‐cysteineþN 6ð Þ‐ubiquitinyl‐ acceptor protein½ �‐lysine (8)

3.3.3 RING-type E3 ubiquitin transferases (EC 2.3.2.27)

RING E3 ubiquitin ligases (also referred to as RING E3 ligases or ubiquitin trans-
ferase RING E3 enzymes) transfer ubiquitin peptides directly from a ubiquitinyl-E2
UBC enzyme to an acceptor protein. The ε-amino group of a lysine residue of the
target protein forms an isopeptide bond with the C-terminal glycine residue of
ubiquitin (Reaction (9)). Unlike HECT E3 ligases, the RING-E3 domain does not
create a catalytic thioester intermediate with ubiquitin through a Cys residue.

S‐ubiquitinyl‐ E2 UBC½ �‐L‐lysineþ acceptor protein½ �‐L‐lysine
< ¼ > E2 UBC½ �‐L‐cysteineþN 6ð Þ‐ubiquitinyl‐ acceptor protein½ �‐L‐lysine (9)

Human proteome analysis has identified approximately 580 genes encoding puta-
tive RING-type ubiquitin E3 ligase family proteins, which is more than the number of
protein kinase genes (518) [91]. Among RING-type E3 ligase genes, 309 and 270
encode single and multi-subunit RING-type E3 ligase molecules, respectively. While
RING-type E3 ubiquitin ligase family proteins do not form thioester intermediates
with ubiquitin, they function as a scaffold for ubiquitin-charged UBC and the sub-
strate. RING-type E3 ligases contain both a RING domain and a substrate-binding site,
and almost half the RING proteins belong to multisubunit RING-type E3 ligases,
which require an additional subunit for substrate recognition (see multisubunit RING-
type ubiquitin ligases).

The RING domain was initially thought to function as a DNA binding domain
because of the discovery of RING domain-containing proteins with DNA binding
activity [92, 93]. RING-type E3 ligases were subsequently identified as interacting
partners of the human E2 ubiquitin-conjugating enzyme UBCH5 [94], which has self-
ubiquitination activity that depends on its RING domain sequence. The canonical
RING domain structure consists of a Zn2+-coordination complex and o series of Cys
and His residues and mediates E2-dependent ubiquitylation. The coordination
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complex with two zinc ions forms a cross-brace structure. RING finger domains have
consensus sequences that are classified into two different types, C3HC4-type (RING-
HC) and C3H2C3-type (RING-H2), according to the cysteine/histidine arrangement
(where C = Cys and H = His) [95]. The C3HC5-type RING domain has different
properties from the C3HC4 RING-HC finger [96], Casitas B-lineage Lymphoma (c-
Cbl), which is a RING-HC type ligase. Ubiquitination activity modulates receptor
tyrosine kinase signaling [97] and structural analysis of the c-Cbl-UbcH7-substrate
tertiary complex showed that the interaction surface of the UbcH7 E2 enzyme is
commonly used by both c-Cbl and HECT-type E3 ligases, where c-Cbl binds UbcH7
using both its RING domain and linker helix structure [50]. The amino acid residues
involved in the interaction are structurally similar between E2 enzymes and E3 ligases.

BRCA1 forms a heterodimer with the RING-type ligase BARD. The dimerization of
two RING-type E3 ligases results in upregulation of ubiquitination activity. By bio-
chemical approaches, UbcH5c and UbcH7 enzymes were identified as candidate E2
enzymes for the BRCA1-BARD complex. Christensen et al. developed an excellent
method for identifying E2-E3 pairing [98, 99], using a BRCA1-BARD fusion protein;
BRCA1 can synthesize specific polyubiquitin chain linkages, depending on the pres-
ence of a paired E2 enzyme [98]. This approach has increased the identification of E2-
E3 pairs; for example, RNF213, a RING-HC type E3 ligase and its paired UBC13E2
enzyme were identified using this method [100]. UBCH5b mutants, which can bind to
E3 ligase, exhibit defective stimulation by E3 ligases [101]. Ubiquitin-charged E2 is
conformationally activated by binding to the RING domain [101–103]. Furthermore,
the interaction between E1 and E2 enzymes can direct substrate specificity, ubiquitin
transfer, and polyubiquitin chain linkages.

Some RING-type ubiquitin ligase family members form hetero- or homo-
multimers through the RING domain or its surrounding region. RING-RING com-
plexes, including MDM2-HMDX, BRCA1-BARD1, and RING1-BMI1, form
heterodimers. In heterodimers, one partner (HDMX, BRAD1, and BMI1) lacks
ubiquitin ligase activity, while the other partner (MDM2, BRCA1, and RING1) has E2
UBC binding activity. Heterodimer formation leads to stabilization of E2-E3 binding,
and in dimerizing E3 ligases, the five C-terminal residues of the RING domain are
essential for both dimer formation and E3 activity [104–106].

TRAF2, cellular inhibitor of apoptosis (cIAP; officially known as BIRC2), SIAH,
BIRC7, and RNF213 form homodimers [100, 107–111]. Dimeric BIRC7 recruits
UBCH5B-ubiquitin and optimizes the donor ubiquitin configuration for transfer [112].
Homo- and hetero-dimerization of RING-type ubiquitin ligases may stabilize their
interactions with ubiquitin-charged UBC E2 enzymes and optimize ubiquitin transfer
activity.

3.3.3.1 Multisubunit RING protein complexes

Enzymes of the RING-type E3 ubiquitin ligase family do not bind directly to a
substrate, but rather form a complex with a cullin scaffold protein and substrate
recognition modules, referred to as CRL complexes. The SCF complex (SKP, Cullin,
F-box containing complex) and anaphase-promoting complex/cyclosome (APC/C)
(anaphase-promoting complex/cyclosome) are two major multisubunit RING
containing complexes.

Ubiquitination by SCF and APC/C are implicated in the degradation of cell cycle
proteins [113–116]. APC/C regulates mitosis and entry into the G1 phase of the cell
cycle, and SCF controls S phase progression.
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SCF E3 complexes comprise at least four different subunits, including the F-box
protein, SKP adaptor protein, Cullin scaffold protein, and Rbx RING-type E3 ligase
[116–119]. The F-box motif is a protein–protein interaction motif comprising approxi-
mately 50 amino acid residues. There is low sequence identity among F-box proteins,
which recognize and bind substrate and bridge connections between adaptor proteins
(including SKP1) and substrates. Phosphorylation of F-box proteins regulates their
interactions with substrates. The SKP adaptor proteins, SKP2 (S-phase kinase-associated
protein 2), β-TrCP (beta-transducin repeat-containing protein), FBW7, and FBXO4 are
F-box proteins involved in cell-cycle regulation. Cullins are scaffold proteins for
ubiquitin ligases; CUL1 is a subunit of the SCF complex, and the Cullin-homology
domain at its C-terminus interacts with RING E3 ligases while the N-terminal region
can interact with the adaptor protein, SKP2. Cullin family members function as adap-
tors for multisubunit RING-type E3 ligase complexes. The adaptor proteins SKP1 and
CUL1 and the RING-type E3 ligase RBX1 form the CRL catalytic core complex.

APC/C is a multisubunit RING-type E3 ligase containing approximately 13 subunits.
The Cullin subunit protein, APC2, and the RING H2 type E3 ligase, APC11, form the
catalytic core domain [120–122]. TPR (tetratricopeptide residue) motif-containing sub-
units, including CDC16, CDC27, CDC23, and APC5, are thought to function as scaffold
assembling proteins. Two co-activators, CDC20 (cell division cycle homologue 20) and
FZR/CDH1 (Fzy-related/cell division cycle 20 related 1), bind to the CDC27 subunit of
APC/C through their WD40 repeat and determine APC/C substrate specificity depen-
dent on cell cycle to stages [115, 118, 123–128]. The APC10 subunit contributes to
optimal co-activator-dependent substrate recognition and substrate affinity [129–131].
APC/C-mediated ubiquitination depends on destruction box, KEN box, and CRY box
sequences in the substrate [132–140]. Assembly of these co-activators into the APC/C
complex in G1 or M phase during cell cycle is regulated by phosphorylation [141–144].

3.3.4 U-Box E3 ubiquitin ligases

The U-box domain displays a similar three-dimensional structure to the RING
domain [145]. The U-box domain shows similarity to UFD2, which has a multiubiquitin
chain elongation activity (known as E4 activity) [146]. Unlike the RING domain, the U-
box domain does not form a coordination complex consisting of a central zinc ion
through Cys residues; rather, the U-box domain structure is maintained by hydrogen
bonding. The U-box domain has ubiquitin ligase activity, and the U-box protein, car-
boxyl terminus of HSC70-interacting protein (CHIP), also has E4 activity and includes
tetratricopeptide repeat and U-box domains. The C-terminal U-box domain interacts
with the molecular chaperones HSC70, HSP70, and HSP90 [147], in the presence of
unfolded or misfolded proteins, where CHIP regulates protein quality control [148, 149].

U-box proteins have various structures; for example, ARC1, CMPG1, PUB13, and
PUB20 contain armadillo which represents approximately 40 amino acids tandem
repeats sequence. PUB23 has a serine/threonine kinase domain while PUB59 and
PUB60 have WD40 repeats. These domains may coordinate the function of ubiquitin
ligase activity by the U-box domain.

4. Conclusions

Research conducted over several decades has uncovered the cellular and biochem-
ical functions involved in ubiquitin modification. Protein–protein networks and
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studies of complex structures have contributed to unraveling the biochemical mecha-
nisms underlying ubiquitin modification. Identification of physiological E2 UBC-E3
ligase pairings has facilitated understanding of modification-types and associations.
Deep understanding of the structures and biochemical processes involved in ubiquitin
modification has contributed to determination of E3 ligase-substrate pairing and
network construction. RING-type ubiquitin ligases comprise the largest gene family
and are associated with various cellular processes and several diseases. Fundamental
questions remain to be answered regarding the biological functions served by
ubiquitin modification. Extensive further study of enzymes involved in ubiquitination
and related processes has potential to contribute to the understanding of the
pathogenesis of several diseases.
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Chapter 9

E3 Ligase for CENP-A (Part 1)
Yohei Niikura and Katsumi Kitagawa

Abstract

CENP-A is a centromere-specific histone H3 variant that is required to ensure 
kinetochore assembly for proper chromosome segregation and its function is highly 
conserved among different species including budding yeast, Saccharomyces cerevisiae. 
The budding yeast Saccharomyces cerevisiae has genetically defined point centromeres, 
unlike other eukaryotes. Although, most eukaryotic centromeres are maintained 
epigenetically, currently only budding yeast S. cerevisiae centromeres are known to 
be genetically specified by DNA sequence, The small size and sequence specificity 
of the budding yeast centromere has made yeast a powerful organism for its study in 
many aspects. Many post-translational modifications (PTMs) of CENP-A and their 
functions have been recently reported, and studies with budding yeast are providing 
insights into the role of CENP-A/Cse4 PTMs in kinetochore structure and function. 
Multiple functions are controlled especially by ubiquitylation and sumoylation by E3 
ligases that control CENP-A protein has initially emerged in the budding yeast as an 
important regulatory mechanism. Here we focus on what is known about the budding 
yeast E3 ligases for CENP-A/Cse4 ubiquitylation and sumoylation and their biological 
functions and significance.

Keywords: CENP-A, Cse4, Cnp1, E3 ligase, centromere, kinetochore, ubiquitylation, 
sumoylation, epigenetics, Psh1, Siz1 and Siz2, Slx5 and Slx8, CUL3/RDX, SCF, APC, 
CUL4A/RBX1/COPS8, DAXX (fruit fly DLP), Scm3, CAF-1 complex, CAL1, HJURP, 
Mis18 (human Mis18α and Mis18β) and Mis16 (human RbAp46 and RbAp48)

1. Introduction

The mechanistic process to establish centromeric chromatin of budding yeast and 
its structures have been actively studied [1–3]. In contrast to most eukaryotic centro-
meres that span megabases of DNA, in the budding yeast, Saccharomyces cerevisiae 
point centromeres are comprised of ~125 bp of DNA and are conserved among all 
16 chromosomes [3]. There are three conserved centromere-determining elements 
(CDE) consisting of CDEI-III [1–3]. Although, most eukaryotic centromeres are 
maintained epigenetically, currently only budding yeast S. cerevisiae centromeres 
are known to be genetically specified by DNA sequence. The CDEIII consensus 
(TGTTT(T/A) TGNTTTCCGAAANNNAAAAA) binds to the CBF3 complex via a 
conserved CCG motif that is essential for centromere function, and the small size 
and sequence specificity of the budding yeast centromere has made yeast a powerful 
organism for its study in many aspects [1].
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In S. cerevisiae, all pre-existing CENP-ACse4 is replaced by newly synthesized 
CENP-ACse4 during the S phase [4]. Centromeric assembly of CenH3 requires the 
adaptor protein, suppressor of chromosome mis-segregation (Scm3) in budding and 
fission yeasts [5–9], as well as the Holliday junction recognition protein (HJURP) 
in humans [10, 11]. Scm3/HJURP directly interacts with CenH3 and is essential for 
the assembly and maintenance of a functional kinetochore [5–12]. Scm3 recognizes 
CENP-ACse4 through the centromere-targeting domain (CATD) in the histone fold 
and mediates its incorporation into chromatin in vivo and in vitro [1].

Early studies showed that Scm3 is required for G2/M progression and Cse4 
localization at centromeres. Scm3 contains 2 essential protein domains: a Leu-rich 
nuclear export signals and a heptad repeat domain that is widely conserved in fungi 
[5–11]. Localization of Cse4 to centromeres and the assembly activity is dependent on 
an evolutionarily conserved central core motif in Scm3 [13]. Camahort et al. showed 
that Scm3 is required throughout the whole cell cycle as well as the loading period 
for Cse4 [5, 14]. Consistent with these findings, Xiao et al. showed that Scm3 has an 
N-terminal nonspecific DNA binding domain for AT-rich DNA and a central histone 
chaperone domain (Cse4/H4 binding domain, CBD) that promotes specific loading 
of Cse4/H4 [15]. Moreover, Xiao et al. demonstrated that Scm3-GFP is enriched at 
centromeres in all cell cycle phases in live cells, and their results of ChIP analysis 
showed that Scm3 occupies centromere DNA throughout the cell cycle, even when 
Cse4 and H4 are temporarily dislodged in the S phase, suggesting Scm3 is a critical 
factor for recruitment of Cse4/H4 as well as maintenance of an H2A/H2B-deficient 
centromeric nucleosome [15]. Luconi et al. showed that Scm3 signals are present at 
centromeres when metaphase begins, and enriched in anaphase [14, 16] as observed 
for Scm3 in fission yeast S. pombe [7, 14]. However, HJURP is recruited to centromeres 
during early G1 [10, 11] (see also next chapter, section (4.1)).

Currently, the structure of budding yeast centromeric CENP-ACse4-containing 
nucleosomes remains controversial among different research groups as in other 
species [17]. Dechassa et al. performed structural analysis and showed that the 
substitution of H3 with Cse4 results in octameric nucleosomes that organize DNA in 
a left-handed superhelix [18]. Cse4-nucleosomes exhibit an open conformation with 
weakly bound terminal DNA segments and do not preferentially form nucleosomes 
on its cognate centromeric DNA. The Cse4-specific octameric nucleosomes do not 
contain Scm3 as a stably bound component. Cho et al. reported the structure of a 
complex formed by an N-terminal fragment of Scm3 with the histone-fold domains 
of Cse4, and H4, which were all purified from the budding yeast Kluyveromyces lactis 
[19]. They described the structure of a (Cse4: H4)(2) heterotetramer; comparison 
with the structure of the Scm3:Cse4:H4 complex shows that tetramer formation and 
DNA-binding require displacement of Scm3 from the nucleosome core. Previously 
published structures of the Scm3 histone complex demonstrated that Scm3 binds 
only one copy of Cse4–H4 [20]. Dechassa et al. further showed that Scm3 deposits 
Cse4–H4 through a dimer intermediate onto DNA to form a (Cse4–H4)2–DNA 
complex (tetrasome) [20] (Figure 1, right). Recently, the budding yeast Yta7ATAD2 
(the homolog of AAA+ ATPase and bromodomain factor ATAD2/ANCCA, which 
is overexpressed in many types of cancers) was shown to collaborate with Scm3 to 
deposit Cse4 at the centromere [25].

Recently, the importance of centromeric long non-coding RNA (cenRNA) for 
centromere integrity has been suggested in various species [35–37] including bud-
ding yeast [38–40]. Ling et al. reported that all the budding yeast centromere express 
long noncoding RNAs (cenRNAs), especially in S phase and induction of cenRNAs 
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Figure 1. 
Mechanistic scheme for Saccharomyces Cerevisiae CENP-ACse4 pathways. (Right) In normal conditions, 
sumoylation of Cse4 K215/216 facilitates deposition into chromatin [21]. Centromeric Cse4 is protected by 
Scm3 from Psh1-mediated degradation [22, 23]. Interaction of Pat1 with Scm3 is required for its maintenance 
at kinetochores and Pat1 affects the structure of CEN chromatin and protects Cse4 from Psh1-mediated 
ubiquitylation [24]. Yta7 cooperates with Scm3 to deposit Cse4 at the centromere [25]. Note that histone 
H4 including one in Cse4–H4 that binds one copy of Scm3 [20] is omitted for simplicity. (Right-center) The 
functional role of Cse4 K215/216 sumoylation is distinct from that of Cse4 K65 sumoylation [21], although it is not 
yet clear if Siz1/Siz2 also target Cse4 C-terminal K215/216 as Cse4 N-terminal K65 (see also left) or a different 
unknown SUMO E3 target Cse4 K215/216. (Center) The interaction of sumoylated Cse4 K215/216 with CAF-1 
promotes centromeric localization of overexpressed Cse4 only under conditions when Scm3 is depleted (SCM3 
expression OFF) [26]. However, CAF-1 function in normal conditions is not clear, although CAF-1 promotes 
ubiquitylation of free Cse4, opposite to the effect of Scm3 (see also left and right). (Left-center) The histone H4 
gene dosage promotes Cse4 sumoylation and mislocalization to noncentromeric regions [27], but its effect on Cse4 
K215/216 sumoylation [21] to facilitate the deposition of overexpressed (or endogenous) Cse4 into CEN is not clear. 
(Left) When Cse4 is overexpressed, Psh1 promotes the degradation of free and ectopically incorporated Cse4. 
Ohkuni et al. suggested two independent pathways prevent the stable incorporation of Cse4 into non-centromeric 
chromatin [28]. (i) The first pathway depends on the interaction of Psh1 with Cse4. (ii) The second pathway 
requires Cse4 K65 sumoylation by Siz1/Siz2 and subsequent Cse4 K65-ubiquitination by Slx5. Both pathways 
contribute to (a) regulate soluble pools of Cse4 to prevent its mislocalization and/or (b) facilitate proteolysis 
of non-centromeric chromatin-bound Cse4. The Cse4 K65 sumoylation occurs downstream of Cse4 K215/ 216 
sumoylation, i.e., after Cse4 is incorporated into chromatin [21]. Psh1 is phosphorylated by the Cka2 subunit of 
casein kinase 2 (CK2) to promote its E3 activity for Cse4, and Cse4 misincorporation is prevented by the intact 
Psh1-Cse4 association [29], but the status of Psh1’s post-translational modifications, including the phosphorylation 
in ectopic Cse4-nucleosomes, is not yet elucidated. Hir2 [30], histone H4-R36 [31], and structural change in Cse4 
by Fpr3 [32] might be important for the interaction between Cse4 and Psh1. (c) Ubr1, Rcy1, and Met30/Cdc4 
E3 ligases could be in a Psh1-independent proteolysis pathway [33, 34], but the mechanistic details are unknown. 
(d) Factors/components that stabilize ectopically incorporated Cse4 are not yet clear. Preceding post-translational 
modifications before ubiquitylation or sumoylation of Cse4 and other proposed factors relevant to Psh1 function 
(e.g., Snf2, Doa1, Spt16, Pat1, Hir2, Cse4 MIMAS motif, Cdc7, Ubp8 [SAGA-DUB; not shown in this cartoon], 
etc.) and multiple E3s (Psh1, Ubr1, Rcy1, and Met30/Cdc4) are summarized in Table 1. While there are three 
conserved centromere-determining elements (CDE) consisting of CDEI-III [1–3], DNA sequence elements required 
for non-centromeric Cse4 nucleosome or its presence itself is unclear. Histone H4, including one in Cse4–H4 that 
binds one copy of Scm3 [20], is omitted for simplicity. This figure is partly adapted from Ohkuni et al. [21, 28].
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coincides with Cse4 loading time and is dependent on DNA replication [38]. The 
cenRNA is tightly regulated and repressed by the kinetochore protein Cbf1 and 
histone H2A variant H2A.ZHtz1, and de-repressed during the S phase of the cell cycle, 
suggesting that an appropriate level of cenRNAs is essential for point centromere 
activity [38]. Interestingly, when they knocked down all cenRNAs from the endog-
enous chromosomes, but not the cenRNA from the circular minichromosome, they 
still observed an increase in minichromosome loss, suggesting that cenRNA functions 
in trans to regulate centromere activity. Chen et al. independently demonstrated that 
budding yeast cenRNA is negatively regulated by Cbf1 and binding of the Pif1 DNA 
helicase to the centromeres, which happens in mid–late S phase, occurred at about 
the same time as Cbf1 loss from the centromere [40]. These data suggest that Pif1 
may facilitate this loss by its known ability to displace proteins from DNA. Ling et al. 
further showed that budding yeast cenRNAs are cryptic unstable transcripts (CUTs) 
that can be degraded by the nuclear RNA decay pathway suggesting that cenRNA can 
serve important cellular functions when it exists at the right time with the right level 
[39]. Together, these results in budding yeast indicate that the regulation of cenRNA 
is an essential factor for centromere structure and function.

1.1 Identification of Psh1 E3 ligase and its function

CENP-A (CenH3) proteolysis has also been reported in senescent human cells 
[41] or upon infection with herpes simplex virus 1 [42]. However, little had been 
known about the actual mechanisms that regulate CENP-A (CenH3) proteolysis. 
Collins et al. initially reported that the levels of the budding yeast CenH3, Cse4, are 
regulated by ubiquitin-proteasome-mediated proteolysis in 2004 [43]. They isolated 
a dominant lethal mutant, CSE4-351, and showed that the Cse4-351 mutant protein 
is stable and localized to euchromatin, suggesting that proteolysis prevents Cse4 
euchromatic localization. They also constructed wild-type Cse4 fused to a degron 
signal, and showed that the soluble Cse4 protein was rapidly degraded, but the 
centromere-bound Cse4 was stable. These data indicate that centromere localiza-
tion protects Cse4 from degradation. In 2010, two groups reported that budding 
yeast (Saccharomyces cerevisiae) CENP-A homolog, Cse4, is ubiquitylated by an E3 
ubiquitin ligase called Psh1 (named for Pob3/Spt16/ histone associated [44]) [22, 45] 
(Figure 1 and Table 1). Both groups identified independently that Psh1 leads to the 
degradation of Cse4 controlling the cellular level of Cse4 via ubiquitylation and 
proteolysis.

Hewawasam et al. performed TAP purification of Psh1 and identified Cse4 as well as 
several other kinetochore proteins by multidimensional protein identification technol-
ogy analysis [22]. They described that Psh1 consists of three main domains: (i) a RING 
finger, (ii) a zinc finger, and (iii) a highly acidic domain [22, 23]. They performed 
co-immunoprecipitation using whole-cell extracts and showed that the RING finger of 
Psh1 is important to interact with Cse4. They also performed a pulse-chase assay and 
demonstrated that both RING and zinc fingers are critical for efficient control of Cse4 
levels. They demonstrated the specificity of the ubiquitylation activity of Psh1 toward 
Cse4 in vitro and identified the sites of ubiquitylation. Mutation of these lysine sites 
prevents ubiquitylation of Cse4 by Psh1 in vitro and stabilizes Cse4 in vivo. Elimination 
of the Cse4-specific chaperone Scm3 destabilizes Cse4, and the addition of Scm3 to 
the Psh1-Cse4 ubiquitylation reaction prevents Cse4 ubiquitylation. Meanwhile, the 
deletion of Psh1 stabilizes Cse4. These data suggest that Scm3 and Psh1 might compete 
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for binding to Cse4. Cse4 that is not associated with Scm3 may be targeted by Psh1 for 
proteolysis, but Cse4 in a complex with Scm3 may be protected [23] (Figure 1, right) 
(see also next chapter, section 4.2). Cse4 overexpression is toxic without Psh1, and 
Cse4 is found at ectopic locations. Therefore, they suggested that the E3 activity of Psh1 
prevents the mislocalization of Cse4 (Figure 1, left).

Ranjitkar et al. also identified Psh1 by mass spectrometry analysis after purifica-
tion of 3xFLAG-Cse416R that is not ubiquitylated in vivo [45]. They demonstrated 
that Cse4 overexpression causes growth defects on psh1-deleted (psh1Δ) cells and 

lo CENP-A 
homolog

E3 ligase 
(ubiquitylation 
or sumoylation)

Function Preceding 
PTMs before 
ubiquitylation 
or sumoylation

Other proposed 
factor relevant to 
E3 function

Saccharomyces 
cerevisiae

Cse4 Psh1 
(ubiquitylation)

Proteasomal 
degradation to 
remove non-
centromeric 
CENP-A

P134 
isomerization 
by Fpr3

Scm3, Snf2, 
Doa1, Fpr3, Spt16. 
Phosphorylation of 
Psh1 by Cka2, Pat1, 
Histone H4-R36, 
Gene dosage of 
histone H4 (HHF1 
and HHF2), CAF-
1, Hir2, Cdc7, Ubp8 
(deubiquitylation, 
SAGA-DUB), Cse4 
MIMAS motif

Slx5/8 
(vertebrate 
RNF4)
(ubiquitylation)

Proteasomal 
degradation to 
remove non-
centromeric 
CENP-A (Slx5-
mediated Cse4 
proteolysis could 
be independent 
of Psh1)

K65 
sumoylation by 
Siz1/2

K65 sumoylation 
by Siz1/2

Siz1/2 
(sumoylation)

Proteasomal 
degradation to 
remove non-
centromeric 
CENP-A

N.D. N.D. (The effect of 
SUMO-proteases 
Ulp2/SENP6, on 
CenH3 was not 
confirmed.)

Ubr1, Rcy1 
(ubiquitylation)

Proteasomal 
degradation of 
Cse4

N.D. N.D.

Met30/Cdc4 
(ubiquitylation)

Proteasomal 
degradation of 
Cse4 (Met30/
Cdc4-mediated 
Cse4 proteolysis 
could be 
independent of 
Psh1)

N.D. N.D.

Table 1. 
E3 ligase for budding yeast (Saccharomyces Cerevisiae) CENP-ACse4.
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results in euchromatic localization of overexpressed Cse4. In immunoprecipitation 
analysis, they detected that full-length Cse4 and the histone fold domains (HFD)-
Cse4 associate with Psh1, but the N-terminal domains (NTD)-Cse4 does not interact 
with Psh1. However, greater levels of full-length Cse4 associated with Psh1 compared 
to HFD-Cse4 were observed. These data suggest that the Cse4 N-terminus might 
contribute to the interaction of Cse4 with Psh1 in vivo. Because the CATD is critical 
for Psh1 binding to Cse4, they analyzed the stability of the chimeric proteins. Myc-
Cse4-CATD levels in wild-type and psh1 mutant cells after repressing transcription 
and translation were assessed. The degradation of H3CATD was dependent on Psh1 in 
contrast to the Cse4 chimera lacking the CATD, suggesting that the Cse4 CATD is a 
key regulator of its stability and facilitates Psh1 to distinguish Cse4 from histone H3. 
Therefore, they proposed a new role of the CATD in maintaining the exclusive local-
ization of Cse4 by preventing its mislocalization to euchromatin via Psh1-mediated 
degradation.

However, the new findings of E3 ligase, Psh1, by these two groups left these open 
questions and stimulated other researchers to study the Psh1-mediated ubiquitylation 
and degradation of Cse4 as well as CENP-A homologs of other species.

i. Why does deletion of PSH1 not show a phenotype unless Cse4 is overexpressed 
[22, 45]? These data may suggest additional Cse4 regulatory mechanisms. In 
agreement with this concept, Cse4 is not completely stabilized when Psh1 is 
deleted and a lysine-free mutant of Cse4 is still degradable [22, 23, 43, 45]. 
Thus, it seems plausible that there are other destabilization mechanisms not 
yet discovered [22, 23, 43, 45].

ii. No Psh1 ortholog in other eukaryotes is yet identified. Because the RING 
and zinc fingers are highly conserved motifs in many proteins from yeast to 
human, it is difficult to verify such an ortholog. It is also unclear whether the 
ubiquitin–proteasome pathway that controls CENP-A proteolysis is conserved 
among different species.

iii. Can Psh1 be the unique E3 ligase in yeast? Is it possible to identify other E3 
ligases that ubiquitylate Cse4 in the same or different function? Is the function 
of the Cse4 ubiquitylation restricted only to proteolysis?

iv. Are any other post-translational modifications of Cse4 involved in upstream or 
downstream functions of Cse4 ubiquitylation?

v. What is the genome-wide misincorporation pattern of Cse4? How does the 
pattern change in the presence and absence of Psh1? Does Cse4 misincorpora-
tion affect promotor function and transcriptional regulation?

vi. What is the molecular mechanism for the selective recognition and ubiquityla-
tion of Cse4 by Psh1? Are other components required for such activities, or are 
other PTMs of Cse4 involved?

vii. What are the deubiquitylase and deubiquitylation mechanisms of Cse4?

In the following sections, answers to some of these questions are further 
described.
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1.2  Additional Cse4 regulatory mechanisms and factors that are required  
for proper ubiquitylation of Cse4 in vivo

1.2.1 SWI/SNF complex

Gkikopoulos et al. had identified DNA sequences to which the S. cerevisiae ATP-
dependent SWI/SNF chromatin remodeling complex is bound genome-wide to gain 
insight into that complex [46], and they observed that the complex is enriched at the 
centromeres of each chromosome. In their study, partial redistribution of the Cse4 
to sites on chromosome arms was observed by deletion of the gene encoding the Snf2 
subunit of the complex (Figure 1 and Table 1). Cultures of snf2Δ yeast were found to 
progress through mitosis slowly, and this slow progress depends on the mitotic check-
point protein Mad2; defects in chromosome segregation were observed in the absence 
of Mad2. Chromatin organization at centromeres is less distinct in the absence of 
Snf2, and especially hypersensitive sites flanking the Cse4-containing nucleosomes 
are less prominent. In addition, SWI/SNF complex was especially effective in the 
dissociation of Cse4 containing chromatin in their nucleosome reconstitution and 
remodeling assay in vitro. Taken together, these data suggest a role for Snf2 in the 
maintenance of point centromeres involving the removal of Cse4 from ectopic sites, 
rather than via directing incorporation of Cse4 at centromeres.

1.2.2 A novel role of the N-terminus of Cse4

The aforementioned groups had shown interactions of Psh1 with the C-terminus 
CATD of Cse4 and ubiquitylation of Cse4 at its C-terminus in vitro [22, 45]. Further, 
Au et al. demonstrated a role for ubiquitination of the N-terminus of Cse4 in regulat-
ing Cse4 proteolysis [47]. They initiated their studies with a mutant cse416KR (16KR) 
and fusion mutants in which lysines (K) are mutated to arginines (R). Their results 
indicated that lack of ubiquitylation of the C-terminus due to KR mutations does not 
increase protein stability, while the mutations in the N-terminus do so significantly, 
suggesting that the N-terminus of Cse4 facilitates its proteolysis. They also investigated 
the role of Cse4 domains in directing Cse4 proteolysis using a genome-wide screen 
(a synthetic genetic array, SGA), and identified DOA1 and PSH1. Their results using 
cse4KR mutants suggest that Psh1 is not the sole regulator of Cse4 proteolysis and that 
Doa1 facilitates Cse4 N-terminus-dependent proteolysis. We also note that N-terminal 
functions of CENP-A were described for some species [12, 28, 45, 47–55] (see also 
Sections 1.1, 1.4.1, 1.9 and next chapter, sections 2.1, 2.3, 2.4, 3.1, 4.1, 4.6, and 5.1).

1.2.3 Fpr3 peptidyl-prolyl cis-trans isomerase

Ohkuni et al. reported that the proline isomerase Fpr3 regulates Cse4 proteolysis [32] 
(Figure 1 and Table 1). FPR3 encodes a peptidylprolyl cis-trans isomerase (PPIase) which 
has a function in the meiotic recombination checkpoint pathway [56, 57]. In their study, 
the fpr3Δ or fpr4Δ strain displayed a significant chromosome missegregation phenotype. 
Cse4 protein levels were increased in fprΔ cells, and deletion of FPR3 stabilized Cse4 
protein levels in vivo. PPIase dead mutants (W363L and F402Y) stabilized Cse4 protein 
levels in vivo, suggesting that Fpr3 isomerization activity is necessary for Cse4 proteoly-
sis. Interaction between Cse4 and Psh1 was diminished in fpr3Δ cells, and P134V muta-
tion (a mutation of a putative target of Fpr3 isomerization) in Cse4 diminished the Psh1 
interaction, suggesting that Fpr3 regulates the Cse4-Psh1 interaction. In summary, they 
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proposed that structural change in Cse4 by Fpr3 might be important for the interaction 
between Cse4 and the E3 ubiquitin ligase Psh1 (Figure 1, left). Prolyl isomerization of fis-
sion yeast CENP-ACnp1 was discussed in this paper [32] (see also next chapter, section 2).

1.2.4 FACT complex

Deyter et al. identified a role for the conserved chromatin-modifying complex 
FACT (facilitates chromatin transcription/transactions) in preventing Cse4 mis-
localization to euchromatin by mediating its proteolysis [58]. They initially found 
that Psh1 cannot efficiently ubiquitylate Cse4 nucleosomes in vitro, suggesting that 
additional factors must facilitate Cse4 removal from chromatin in vivo. The Spt16 
subunit (Figure 1b and Table 1) of the FACT complex binds to Psh1, and this interac-
tion between Psh1 and Spt16 is critical for both Cse4 ubiquitylation and its exclusion 
from euchromatin. Therefore, a Psh1 mutant that cannot associate with FACT has 
reduced interaction with Cse4 in vivo. Collectively, they proposed a previously 
unknown mechanism to maintain centromere identity and genomic stability through 
the FACT-mediated degradation of ectopically localized Cse4.

1.2.5 Phosphorylation by casein kinase 2 (CK2)

Hewawasam et al. reported that Psh1 is phosphorylated by the Cka2 subunit 
of casein kinase 2 (CK2) to promote its E3 activity for Cse4 [29] (Figure 1a and 
Table 1). They first showed that the deletion of CKA2 significantly stabilized Cse4. 
Consistently, Cse4 has stabilized in a Psh1 phospho-depleted mutant strain in 
which all identified phosphorylation sites (total 10 sites) were changed to alanines. 
However, they showed that phosphorylation of Psh1 did not control Psh1-Cse4 or 
Psh1-Ubc3(E2) interactions. Mislocalization of Cse4 was mild, although Cse4 was 
highly stabilized in a cka2Δ strain. These data suggest that Cse4 misincorporation was 
prevented by the intact Psh1-Cse4 association. Supporting that idea, Psh1 was also 
stabilized in a cka2Δ strain. However, some questions remain if the phosphorylation 
of Psh1 by Cka2 is required for its E3 activity to degrade “already” mis-incorporated 
Cse4 on the non-centromeric chromatin and the status of Psh1’s PTMs in such non-
centromeric chromatin (Figure 1b). Collectively, these results suggest that phosphor-
ylation is important for Psh1-assisted control of Cse4 levels and that the Psh1-Cse4 
association itself functions to prevent Cse4 misincorporation.

1.2.6 Pat1, a protector of Cse4 against Psh1

Mishra et al. showed that a kinetochore protein, Pat1 (Figure 1, right and Table 1), 
protects CEN-associated Cse4 from ubiquitylation to maintain the proper structure 
and function of the kinetochore [24]. In their study, PAT1-deletion (pat1∆) strains 
exhibit increased ubiquitylation of Cse4 and faster turnover of Cse4 at kinetochores. 
Psh1 interacts with Pat1 and contributes to the increased ubiquitylation of Cse4 in 
pat1∆ strains. Their results showed that transient induction of PSH1 in a wild-type 
strain resulted in phenotypes similar to a pat1∆ strain (e.g., a reduction in CEN-
associated Cse4, increased Cse4 ubiquitylation, defects in the spatial distribution 
of Cse4 at kinetochores, and altered structure of CEN chromatin). Pat1 interacts 
with Scm3 (a Cse4-specific chaperone) and pat1∆ strains showed reduced levels of 
centromeric Scm3, suggesting that the interaction of Pat1 with Scm3 is required for 
its maintenance at kinetochores. In summary, these results suggest a new mechanism 
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by which Pat1 affects the structure of CEN chromatin and protects Cse4 from Psh1-
mediated ubiquitylation for faithful chromosome segregation.

1.3  Cse4 misincorporation affects promotor function and transcriptional 
regulation, and histone H4 facilitates the proteolysis of the Cse4

1.3.1  Regulation of Cse4 protein levels prevents misincorporation at promotor 
nucleosomes and transcriptional defects

One interesting question is if Cse4 misincorporation affects promotor func-
tion and transcriptional regulation. Hildebrand et al. addressed the genome-wide 
misincorporation pattern of Cse4 in the presence and absence of Psh1, performing 
chromatin immunoprecipitation analysis followed by high throughput sequencing 
[59]. They found that ectopic Cse4 mislocalized to intergenic regions of the genome. 
Mislocalized Cse4 is enriched at promoters that contain histone H2A. ZHtz1 nucleo-
somes flanking nucleosome-depleted regions (NDRs), however, Cse4 mislocalization 
does not depend on H2A.ZHtz1. Instead, the chromatin remodeling inositol-requiring 
80 (INO80) complex (INO80-C), which removes H2A.ZHtz1 from nucleosomes, 
contributes to the ectopic deposition of Cse4 [59] (Figure 1, left). However, the 
functional relationship of INO80-C with other factors (e.g., CAF-1 complex) for Cse4 
ectopic deposition remains to be elucidated (Figure 1, left). Together, this transcrip-
tional profiling revealed that mislocalized Cse4 significantly disturbs transcription in 
the absence of Psh1, suggesting that regulating centromeric nucleosome localization 
is important for ensuring accurate promoter function and transcriptional regulation.

1.3.2 Histone H4 facilitates the proteolysis of the Cse4

Because Cse4 proline residues though the Fpr3 regulation influence its degrada-
tion as reported by Ohkuni et al. [32] (see also Section 1.2.3), Deyter et al. hypoth-
esized that additional features of the Cse4 nucleosome might be important for Cse4 
proteolysis [31]. They initially asked whether histone H4 residues are important for 
Cse4 degradation, since Cse4 binds with high affinity to histone H4 before and after 
deposition on DNA, and they determined that Cse4 protein levels are stabilized in 
H4-R36A mutant cells and Cse4 is enriched in the euchromatin. Consistent with those 
data, they also demonstrated that H4-R36 is important for the interaction between 
Cse4 and Psh1 (Figure 1 and Table 1). They also analyzed Psh1 localization in WT 
vs. H4- R36A cells at the 5′, 3′, and coding regions of two highly transcribed genes, 
ADH1 and PMA1, because Psh1 interaction with FACT is important for Cse4 ubiqui-
tylation and degradation, as previously reported [58] (see also Section 1.2.4). Their 
ChIP-qPCR revealed that Psh1 also shows a strong enrichment at the 3’ UTRs of these 
genes in H4-R36A cells compared to wild-type cells, while the levels at the promoter 
and gene regions were similar to wild-type cells. These data suggest that altered Psh1 
localization could contribute to the Cse4 stability phenotype in H4-R36A mutant cells.

This group previously had discovered that overexpressed Cse4 is mislocalized to 
nucleosomes in both tandem and divergent intergenic regions in the absence of Psh1, 
as shown earlier [59]. Therefore, they tested whether this is also true in the H4-R36A 
mutant cells by performing ChIP-qPCR. Cse4 mislocalization was negatively cor-
related with Psh1 enrichment in H4-R36A cells. Taken together, these data revealed 
H4-R36 is a key residue for efficient Cse4 degradation, likely by facilitating the 
interaction between Psh1 and Cse4.
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1.3.3  Reduced gene dosage of histone H4 prevents Cse4 mislocalization and 
chromosomal instability

Eisenstatt et al. further utilized a genome-wide screen (SGA) to identify factors that 
facilitate the mislocalization of overexpressed Cse4 by characterizing suppressors of 
the psh1Δ GAL-CSE4 SDL [27]. They found that deletions of histone H4 alleles (HHF1 
or HHF2; Table 1), which were among the most major suppressors, also suppress slx5Δ, 
cdc4-1, doa1Δ, hir2Δ, and cdc7-4 GAL-CSE4 SDL (Table 1). Defects in sumoylation and 
reduced mislocalization of overexpressed Cse4 are observed with a reduced dosage of 
H4, and these events lead to suppression of CIN when Cse4 is overexpressed (see about 
Cse4 sumoylation also in the following Section 1.4). hhf1-20, cse4-102, and cse4-111 
mutants, which have defective Cse4-H4 interactions, also show reduced sumoylation of 
Cse4 and do not cause psh1Δ GAL-CSE4 SDL. Overall, these results identified a novel 
function of the histone H4 gene dosage in promoting Cse4 sumoylation and mislocal-
ization to noncentromeric regions, which leads to CIN when Cse4 is overexpressed.

One question is how this H4 dosage balance affects the function of H4-R36 (see 
also Section 1.5.1). Deyter et al. reported that H4-R36 is a key residue for efficient Cse4 
degradation, likely by facilitating the interaction between Psh1 and Cse4 [31]. This 
group also found that a basic residue at H4-R36, but not PTM (e.g., methylation) of the 
amino acid, is required to prevent sensitivity to Cse4 overexpression [31]. Then how 
is it possible that reduced dosage of H4 leads to sumoylation and reduced mislocaliza-
tion of overexpressed Cse4? Eisenstatt et al. showed that deletion of either histone H4 
allele resulted in reduced levels of sumoylated Cse4 and concluded that physiologic 
levels of histone H4 are required for Cse4 sumoylation [27] (see also Section 1.4). 
However, the level of sumoylation loss caused by the deletion of either histone H4 allele 
(in hhf1Δ or hhf2Δ) was similar to one caused by cse416KR mutant that should be total 
loss of sumoylation of Cse4. Ohkuni et al. proposed a model in which Cse4 K215/216 
sumoylation facilitates the deposition of overexpressed Cse4 into CEN and non-CEN 
regions, respectively [21] (Figure 1). If a total loss of sumoylation is achieved in the H4 
loss (in hhf1Δ or hhf2Δ) as a cse416KR mutant, and if the sumoylation of Cse4 K215/216 
is required for centromeric deposition of Cse4 into chromatin as Ohkuni et al. suggest 
[21], how do the hhf1Δ or hhf2Δ strains keep centromeric Cse4 and survive? How H4 
gene dosage on Cse4 K215/216 sumoylation facilitates deposition of overexpressed (or 
endogenous) Cse4 into CEN is not clear (Figure 1, left-center).

The mechanism by which other histones’ PTMs and dosages are involved in 
the incorporation of CENP-A/CenH3 is highly interesting, but at the same time, it 
suggests many questions. A further question raised is whether H4 dosage affects 
heterotypic CENP-A-H3.3 nucleosomes (see also Section 1.6) or H3 dosage among 
species including humans? Results in both budding and fission yeast suggest that the 
balance among histones H3,H4 and CENP-A is important for centromeric chromatin 
assembly [60, 61]. In fission yeast, increasing cellular histone H3 levels relative to 
Cnp1 promotes accumulation of H3 and loss of Cnp1 from the central domain and 
leads to defects in kinetochore function, however, there does not appear to be an 
efficient mechanism for the active exclusion of histone H3 from the centromeric 
nucleosomes [60, 62]. If H4 dosage affects heterotypic CENP-A-H3.3 nucleosomes 
or H3 dosage, is there an indirect pathway through which H4 dosage affects CENP-A 
incorporation into chromatin through H3? The inter-regulation among different his-
tones, including CENP-A/CenH3 for high(macro) and low(micro) order chromatin 
structures, must be intricate. However, this could make it difficult to elucidate the 
mechanisms of incorporation, maintenance, and inheritance of CENP-A/CenH3.
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In fission yeast and human studies, Mis18 (human Mis18α and Mis18β homolog) 
and Mis16 (human RbAp46 and RbAp48 homolog) are required for loading of newly 
synthesized Cnp1/CENP-A into centromeric chromatin [63, 64] (see also next chap-
ter, sections 2.1, 3.1, and 4.1). Mis16 and Mis18 are also required for the maintenance 
of the hypoacetylation of histone H4 specifically within the central domain of the 
centromere [64], and Mis16 homologs are components of several histone chaperone 
complexes [65]. Moreover, acetylation of histone H4 lysine 5 and 12 (H4K5ac and 
H4K12ac) within the pre-nucleosomal CENP-A-H4-HJURP complex mediated by the 
RbAp46/48-Hat1 complex is required for CENP-A deposition into centromeres in 
chicken and humans [66], consistent with the Hat1 role shown in Drosophila mela-
nogaster [67] (see also next chapter, sections 3.1 and 4.1). In mouse studies, Mis18α 
interacts with DNMT3A/3B, and this interaction is required to maintain DNA meth-
ylation [68]. Mis18α deficiency leads to not only the reduction of DNA methylation, 
but altered histone H3 modifications, and uncontrolled non-coding transcripts in the 
centromere region (see also next chapter, section [4.1]). However, Mis16 and Mis18 
proteins are absent from budding yeast S. cerevisiae with point centromeres [69]. In 
addition, how these proteins and H4 hypoacetylation facilitate the fission yeast  
Cnp1/CENP-A incorporation into chromatin is still not clear [62] (see also next 
chapter, section [2.1]).

1.4 Cse4 sumoylation

1.4.1 Slx5/RNF4 and Ulp2/SENP6

It is known that sumoylation is involved in multiple intercellular pathways, and 
a subset of polysumoylation-mediated polyubiquitylation processes lead to protea-
some-mediated degradation [70, 71]. Such machineries of SUMO-dependent ubiq-
uitylation and degradation of CENP-A are interesting and important issues. Recent 
research has revealed new insights about the sumoylation of Cse4.

Ohkuni et al. reported the first evidence that Cse4 is sumoylated by E3 ligases 
Siz1 and Siz2 in vivo and in vitro [28] (Figure 1 and Table 1). Siz1 is the found-
ing member of the Siz/PIAS (protein inhibitor of activated STAT) RING family of 
SUMO E3 ligases, and both Siz1 and Siz2 are normally bound to chromatin via their 
SAP domains [72]. The Siz/PIAS RING family is involved in the sumoylation of the 
septin protein group and several chromatin proteins including core histones and the 
replication clamp PCNA (proliferating cell nuclear antigen) [70, 72]. They showed 
that ubiquitylation of Cse4 by the small ubiquitin-related modifier (SUMO)-targeted 
ubiquitin ligase (STUbL), Slx5, is important for proteolysis of Cse4 and prevents mis-
localization of Cse4 to euchromatin under normal physiologic conditions (Figure 1b 
and Table 1). Sumoylated Cse4 proteins are accumulated and protein stability of 
Cse4 is increased in slx5∆ strains, suggesting that sumoylation precedes ubiquitin-
mediated proteolysis of Cse4 (Figure 1b). slx5∆ psh1∆ strains exhibit higher levels of 
Cse4 stability and mislocalization than either slx5∆ or psh1∆ strains, suggesting that 
Slx5-mediated Cse4 proteolysis is independent of Psh1 (Figure 1b). In addition to the 
Psh1-dependent ubiquitylation pathway, their results suggested a second pathway 
that requires sumoylation of Cse4 by Siz1/Siz2 and ubiquitination of sumoylated Cse4 
by Slx5 to prevent its mislocalization and maintain genome stability.

Further, Ohkuni et al. identified lysine 65 (K65) in Cse4 as a site that regu-
lates sumoylation and ubiquitin-mediated proteolysis of Cse4 through Slx5 [52] 
(Figure 1b). The abundance of sumoylated and ubiquitinated Cse4 in vivo is reduced 
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in budding yeast strains expressing cse4 K65R. They also showed that the interaction 
of cse4 K65R with Slx5 is significantly reduced, and stability and mislocalization of 
cse4 K65R are increased under normal physiologic conditions. The stability of cse4 
K65R in psh1Δ strains is increased, but not in slx5Δ strains. Therefore, they concluded 
that Slx5 targets sumoylated Cse4 K65 for ubiquitination-mediated proteolysis, but 
Psh1 does not (Figure 1b). Overall, they clarified the function and biological signifi-
cance of Cse4 K65 in sumoylation, ubiquitin-mediated proteolysis, and localization of 
Cse4 for genome stability.

In humans, depletion of the human Slx5 homolog ring finger protein 4 (RNF4) 
contributes to sumoylation-dependent degradation of the CCAN protein CENP-I, 
while SENP6 (a member of a large family of Sentrin-specific protease enzymes 
that belongs to the yeast Ulp2 group) stabilizes CENP-I by antagonizing RNF4 [73]. 
However, depletion of SENP6 in HeLa cells leads to the loss of the CENP-H/I/K 
complex from the centromeres, but not an apparent reduction in centromeric CENP-
A/B/C levels recognized by CREST sera [73]. Recent analyses by some groups also 
indicated that CENP-A was not a direct substrate of SENP6 [74, 75]. Differences 
among species of roles of sumoylation in the regulation of CENP-A stability are 
described later (see also next chapter, section [4]).

1.4.2 Deposition of Cse4 into chromatin through its C-terminal sumoylation

C-terminal sumoylation of Cse4 also contributes to the deposition of Cse4 
into chromatin. Ohkuni et al. identified sumoylation sites lysine (K) 215/216 in 
the C-terminus of Cse4 and showed that sumoylation of Cse4 K215/216 facilitates 
its genome-wide deposition into chromatin when overexpressed [21] (Figure 1). 
Their results showed reduced levels of sumoylation of mutant Cse4 K215/216R/A 
[K changed to arginine (R) or alanine (A)] and reduced interaction of mutant Cse4 
K215/216R/A with Scm3 and CAF-1 (Figure 1 and Table 1) (see also Section 1.5.3) 
when compared to wild-type Cse4. Consistently, levels of Cse4 K215/216R/A in the 
chromatin fraction and localization to centromeric and noncentromeric regions were 
reduced. In addition, GAL-cse4 K215/216R does not exhibit synthetic dosage lethal-
ity (SDL) in these strains—unlike GAL-CSE4, which exhibits SDL in psh1Δ, slx5Δ, 
and hir2Δ strains. Thus, they clearly demonstrated that the deposition of Cse4 into 
chromatin is facilitated by its C-terminal sumoylation. Based on their data, they also 
updated a model in which Cse4 K215/216 sumoylation promotes its interaction with 
the histone chaperones Scm3 and CAF-1, facilitating the deposition of overexpressed 
Cse4 into CEN and non-CEN regions, respectively (Figure 1). Their results suggest 
the importance of the SUMO-interaction motif in Slx5’s targets and histone chaper-
one proteins (Scm3 and CAF-1), and it will be interesting to test if this sumoylation 
machinery is conserved in humans and if human CENP-A sumoylation regulates its 
interaction with HUJRP and/or DAXX.

Further questions remain about the SUMO E3 ligase of Cse4 C-terminal K215/216 
sumoylation. Sumoylation of Cse4 is barely detectable in a siz1Δ siz2Δ strain [21]. Do 
Siz1/Siz2 also target the Cse4 C-terminal K215/216, as they do the Cse4 N-terminal 
K65? Or do different E3 entities target Cse4 K215/216 (Figure 1, right-center)? If 
Siz1/Siz2 are required for Cse4 C-terminal K215/216 sumoylation for proper Cse4 
deposition at centromeres, how do Siz1/Siz2 distinguish between Cse4 for centro-
meric deposition and Cse4 for degradation? Functional comparisons among different 
species (esp. budding yeast and human) of sumoylation in the regulation of CENP-A 
stability are also described later (see also next chapter, section 4).
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1.5  More intricate E3 network of Cse4 and other chaperones that function  
in proteolysis and mislocalization of Cse4

1.5.1 Cse4 R37 methylation and Ubr2/Mub1 E3 ligase

Samel et al. reported that the absence of the E3 ubiquitin ligase Ubr2, as well as its 
adaptor protein Mub1, suppresses the synthetic growth defects (or lethality) caused 
by the absence of Cse4-R37 methylation in cbf1Δ or deletion mutants of Ctf19/CCAN 
complex [76]. Previously Ubr2 had been shown to control the levels of the MIND 
complex protein Dsn1 via ubiquitination and proteasome-mediated degradation [77]. 
Consistent with these results, Samel et al. found that overexpression of DSN1 also 
led to suppression of growth defects (or lethality) caused by the absence of Cse4-R37 
methylation. Collectively, they proposed that the absence of Cse4 R37 methylation 
reduces the recruitment of kinetochore proteins to centromeric chromatin, and that 
this can be compensated for by stabilizing the outer kinetochore protein Dsn1.

However, the relationship between Ubr2 and Psh1, and E3 activity of Ubr2 on Cse4 is 
still not clear, although the absence of both E3s suppressed the synthetic growth defects 
(or lethality) shown in their study. The authors stated that most likely increased levels of 
kinetochore proteins other than Dsn1 in ubr2Δ cells can also compensate for the absence 
of R37 methylation, since ubr2Δ controls the levels of other proteins, possibly also 
kinetochore proteins. On the other hand, others had previously suggested that the role 
of Ubr2 at kinetochores seems to be partially redundant with the E3 ubiquitin ligase Psh1 
[78]. Samel et al. also hypothesized that the ubiquitin ligase Psh1 restricts the loading 
of inner kinetochore proteins, whereas Ubr2 regulates the loading of outer kinetochore 
proteins, indicating that the mechanism of the suppression by ubr2Δ and psh1Δ differs.

1.5.2 Multiple E3 ligases promote the degradation of Cse4

In addition to the aforementioned report of Slx5 by Ohkuni et al. [28], Cheng et al. 
demonstrated that 4 ubiquitin ligases (i.e., Ubr1, Slx5, Psh1, and Rcy1) (Figure 1c 
and Table 1) contribute in parallel to the Cse4 proteolysis and turnover in budding 
yeast cells [33]. Cse4 overexpression generates cellular toxicity and cell cycle delay 
in budding yeast cells lacking PSH1, but not in cells lacking UBR1. These data suggest 
different roles of these two degradation pathways, and that various ubiquitin ligases 
collaborate to check and control Cse4 protein levels.

On the other hand, Cheng et al. also noted the lack of clarity about how this differ-
ent E3s collaborate [33]. Their finding also generated these questions:

i. How do these E3s specifically recognize Cse4?

ii. How do they work with other cellular cues and pathways (e.g., casein kinase 
2, Siz1- and Siz2-mediated sumoylation, SWI/SNF remodeling enzymes, the 
FACT complex, and the proline isomerase Fpr3)?

iii. What is the functional role and mechanism of each degradation pathway?

Further study is required to address these intricate E3 networks of Cse4 as well 
as other kinetochore proteins. In addition, the ubiquitin ligase(s) involved in human 
CENP-A degradation still remains unclear, although the CUL4A complex was identi-
fied as an E3 ligase that is required for CENP-A deposition at the centromere [79] 
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(see also next chapter, section [4.2]). As Cheng et al. noted, while Psh1 does not seem 
to have a mammalian counterpart, Ubr1 (human UBR1), Slx5 (human RNF4) and 
Rcy1 (human EXOC5) are known to have human homologs. It is highly interesting to 
test CENP-A turnover in mammalian cells deficient for these homologs and also to 
determine if the human homologs of these E3s are altered in CENP-A-related cancer 
cells. Analogous questions are also raised in Section 1.6.2.

1.5.3 CAF-1 chaperone

Hewawasam et al. reported that chromatin assembly factor-1 (CAF-1) (Figure 1 and 
Table 1) controls Cse4 deposition in budding yeast (see also Section 1.4.2). CAF-1 is an 
evolutionarily conserved histone H3/H4 chaperone; its subunits were shown to interact 
with CenH3 in flies and human cells. Previously, it had been reported that subunits of 
CAF-1 are required for building functional kinetochores [80], for recruitment of CenH3/
Cnp1 and Scm3 to centromeres in fission yeast, S. pombe [7, 64], and for regulating Cse4/
H3 exchange kinetics [81]. Hewawasam et al. showed that yCAF-1 interacts with Cse4 
and can assemble Cse4 nucleosomes in vitro, using both CEN and non-CEN plasmids 
[26](Figure 1). In their study, when Cse4 is overexpressed, loss of yCAF-1 markedly 
reduces Cse4 deposition into chromatin genome-wide. They suggest that incorporation 
of Cse4 genome-wide may induce multifactorial effects on growth and gene expression. 
Loss of yCAF-1 rescues growth defects and some changes in gene expression caused by 
Cse4 genome-wide misincorporation that occur in the absence of Psh1-mediated prote-
olysis. The incorporation of Cse4 into promoter nucleosomes at transcriptionally active 
genes is dependent on yCAF-1. In summary, these findings suggest CAF-1 can act as a 
Cse4 chaperone, controlling the amount and the incorporation of Cse4 in chromatin.

Some questions remain about the relationships among Cse4, Psh1, Scm3, and 
CAF-1. The first question is about the role of CAF- 1 in Psh1-mediated proteolysis 
of Cse4: How does CAF-1 function in the process of Cse4 ubiquitylation by Psh1? 
Hewawasam et al. observed more ubiquitylation of Cse4 in the presence of CAF-1 
compared with the absence of CAF-1 in vitro, suggesting CAF-1 can promote 
ubiquitylation of free Cse4, opposite to the effect of Scm3 that protects Cse4 from 
ubiquitylation by Psh1 in vitro [22]. They also tested CAF-1 interaction with Psh1, but 
their co-immunoprecipitation experiment in whole-cell extracts did not show any 
interactions. Thus, they speculated that soluble Cse4 bound to CAF-1 may expose 
ubiquitylation sites on Cse4, promoting ubiquitylation by Psh1.

The second question is whether CAF-1 could assemble Cse4 at centromere as 
Scm3. If so, do the roles of the two proteins simply overlap, or does each protein have 
a unique role in the process of Cse4 assembly at centromere? To test this question, 
Hewawasam et al. used the Scm3on/off strain, which can be toggled by galactose, 
along with copper-inducible Cse4 overexpression, so that Cse4 protein levels can 
be controlled by the concentration of copper [26]. Their results suggest that when 
Scm3 is absent and Cse4 levels are high, CAF1 may be a primary chaperone targeting 
Cse4 to the centromere (Figure 1, center). Meanwhile, in the fission yeast S. pombe, 
the CAF-1 subunit can recruit the Scm3 to centromeres [7]. Thus, Hewawasam et al. 
speculated that under normal conditions, Scm3 and CAF-1 both play important func-
tions in the deposition of Cse4 at centromere; however, further study is required to 
reinforce this hypothesis (Figure 1, right).

The third question is how CAF-1 can be responsible for the mislocalization of 
Cse4/CENP-A in cancer development. The human CAF-1 subunit p60 was one of 
the overexpressed chaperones in CENP-A-overexpressing breast cancer cells [82], 
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and ectopic CENP-A nucleosomes from colorectal cancer cells keep a subpopulation 
of structurally distinct hybrid (chimeric) nucleosomes containing both CENP-A 
and H3.3 [82, 83]. Misregulation of Scm3/HJURP causes chromosome instability in 
both yeast and humans [84], and many previous reports suggested the functional 
relevance of Scm3/HJURP with the development of a wide spectrum of cancers (e.g., 
colon, lung, liver, breast, pancreatic, brain cancer) [85–94]. As aforementioned, 
CAF-1 may cooperate with Psh1 and Scm3 to regulate proteolysis of Cse4, in the way 
that CAF-1 association with free Cse4 may promote ubiquitylation and proteolysis. 
If so, how do these two chaperons (CAF-1 and Scm3/HJURP) cooperate together in 
genomic stability and anti-cancer development? Further in-depth study is required 
to elucidate the collaboration among Psh1, Scm3, and CAF-1 in genomic stability and 
anti-cancer development.

1.6  A genome-wide screen (a synthetic genetic array, SGA) revealed other 
proteins that are required for proteolysis and proper localization of Cse4

1.6.1 HIR histone chaperone complex

Deletion for genes encoding the replication-independent histone chaperone HIR 
complex (HIR1, HIR2, HIR3, HPC2) and a Cse4-specific E3 ubiquitin ligase, PSH1, 
showed the highest SDL using a genome-wide synthetic genetic array (SGA) to identify 
gene deletions that exhibit SDL when Cse4 is overexpressed [30]. Thus, Ciftci-Yilmaz 
et al. performed functional analysis for Hir2 (Figure 1 and Table 1) in proteolysis of 
Cse4 that prevents mislocalization of Cse4 to noncentromeric regions for genome 
stability. They demonstrated the interaction of Hir2 with Cse4 in vivo, and defects in 
Cse4 proteolysis and stabilization of chromatin-bound Cse4 appear in hir2Δ strains. 
The hir2Δ strains also exhibit mislocalization of Cse4 to noncentromeric regions with 
a preferential enrichment at promoter regions. They also found that Hir2 facilitates the 
interaction of Cse4 with Psh1. In the hir2Δ strain, defects in Psh1-mediated proteolysis 
increase Cse4 stability and lead to mislocalization of Cse4 compared to wild-type cells. 
Collectively, they identified a novel role for the HIR complex to prevent mislocalization 
of Cse4 by facilitating proteolysis of Cse4, thereby promoting genomic stability.

Analogous questions can be raised regarding CAF-1, especially about the func-
tional relationships among different Cse4 chaperone proteins (e.g., Scm3, CAF-1, and 
Hir2) and their roles in cancer development. In the Psh1-mediated proteolysis of free 
Cse4 using whole-cell lysates, CAF-1 and Hir2 promote proteolysis and Scm3 inhibits 
it [22, 26, 30]. CAF-1 and Hir2 could be involved in the proteolysis of noncentromeric 
Cse4, but Scm3 in the anti-proteolysis of the centromeric Cse4. However, CAF-1 may 
promote centromeric localization of overexpressed Cse4 only under conditions when 
Scm3 is depleted (SCM3 expression OFF; see also Section 1.5.3) [26]. Furthermore, 
the centromeric Cse4 level is decreased in hir2Δ strains, suggesting that Hir2 might 
have anti-proteolytic activity in centromeric Cse4. If the functions of these chaperones 
change with the expression level and localization pattern of CENP-A that they target, 
how do these chaperones sense the dosage change of CENP-A (between overexpres-
sion and normal levels of CENP-A) and distinguish centromeric and ectopic CENP-A?

Studying the real-time 3D structure of free CENP-A/CenH3 after post-transla-
tional modification and before incorporation into chromatin could be a key future 
direction. In budding yeast, Ohkuni et al. proposed that structural change in Cse4 
caused by the proline isomerase Fpr3 might be important for the interaction between 
Cse4 and the E3 ubiquitin ligase Psh1 [32] (see also Section 1.2.3).
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1.6.2 Skp1, Cullin, F-box (SCF)-Met30 and SCF-Cdc4-mediated proteolysis of Cse4

Au et al. identified two Skp1, Cullin, F-box (SCF) ubiquitin ligases with the 
evolutionarily conserved F-box proteins Met30 and Cdc4 (Figure 1c and Table 1) as 
essential genes required for Cse4 homeostasis through a genome-wide SGA screen 
[34]. They showed that Met30 and Cdc4 interact through the Met30-WD40 domain, 
and these two proteins cooperatively regulate proteolysis of endogenous Cse4 and 
prevent its mislocalization for faithful chromosome segregation (Figure 1). The inter-
action of Met30 with Cdc4 is independent of the Met30-D domain, which is essential 
for their homodimerization and ubiquitination of other substrates. Ubiquitin affinity 
pull-down assays showed that both Cdc4 and Met30 specifically target Cse4 for its 
ubiquitination. They suggest that Met30 is necessary for the interaction between 
Cdc4 and Cse4, and its defective interaction leads to stabilization and mislocaliza-
tion of Cse4, which in turn promotes to CIN. They also provided the first direct link 
between Cse4 mislocalization and defects in kinetochore structure measured by the 
sensitivity against the restriction enzyme DraI, and collectively showed that proteoly-
sis of Cse4 by SCF-Met30/Cdc4 prevents mislocalization and CIN.

Further studies are also required to address analogous questions as in Section 1.5.2: 
How does the Met30/Cdc4-pathway work with other cellular cues and multiple E3 path-
ways, including Psh1-dependent and independent proteolysis? Are the human homologs 
of these E3s (e.g., human FBXO24, TRAF7, etc.) altered in CENP-A-related cancer cells?

1.6.3 Dbf4-dependent kinase (DDK)-mediated proteolysis of Cse4

Eisenstatt et al. identified five alleles of CDC7 and DBF4 that encode the Dbf4-
dependent kinase complex, which regulates DNA replication initiation in their SGA 
[95]. They found that cdc7–7 strains show defects in ubiquitin-mediated proteolysis of 
Cse4 and mislocalization of Cse4 [95]. Mutation of MCM5 (mcm5-bob1) bypasses the 
requirement of Cdc7 for replication initiation and rescues replication defects in a cdc7-7 
strain. They demonstrated that mcm5-bob1 does not rescue the SDL and defects in 
proteolysis of overexpressed Cse4 (GALCSE4) in a cdc7-7 strain. These data suggest a 
DNA replication-independent role for Cdc7 in Cse4 proteolysis. Their results of the SDL 
phenotype, defects in ubiquitin-mediated proteolysis, and the mislocalization pattern of 
Cse4 in a cdc7-7 psh1Δ strain were similar to that in the cdc7-7 and psh1Δ strains. These 
data suggest that Cdc7 regulates Cse4 in a pathway that overlaps with Psh1. They propose 
a role for the Dbf4-dependent kinase complex as a regulator of Psh1-mediated proteolysis 
of Cse4 to prevent mislocalization of Cse4, independent of DNA replication initiation.

1.6.4 Reduced gene dosage of histone H4

Recently, Eisenstatt et al. further utilized SGA to identify factors that facilitate 
the mislocalization of overexpressed Cse4 by characterizing suppressors of the psh1Δ 
GALCSE4 SDL [27]. See Section 1.3.3 for more details of this study.

1.7 Cse4 deubiquitylase

Compared to the ubiquitylation mechanism of Cse4, there are relatively few 
studies on the deubiquitylation mechanism of Cse4. We should also consider how the 
deubiquitylation affects the localization and the function of Cse4 at both centromere 
and ectopic sites along chromosomes.
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Canzonetta et al. investigated the role of Ubp8-driven deubiquitylation of the 
Cse4 in budding yeast [96]. Ubp8 is a component of the SAGA (Spt-Ada-Gcn5-
acetyltransferase) complex, a multicomponent regulator of acetylation. The SAGA 
complex is also involved in deubiquitylation through its deubiquitylation (DUB) 
module, and one example of its activity is upon histone H2B [97, 98]. Canzonetta 
et al. demonstrated that the deubiquitylation process was inhibited and a short 
ubiquitin oligomer on Cse4 was accumulated by the loss of Ubp8. Such defective deu-
biquitylation caused by Ubp8 loss leads to chromosome instability and Cse4 protein 
degradation, and induces ectopic localization of the Cse4 outside the centromere.

1.8  Psh1 is also involved in proper plasmid segregation, and two distinct cellular 
effects by Psh1 and Cse4

Interestingly, there was a report suggesting that Psh1 is also involved in proper 
plasmid segregation [99]. Metzger et al. initially sought to assess the involvement of the 
ubiquitin-proteasome system in the turnover of mitochondrial proteins in budding yeast 
[99]. Then, they found that deletion of a specific ubiquitin ligase (E3), Psh1p, increases 
the level of a temperature-sensitive mitochondrial protein, mia40-4pHA, when it is 
expressed from a centromere-containing (CEN) plasmid that remains, on average, at 
one copy per yeast cell. Unexpectedly, they also found deletion of Psh1p elevates the 
levels of other proteins (not only mitochondrial proteins) expressed from the CEN 
plasmids. The rate of turnover of mia40-4pHA, total protein synthesis, or the protein 
levels of chromosomal genes is not affected by the loss of Psh1p. On the other hand, 
psh1Δ appears to increase the occurrence of missegregation of centromeric plasmids 
compared to their normal 1:1 segregation. Their results showed that ongoing missegre-
gation leads to elevated plasmid DNA, mRNA, and protein, all of which they observed 
in psh1Δ cells after generations of growth with selection for the plasmid. Elevation of 
Cse4p leads to an apparent increase in 1:0 plasmid segregation events, although Cse4p 
overexpression alone does not phenocopy psh1Δ in increasing plasmid DNA and protein 
levels. Moreover, 2 μm high-copy yeast plasmids also lead to missegregation in psh1Δ, 
but not when Cse4p alone is overexpressed. Their findings demonstrated that Psh1p is 
required for the faithful inheritance of both centromeric and 2 μm plasmids. In addition, 
the effects that loss of Psh1p has on plasmid segregation cannot be merely explained by 
increased levels of Cse4p, arguing two distinct cellular effects by Psh1p and Cse4p.

1.9  Molecular basis for the selective recognition and ubiquitination of Cse4  
by Psh1 through Cse4 MIMAS motif

Zhou et al. first solved the structure of the Cse4-binding domain (CBD) of 
Scm3 in complex with Cse4 and H4 in a single chain model using nuclear magnetic 
spectroscopy [12]. They suggested that four Cse4-specific residues in the N-terminal 
region of helix 2 (MIMAS motif; Table 1) are sufficient for specific recognition 
by conserved and functionally important residues in the N-terminal helix of Scm3 
through the formation of a hydrophobic cluster.

Scm3 (CBD) also induces major conformational changes and sterically occludes 
DNA-binding sites in the structure of Cse4 and H4. Furthermore, Zhou et al. showed 
that Psh1 uses a CBD (residues 1–211) to interact with Cse4-H4 instead of H3-H4, 
yielding a dissociation constant (Kd) of 27 nM in their isothermal titration calorimetric 
experiments [100]. They are in vitro pull-down assays revealed that Psh1 interacts with 
Cse4-specific residues in the L1 loop and α2 helix for Cse4 binding and ubiquitination. 
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They also mapped the Psh1-binding region of Cse4-H4 and identified a wide range of 
Cse4 specific residues required for the Psh1-mediated Cse4 recognition and ubiquiti-
nation. Consistent with the previous reports of the inhibitory effect of Scm3 on Cse4 
ubiquitylation [22], their data showed that the histone chaperone Scm3 prevents Cse4 
ubiquitination by abrogating Psh1-Cse4 binding. Their results suggest that Scm3 inter-
acts with the Cse4 MMAS motif (a particular Cse4 region containing residues M181/
M184/ A189/S190 reported previously [12]) to prevent Psh1 from binding to Cse4. 
Elimination of the Psh1-binding residues outside of the Cse4 MMAS motif promotes 
the inhibitory effect of Scm3. Thus, the MMAS motif plays a central role in the activa-
tion or inhibition of Cse4 ubiquitination as well as yeast cell growth. Taken together, 
they elucidated a novel Cse4 binding mode distinct from those of known CenH3 
chaperones and the mechanism by which Scm3 competes with Psh1 for Cse4 binding.

2. Conclusions

The budding yeast is a powerful organism for centromere-kinetochore research in 
many aspects. For example, the centromere sequence size of the budding yeast is small 
and the sequences can be easily mutated to identify the important functional regions [1]. 
Techniques such as ChIP are also possible, which cannot be easily performed on highly 
repetitive centromeres in other organisms. Moreover, the centromere can be shifted to other 
genomic regions, allowing the construction of artificial chromosomes and plasmids as well 
as tools such as conditional centromeres. As a result, the most common species studied and 
reported in the past for E3 ligase of CenH3 (Cse4) is budding yeast at present. However, 
many questions described in this chapter are unanswered even in the budding yeast model. 
Especially, little has been studied on how each of such multiple E3 ligases of budding yeast 
selectively recognizes Cse4 substrate and functions specifically. Currently, 4 types of E3 
ligases for ubiquitylation and one type of E3 ligases for sumoylation (Slx5/8) have been 
reported (Table 1). In particular, the functions of the 4 types of E3 ligases for ubiquity-
lation including Psh1 are common, all of which are related to ectopic degradation and/or 
quality control of soluble or chromatin-bound Cse4, and the functional differences are not 
clear. It is neither clear why E3 ligases with overlapping functions exist in one species. The 
simple interpretation is that at least such a number (4–5) of E3 ligases of Cse4 is required 
as a backup system, so that it can be complemented if one of the E3 functions is defective. 
As we described the compensatory system of CENP- A PTM (see also the next chapter, 
Conclusion), compensatory systems and resilience of CENP-ACse4 could be expected as 
future directions to study the spatiotemporal regulation of E3 ligase of CENP-ACse4.

No neocentromere has been found in budding yeast. As a simple reason, it seems 
that there is no or little possibility of ectopic centromere formation, because the kineto-
chore formation of budding yeast depends on centromeric DNA elements. However, in 
terms of considering centromeric evolution, it is interesting to question why budding 
yeast has maintained point centromere which relies on DNA elements, and other spe-
cies have evolved to regional centromere which allows the system to generate neocen-
tromere? There is also no clear answer as to whether simply introducing centromeric 
DNA elements into ectopic loci causes neocentromere or it is still eliminated by the 
specific E3 activity in budding yeast. The building and establishment of artificial chro-
mosomes are facilitated by studying the mechanisms of formation and maintenance of 
neocentromeres, and these topics of other species are described in the next chapter.

The regulation of budding yeast cenRNA is an essential factor for centromere 
structure and function as other eukaryotes, but we have little understanding of the 
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causality or feedback between cenRNA transcription and overall transcriptional change 
after chromosome mis-segregation and CIN. In addition, little is known about the effects 
of these cenRNAs on the E3 ligase of CENP-A, including how these transcriptional 
changes and regulation are related to the function of E3 ligase. Although, it is essential 
to study specific physiological functions of each E3 ligase, the physiological phenotype 
of budding yeast is limited (e.g., growth, cell death, etc.), thus naturally there is a limit 
in the discussion of the results in the budding yeast model. Thus, studies of an E3 ligase 
in CENP-A in higher eukaryotes, mammals, or humans are essential for translational 
research and informing future therapy, and these topics are described in the next chapter.
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Chapter 10

E3 Ligase for CENP-A (Part 2)
Yohei Niikura and Katsumi Kitagawa

Abstract

Centromeric CENP-A, a variant of histone H3, plays a central role in proper 
chromosome segregation and its function is highly conserved among different 
species. In most species with regional centromeres, an active centromere relies not 
on defined DNA sequences, but on the presence of CENP-A proteins in centromeric 
nucleosomes. CENP-A is proposed to be the non-DNA indicator (epigenetic mark) 
that defines proper centromere assembly and function. Recently, many post-trans-
lational modifications (PTMs) of CENP-A and their functions have been reported. 
They revealed the importance of the functions of CENP-A PTMs in CENP-A 
deposition at centromeres, proteolysis/protein stability, and recruitment of other 
centromere-kinetochore proteins. Ubiquitylation and sumoylation by E3 ligases 
regulate multiple functions, including proteolysis and signaling, and play important 
roles in the cell cycle and mitotic control. Recently, the function of E3 ligase that 
ubiquitylates/sumoylates and controls CENP-A protein has emerged as an important 
regulatory paradigm in different species. Many have reported the importance of 
CENP-A ubiquitylation and sumoylation in CENP-A deposition at centromeres 
and for protein stability, which is regulated by specific E3 ligases. Therefore, here 
we summarize what is known about the E3 ligases for CENP-A ubiquitylation and 
sumoylation and their biological functions and significance in different species.

Keywords: CENP-A, Cse4, Cnp1, CID, E3 ligase, centromere, kinetochore, 
ubiquitylation, sumoylation, epigenetics, Psh1, Siz1 and Siz2, Slx5 and Slx8,  
CUL3/RDX, SCF, APC, CUL4A/RBX1/COPS8, DAXX (fruit fly DLP), SGT1-HSP90, 
Scm3, CAF-1 complex, CAL1, HJURP, Mis18 (human Mis18α and Mis18β) and Mis16 
(human RbAp46 and RbAp48)

1. Introduction

During cell division, proper chromosome segregation must be achieved to avoid 
unequal distribution of chromosomes to daughter cells. Spindle microtubules must 
attach to a single region of each chromosome, termed the “centromere,” in most 
eukaryotes. The kinetochore is a complex of proteins that are located at the centro-
mere. Defects in the centromere-kinetochore and spindle check point functions lead 
to aneuploidy and cancer and are often associated with a poor prognosis. Therefore, 
it is highly important to study the spatiotemporal regulation and the structures 
of centromere and kinetochore proteins to understand chromosome instability 
(CIN) during development and cancer progression. The key question is how the 
chromosomal location and function of a centromere (i.e., centromere identity) are 
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determined and thus participate in accurate chromosome segregation. In most species 
with regional centromeres (see the previous chapter for an exception of the budding 
yeast Saccharomyces cerevisiae that has genetically defined point centromeres), centro-
mere identity relies not on a defined DNA sequence, but on the presence of a special 
nucleosome that contains a specific histone-like protein called CENP-A. CENP-A is 
proposed to be the non-DNA indicator (epigenetic mark) of centromere identity. 
CENP-A partially replaces histone H3 in the centromeric regions. CENP-A-containing 
nucleosomes are the basis for kinetochore formation and are the most important 
marker for centromere function in eukaryotes [1].

The structure of CENP-A-containing nucleosomes is more compact than 
H3-containing nucleosomes [2–4]. Although it is commonly reported that CENP-
A-containing nucleosomes are formed with the canonical histones H2A, H2B, and 
H4 at the active centromeres, their structure remains controversial among differ-
ent research groups [5]. CENP-A is at the top of a hierarchy of the pathway that 
determines the assembly of kinetochore components [6], and how CENP-A defines 
the position of the centromere in humans is the fundamental question. While the 
function of CENP-A protein is highly conserved among most eukaryotes, its protein 
sequence has apparently undergone both convergent and divergent evolution [7], and 
the centromere DNA repeats with which the CENPA-containing nucleosome interacts 
are also highly diverged. The architectures of CENP-A chromatin with quantified 
numbers of CENP-A (CenH3) molecules (e.g., ~400 molecules of human CENP-A/
kinetochore) have been reported using fluorescence microscope assays among differ-
ent species [8–11]. CENP-A is also called CenH3 (centromere-specific histone H3). Its 
homologs in different species are summarized in Table 1.

CENP-A contains a short centromere targeting domain (CATD) within the histone 
fold region [2] in the C-terminus. Replacement of the corresponding region of histone H3 
with the CATD is sufficient to direct histone H3 to the centromere [2], and this chimeric 
histone can rescue the viability of CENP-A-depleted cells [2, 12]. The CENP-A C-terminus 
contains another tail domain that recruits CENP-C to promote centromere and kineto-
chore assembly [13, 14]. CENP-N was also identified as the first protein to selectively bind 
CENP-A nucleosomes but not H3 nucleosomes during centromere assembly [15].

Meanwhile, the functions of the N-terminal CENP-A are also reported for some 
species [16–27] (see also previous chapter, Sections 2.1, 2.2.2, 2.4.1, 2.9 and this 
chapter, Sections 2.1, 2.3, 2.4, 3.1, 4.1, 4.6, and 5.1). Loading of CENP-A at centro-
meres and its incorporation/deposition and maintenance in centromeric chromatin 
is cell cycle-regulated. In cells overexpressing CENP-A, the ectopic protein incorpo-
rates throughout the chromatin in interphase [28]. By the next G1, however, mis-
incorporated CENP-A seems to have been cleared from chromatin by a mechanism 
that likely involves ubiquitin-mediated proteolysis, as suggested by experiments 
in yeast and Drosophila cells [28]. Importantly, the timing of deposition of newly 
synthesized CENP-A within the cell cycle may be variable not only among different 
species but also different developmental stages within the same species. Yeast sup-
pressor of chromosome missegregation protein 3 (Scm3) [29] (previous chapter, 
Figure 1; Table 1) is a distant counterpart of human Holliday junction recognition 
protein (HJURP) (Figures 2 and 3; Table 1), and they are CENP-A (CenH3)-specific 
chromatin assembly factors [29, 41–43]. The incorporation of newly synthesized 
CenH3 (CENP-A) into centromeric nucleosomes depends on Scm3/HJURP [41–43] 
in budding, fission yeasts, and humans. In addition, other components and factors 
that contribute to CENP-A deposition, maintenance, and inheritance in centromeric 
nucleosomes have been reported [28, 44].
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Recently, many post-translational modifications of CENP-A and their functions 
have been reported [45]. They revealed the importance of these changes in CENP-A 
deposition at centromeres, proteolysis/protein stability, and recruitment of the CCAN 
(constitutive centromere-associated network) proteins [45]. Thus, here we focus on E3 

Figure 1. 
Mechanistic scheme for Drosophila melanogaster CENP-ACID pathways. (Right) (a) Bade et al. proposed the 
role of the E3 ligase CUL3/RDX in CUL1-dependent ubiquitylation of CID [30, 31]. CUL3/RDX activity, which 
is presumably in dimer form [30], leads to the monoubiquitylation of CID through an interaction with the 
RDX-binding sites (RBS) of CAL1. This monoubiquitylation of CID is proteasomal-independent but is required 
for stable localization of CID and CAL1 to the centromere. The ubiquitin-conjugating enzyme (E2) bound on 
RBX1 is omitted for simplicity. (b) In the absence of RDX, CENP-A is not monoubiquitylated by CUL3, and 
both CENP-A and CAL1 are subjected to proteasome-dependent degradation, but presumably ubiquitylated by 
(c) SCFPpa or (d) APC/CCdh1 as Moreno-Moreno proposed [32] (see below). Furthermore, the absence of RDX 
results in cell death and severe chromosomal aberration (e.g., chromosome fragmentation), some of which may 
be attributed to the loss of CENP-A and CAL1 from centromeric regions (not shown in this cartoon). Moreno-
Moreno et al. suggest that (c) whereas SCFPpa targets the fraction of CID that is not in complex with CAL1, 
(d) APC/CCdh1 contributes to the degradation of the CAL1-CID complex and, thus, likely regulates centromeric 
CID deposition [32] as previously proposed [30]. Huang et al. proposed that phosphorylation of CID of serine 
20 (S20) regulates both protein turn-over and centromere-specific loading [33] (see also left). The CID S20 
phosphorylation renders CID a substrate for ubiquitylation by SCFPpa, thereby regulating the abundance of free 
pre-nucleosomal CID through subsequent proteasomal degradation (see also left (g)). (Left) (e) The role of 
DLP/DAXX in CID deposition into ectopic nucleosomes through CID ubiquitylation as proposed in a human cell 
model [34] has yet to be confirmed experimentally. (f) CTCF occlusion by the aberrant nucleosome of heterotypic 
tetramer consisting of CENP-A-H4 with H3.3-H4 as proposed in human cell models [34] has not been confirmed 
in D. melanogaster. (g) Huang et al. observed that CID S20 is phosphorylated by casein kinase II (CK2) not only 
insoluble but also chromatin-bound CID, and this phosphorylation also facilitates removal of CID from ectopic 
but not from centromeric sites in chromatin [33]. (h) Factors/components that stabilize ectopically incorporated 
CID and are required for neocentromere formation and its maintenance are not yet clear. The status of overall 
PTMs, including polyubiquitylation of CID, especially in the ectopic nucleosome, has yet to be elucidated.
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Figure 2. 
Mechanistic scheme for human CENP-A pathways. (Right) In normal conditions, CUL4A-RBX1-COPS8 E3 ligase 
activity is required for CENP-A mono- or di-ubiquitylation on lysine 124 (K124) and CENP-A centromere localization 
[35]. CENP-A K124 mono- or di-ubiquitylation is required for CENP-A’s interaction with the chromatin assembly 
factor HJURP and CENP-A deposition at the centromere. The CUL4A complex targets CENP-A through the adaptor 
COPS8/CSN8 that has WD40 motifs. In non-canonical CRL4 machinery, CUL4/RBX1/COPS8 may dimerize as 
a CUL4/DACAF1 complex [36, 37], but the dimerization unit remains unknown [31]. Here only the CUL4/RBX1/
COPS8 monomer is shown for simplicity. Upstream, the SGT1-HSP90 complex is required for the composition of the 
CUL4A complex and recognition of COPS8 to target CENP-A. Therefore, the SGT1-HSP90 complex is also required 
for CENP-A ubiquitylation and localization of CENP-A to centromeres. “CA” refers to the CENP-A monomer. 
“Ace” refers to the putative acetylated lysine 124 (K124) previously reported by Bui et al. that is concurrent with the 
structural transitions of CENP-A-containing nucleosomes through the cell cycle [38]. Their computational modeling 
suggests that acetylation of K124 causes tightening of the histone core and hampers accessibility to its C-terminus, 
which in turn reduces CENP-C interaction [39] (not shown in this cartoon). However, its precise function and 
relationship with K124 ubiquitylation remain to be studied. (Left) When human CENP-A is overexpressed, CENP-A 
is incorporated into ectopic nucleosomes consisting of a heterotypic tetramer that contains CENP-A-H4 with H3.3-H4 
[34]. This ectopic localization of this particle (aberrant nucleosome) depends on the H3.3 chaperone DAXX rather 
than the centromeric CENP-A-specific chaperone HJURP. (a) Post-translational modifications of human CENP-A, 
especially before recognition by DAXX and after incorporation into the ectopic nucleosome, have yet to be elucidated. 
(b) CTCF occlusion by the aberrant nucleosome of a heterotypic tetramer consisting of CENP-A-H4 with H3.3-H4 
was also proposed in a human cell model [34], but specific DAXX localization on these CTCF sites under CENP-A 
overexpression has not been confirmed experimentally. (c) Factors/components that stabilize ectopically incorporated 
CENP-A and are required for neocentromere formation and its maintenance are not yet clear. In addition, the status of 
overall post-translational modifications, including polyubiquitylation of CENP-A, especially in the ectopic nucleosome, 
is unknown. (d) Currently, the proteolysis mechanism for mis-incorporated human CENP-A and its E3 ligase is not yet 
clear. Note that histone H4 and phosphorylation of human CENP-A are omitted for simplicity.
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Figure 3. 
Models of epigenetic inheritance of CENP-A ubiquitylation through heterodimerization. In the octamer model, 
two CENP-A dimers in one nucleosome are split/diluted between the two daughter centromere-DNA sequences, 
and one CENP-A molecule replaces with one H3 molecule or leaves a molecule-free space during the replication/S 
phase. HJURP (Holliday junction recognition protein) predominantly interacts with ubiquitylated, preassembled 
“old” CENP-A, which resides mostly in nucleosomes. A non-ubiquitylated newly synthesized (“new”) CENP-A 
monomer targets ubiquitylated centromeric CENP-A through preassembled HJURP. Note that histone H4 is 
omitted for simplicity. (a) New CENP-A is appropriately ubiquitylated in a heterodimerization-dependent 
manner (i.e., dimers of old CENP-A with new CENP-A). In this way, both ubiquitylation and the location 
of the centromere are inherited epigenetically. (b) If K124 ubiquitylation does not occur on new CENP-A, the 
non-ubiquitylated CENP-A nucleosome distributed during the S phase does not recruit HJURP to the centromere 
because the affinity of non-ubiquitylated new CENP-A to HJURP is low. Subsequently, this loss of localization 
of HJURP at the centromere leads to the lack of new CENP-A targeting to ubiquitylated centromeric CENP-A 
through HJURP, and eventually to the lack of new CENP-A deposition. This figure is partly adapted from 
Niikura et al. [40].
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ligase activities (i.e., on ubiquitylation and sumoylation) of CENP-A and summarize 
these functions for each species with regional centromeres in the following sections.

2.  E3 ligase for fission yeast (Schizosaccharomyces pombe) CENP-ACnp1  
and its function

2.1 Overview of CENP-ACnp1

Fission yeast (Schizosaccharomyces pombe) centromeres consist of large (40–100 kb) 
inverted repeats that display heterochromatic features. Therefore, fission yeast pro-
vides a good model for higher eukaryotic centromeres. The mechanistic processes to 
establish centromeric chromatin of fission yeast and its structures have been reviewed 
[46, 47]. This section focuses on the E3 ligase(s) for fission yeast CENP-ACnp1 and its 
function through ubiquitylation, although endogenous E3 ligase for S. pombe  
CENP-ACnp1 is not yet identified and its specific regulation is still unclear.

In fission yeast, the recruitment of the CENP-A-specific chaperone to the 
centromere is an essential step in epigenetic inheritance. The fission yeast Scm3 
could be functionally homologous to HJURP. It interacts with CENP-A, localizes to 
centromeres during most of the cell cycle (except in mitosis), and is required for 
CENP-A deposition [48, 49]. Sequence analysis revealed a shared common domain 
in Scm3 and HJURP proteins [29]. Dunleavy et al. identified another chaperone 
known as Sim3 (start independent of mitosis 3) in fission yeast [50, 51]. Sim3 is 
homologous to known histone binding proteins NASP (human) and N1/N2 (xenopus) 
and aligns with Hif1 (S. cerevisiae), defining the SHNi-TPR family [51]. Sim3 is 
distributed throughout the nucleoplasm, yet it associates with CENP-ACnp1 and also 
binds H3. It interacts also with non-chromosomal CENP-A and is required for its 
incorporation in S. pombe. These results are consistent with those in Arabidopsis 
thaliana [19] (see also Section 5.1). Sim3 also has been proposed to share some  
common roles with the histone chaperone Asf1, mutations in which cause a defect 
in overall chromatin structure [52, 53]. It has been suggested that Sim3 could 
function as an escort chaperone, handing off CENP-A to Scm3, a role that human 
HJURP may accomplish by itself [43, 48, 50].

Mis16 (human homologs of Mis16 are RbAp46 and RbAp48) and Mis18 (human 
homologs of Mis18 are Mis18α and Mis18β) are required for loading of newly synthe-
sized Cnp1/CENP-A into centromeric chromatin [54, 55], but are absent from organ-
isms with point centromeres [44] (see also previous chapter, Section 2.3.3 and this 
chapter, Sections 3.1 and 4.1). Mis16 and Mis18 are also required for the maintenance of 
the hypoacetylation of histone H4 specifically within the central domain of the centro-
mere [55], and Mis16 homologs are components of several histone chaperon complexes 
[56]. Moreover, acetylation of histone H4 lysine 5 and 12 (H4K5ac and H4K12ac) within 
the pre-nucleosomal CENP-A-H4-HJURP complex mediated by the RbAp46/48-Hat1 
complex is required for CENP-A deposition into centromeres in chicken and humans 
[57], consistent with Hat1’s role in Drosophila melanogaster [58] (see also Sections 3.1 
and 4.1). In mouse studies, Mis18α interacts with DNMT3A/3B, and this interaction 
is required to maintain DNA methylation [59]. Mis18α deficiency leads to not only the 
reduction of DNA methylation, but altered histone H3 modifications, and uncontrolled 
noncoding transcripts in the centromere region (see also Section 4.1). It is an interest-
ing model that Mis16 and Mis18 complexes “prime centromeres” affect post-transla-
tional modifications of histone H3/H4 proteins and centromeric DNA in advance of 
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CENP-A incorporation. How such chromatin structures feedback with the regulation 
of E3 ligases of CENP-A has not yet been reported, which could be important.

In S. pombe, spMis16, and spMis18 mutants eliminate Cnp1 incorporation to 
centromeres and Mis18 directly interacts with Scm3 in vitro, suggesting they cooperate 
to assemble Cnp1 into centromeric chromatin [48]. S. pombe lacks the vertebrate 
Mis18BP1 ortholog, and the Mis18BP1 function in S. pombe is replaced by the Eic1 
protein (a.k.a Mis19) [44, 60, 61]. While Eic2 (a.k.a Mis20) is dispensable for the 
recruitment of Cnp1 to the centromere, Eic1 is required for the recruitment of the 
Mis18, Mis16, and Scm3 proteins to the centromere and Cnp1 incorporation. Both 
of the Eic1 and Eic2 proteins co-purify with the spMis18 and exhibit a similar cen-
tromeric localization throughout the cell cycle [60, 61]. Taken together, these data 
suggest that Eic1 is functionally analogous to the Mis18BP1 subunit [60, 61]. However, 
Eic1 is evolutionarily distinct and no homolog of Mis19 has been found in the human 
genome, and Eic1 does not share any apparent sequence homology to Mis18BP1  
[60, 61]. Centromere localization and function of Mis18 require Yippee-like domain- 
mediated oligomerization [62]. Furthermore, there are at least two mechanisms to 
restrict the assembly of CENP-A nucleosomes in G1—disruption of Mis18 multimer-
ization by HJURP-Mis18 interaction, and ubiquitylation and degradation of Mis18β 
through SCFβTrCP E3 ligase [44].

Domain-specific function, such as the N-terminal function, of fission yeast Cnp1/
CENP-A is also reported as budding yeast Cse4 [24, 25] (see also previous chapter, 
Section 2.4). Folco et al. demonstrated that alteration of the Cnp1 N-tail does not affect 
Cnp1 loading at centromeres, outer kinetochore recruitment, or spindle checkpoint 
signaling but significantly increases chromosome loss [17]. On the other hand, their 
N-tail mutants exhibit centromere inactivation enhanced by an altered centromere. 
The N-tail mutants specifically reduced localization of the CCAN proteins CENP-
TCnp20 and CENP-IMis6, but not CENP-CCnp3. Therefore, these authors suggest that 
the Cnp1 N-tail maintains the epigenetic stability of centromeres in fission yeast, 
at least in part via assembly of the CENP-T branch of the CCAN. Tan et al. identi-
fied a proline-rich “GRANT” (Genomic stability Regulating site within CENP-A 
N-Terminus) motif that is essential for Cnp1 centromeric targeting [24]. They showed 
that especially GRANT proline-15 (P15) undergoes cis-trans isomerization to drive 
proper chromosome segregation. This cis-trans isomerization appears to be carried 
out by two FK506-binding protein (FKBP) family prolyl cis-trans isomerases. In 
addition, they identified Sim3 as a Cnp1 NTD interacting protein that is dependent 
on GRANT proline residues. Together, they suggest cis-trans proline isomerization 
of Cnp1 is required for precise propagation of centromeric integrity in fission yeast, 
presumably via targeting Cnp1 to the centromere. Thus, the requirement of cis-trans 
proline isomerization of CenH3Cnp1 in fission yeast studies appears to be consistent 
with the one of CenH3Cse4 proposed in budding yeast studies [63] (see also previous 
chapter, Section 2.2.3). However, they suggest that the GRANT-prolines of Cnp1 
do not coordinate proteolysis of the SpCENP-A protein as do proline residues in the 
budding yeast Cse4 NTD. In addition, Tan et al. showed that sequential truncation 
of the NTD did not improve the stability of the protein, suggesting that the NTD of 
Cnp1 does not regulate the turnover of the protein [25]. Instead, they proposed that 
heterochromatin integrity may contribute to Cnp1 stability and promote its chromatin 
incorporation.

Compared to the studies of budding yeast and some of the other species, currently, 
there are few studies on post-translational modifications and domain-specific func-
tions of fission yeast CenH3/Cnp1. Further research is required on the relationships 
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among Cnp1 post-translational modifications, structural change, interaction with its 
chaperones (e.g., Scm3 and Sim3), and surrounding heterochromatin regulation.

2.2 Dos1/2-Cdc20 complex

In S. cerevisiae, all pre-existing CENP-A is replaced by newly synthesized CENP-A 
during the S phase [64], whereas in S. pombe, two pathways of CENP-A deposition 
exist at the S and G2 phases of the cell cycle [50, 65]. Parental CENP-A is deposited 
at centromeres during the S phase, whereas newly synthesized CENP-A is deposited 
during later stages of the cell cycle [66]. The mechanisms involved in the deposition 
of CENP-A at centromeres during the S phase remain poorly understood [66]. In  
S. pombe, the GATA-like transcription factor Ams2, a key factor in CENP-A deposi-
tion during the S phase, appears to work, at least in part, through the regulation of 
transcription of core histones [65].

Li et al. reported that the DNA polymerase (Pol) epsilon catalytic subunit A (pol2), 
Cdc20, interacts with the Dos1-Dos2 silencing complex to facilitate heterochromatin 
assembly and inheritance of H3K9 methylation during the S phase [67]. We note that 
fission yeast S. pombe Cdc20 (UniProtKB—P87154) is not the ortholog of human 
CDC20 (cell division cycle protein 20 homolog, UniProtKB—Q12834), but of human 
POLE (UniProtKB—Q07864). Gonzalez et al. showed that the Dos1/2-Cdc20 complex 
is also required for localization of Cnp1 at centromeres at this stage [66]. Disruption 
of Dos1 (also known as Raf1/Clr8/Cmc1), Dos2 (also known as Raf2/Clr7/Cmc2), or 
Cdc20, a DNA polymerase epsilon subunit, leads to delocalization of CENP-A from 
centromeres and mislocalization of the protein to ectopic (non-centromeric) sites. All 
three mutants of Dos1, Dos2, and Cdc20 exhibit spindle disorganization and mitotic 
defects. Inactivation of Dos1 or Cdc20 also results in the accumulation of noncod-
ing RNA transcripts from centromeric cores, a feature common to mutants affecting 
kinetochore integrity. These authors found that Dos1 physically associates with Ams2 
and contributes to the interaction of Ams2 with centromeric cores during the S phase. 
They further showed that Dos2 associates with centromeric cores during the S phase and 
that its recruitment to centromeric cores depends on Cdc20. Together, this study identi-
fies a physical link between DNA replication and the CENP-A assembly machinery and 
provides mechanistic insight into how CENP-A is faithfully inherited during the S phase.

It is important to clarify how exactly the Dos1-Dos2-Cdc20 complex contributes to 
the inheritance of preexisting Cnp1 during centromere replication [66]. Interestingly, 
Rik1 is a component of silencing factors. The heterochromatic methylation of histone 
H3-K9 by Clr4 is promoted by silencing factors: Dos1-Dos2-Rik1-Lid2 [67]. Horn et al. 
reported that subunits of a cullin-dependent E3 ubiquitin ligase interact with Rik1 and 
Clr4, and Rik1-TAP preparations exhibit robust E3 ubiquitin ligase activity [68]. They 
also demonstrated that the expression of a dominant-negative allele of the Pcu4 cullin 
subunit (the human Cullin-4 homolog) disrupts the regulation of K4 methylation 
within heterochromatin. Hong et al. also reported a novel complex that associates with 
the Clr4 methyltransferase, termed the CLRC (CLr4-Rik1-Cul4) complex using affinity 
purification of Rik1, and found that Rik1 interacts with the fission yeast Cullin4 (Cul4, 
encoded by cul4+), the ubiquitin-like protein, Ned8, and two previously uncharacter-
ized proteins, designated Cmc1 and Cmc2 [69]. They also demonstrated a defect in the 
processing of noncoding RNA to small RNA caused by the defective Clr4-Rik1-Cul4 
complex, suggesting that the components of the Clr4-Rik1-Cul4 complex collaborate 
at an early step in heterochromatin formation. Unlike the studies of CUL3/RDX in 
fruit flies (Figure 1, right; see also Section 3), the function of Cul4 E3 ligase targeting 
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non-centromeric CENP-ACnp1 and the mechanism of its proteolysis are not yet studied 
in fission yeast. In fission yeast, there is no report about the involvement of Cul4 
E3 ligase in CENP-ACnp1 deposition at the centromere, unlike in humans (Figure 2, 
right; see also Section 4). On the other hand, it would be interesting to test if the Cul4 
E3 function for heterochromatin assembly is conserved in other species, including 
humans.

2.3 Assembly of Cnp1 at non-centromeric chromatin

Consistent with the results in budding yeast Cse4 [23, 70, 71] (see also the previous 
chapter, Section 2.1), Gonzalez et al. reported that the overexpression of fission yeast 
Cnp1 results in the assembly of Cnp1 at non-centromeric chromatin during mitosis 
and meiosis [18]. The non-centromeric Cnp1 is preferentially recruited near hetero-
chromatin and is able to recruit kinetochore components, and Cnp1 overexpression 
leads to severe chromosome missegregation and spindle microtubule disorganization. 
Moreover, ectopic Cnp1-containing chromatin is inherited over multiple generations 
using pulse induction of Cnp1 overexpression. Interestingly, ectopic assembly of Cnp1 
is suppressed by overexpression of histone H3 or H4 (Table 1), as other groups suggest 
that the balance between histones H3 and H4 and CENP-A is important for centro-
meric chromatin assembly [72, 73]. Further, Gonzalez et al. demonstrated that deletion 
of the N-terminal domain of Cnp1 results in an increase in the number of ectopic 
CENP-A sites, suggesting that the N-terminal domain of CENP-A prevents CENP-A 
assembly at ectopic loci via the ubiquitin-dependent proteolysis [18].

However, it is not yet clear by which E3 ligase the exogenous Cse4 expressed in 
the fission yeast S. pombe is targeted, and a budding yeast Psh1 homolog is not yet 
identified in fission yeast. Further study is required to elucidate how the activity of a 
specific E3 ligase targeting endogenous Cnp1 is regulated in fission yeast.

2.4  Heterochromatin and RNAi regulate centromeres by protecting Cnp1 from 
ubiquitin-mediated degradation

In most eukaryotes, the centromere is flanked and bordered by the epigenetically 
distinct heterochromatin domain. The establishment of centromeric heterochromatin 
profoundly correlates to centromere function, but the precise role of heterochromatin 
in centromere specification and activation is not yet clear. The transition between point 
centromeres (e.g., budding yeast S. cerevisiae) and regional centromeres (e.g., fission 
yeast S. pombe) is considered one of the most substantial centromere evolutionary events.

Yang et al. demonstrated that budding yeast Cse4 can localize to centromeres in 
fission yeast and partially substitute fission yeast Cnp1, however, overexpressed Cse4 
localizes to heterochromatin regions [26]. Cse4 undergoes efficient ubiquitin-depen-
dent degradation in S. pombe, and its N-terminal domain contributes to its centromere 
distribution via ubiquitination. Importantly, their results showed that GFP-Cse4 fails to 
localize at centromeres without heterochromatin and RNA interference (RNAi) using 
Clr4 mutant (clr4Δ) and dicer mutant (dcr1Δ), respectively. Therefore, they showed 
that RNAi-dependent heterochromatin is required for centromeric localization of Cse4 
and protects Cse4 from ubiquitin-dependent degradation. Heterochromatin is also 
required for the deposition of native Cnp1 at the centromere via the same mechanism. 
Together, they suggest that protection of CENP-A from degradation by heterochro-
matin is a conserved mechanism used for centromere assembly and provided novel 
insights into centromere evolution from point centromere to regional centromere.
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However, E3 ligase targets endogenous Cnp1 is still unclear, and its degradation 
mechanism through heterochromatin and RNAi machinery in fission yeast is still 
elusive. Further study is required to elucidate how E3 ligase activity is involved in 
RNAi-dependent heterochromatin formation and maintenance in fission yeast.

3.  E3 ligase for fruit fly (Drosophila melanogaster) CENP-ACID and its 
function

3.1 Overview of CENP-ACID

Fruit fly (Drosophila melanogaster) centromeres extend for 200–420 kb and 
contain repetitive DNA that is interspersed with transposable elements (TEs) [74]. 
TEs are sequences that have the capacity to move other chromosomal locations and 
are a component of the “interspersed repeat” fraction of most genomes [75]. In fruit 
flies and other species (e.g., plants, wallabies, humans), the significance and function 
of these TEs in centromeric DNA remain to be studied. In plants, Jiang et al. suggest 
that the retention of active transcriptional machinery within the long terminal repeat 
may promote demarcation of the active centromere [76] (see also Section 5). The 
importance of centromeric long noncoding RNA (cenRNA) for centromere integrity 
has been suggested in various species [77–79]. In humans, a cenRNA is required 
for targeting CENP-A to the centromere [80] (see also Section 6). Arunkumar and 
Melters hypothesize that loading of both CENP-A and CENP-C could be one major 
function of centromeric transcripts, and RNA-DNA triplexes (e.g., R-loops) could be 
involved in loading both proteins; thereby, one may elucidate the role of RNA-DNA 
triplexes in both CENP-A and CENP-C loading [77].

The mechanism of heterochromatin silencing in fruit flies has been reported [81], 
including the position-effect variegation [82], histone modification [83], and the 
RNAi machinery [84]. Recently, a PIWI-interacting RNAs (piRNAs) system has been 
implicated in heterochromatin formation [85–88], and the mechanism of hetero-
chromatic piRNA production is being elucidated in Drosophila [89]. Ectopic CID/the 
Drosophila CENP-A homolog is prone to localize at euchromatin-heterochromatin 
boundaries, and this observation suggests that CID chromatin is likely to localize right 
next to a heterochromatin domain [90]. Kwenda et al. showed that RNA polymerase I 
transcription is required for efficient CID assembly in meiosis, as well as centromere 
tethering to nucleoli [91]. Recent work in mammalian and fruit fly cell lines showed 
that chemical inhibition of activated RNA polymerase 2 (RNAP2) resulted in the loss 
of centromeric CID chromatin [80, 92]; and the elongation factor Spt6 facilitates 
maintenance of centromeric CID [93]. These reports strongly suggest that transcrip-
tion and RNA production are involved in CID incorporation.

The timing of CID incorporation occurs during metaphase/anaphase in D. mela-
nogaster [74]. In human cells, the incorporation of newly synthesized CENP-A occurs 
in telophase/early G1 [94, 95]. Similar to humans, in the fast cycles of Drosophila 
syncytial embryos, CID incorporates in anaphase [96]. However, in Drosophila Kc 
cells, GFP-tagged CID was detected in metaphase cells 2 h after induction of its 
expression, implying that incorporation occurred at some point between the pre-
ceding G2 and metaphase [97]. In S2 cells, newly synthesized CAL1 is deposited at 
centromeres in prophase, preceding CID loading in metaphase [98]. Based on this 
observation, CAL1, like the Mis18 complex in humans, was suggested to prime the 
centromere before assisting in CID loading [98, 99]. In somatic tissues of Drosophila 
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larvae, centromeric CID deposition initiates at late telophase and continues during G1 
when APC/CCdh1 is active [32, 100].

In Drosophila, Erhardt et al. performed an RNAi-based genome-wide search and 
identified CAL1 and CENP-C for CID localization determinants [101]. CID, CAL1, 
and CENP-C co-immunoprecipitate and are mutually dependent for centromere 
targeting and function. However, the molecular mechanism underlying these 
dependencies remains to be clarified. No homologs for CAL1 have been reported in 
other organisms. They also proposed that the mitotic cyclin A (CYCA) localizes at 
the centromere, and CYCA and RCA1/Emi1 couple centromere assembly to the cell 
cycle through regulation of the fizzy-related/CDH1 subunit of the APC [101], while 
Moreno-Moreno et al. proposed that APC/CCdh1 contributes to the degradation of the 
CAL1-CID complex [32] (see also Section 3.3). Consistent with the role of histone H4 
acetylation in chickens and humans [57], Boltengagen et al. showed that the histone 
acetyltransferase Hat1 contributes to the CID/CENP-A assembly pathway in  
D. melanogaster [58] (see also previous chapter, Section 2.3.3 and this chapter, Sections 
2.1 and 4.1).

Recently, there have been more reports published on the mechanism of how these 
three proteins (CID, CAL1, and CENP-C) work in CID incorporation. Chen et al. 
showed that the constitutive centromere protein CENP-C is required for recruitment 
of the Drosophila melanogaster (mel) CAL1 protein to existing centromeres [102]. 
Rosin and Mellone showed that exogenously expressed CAL1 from two different 
Drosophila species was efficiently recruited to D. melanogaster endogenous centro-
meres [103]. The CENP-C interaction with CAL1 is conserved across the Drosophila 
phylogeny. Whereas the coordinated evolutionary changes between CAL1 and CID 
prevent the recruitment of Drosophila species bipectinata (bip) CID to melanogaster 
centromeres, the CAL1 proteins showed no species specificity in their recruitment. 
The importance of the CENP-C protein for recruiting the CENP-A deposition 
machinery is shared in the fly and human centromere assembly pathways. However, 
in humans, the Mis18 complex, which is absent in Drosophila, interacts with CENP-C 
to recruit HJURP and CENP-A to existing centromeres [104] (see also Section 4.1).

CENP-A is maintained to mark paternal centromeres, whereas most histones are 
removed from mature sperm. In Drosophila males, Kwenda et al. showed that the 
centromere assembly factors CAL1 and CENP-C are required for meiotic chromo-
some segregation, CID assembly and maintenance on sperm, and fertility [91]. They 
showed that CID accumulates with CAL1 in nucleoli in meiosis, and CENP-C normally 
limits the release of CAL1 and CID from nucleoli for proper centromere assembly in 
meiotic prophase I. Pauleau et al. found that overexpression of CAL1 is associated with 
increased CID levels at centromeres and uncouples CID loading from mitosis [105]. 
CID levels inversely correlate with mitosis, and mitosis length is influenced by the 
spindle assembly checkpoint. They found that CAL1 interacts with the SAC protein and 
RZZ complex component Zw10 and thus constitutes the anchor for the recruitment 
of RZZ. Demirdizen et al. showed that the N-terminus of CID contributes to nuclear 
localization and protein stability [106]. While co-expression of mutant CID with 
RbAp48 leads to exclusive non-centromeric CID incorporation, co-expression with 
CAL1 leads to exclusive centromere loading of CID, suggesting that CID-associated 
proteins, rather than CID itself, determine its localization. Their further analysis 
revealed that NuRD is required for ectopic CID incorporation. The interaction of the 
NuRD complex with CENP-A is mediated by RbAp48 and MTA1-like (i.e., a subunit of 
NuRD complex), which binds specifically to the N-terminal region of CENP-A. Roure 
et al. showed a positive feedback loop between CID, CENP-C, and CAL1 [107], and 
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Medina-Pritchard et al. showed that CAL1 binds both CID and CENP-C without the 
requirement for the Mis18 complex, using X-ray crystallography [108].

Studies of the neocentromere have also been performed in Drosophila [109–111], 
and the requirements, mechanism, and transmission for the neocentromere are 
actively under study. Two groups independently reported overexpressed CID mis-
localization and ectopic incorporation into non-centromeric chromatin [112, 113]. 
Heun et al. demonstrated that overexpressed CID is mislocalized into normally 
non-centromeric regions in Drosophila tissue culture cells (S2 cells) and animals and 
induces severe mitotic defects [113]. These CID mis-incorporated regions display 
the presence of microtubule motors and binding proteins, and spindle attachments. 
Moreno-Moreno et al. showed that centromeric localization of transiently expressed 
CID is impaired in the presence of the proteasome inhibitor MG132 in Kc cells, and 
mislocalization of CID affects cell cycle progression with strong mitotic defects [112]. 
Recently, Palladino et al. used a LacO/LacI ectopic centromeric chromatin assembly 
system and showed that multiple genomic locations can acquire centromere activity. 
In addition, they demonstrated that these de novo centromeres can be transmitted 
and maintained epigenetically in mitotic tissues [114]. Together, their data suggest 
that proteolysis-mediated regulation of ectopic CenH3CID is also present in fruit flies 
as in other species. Further mechanisms of CID protein degradation, including the 
identification of E3 ligase, are described in the following Sections 3.2 and 3.3.

3.2 CUL3/RDX E3 Ligase

In Drosophila, CENP-ACID deposition to centromeres depends on a specialized 
loading factor that is called CAL1 [30]. Bade et al. showed that CAL1 directly interacts 
with RDX, an adaptor for CUL3/RDX-mediated ubiquitylation, through the two con-
served RDX-binding sites (RBSs) of CAL1 [30] (Figure 1a; Table 1). However, CAL1 
is not a substrate of the CUL3/RDX ligase but functions as an additional substrate-
specifying factor for the CUL3/RDX-mediated ubiquitylation of CID. It is noteworthy 
that this fly CID ubiquitylation is proteasomal independent—ubiquitylation of CID 
by CUL3/RDX does not trigger its degradation but stabilizes CID and CAL1. Loss of 
RDX leads to rapid degradation of CAL1 and CID and to massive chromosome segre-
gation defects during development (Figure 1b). Therefore, they suggest a proteolysis-
independent role of ubiquitin conjugation in centromere regulation that is essential 
for the maintenance of the centromere-defining protein CID and its loading factor 
CAL1. Bade et al. proposed that this CID ubiquitylation event induces a conforma-
tional change within the CAL1/CID complex, or alternatively, increases the affinity 
toward centromeric chromatin, where it is protected from proteasomal degradation. 
The data of Bade et al. support a dual role of CAL1 in both loading and stabilizing 
CID protein (Figure 1a). Interestingly, their proposed “proteasomal-independent” 
mechanism of CUL3/RDX-mediated fly CID ubiquitylation is consistent with one of 
CUL4-mediated human CENP-A ubiquitylation found independently by our group 
[35, 115–117] (Figure 2, right; Table 1; see also Section 4.2). In humans, our group 
speculates that CENP-A mono- or di-ubiquitylation might sterically affect the overall 
conformational change, L112 residue, or C-terminal portion of the CATD on which 
HJURP recognition is mainly dependent (see also Section 4.2).

In humans, ectopic localization of CID depends on the H3.3 chaperone DAXX 
rather than the centromeric CENP-A specific chaperone HJURP [34] (Figure 2, left). 
This human CENP-A-containing ectopic nucleosome involves a heterotypic tetramer 
that contains CENP-A-H4 with H3.3-H4 [34] (Figure 2, left). Cells overexpressing 
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human CENP-A are more tolerant of DNA damage induced by camptothecin or ion-
izing radiation, and both the survival advantage and CTCF occlusion by the aberrant 
nucleosome of heterotypic tetramer in these human cells are dependent on DAXX 
[34] (Figure 2, left). Although D. melanogaster has a DAXX ortholog, Daxx-like 
protein (DLP), the role of DLP/DAXX in CID deposition into ectopic nucleosomes 
through CID ubiquitylation (Figure 1e) and the CTCF occlusion by the aberrant 
nucleosome (Figure 1f) must be confirmed experimentally in D. melanogaster.

3.3  The E3-ligases SCFPpa and APC/CCdh1 co-operate to regulate CID expression 
across the cell cycle

Moreno-Moreno et al. reported that the F box protein partner of paired (Ppa), 
which is a variable component of an SCF E3-ubiquitin ligase complex, controls 
CenH3CID stability in Drosophila [44, 118] (Figure 1b; Table 1). They showed that 
Ppa depletion results in increased CenH3CID levels, and Ppa physically interacts 
with CenH3CID through the CATDCID and regulates CenH3CID stability in Drosophila 
[44, 118]. Their results showed that most known SCF complexes are inactive at 
mitosis when newly synthesized CenH3CID is deposited at centromeres. Therefore, 
they suggest that CenH3CID deposition and proteolysis are synchronized events in 
Drosophila. They further reported that, in Drosophila, CID expression levels are 
regulated throughout the cell cycle by the combined action of SCFPpa and APC/CCdh1 
[32] (Table 1). They showed that SCFPpa regulates CID expression in G1. Importantly, 
in S phase SCFPpa prevents the promiscuous incorporation of CID across chromatin 
during replication. In the G1 phase, CID expression is also controlled by APC/CCdh1. 
They also showed that CAL1, the specific chaperone that deposits CENP-ACID at 
centromeres, protects CID from SCFPpa-mediated degradation but not from APC/
CCdh1-mediated degradation. Together, they suggest that, whereas SCFPpa targets the 
fraction of CID that is not in complex with CAL1 (Figure 1c; Table 1), APC/CCdh1 
contributes to the degradation of the CAL1-CID complex and, thus, likely regulates 
centromeric CID deposition (Figure 1d; Table 1).

3.4  Phosphorylation of Drosophila CID on serine 20 regulates protein turnover  
and centromere-specific loading

Huang et al. showed that CID is phosphorylated at serine 20 (S20) by casein 
kinase II (CK2) and that the phosphorylated form is enriched on chromatin during 
mitosis [33] (Figure 1c and g; Table 1). Their results revealed that S20 phosphoryla-
tion regulates the turnover of prenucleosomal CID through the SCFPpa-proteasome 
pathway (Figure 1c; Table 1) and that phosphorylation facilitates removal of 
CID from ectopic but not from centromeric sites in chromatin (Figure 1g and h; 
Table 1). They provided multiple lines of evidence for an essential role of S20 
phosphorylation in regulating restricted incorporation of CID into centromeric 
chromatin, suggesting that modulation of the phosphorylation state of S20 may lead 
to fine-tuned control of CID levels to prevent malignant incorporation into non-
centromeric chromatin.

On the other hand, factors/components that stabilize ectopically incorporated CID 
and are required for neocentromere formation and its maintenance are not clear in 
D. melanogaster (Figure 1h). The status of overall post-translational modifications, 
including polyubiquitylation of CID, especially in ectopic nucleosomes, remains to be 
elucidated.
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4. E3 ligase for human CENP-A its function

4.1 Overview of human CENP-A

In most eukaryotes, including humans, the centromere has no defined DNA 
sequence but is associated with large arrays of repetitive DNA; in humans, this 
sequence is a 171-bp alpha-satellite DNA, although several other sequence types are 
found in this region. CENP-A-containing nucleosomes are formed with canonical his-
tones H2A, H2B, and H4 at the active centromeres [5]. CENP-A nucleosomes localize to 
the inner plate of mammalian kinetochores [119] and bind to the 171-bp alpha-satellite 
DNA. Recently, the importance of centromeric cis-element, transcription, and cen-
tromeric long noncoding RNA (cenRNA) for centromere integrity has been suggested 
in various species, including humans [77–79] (see also Sections 3 and 5). Interestingly, 
when the CENP-B box DNA sequence is located proximal to the CENP-A nucleosome, 
CENP-B forms a more stable complex with the CENP-A nucleosome through specific 
interactions with CENP-A [120]. In humans, a centromeric long noncoding RNA 
(cenRNA) is required for targeting CENP-A to the centromere [80].

Currently, it is commonly reported that CENP-A-containing nucleosomes are 
formed with canonical histones H2A, H2B, and H4 at the active centromeres, how-
ever, their structure remains controversial among different research groups [5]. Bui 
et al. suggest that CENP-A nucleosomes alter from tetramers to octamers before 
replication and revert to tetramers after replication, using combinatory methods, 
including atomic force microscopy [38]. It is noteworthy that reversible chaperone 
binding, chromatin fiber folding changes, and CENP-A K124 acetylation (K124ac) 
and H4 K79 acetylation (K79ac) are concurrent with these structural transitions. 
Further computational modeling suggests that acetylation of K124 causes tighten-
ing of the histone core and hampers accessibility to its C-terminus, which in turn 
reduces CENP-C interaction [39] (see also the following paragraph about the function 
of histone H4 acetylation). Further study, including the solution of real-time post-
translational modifications or the 3D structure of free Cse4 complexes, is required 
to determine how different chaperons recognize Cse4/CENP-A-H4 for incorporation 
into different locations of chromatin.

CENP-A contains a short centromere targeting domain (CATD) within the histone 
fold region [2]. Replacement of the corresponding region of H3 with the CATD is 
sufficient to direct H3 to the centromere [2], and this chimeric histone can rescue the 
viability of CENP-A-depleted cells [2, 12]. On the other hand, Logsdon et al. found 
contributions from small portions of the N-terminal tail and the CATD in the initial 
recruitment of CENP-C and CENP-T, using a LacO/LacI ectopic centromeric chroma-
tin assembly system [20]. Jing et al. reported that deletion of the first 53 but not the 
first 29 residues of CENP-A from the N-terminus, resulted in its cytoplasmic localiza-
tion [121]. They identified two motifs for CENP-A nuclear accumulation and one 
motif involved in the centromeric accumulation of CENP-A, as well as the interaction 
of CENP-A with core histone H4 and CENP-B.

Early studies in human cells showed that CENP-A mRNA and protein start to 
accumulate in the mid-S phase and peak in G2 [122, 123], however, further cell type-
specific regulation of human CENP-A mRNA and protein remains to be studied.

In human cells, the incorporation of newly synthesized CENP-A occurs in 
telophase/early G1 [94, 95]. The incorporation of newly synthesized CENP-A into 
centromeric nucleosomes depends on the HJURP, which is a CENP-A-specific chro-
matin assembly factor [41–43]. Like CENP-A, HJURP is also assembled during early 
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G1 to centromeres [42, 43, 94, 96]. The primary structural analysis demonstrated 
that human HJURP is a distant counterpart of Scm3, which is required to deposit 
centromeric nucleosomes in yeast [29]. CENP-A interacts with HJURP as a soluble 
pre-nucleosomal complex, and the unique structural dynamics of HJURP together 
with CENP-A/H4 heterodimer/tetramer (pre-nucleosomal CENP-A-H4-HJURP com-
plex) have been reported [3, 124–132]. HJURP recruitment to centromeres depends 
on the activity of the Mis18 complex [41, 104], which affects the histone modification 
and DNA methylation status of centromeres [54, 59]. The human proteins hMis18 
and M18BP1/KNL2 are recruited to the centromere at telophase/G1, suggesting that 
the hMis18 complex and RbAp46/48 (homologs of Mis16) prime the centromere 
for CENP-A localization [54, 133]. Moreover, acetylation of histone H4 lysine 5 and 
12 (H4K5ac and H4K12ac) within pre-nucleosomal CENP-A-H4-HJURP complex 
mediated by the RbAp46/48-Hat1 complex is required for CENP-A deposition into 
centromeres in chickens and humans [57], consistent with the role of Hat1 shown in 
D. melanogaster [58] (see also Section 3.1). In mouse studies, Mis18α interacts with 
DNMT3A/3B, and this interaction is required to maintain DNA methylation [59]. 
Mis18α deficiency leads to not only the reduction of DNA methylation, but altered 
histone H3 modifications, and uncontrolled noncoding transcripts in the centromere 
region. Faithful CENP-A deposition requires integrated signals from Plk1 and cyclin-
dependent kinase (CDK), with Plk1 promoting the localization of the Mis18 complex, 
and CDK inhibiting Mis18 complex assembly [134]. Moreover, the remodeling and 
spacing factor complex is required for the assembly of CENP-A chromatin [135],  
and the CENP-A licensing factor M18BP1/KNL2 and the small GTPases-activating 
protein MgcRacGAP cooperate to maintain the stability of newly loaded CENP-A at 
centromeres [136, 137].

Currently, the proteolysis mechanism for mis-incorporated human CENP-A and 
its E3 ligase is not yet clear (Figure 2d), and there are no reports to date on prote-
asome-mediated degradation of human CENP-A [138]. We reported that mono- or 
di-ubiquitylation of CENP-A K124 is required for CENP-A deposition at the 
centromere [35] (Figure 2, right). However, the stability of endogenous CENP-A is 
not affected by CUL4A or RBX1 depletion, and the stability of exogenous CENP-A 
K124R is the same as in wild-type cells. Rather, overexpression of a monoubiquitin-
fused CENP-A mutant induces neocentromere formation, suggesting that signaling 
CENP-A mono- or di-ubiquitylation determines centromere location and activity 
[115] (see also Sections 4.2 and 4.3). Future studies are required to reveal how 
ectopic CENP-A is degraded and removed from the non-centromeric chromo-
some, and/or how the neocentromere established through CENP-A ubiquitylation 
is deactivated in humans (Figure 2c and d). This proteolysis could be initiated 
on chromatin and the machinery involved could be specifically excluded from 
centromeric regions. Alternatively, mis-incorporated CENP-A nucleosomes may 
dissociate more easily than those properly localized and be subsequently degraded 
in the nucleoplasm [139]. Obuse et al. performed chromatin immunoprecipita-
tion with an anti-CENP-A monoclonal antibody using HeLa interphase nuclei and 
systematic identification of its interactors by mass spectrometric analyses [140]. 
They identified UV-damaged DNA binding protein 1 (DDB1) as a component of 
the CEN complex and BMI-1 that is transiently co-localized with the centromeric 
region in interphase.

RbAp46 forms a complex with the CRL4 ubiquitin ligase and DDB1 protein 
(where DDB1 mediates the association of CUL4 with its substrate-specific receptor—
RbAP46) [141, 142]. RbAp46 is required for stabilizing CENP-A protein levels and 
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the CRL4-RbAp46 complex activity promotes efficient new CENP-A deposition in 
humans [142]. This is in contrast to studies in yeast and fruit flies, where the associa-
tion of CENP-A with the SCF E3-ubiquitin ligase complex leads to CENP-A degrada-
tion. However, our group showed that CUL4A-RBX1-COPS8 E3 ligase activity is 
required for CENP-A mono- or di-ubiquitylation on lysine 124 (K124) and CENP-A 
centromere localization, although our results suggest that DDB1 is not required for 
CENP-A recruitment to centromeres [35] (Figure 2, right; see also Sections 4.2–4.5). 
In humans, soluble CENP-A is associated with the centromeric CENP-A specific 
chaperone HJURP (see also Introduction). Depletion of HJURP leads to a significant 
decrease in CENP-A levels, suggesting that HJURP protects the fraction of CENP-A 
that will be incorporated at the centromere in G1 while remaining “free” CENP-A will 
be degraded to prevent its incorporation into non-centromeric chromatin [42, 43]. 
Our results also support this model, because CENP-A ubiquitylation enhances the 
affinity between HJURP with ubiquitylated CENP-A [35] (see also Sections 4.2–4.5).

One question is also generated about the function of H3.3 histone chaperone 
proteins, HIRA and DAXX, which were previously reported to promote ectopic 
CENP-A deposition in human cancer cells [34, 143]. Lacoste et al. found that CENP-A 
overexpression in human cells leads to ectopic enrichment at sites of active histone 
turnover involving a heterotypic tetramer that contains CENP-A-H4 with H3.3-H4 
[34] (Figure 2, left). Ectopic localization of this particle (aberrant nucleosome) 
depends on the H3.3 chaperone DAXX rather than the centromeric CENP-A specific 
chaperone HJURP (Figure 2, left). Cells overexpressing CENP-A are more tolerant of 
DNA damage induced by camptothecin or ionizing radiation, and both the survival 
advantage and CTCF occlusion by the aberrant nucleosome of heterotypic tetramer 
in these cells are dependent on DAXX (Figure 2, left). However, post-translational 
modifications of human CENP-A, especially before recognition by DAXX and after 
incorporation into the ectopic nucleosome, must be elucidated (Figure 2a), and 
specific DAXX localization on these CTCF sites under CENP-A overexpression has to 
be confirmed experimentally (Figure 2b).

Shrestha et al. showed that mislocalization of CENP-A to chromosome arms 
is one of the major contributors to CIN, as depletion of histone chaperone DAXX 
prevents CENP-A mislocalization and rescues the reduced interkinetochore distance 
and CIN phenotype in CENP-A-overexpressing cells [144]. Nye et al. reported that 
in human colon cancer cells, the H3.3 chaperones HIRA and DAXX promote ectopic 
CENP-A incorporation [143]. They found that a correct balance between levels of the 
centromeric chaperone HJURP and CENP-A is required to prevent ectopic assembly 
by H3.3 chaperones. Their results also suggest that CENP-A occupancy at the 8q24 
locus is significantly correlated with amplification and overexpression of the MYC 
gene within that locus. Together, CENP-A mislocalization into non-centromeric 
regions resulting from its overexpression leads to chromosomal segregation aberra-
tions and genome instability [145]. Overexpression of CENP-A is a feature of many 
cancers and is likely associated with malignant progression and poor outcomes 
[146–148]. CENP-A overexpression is often accompanied by overexpression of its 
chaperone HJURP, leading to “epigenetic addiction” in which increased levels of 
HJURP and CENP-A become necessary to support rapidly dividing p53-deficient 
cancer cells [149]. In addition, the functional roles of DAXX and HIRA in the devel-
opment of cancer and other diseases have been described [150–153]. Elucidation of 
the proper mechanism of H3.3 incorporation into chromatin through DAXX and 
HIRA may also lead to proper CENP-A incorporation at centromeres as well as an 
effective disease (e.g., cancer) therapy.



Hydrolases

228

Recently, the importance of the site-specific posttranslational modifications 
of human CENP-A and their biological functions has been reported [44, 45]. 
The functional roles of phosphorylation at CENP-A-Ser68 are still under active 
investigation [124, 125, 154–156]. How the defects of CENP-A PTMs and the 
dysfunction of centromere contribute to the generation and the development of 
cancer is an unsolved question. Takada et al. demonstrated that CENP-A Ser18 
hyperphosphorylation by cyclin E1/CDK2 occurred upon loss of FBW7, a tumor 
suppressor whose inactivation leads to CIN [157]. This CENP-A Ser18 hyper-
phosphorylation reduced the CENP-A centromeric localization, increased CIN, 
and promoted anchorage-independent growth and xenograft tumor formation. 
Defects of CENP-A PTMs are significantly associated with chromosome segrega-
tion errors and CIN [149].

4.2  CENP-A K124 ubiquitylation is required for CENP-A deposition  
at the centromere

In budding yeast, Scm3 and Psh1 might compete for binding to Cse4. Cse4 that 
is not associated with Scm3 may be targeted by Psh1 for proteolysis, but Cse4 in a 
complex with Scm3 may be protected [71] (see also previous chapter, Section 2.1). 
On the other hand, in D. melanogaster it was proposed that CENP-ACID ubiquitylation 
induces a conformational change within the CAL1/CENP-A complex, or alternatively, 
increases the affinity toward centromeric chromatin, where it is protected from 
proteasomal degradation [30] (see also Section 3.2).

In humans, our group found that CUL4A-RBX1-COPS8 E3 ligase activity is 
required for CENP-A mono- or di-ubiquitylation on lysine 124 (K124) and CENP-A 
centromere localization [35] (Figure 2, right). CUL4A complex targets CENP-A 
through the adaptor COPS8/CSN8 that has WD40 motifs in non-canonical CRL4 
machinery (Figure 2, right). A mutation of CENP-A, K124R, reduces interaction 
with HJURP and abrogates localization of CENP-A to the centromere. The addition of 
monoubiquitin is sufficient to restore CENP-A K124R to centromeres and the interac-
tion with HJURP, indicating that “signaling” ubiquitylation is required for CENP-A 
loading at centromeres (Figure 2, right).

However, one question remains—how does such mono- or di-ubiquitylation 
of CENP-A facilitate the interaction of CENP-A with HJURP? The CENP-A K124 
site and its proximal residues might not directly affect CENP-A-HJURP interaction 
in the crystal structure of the HJURP-CENP-A-histone H4 complex, since we did 
not detect defects in CENP-A dimerization of K124R mutant (Figure 3; see also 
Section 4.3) or any ubiquitin interacting motif in HJURP. Therefore, we speculate 
that CENP-A mono- or di-ubiquitylation might sterically affect the overall con-
formational change, L112 residue (the closest CENP-A’s residue to K124 out of the 
seven residues reported to be important for appropriate interaction with HJURP), 
or C-terminal portion of the CATD on which HJURP recognition is mainly depen-
dent. In addition, acetylated lysine 124 (K124) was previously reported by Bui 
et al. [38], but the functional role of K124 acetylation and its relationship with 
K124 ubiquitylation remains to be studied (Figure 2, right). Moreover, currently, 
the proteolysis mechanism for mis-incorporated human CENP-A and its E3 ligase 
is not clear, and there are no reports to date regarding proteasome-mediated 
degradation of human CENP-A [138] (Figure 2d). Future studies are required to 
reveal how ectopic CENP-A is degraded and removed from the non-centromeric 
chromosome (Figure 2c and d).
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4.3  CENP-A ubiquitylation is inherited through dimerization between cell 
divisions

The mechanism by which centromere inheritance occurs is largely unknown. 
Gassmann et al. suggested that in Caenorhabditis elegans, pre-existing CENP-AHCP−3 
nucleosomes are not necessary to guide the recruitment of new CENP-A nucleosomes 
[158]. In contrast, in Drosophila melanogaster, CENP-ACID is present in mature sperm, 
and the amount of CID that is loaded during each cell cycle appears to be determined 
primarily by the pre-existing centromeric CID, a finding that is consistent with 
a “template-governed” mechanism [159]. However, in humans, it is unclear how 
CENP-A works as the epigenetic mark at the molecular level.

Our group showed that pre-existing ubiquitylated CENP-A is necessary for the 
recruitment of newly synthesized CENP-A to the centromere and that CENP-A ubiq-
uitylation is inherited between cell divisions (Figure 3). In vivo and in vitro analyses 
using dimerization mutants and dimerization domain fusion mutants revealed that 
the inheritance of CENP-A ubiquitylation requires CENP-A dimerization. Therefore, 
we propose models in which CENP-A ubiquitylation is inherited and centromere 
location is determined through dimerization (Figure 3).

Numerous studies have found that CENP-A can be experimentally mistargeted 
to non-centromeric regions of chromatin and that this mistargeting leads to the 
formation of ectopic centromeres in model organisms [160]. Chromosome engineer-
ing has allowed the efficient isolation of neocentromeres on a wide range of both 
transcriptionally active and inactive sequences in chicken DT40 cells [57]. More than 
100 neocentromeres in human clinical samples have been described [161]. They form 
on diverse DNA sequences and are associated with CENP-A localization, but not 
with alpha-satellite arrays; thus, these findings provide strong evidence that human 
centromeres result from sequence-independent epigenetic mechanisms. However, 
neocentromeres have not yet been created experimentally in humans; overexpression 
of CENP-A induces mislocalization of CENP-A, but not the formation of functional 
neocentromeres [162].

Our group demonstrated that overexpression of a monoubiquitin-fused CENP-A 
mutant induces neocentromeres at non-centromeric regions of chromosomes, and 
this result further supports our model in which CENP-A ubiquitylation is inherited 
and determines centromere location through dimerization (Figure 3). Our assay 
using the LacO/LacI ectopic centromeric chromatin assembly system clearly revealed 
that CENP-A ubiquitylation contributes to the recruitment of CENP-A chaperones 
(HJURP and DAXX) and outer kinetochore components (HEC1 and SKA1). It is 
possible that ubiquitylation of CENP-A contributes to maintain and stabilize ectopic 
neocentromeres in humans (Figure 2c).

However, it remains unclear how the neocentromere established through CENP-A 
ubiquitylation is deactivated. Future studies are required to reveal the mechanism of 
site-specific (centromeric and/or non-centromeric) deubiquitylation CENP-A and 
subsequent proteolysis in humans (Figure 2c and d). In this context, it would be 
interesting to test if the Ubp8-driven deubiquitylation mechanism in budding yeast 
[163] (see also previous chapter, Section 2.7) is conserved in humans.

4.4 SGT1-HSP90 complex is required for CENP-A loading at centromeres

The mechanism that controls the E3 ligase activity of the CUL4A-RBX1-COPS8 
complex remains obscure. Our group found that the SGT1-HSP90 complex is 
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required for recognition of CENP-A by COPS8 [164] (Figure 2, right). SGT1/SUGT1, 
a co-chaperone of HSP90, is involved in multiple cellular activities, including cullin 
E3 ubiquitin ligase activity [165]. The SGT1 gene was originally isolated as a dosage 
suppressor of the skp1–4 mutant in yeast S. cerevisiae, which causes defects in yeast 
kinetochore function, but also as a novel subunit of the Skp1-Cullin-F-box (SCF) 
ubiquitin ligase complex [166]. In both yeast and humans, the interaction between 
SGT1 and heat shock protein 90 (HSP90) is also required for kinetochore assembly 
[167–169]. In humans, cancer cells utilize Hsp90 as a chaperone to promote the fold-
ing and function of mutated or overexpressed oncoproteins, because aberrant oncop-
roteins are unstable [170, 171]. SGT1 contributes to cancer development by stabilizing 
oncoproteins, and the SGT1-HSP90 complex is a potential target for therapies aimed 
at cancer, brain, and heart disease [165].

Our group initially applied RNA interference (RNAi)-mediated SGT1 and/or 
HSP90 depletion in HeLa cells and found that the SGT1-HSP90 complex is required 
for CENP-A ubiquitylation in vivo and CENP-A deposition at centromeres [164] 
(Figure 2, right). Moreover, our group and others demonstrated in vivo interactions 
of SGT1A with CUL4A [164] and HSP90 with CUL4 [172], respectively (Figure 2, 
right). Previously, we had also reported that the CUL4A complex targets CENP-A 
through the adaptor COPS8/CSN8 that has WD40 motifs in non-canonical CRL4 
machinery [35] (Figure 2, right; see also Section 4.2). Therefore, we hypothesized 
that depletion of SGT1 or HSP90 protein promotes loss of interaction among compo-
nents of the CUL4A complex. Indeed, SGT1 or HSP90 siRNA disrupted interactions 
of COPS8 with CENP-A and CUL4A. These results suggest that the SGT1-HSP90 
complex is required for the composition of the CUL4A complex as well as recognition 
of CENP-A by COPS8 (Figure 2, right). Thus, we clarified how the SGT1-HSP90 
complex contributes to the E3 ligase activity of the CUL4A complex in CENP-A 
ubiquitylation (Figure 2, right).

In our study, SKP1 siRNA treatment did not lead to any signal reduction of 
CENP-A at centromeres [164]. Therefore, we proposed that the SGT1-HSP90 complex 
is involved in CENP-A deposition at centromeres in an SKP1-independent and/or 
SCF-independent manner. This conclusion is consistent with our previous report that 
the CUL4A-RBX1 complex, which does not require SKP1 to function, contributes to 
CENP-A deposition at centromeres [35]. Because our results suggest that SKP1 is not 
required for the recruitment of CENP-A to centromeres, it is unlikely that SKP1 activ-
ity affects the CENP-A loading pathway. Because CENP-A is at the top of a hierarchy 
of the pathway that determines the assembly of kinetochore components [6], destabi-
lization of the MIS12 complex at the kinetochore was observed by Davies et al. [173] 
could be partially due to the defect in CENP-A recruitment. This idea is supported by 
our results demonstrating that SGT1 siRNA treatment did not significantly change 
the recruitment of endogenous MIS12, HEC1, and SKA1 proteins in LacO arrays after 
ectopic loci were determined through LacO-LacI-CENP-A interactions. Collectively, 
these data suggest that the losses of immunofluorescence signals of the central-outer 
kinetochore proteins at the kinetochore caused by SGT1 siRNA defects, including 
ones reported previously [174], are explained by CENP-A mislocalization caused by 
SGT1 siRNA defects.

4.5 CENP-A ubiquitylation is indispensable to cell viability

Our group reported that CENP-A K124 ubiquitylation, mediated by the 
CUL4A-RBX1-COPS8 complex, is essential for CENP-A deposition at the 
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centromere [35] (Figure 2, right; see also Section 4.2). On the other hand, 
Fachinetti et al. reported that CENP-A K124R mutants show no defects in centro-
mere localization and cell viability [156]. However, there are substantive problems 
with their experiments that yielded these results. We reported our response 
describing potential issues with the results and their conclusions [117]. A major 
caveat is that they used a fusion protein much larger molecular size than CENP-A. 
In their RPE-1 CENP-A−/F knockout system, the enhanced yellow fluorescent pro-
tein (EYFP) is approximately 30 kDa, and endogenous CENP-A is about 16 kDa. 
Fachinetti et al. also used SNAP-tags, and they found that SNAP-CENP-A K124R 
showed no defects in centromere deposition. Because the SNAP-tag (20 kDa) is 
also a larger tag than CENP-A (approximately 16 kDa) and has 10 lysines, SNAP-
CENP-A K124R, presumably, is ubiquitylated at a site different than K124. One 
possibility is that the tagging of a large protein may endogenously lead to ubiqui-
tylation at an amino acid other than K124 in the CENP-A K124R mutant protein, 
and this ubiquitylation at another site could suppress the mutant phenotype as a 
compensatory mechanism. Therefore, our group hypothesized that the presence of 
a large fusion protein promotes ubiquitylation at a different lysine in the CENP-A 
K124R mutant protein.

Indeed, our group found that EYFP tagging induces additional ubiquitylation of 
EYFP-CENP-A K124R, which allows the mutant protein to bind to HJURP [116]. Our 
immunoprecipitation mass spectrometry analysis showed that lysine 306 (K306) in 
the EYFP-CENP-A K124R mutant is ubiquitylated in vivo. This site corresponds to 
lysine 56 (K56) in CENP-A. These data suggest that once EYFP is tagged to a K124R 
mutant, another ubiquitylation occurs at a different site than K124 as endogenous 
compensatory machinery. Using a previously developed conditional CENP-A knock-
out system and our CENP-A K124R knockin mutant created by the CRISPR-Cas9 
system, we show that the small size Flag-tagged or untagged CENP-A K124R mutant 
is lethal. This lethality is rescued by monoubiquitin fusion, indicating that CENP-A 
ubiquitylation is essential for viability. Therefore, our group suggests a caveat in the 
use of GFP/EYFP as a tool to analyze the function of a protein, and our data still sup-
port that the CENP-A ubiquitylation is indispensable to cell viability.

4.6 Hypothetical regulation of human CENP-A through sumoylation

In budding yeast, CENP-ACse4 is sumoylated on its N-terminal tail by Siz1/
Siz2 SUMO E3 ligases [22] (previous chapter, Figure 1a and b) (see also previous 
chapter, Section 2.4.1). Cse4 is poly-sumoylated at K65 in its N-terminal domain, 
which recruits the yeast SUMO-targeted ubiquitin ligase (STUbl) Slx5, leading to 
the polyubiquitination of poly-sumoylated Cse4 and its subsequent degradation 
[21]. Cse4 K215/216 sumoylation in C-terminus also controls its interaction with the 
histone chaperones Scm3 and CAF-1, facilitating the deposition of overexpressed 
Cse4 into CEN and non-CEN regions, respectively [175] (previous chapter, Figure 1) 
(see also previous chapter, Section 2.4.2).

In humans, depletion of the human Slx5 homolog ring finger protein 4 (RNF4) 
contributes to SUMOylation-dependent degradation of the CCAN protein CENP-I, 
while SENP6 stabilizes CENP-I by antagonizing RNF4 [176]. SENP6 is a desumoylation 
enzyme as well as a member of a large family of Sentrin-specific protease enzymes 
(SENP1–7) [138, 177]. In budding yeast, two SUMO proteases are known, ubiquitin-
like protease 1 and 2 (Ulp1 and 2); in mammalian cells, these have diverged into the 
SENP family. SENP1–5 is evolutionarily conserved to Ulp1, while the more divergent 
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SENP6 and SENP7 belong to the Ulp2 group. Depletion of SENP6 in HeLa cells leads to 
the loss of the CENP-H/I/K complex from the centromeres, but not an apparent r 
eduction in centromeric CENP-A/B/C levels recognized by CREST sera [176].

Liebelt et al. identified a protein group de-modification by SENP6, including the 
constitutive centromere-associated network (CCAN), the CENP-A loading factors 
Mis18BP1 and Mis18A, and DNA damage response factors [178]. SENP6-deficient cells 
are severely compromised for proliferation, accumulate in the G2/M phases, and fre-
quently form micronuclei. Centromeric assembly of CENP-T, CENP-W, and CENP-A is 
impaired in the absence of SENP6. However, the increase of SUMO chains is not required 
for ubiquitin-dependent proteasomal degradation of the CCAN subunits. Therefore, 
their results indicated that SUMO polymers can act in a proteolysis-independent manner 
and consequently, have a more diverse signaling function than previously expected. On 
the other hand, Mitra et al. identified the SUMO-protease SENP6 as a key factor, not 
only controlling CENP-A stability but virtually the entire centromere and kinetochore 
using a genetic screen coupled to pulse-chase labeling [179]. Loss of SENP6 results in 
hyper-sumoylation of CENP-C and CENP-I, but not CENP-A itself. SENP6 activity is 
required throughout the cell cycle, suggesting that a dynamic SUMO cycle underlies 
continuous surveillance of the centromere complex that in turn ensures stable transmis-
sion of CENP-A chromatin. Mitra et al. and other groups did not detect sumoylation of 
CENP-A, suggesting that CENP-A is not a direct substrate of SENP6 [138, 179]. However, 
the effect of SENP6 depletion on CENP-A stability is much greater than observed on 
depletion of CENP-C or -B alone [179]. This result suggests that there may be other com-
ponents required for the SENP6-mediated stabilization of centromeric chromatin [138].

5. E3 ligases for plant CENP-A (CENH3) its function

5.1 Overview of plant CENP-A (CENH3)

Studies of E3 ligases at plant centromeres-kinetochores are not as advanced as 
those in model animal species. The structure and organization of plant centromeric 
DNA have been described, and satellite repeats associated with centromeres have 
been reported in many plant species [76]. Plant centromeres also have mega-base-
sized arrays of tandem repetitive DNA sequences, as in centromeres of humans and 
other mammals, and transposable elements are abundant in centromeric and para-
centromeric regions [76, 180]. In early studies, Jiang et al. suggest that the retention 
of active transcriptional machinery within the long terminal repeat may promote 
demarcation of an active centromere [76]. A Ty3/gypsy class of centromere-specific 
retrotransposons, the centromeric retrotransposon (CR) family, was discovered in the 
grass species. Highly conserved motifs were found in the long terminal repeat of the 
CR elements from rice, maize, and barley [181]. The CR elements are highly enriched 
in chromatin domains associated with CENH3/CENP-A, the centromere-specific his-
tone H3 variant. CR elements as well as their flanking centromeric satellite DNA are 
actively transcribed in maize. These data suggest that the deposition of centromeric 
histones might be a transcription-coupled event. The importance of centromeric tran-
scription and centromeric long noncoding RNA (cenRNA) for centromere integrity 
has been suggested in various species, including plants [77–79] (see also Sections 3 
and 4). Moreover, in maize, CENP-C binding to centromeric DNA is associated with 
small RNA [182], whereas in humans CENP-A loading is linked to lncRNAs [80]. It is 
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not yet known whether the same transcript can recruit and stabilize both CENP-A 
and CENP-C at centromeric chromatin [77].

Plant CENH3/CENP-A and other centromere-kinetochore proteins have been 
reported showing high conservation among species. On the other hand, DNA 
sequences of plant centromeres, of which loci are determined epigenetically by 
centromeric histone 3 (CENH3), have revealed high structural diversity, ranging from 
the canonical monocentric form seen in vertebrates, to polycentric and holocentric 
forms [183, 184]. Plant centromeres can change position over evolutionary time or 
upon genomic stress, such as in McClintock’s genome shock [185] or physically dam-
aged or broken chromosomes [183]. Jiang et al. suggested that the centromeric state 
is reinforced and maintained by the tension applied during spindle attachment [76]. 
The chromatin damaged by such mechano-force could then be marked for repair by 
the replication-independent mechanism similar to the one originally incorporated in 
CENH3. Indeed, human centromere-kinetochore proteins, including CENP-A, are 
involved in DNA damage/repair [186], and the incorporation of newly synthesized 
CENP-A occurs “right after mitosis” (i.e., telophase/early G1) [94, 95]. However, 
the model of CenH3 (CENP-A) incorporation upon mechano-force-induced DNA 
damage/repair is not yet experimentally demonstrated, and its precise mechanism 
needs to be elucidated. Meanwhile, there is evidence of divergent evolution originat-
ing in CenH3 in plants [187, 188] and Drosophila [189]. The CenH3 (CENP-A) has 
apparently undergone both convergent and divergent evolution [7]. Nagaki et el. and 
others described that the centromere DNA repeats with which CENH3-containing 
nucleosome interacts are also highly diverged, proposing an “arms race” hypothesis 
where centromere DNA repeats are changing and expanding to increase their segrega-
tion properties, while CENH3 is changing to curb this process and keep segregation 
frequencies equal to avoid fixing traits [180, 184, 189, 190].

Plant studies of dicentric centromeres and neocentromeres have been described along 
with those of other eukaryotes [180, 183]. The active state of one of the two centromeres 
on the wheat dicentric chromosome can be epigenetically silenced [180], as in the human 
dicentric chromosome [191]. Neocentromeres have been described extensively in human 
and fruit fly chromosomes as well as in some plant species, such as barley, maize, and rice 
[114, 184, 192]. In D. melanogaster, Palladino et al. showed that multiple genomic loca-
tions can acquire centromere activity, using a LacO/LacI ectopic centromeric chromatin 
assembly system. In addition, they demonstrated that these de novo centromeres can be 
transmitted and maintained epigenetically in mitotic tissues [114]. Although studies of 
human neocentromeres have indicated that they are generated at new positions in a single 
step; the barley neocentromere appears to have shifted several times along the chromo-
somal arm region during the deletion steps to finally reach the observed position [180]. 
The emergence of new centromeres was also observed in hybrid conditions [183, 184], 
and Wang et al. described the proposed model for hybrids between maize and oat [193]. 
The “centromere repositioning” then generates neocentromeres; the establishment of a 
new centromere does not require specific DNA composition in the target loci [76, 194]. 
Most new centromeres have no satellite DNA [195]. However, most mature centromeres 
are overwhelmingly composed of repetitive DNA, especially satellite DNA [76, 194]. One 
hypothesis to explain this apparent contradiction was described by Oliveira et al. as “satel-
lite DNA invasion mechanism”—a new satellite repeat or one already present in other 
centromeres may invade and occupy the CenH3 domain of the new centromere [184]. 
The satellite DNA invasion mechanism is still elusive, and the retrotransposons would be 
the main source for the origin of new repeats [184, 196].
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Plant studies of minichromosomes and artificial chromosomes also have been 
reported, as in other eukaryotes [180, 183]. The main issues of these studies are what 
are the size and factors required for the maintenance and stability of such special 
chromosomes during cell division. Harrington et al. constructed human artificial 
minichromosomes [197], and Ananiev et al. artificially generated minichromosomes 
in maize by introducing the DNA molecule containing native centromere segment, 
ori, and telomere repeats [198]. These studies suggested that repetitive DNA may play 
an important but unknown role in centromere function. The repetitive centromeric 
DNA may be still important, although it is not essential for centromeric function, 
since plant centromeric DNA does not generate functional centromeres when reintro-
duced into plant cells [199] and new centromeres are functional even if located in loci 
with non-centromeric DNA [161].

In terms of the plant CENH3 recruitment mechanism to centromeres, most 
CENP-A is loaded in G2 by a replication-independent mechanism in Arabidopsis thali-
ana [200]. However, in plants as in other species, the timing of deposition of newly 
synthesized CENP-A within the cell cycle may be variable—not only among different 
plant species but also different developmental stages within the same species. Le Goff 
et al. reported that the H3 histone chaperone NASPSIM3 escorts CENH3 in Arabidopsis 
[19]. They showed that the Arabidopsis ortholog of the mammalian nuclear autoanti-
genic sperm protein (NASP) and S. pombe histone chaperone Sim3 is a soluble nuclear 
protein that interacts with CENH3 and influences its abundance at the centromeres 
[19]. NASPSIM3 is co-expressed with Arabidopsis CENH3 in dividing cells and binds 
directly to both the N-terminal tail and the C-terminal histone fold domain of non-
nucleosomal CENH3. Reduced NASPSIM3 expression by NASPSIM3 knockdown impairs 
CenH3 deposition. Thus, they identified NASPSIM3 as a CenH3 histone chaperone as 
demonstrated in fission yeast (see also Section 2.1).

5.2 Engineered degradation of EYFP-tagged CENH3 in plants

Currently, an endogenous E3 ligase for plant CENP-A (CENH3) is not yet identi-
fied. Sorge et al. developed a synthetic biology approach to degrade plant CENP-A 
using E3-ligase adapter protein SPOP (Speckle-type POZ adapter protein) with a 
specific anti-GFP nanobody (VHHGFP4) [201] (Table 1). To determine the function 
of proteins, CRISPR/Cas9-based methods and antisense/RNAi strategies are com-
monly used to remove the selected protein from all organs in a cell- and tissue-specific 
manner. However, CRISPR/Cas9 and antisense/RNAi strategies are still error-prone 
and can show off-target effects [202]. Classical genetic strategies to knock out/down 
protein function in plants still have problems, such as the time-consuming process 
of generating homozygous transgenic lines or the risk of lethal phenotypes at early 
developmental stages.

Sorge et al. attempted to solve these problems by utilizing the synthetic E3 
ligase activity in protein ubiquitylation and degradation pathway. They success-
fully recruited the 26S proteasome pathway to directly degrade CENP-A of A. 
thaliana via replacement of the interaction domain of the E3 ligase adaptor protein 
SPOP (Speckle-type POZ adapter protein) with a specific anti-GFP nanobody 
(VHHGFP4). They proved that the target protein CENH3 of A. thaliana fused 
to EYFP was subjected to nanobody-guided proteasomal degradation in planta. 
Thus, their results show the potential of the modified E3-ligase adapter protein 
VHHGFP4-SPOP to induce nucleus-specific protein degradation in plants. However, 
further studies are required to identify endogenous E3 ligase for plant CENP-A 
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(CENH3) and determine the function of the plant CENP-A (CENH3) proteolysis or 
deposition at centromeres.

6. Conclusions

Each species reviewed in our articles, including the previous chapter has advan-
tages and disadvantages for research. For example, the centromere sequence size of 
the budding yeast is small and the sequences can be easily mutated to identify the 
important functional regions [203]. Techniques such as ChIP are also possible, which 
cannot be easily performed on highly repetitive centromeres in other organisms. 
Moreover, the centromere can be shifted to other genomic regions, allowing the 
construction of artificial chromosomes and plasmids as well as tools, such as con-
ditional centromeres. Fission yeast and fruit fly models have progressed more than 
others in studies of heterochromatin regulation and gene silencing. Plant models have 
advanced more in evolutionary studies of centromeric DNA structures, including CR 
family comparisons among different plant species.

On the other hand, in fission yeast and plant species, the E3 ligase of CENP-A 
(CenH3) and its specific regulation and/or function are not yet identified. The 
E3 ligase of CENP-A is unknown in multiple species (e.g., Caenorhabditis elegans, 
Xenopus laevis, zebrafish Danio rerio, chicken Gallus domesticus DT40 cells, Mus 
musculus, etc.) or this research is sparse in these species compared with others. At 
present, the most common species studied and reported in the past for E3 ligase of 
CenH3 (Cse4) is budding yeast. However, in other species, much is not understood, 
particularly about control of the balance between E3 ligase and deubiquitylase and 
the balance among SUMO E3 ligase, the desumoylation enzyme, SUMO proteases 
(e.g., SENP6). Future research into the E3 ligases of CENP-A will elucidate the regula-
tion and mechanisms of these subtle balances in each species and human diseases.

Studying the mechanisms of formation and maintenance of neocentromeres will 
deepen our understanding of the centromere-kinetochore formation and promote the 
building and establishment of artificial chromosomes. Such studies will lead to the 
construction of artificial cells and tissues that can be controlled by DNA levels through 
chromosome dynamics. As a result, the function of E3 ligase can be artificially adjusted, 
which will increase the effectiveness of future gene therapies. Minichromosomes 
generated to date suggest that the repetitive centromeric DNA may be still important, 
although perhaps, it is not essential for centromeric function. In addition, it is unclear 
whether there is causality or feedback between cenRNA transcription and overall tran-
scriptional change after chromosome missegregation and CIN. As of now, we have little 
understanding of the effects of these cenRNAs on the E3 ligase of CENP-A, including 
how these transcriptional changes and regulation are related to the function of E3 ligase.

Although our group showed that ubiquitylation occurs at a different site than 
CENP-A K124 as endogenous compensatory machinery, the compensatory machinery 
of post-translational modifications in endogenous conditions is poorly understood. 
This machinery can be incorporated in a process of disease progress or development. 
For example, suppose a post-translational modification is required for host cancer cell 
development but its activity can be blocked by cancer drugs. However, another site’s 
post-translational modification could compensate for that change, so that host cancer 
cells can survive, proliferate, and eventually metastasize. For cell proliferation and 
differentiation in general, such compensatory machinery could be a versatile backup 
system. However, such backup systems may not have been detected experimentally 
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due to our limited technology or brief experimental periods. Thus, many E3 ligases 
may work in similar signal pathways (see also the previous chapter, Conclusion), or 
the function of a post-translational modification in one site may be compensated for 
or complemented by another site, but it is currently unknown how likely such com-
plementary machineries would be. Research to predict such compensatory systems 
and resilience could be expected as future directions to study the spatiotemporal 
regulation of E3 ligase of CENP-A.

Ultimately, studies of E3 ligase in CENP-A in higher mammals or humans are 
essential for translational research and informing future therapy. Overexpression and 
mislocalization of human CENP-A are presumably features of cancer development, 
however, the detailed mechanisms for cancer development and possible therapies 
still remain unclear. In addition to cancer, translational studies of CENP-A and its 
E3 ligase could be beneficial for CREST autoimmune diseases and other diseases. 
Centromere proteins, including CENP-A, have been identified as antigens from 
CREST patients [204, 205], but the mechanism that causes CREST syndrome and 
how CENP-A and other centromere-kinetochore proteins are involved is unknown. 
Observations of neocentromeres were also reported in patients with other develop-
mental diseases [206], but research has been limited, in part because of the relatively 
smaller number of patients.

Defects in ubiquitin E3 ligases promote the pathogenesis of several human dis-
eases, including cancer, and CRL4 [207], a well-defined E3 ligase, has been reported 
to be upregulated and is proposed to be a potential drug target in cancers [208]. 
However, the biological functions of CRL4 and the underlying mechanism regulat-
ing cancer chemoresistance are still largely elusive. In humans, proteolysis activity 
of CRL4 ubiquitin ligase targeting CENP-A has not been observed so far, and other 
E3 ligases that function in CENP-A proteolysis are unidentified (Figure 2d). It is also 
important to determine if ubiquitylation or sumoylation-related enzymes, including 
E3 ligases, can be druggable targets.

Tumors develop in complex tissue microenvironments, where they depend on for 
sustained growth, invasion, and metastasis [209]. We could be at a turning point to 
fill the gap between the detailed intracellular mechanisms of CENP-A function stud-
ied in the past and its mechanism in complex tissue microenvironments. Thus, cell 
type and/or tissue-specific CENP-A function involved in different types of cancer in 
different organs is a likely focus for future research. There are many unknowns about 
whether the function of E3 ligase of CENP-A represents a cell or tissue-specific differ-
ence, or whether the cell or tissue completely replaces E3 ligase itself. The utilization 
and application of organoid, spheroid, and coculture systems may reduce the effort, 
time, and cost that is required to answer these questions and ultimately yield better 
therapies.

Acknowledgements

We thank past and current researchers at Model Animal Research Center, School 
of Medicine, Nanjing University, Greehey Children’s Cancer Research Institute 
at UT Health Science Center San Antonio, the Research Institute at Nationwide 
Children’s Hospital, and St. Jude Children’s Research Hospital for their help-
ful discussions. Y.N. was supported by Jiangsu Province “Double-First-Class” 
Construction Fund, Jiangsu Province Natural Science Fund (BK20191252), Jiangsu 
Province 16th Six Big Talent Peaks Fund (TD-SWYY-001), Jiangsu Province 



E3 Ligase for CENP-A (Part 2)
DOI: http://dx.doi.org/10.5772/intechopen.102486

237

Author details

Yohei Niikura1,2* and Katsumi Kitagawa3*

1 MOE Key Laboratory of Model Animal for Disease Studies, Model Animal Research 
Center, School of Medicine, Nanjing University, Nanjing, China

2 Jiangsu Key Laboratory of Molecular Medicine, Nanjing University, Nanjing, China

3 Department of Molecular Medicine, Greehey Children’s Cancer Research Institute, 
UT Health San Antonio, San Antonio, TX, USA

*Address all correspondence to: niikura@nicemice.cn and kitagawak@uthscsa.edu

“Foreign Expert Hundred Talents Program” Fund (BX2019082), and National 
Natural Science Foundation in China (31970665). KK was supported by the 
National Science Foundation under Grant No.1949653 (KK) and a Mays Cancer 
Center Pilot Award CCSG P30 CA054174.

Conflict of interest

The authors declare no conflict of interest.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Hydrolases

238

References

[1] Allshire RC, Karpen GH. Epigenetic 
regulation of centromeric chromatin: 
Old dogs, new tricks? Nature Reviews. 
Genetics. 2008;9(12):923-937.  
DOI: 10.1038/nrg2466

[2] Black BE, Foltz DR, Chakravarthy S, 
Luger K, Woods VL Jr, Cleveland DW. 
Structural determinants for generating 
centromeric chromatin. Nature. 
2004;430(6999):578-582. DOI: 10.1038/
nature02766

[3] Sekulic N, Bassett EA, Rogers DJ, 
Black BE. The structure of (CENP-
A-H4)(2) reveals physical features 
that mark centromeres. Nature. 
2010;467(7313):347-351. DOI: 10.1038/
nature09323

[4] Tachiwana H et al. Crystal 
structure of the human centromeric 
nucleosome containing CENP-A. Nature. 
2011;476(7359):232-235. DOI: 10.1038/
nature10258

[5] Black BE, Cleveland DW. Epigenetic 
centromere propagation and the nature 
of CENP-a nucleosomes (in eng). Cell. 
2011;144(4):471-479. DOI: 10.1016/j.
cell.2011.02.002

[6] Liu ST, Rattner JB, Jablonski SA, 
Yen TJ. Mapping the assembly pathways 
that specify formation of the trilaminar 
kinetochore plates in human cells. The 
Journal of Cell Biology. 2006;175(1): 
41-53. DOI: 10.1083/jcb.200606020

[7] Ekwall K. Epigenetic control of 
centromere behavior. Annual Review of 
Genetics. 2007;41:63-81. DOI: 10.1146/
annurev.genet.41.110306.130127

[8] Aravamudhan P, Felzer-Kim I, 
Joglekar AP. The budding yeast point 
centromere associates with two Cse4 

molecules during mitosis. Current 
Biology. 2013;23(9):770-774.  
DOI: 10.1016/j.cub.2013.03.042

[9] Bodor DL et al. The quantitative 
architecture of centromeric chromatin. 
eLife. 2014;3:e02137. DOI: 10.7554/
eLife.02137

[10] Coffman VC, Wu P, Parthun MR, 
Wu JQ. CENP-A exceeds microtubule 
attachment sites in centromere clusters 
of both budding and fission yeast. The 
Journal of Cell Biology. 2011;195(4): 
563-572. DOI: 10.1083/jcb.201106078

[11] Lawrimore J, Bloom KS, Salmon ED. 
Point centromeres contain more than 
a single centromere-specific Cse4 
(CENP-A) nucleosome. The Journal of 
Cell Biology. 2011;195(4):573-582.  
DOI: 10.1083/jcb.201106036

[12] Black BE et al. Centromere identity 
maintained by nucleosomes assembled 
with histone H3 containing the CENP-A 
targeting domain. Molecular Cell. 
2007;25(2):309-322. DOI: 10.1016/j.
molcel.2006.12.018

[13] Carroll CW, Milks KJ, Straight AF.  
Dual recognition of CENP-A 
nucleosomes is required for centromere 
assembly. The Journal of Cell Biology. 
2010;189(7):1143-1155. DOI: 10.1083/
jcb.201001013

[14] Guse A, Carroll CW, Moree B,  
Fuller CJ, Straight AF. In vitro 
centromere and kinetochore assembly 
on defined chromatin templates. Nature. 
2011;477(7364):354-358. DOI: 10.1038/
nature10379

[15] Carroll CW, Silva MC, Godek KM, 
Jansen LE, Straight AF. Centromere 
assembly requires the direct recognition 



E3 Ligase for CENP-A (Part 2)
DOI: http://dx.doi.org/10.5772/intechopen.102486

239

of CENP-A nucleosomes by CENP-N. 
Nature Cell Biology. 2009;11(7):896-902. 
DOI: 10.1038/ncb1899

[16] Au WC, Dawson AR, Rawson DW, 
Taylor SB, Baker RE, Basrai MA. A 
novel role of the N terminus of budding 
yeast histone H3 variant Cse4 in 
ubiquitin-mediated proteolysis. Genetics. 
2013;194(2):513-518. DOI: 10.1534/
genetics.113.149898

[17] Folco HD et al. The CENP-A 
N-tail confers epigenetic stability 
to centromeres via the CENP-T 
branch of the CCAN in fission yeast. 
Current Biology. 2015;25(3):348-356. 
DOI: 10.1016/j.cub.2014.11.060

[18] Gonzalez M, He H, Dong Q, Sun S, 
Li F. Ectopic centromere nucleation 
by CENP--a in fission yeast. Genetics. 
2014;198(4):1433-1446. DOI: 10.1534/
genetics.114.171173

[19] Le Goff S et al. The H3 histone 
chaperone NASP(SIM3) escorts CenH3 
in Arabidopsis. The Plant Journal. 
2020;101(1):71-86. DOI: 10.1111/tpj.14518

[20] Logsdon GA et al. Both tails and 
the centromere targeting domain of 
CENP-A are required for centromere 
establishment. The Journal of 
Cell Biology. 2015;208(5):521-531. 
DOI: 10.1083/jcb.201412011

[21] Ohkuni K et al. N-terminal 
sumoylation of centromeric histone H3 
variant Cse4 regulates its proteolysis 
to prevent mislocalization to non-
centromeric chromatin. G3 (Bethesda). 
2018;8(4):1215-1223. DOI: 10.1534/
g3.117.300419

[22] Ohkuni K et al. SUMO-targeted 
ubiquitin ligase (STUbL) Slx5 regulates 
proteolysis of centromeric histone 
H3 variant Cse4 and prevents its 
mislocalization to euchromatin. Molecular 

Biology of the Cell. 2016;27(9):1500-1510. 
DOI: 10.1091/mbc.E15-12-0827

[23] Ranjitkar P, Press MO, Yi X, Baker R, 
MacCoss MJ, Biggins S. An E3 ubiquitin 
ligase prevents ectopic localization of the 
centromeric histone H3 variant via the 
centromere targeting domain. Molecular 
Cell. 2010;40(3):455-464. DOI: 10.1016/j.
molcel.2010.09.025

[24] Tan HL et al. Prolyl isomerization 
of the CENP-A N-terminus regulates 
centromeric integrity in fission yeast. 
Nucleic Acids Research. 2018;46(3): 
1167-1179. DOI: 10.1093/nar/gkx1180

[25] Tan HL, Zeng YB, Chen ES. 
N-terminus does not govern protein 
turnover of Schizosaccharomyces pombe 
CENP-A. International Journal of 
Molecular Sciences. 2020;21(17):1-13. 
DOI: 10.3390/ijms21176175

[26] Yang J et al. Heterochromatin 
and RNAi regulate centromeres by 
protecting CENP-A from ubiquitin-
mediated degradation. PLoS Genetics. 
2018;14(8):e1007572. DOI: 10.1371/
journal.pgen.1007572

[27] Zhou Z et al. Structural basis for 
recognition of centromere histone 
variant CenH3 by the chaperone Scm3. 
Nature. 2011;472(7342):234-237.  
DOI: 10.1038/nature09854

[28] Bernad R, Sanchez P, Losada A. 
Epigenetic specification of centromeres 
by CENP-A. Experimental Cell Research. 
2009;315(19):3233-3241. DOI: 10.1016/j.
yexcr.2009.07.023

[29] Sanchez-Pulido L, Pidoux AL, 
Ponting CP, Allshire RC. Common 
ancestry of the CENP-A chaperones 
Scm3 and HJURP. Cell. 2009;137(7): 
1173-1174. DOI: 10.1016/j.cell.2009. 
06.010



Hydrolases

240

[30] Bade D, Pauleau AL, Wendler A, 
Erhardt S. The E3 ligase CUL3/RDX 
controls centromere maintenance 
by ubiquitylating and stabilizing 
CENP-A in a CAL1-dependent manner. 
Developmental Cell. 2014;28(5):508-519. 
DOI: 10.1016/j.devcel.2014.01.031

[31] Merlet J, Burger J, Gomes JE, 
Pintard L. Regulation of cullin-RING 
E3 ubiquitin-ligases by neddylation and 
dimerization. Cellular and Molecular 
Life Sciences. 2009;66(11-12):1924-1938. 
DOI: 10.1007/s00018-009-8712-7

[32] Moreno-Moreno O, Torras-Llort M, 
Azorin F. The E3-ligases SCFPpa and 
APC/CCdh1 co-operate to regulate 
CENP-ACID expression across the 
cell cycle. Nucleic Acids Research. 
2019;47(7):3395-3406. DOI: 10.1093/nar/
gkz060

[33] Huang A et al. Phosphorylation 
of Drosophila CENP-A on serine 
20 regulates protein turn-over and 
centromere-specific loading. Nucleic 
Acids Research. 2019;47(20):10754-
10770. DOI: 10.1093/nar/gkz809

[34] Lacoste N et al. Mislocalization of 
the centromeric histone variant CenH3/
CENP-A in human cells depends on 
the chaperone DAXX. Molecular Cell. 
2014;53(4):631-644. DOI: 10.1016/j.
molcel.2014.01.018

[35] Niikura Y, Kitagawa R, Ogi H, 
Abdulle R, Pagala V, Kitagawa K. CENP-A 
K124 ubiquitylation is required for 
CENP-A deposition at the centromere. 
Developmental Cell. 2015;32(5):589-603. 
DOI: 10.1016/j.devcel.2015.01.024

[36] Ahn J et al. The cullin-RING E3 
ubiquitin ligase CRL4-DCAF1 complex 
dimerizes via a short helical region in 
DCAF1. Biochemistry. 2011;50(8): 
1359-1367. DOI: 10.1021/bi101749s

[37] Chew EH, Poobalasingam T, 
Hawkey CJ, Hagen T. Characterization 
of cullin-based E3 ubiquitin ligases in 
intact mammalian cells--evidence for 
cullin dimerization. Cellular Signalling. 
2007;19(5):1071-1080. DOI: 10.1016/j.
cellsig.2006.12.002

[38] Bui M et al. Cell-cycle-dependent 
structural transitions in the human 
CENP-A nucleosome in vivo. Cell. 
2012;150(2):317-326. DOI: 10.1016/j.
cell.2012.05.035

[39] Bui M et al. Internal modifications 
in the CENP-A nucleosome modulate 
centromeric dynamics. Epigenetics & 
Chromatin. 2017;10:17. DOI: 10.1186/
s13072-017-0124-6

[40] Niikura Y, Kitagawa R, Kitagawa K. 
The inheritance of centromere identity. 
Molecular & Cellular Oncology. 
2016;3(4):e1188226. DOI: 10.1080/ 
23723556.2016.1188226

[41] Barnhart MC et al. HJURP is a 
CENP-A chromatin assembly factor 
sufficient to form a functional de novo 
kinetochore. The Journal of Cell Biology. 
2011;194(2):229-243. DOI: 10.1083/
jcb.201012017

[42] Dunleavy EM et al. HJURP is a 
cell-cycle-dependent maintenance 
and deposition factor of CENP-A at 
centromeres. Cell. 2009;137(3):485-497. 
DOI: 10.1016/j.cell.2009.02.040

[43] Foltz DR et al. Centromere-specific 
assembly of CENP-a nucleosomes is 
mediated by HJURP (in eng). Cell. 
2009;137(3):472-484. DOI: 10.1016/j.
cell.2009.02.039

[44] Zasadzinska E, Foltz DR. 
Orchestrating the specific assembly 
of centromeric nucleosomes. Progress 
in Molecular and Subcellular Biology. 



E3 Ligase for CENP-A (Part 2)
DOI: http://dx.doi.org/10.5772/intechopen.102486

241

2017;56:165-192. DOI: 10.1007/ 
978-3-319-58592-5_7

[45] Srivastava S, Foltz DR. 
Posttranslational modifications of 
CENP-A: Marks of distinction. 
Chromosoma. 2018;127(3):279-290.  
DOI: 10.1007/s00412-018-0665-x

[46] Partridge JF. Centromeric chromatin 
in fission yeast. Frontiers in Bioscience. 
2008;13:3896-3905. DOI: 10.2741/2977

[47] Creamer KM, Partridge JF. 
RITS-connecting transcription, RNA 
interference, and heterochromatin 
assembly in fission yeast. Wiley 
Interdisciplinary Reviews: RNA. 
2011;2(5):632-646. DOI: 10.1002/wrna.80

[48] Pidoux AL et al. Fission yeast Scm3: 
A CENP-A receptor required for integrity 
of subkinetochore chromatin. Molecular 
Cell. 2009;33(3):299-311. DOI: 10.1016/j.
molcel.2009.01.019

[49] Williams JS, Hayashi T, Yanagida M, 
Russell P. Fission yeast Scm3 mediates 
stable assembly of Cnp1/CENP-A into 
centromeric chromatin. Molecular Cell. 
2009;33(3):287-298. DOI: 10.1016/j.
molcel.2009.01.017

[50] Dunleavy EM et al. A NASP (N1/N2)- 
related protein, Sim3, binds CENP-A and 
is required for its deposition at fission 
yeast centromeres. Molecular Cell. 
2007;28(6):1029-1044. DOI: 10.1016/j.
molcel.2007.10.010

[51] Liu H et al. Structural insights into 
yeast histone chaperone Hif1: A scaffold 
protein recruiting protein complexes to 
core histones. The Biochemical Journal. 
2014;462(3):465-473. DOI: 10.1042/
BJ20131640

[52] Tanae K, Horiuchi T, Yamakawa T, 
Matsuo Y, Kawamukai M. Sim3 shares 

some common roles with the histone 
chaperone Asf1 in fission yeast. FEBS 
Letters. 2012;586(23):4190-4196.  
DOI: 10.1016/j.febslet.2012.10.020

[53] Tanae K, Horiuchi T, Matsuo Y, 
Katayama S, Kawamukai M. Histone 
chaperone Asf1 plays an essential role in 
maintaining genomic stability in fission 
yeast. PLoS One. 2012;7(1):e30472.  
DOI: 10.1371/journal.pone.0030472

[54] Fujita Y et al. Priming of centromere 
for CENP-A recruitment by human 
hMis18alpha, hMis18beta, and M18BP1. 
Developmental Cell. 2007;12(1):17-30. 
DOI: 10.1016/j.devcel.2006.11.002

[55] Hayashi T, Fujita Y, Iwasaki O, 
Adachi Y, Takahashi K, Yanagida M. 
Mis16 and Mis18 are required for CENP-A 
loading and histone deacetylation at 
centromeres. Cell. 2004;118(6):715-729. 
DOI: 10.1016/j.cell.2004.09.002

[56] Loyola A, Almouzni G. Histone 
chaperones, a supporting role in the 
limelight. Biochimica et Biophysica Acta. 
2004;1677(1-3):3-11. DOI: 10.1016/j.
bbaexp.2003.09.012

[57] Shang WH et al. Chromosome 
engineering allows the efficient 
isolation of vertebrate neocentromeres. 
Developmental Cell. 2013;24(6):635-648. 
DOI: 10.1016/j.devcel.2013.02.009

[58] Boltengagen M et al. A novel role 
for the histone acetyltransferase Hat1 in 
the CENP-A/CID assembly pathway in 
Drosophila melanogaster. Nucleic Acids 
Research. 2016;44(5):2145-2159.  
DOI: 10.1093/nar/gkv1235

[59] Kim IS et al. Roles of Mis18alpha in 
epigenetic regulation of centromeric 
chromatin and CENP-A loading. 
Molecular Cell. 2012;46(3):260-273.  
DOI: 10.1016/j.molcel.2012.03.021



Hydrolases

242

[60] Hayashi T, Ebe M, Nagao K,  
Kokubu A, Sajiki K, Yanagida M. 
Schizosaccharomyces pombe centromere 
protein Mis19 links Mis16 and Mis18 to 
recruit CENP-A through interacting with 
NMD factors and the SWI/SNF complex. 
Genes to Cells. 2014;19(7):541-554.  
DOI: 10.1111/gtc.12152

[61] Subramanian L, Toda NR, 
Rappsilber J, Allshire RC. Eic1 links 
Mis18 with the CCAN/Mis6/Ctf19 
complex to promote CENP-A assembly. 
Open Biology. 2014;4:140043.  
DOI: 10.1098/rsob.140043

[62] Subramanian L et al. Centromere 
localization and function of Mis18 
requires Yippee-like domain-mediated 
oligomerization. EMBO Reports. 
2016;17(4):496-507. DOI: 10.15252/
embr.201541520

[63] Ohkuni K, Abdulle R, Kitagawa K. 
Degradation of centromeric histone H3 
variant Cse4 requires the Fpr3 peptidyl-
prolyl Cis-Trans isomerase. Genetics. 
2014;196(4):1041-1045. DOI: 10.1534/
genetics.114.161224

[64] Pearson CG, Yeh E, Gardner M, 
Odde D, Salmon ED, Bloom K. Stable 
kinetochore-microtubule attachment 
constrains centromere positioning 
in metaphase. Current Biology. 
2004;14(21):1962-1967. DOI: 10.1016/j.
cub.2004.09.086

[65] Takayama Y, Sato H, Saitoh S,  
Ogiyama Y, Masuda F, Takahashi K. 
Biphasic incorporation of centromeric 
histone CENP-A in fission yeast. Molecular 
Biology of the Cell. 2008;19(2):682-690. 
DOI: 10.1091/mbc.e07-05-0504

[66] Gonzalez M, He H, Sun S, Li C, 
Li F. Cell cycle-dependent deposition 
of CENP-A requires the Dos1/2-Cdc20 
complex. Proceedings of the National 
Academy of Sciences of the United States 

of America. 2013;110(2):606-611.  
DOI: 10.1073/pnas.1214874110

[67] Li F, Martienssen R, Cande WZ. 
Coordination of DNA replication and 
histone modification by the Rik1-Dos2 
complex. Nature. 2011;475(7355): 
244-248. DOI: 10.1038/ 
nature10161

[68] Horn PJ, Bastie JN, Peterson CL. 
A Rik1-associated, cullin-dependent 
E3 ubiquitin ligase is essential for 
heterochromatin formation. Genes & 
Development. 2005;19(14):1705-1714. 
DOI: 10.1101/gad.1328005

[69] Hong EJ, Villen J, Gerace EL, Gygi SP, 
Moazed D. A cullin E3 ubiquitin ligase 
complex associates with Rik1 and the 
Clr4 histone H3-K9 methyltransferase 
and is required for RNAi-mediated 
heterochromatin formation. RNA 
Biology. 2005;2(3):106-111. DOI: 10.4161/ 
rna.2.3.2131

[70] Hewawasam G et al. Psh1 is an 
E3 ubiquitin ligase that targets the 
centromeric histone variant Cse4. 
Molecular Cell. 2010;40(3):444-454. 
DOI: 10.1016/j.molcel.2010.10.014

[71] Hewawasam GS, Gerton JL. Cse4 
gets a kiss-of-death from Psh1. Cell 
Cycle. 2011;10(4):566-567. DOI: 10.4161/
cc.10.4.14770

[72] Castillo AG et al. Plasticity of fission 
yeast CENP-A chromatin driven by 
relative levels of histone H3 and H4. PLoS 
Genetics. 2007;3(7):e121. DOI: 10.1371/
journal.pgen.0030121

[73] Au WC, Crisp MJ, DeLuca SZ, 
Rando OJ, Basrai MA. Altered dosage 
and mislocalization of histone H3 
and Cse4p lead to chromosome loss 
in Saccharomyces cerevisiae. Genetics. 
2008;179(1):263-275. DOI: 10.1534/
genetics.108.088518



E3 Ligase for CENP-A (Part 2)
DOI: http://dx.doi.org/10.5772/intechopen.102486

243

[74] Sullivan BA. Cell architecture and 
function/centromeres. In: Encyclopedia 
of Biological Chemistry II. 2nd ed. 
Elsevier Inc; 2013. pp. 500-502. DOI: 
10.1016/B978-0-12-374984-0. 
00219-9

[75] Brown JD, O'Neill RJ. The Evolution 
of Centromeric DNA Sequences. Wiley; 
2014. DOI: 10.1002/9780470015902.
a0020827.pub2. https://onlinelibrary.
wiley.com/doi/10.1002/9780470015902.
a0020827.pub2

[76] Jiang J, Birchler JA, Parrott WA, 
Dawe RK. A molecular view of plant 
centromeres. Trends in Plant Science. 
2003;8(12):570-575. DOI: 10.1016/j.
tplants.2003.10.011

[77] Arunkumar G, Melters DP. 
Centromeric transcription: A conserved 
swiss-army knife. Genes (Basel). 
2020;11(8):1-22. DOI: 10.3390/
genes11080911

[78] Leclerc S, Kitagawa K. The 
role of human centromeric RNA in 
chromosome stability. Frontiers in 
Molecular Biosciences. 2021;8:642732. 
DOI: 10.3389/fmolb.2021.642732

[79] Rosic S, Erhardt S. No longer a 
nuisance: Long non-coding RNAs join 
CENP-A in epigenetic centromere 
regulation. Cellular and Molecular 
Life Sciences. 2016;73(7):1387-1398. 
DOI: 10.1007/s00018-015-2124-7

[80] Quenet D, Dalal Y. A long non-
coding RNA is required for targeting 
centromeric protein A to the human 
centromere. eLife. 2014;3:e03254. 
DOI: 10.7554/eLife.03254

[81] Elgin SC. Heterochromatin and 
gene regulation in Drosophila. Current 
Opinion in Genetics & Development. 
1996;6(2):193-202. DOI: 10.1016/
s0959-437x(96)80050-5

[82] Elgin SC, Reuter G. Position-effect 
variegation, heterochromatin formation, 
and gene silencing in Drosophila. Cold 
Spring Harbor Perspectives in Biology. 
2013;5(8):a017780. DOI: 10.1101/
cshperspect.a017780

[83] Walther M et al. Heterochromatin 
formation in Drosophila requires 
genome-wide histone deacetylation in 
cleavage chromatin before mid-blastula 
transition in early embryogenesis. 
Chromosoma. 2020;129(1):83-98.  
DOI: 10.1007/s00412-020-00732-x

[84] Riddle NC, Elgin SC. A role for 
RNAi in heterochromatin formation 
in Drosophila. Current Topics in 
Microbiology and Immunology. 
2008;320:185-209. DOI: 10.1007/ 
978-3-540-75157-1_9

[85] Gu T, Elgin SC. Maternal depletion 
of Piwi, a component of the RNAi 
system, impacts heterochromatin 
formation in Drosophila. PLoS Genetics. 
2013;9(9):e1003780. DOI: 10.1371/
journal.pgen.1003780

[86] Klenov MS et al. Impact of nuclear 
Piwi elimination on chromatin state in 
Drosophila melanogaster ovaries. Nucleic 
Acids Research. 2014;42(10):6208-6218. 
DOI: 10.1093/nar/gku268

[87] Lin H, Yin H. A novel epigenetic 
mechanism in Drosophila somatic cells 
mediated by Piwi and piRNAs. Cold 
Spring Harbor Symposia on Quantitative 
Biology. 2008;73:273-281. DOI: 10.1101/
sqb.2008.73.056

[88] Sentmanat M, Wang SH, Elgin SC. 
Targeting heterochromatin formation 
to transposable elements in Drosophila: 
Potential roles of the piRNA system. 
Biochemistry (Moscow). 2013;78(6):562-
571. DOI: 10.1134/S0006297913060023

[89] ElMaghraby MF et al. A 
heterochromatin-specific RNA export 



Hydrolases

244

pathway facilitates piRNA production. 
Cell. 2019;178(4):964-979 e20. 
DOI: 10.1016/j.cell.2019.07.007

[90] Olszak AM et al. Heterochromatin 
boundaries are hotspots for de novo 
kinetochore formation. Nature 
Cell Biology. 2011;13(7):799-808. 
DOI: 10.1038/ncb2272

[91] Kwenda L, Collins CM, Dattoli AA, 
Dunleavy EM. Nucleolar activity and 
CENP-C regulate CENP-A and CAL1 
availability for centromere assembly in 
meiosis. Development. 2016;143(8):1400-
1412. DOI: 10.1242/dev.130625

[92] Bobkov GOM, Gilbert N, Heun P. 
Centromere transcription allows CENP-A 
to transit from chromatin association 
to stable incorporation. The Journal of 
Cell Biology. 2018;217(6):1957-1972. 
DOI: 10.1083/jcb.201611087

[93] Bobkov GOM et al. Spt6 is a 
maintenance factor for centromeric 
CENP-A. Nature Communications. 
2020;11(1):2919. DOI: 10.1038/
s41467-020-16695-7

[94] Jansen LE, Black BE, Foltz DR,  
Cleveland DW. Propagation of centromeric 
chromatin requires exit from mitosis. The 
Journal of Cell Biology. 2007;176(6):795-
805. DOI: 10.1083/jcb.200701066

[95] Hemmerich P, Weidtkamp-Peters S, 
Hoischen C, Schmiedeberg L, 
Erliandri I, Diekmann S. Dynamics 
of inner kinetochore assembly and 
maintenance in living cells (in eng). The 
Journal of Cell Biology. 2008;180(6):1101-
1114. DOI: 10.1083/jcb.200710052

[96] Schuh M, Lehner CF, Heidmann S.  
Incorporation of Drosophila CID/
CENP-A and CENP-C into centromeres 
during early embryonic anaphase. 
Current Biology. 2007;17(3):237-243. 
DOI: 10.1016/j.cub.2006.11.051

[97] Ahmad K, Henikoff S. Centromeres 
are specialized replication domains in 
heterochromatin. The Journal of Cell 
Biology. 2001;153(1):101-110.  
DOI: 10.1083/jcb.153.1.101

[98] Mellone BG, Grive KJ, Shteyn V, 
Bowers SR, Oderberg I, Karpen GH. 
Assembly of Drosophila centromeric 
chromatin proteins during mitosis. 
PLoS Genetics. 2011;7(5):e1002068. 
DOI: 10.1371/journal.pgen.1002068

[99] Pauleau AL, Erhardt S. Centromere 
regulation: New players, new rules, 
new questions. European Journal of 
Cell Biology. 2011;90(10):805-810. 
DOI: 10.1016/j.ejcb.2011.04.016

[100] Dunleavy EM, Beier NL,  
Gorgescu W, Tang J, Costes SV, 
Karpen GH. The cell cycle timing of 
centromeric chromatin assembly in 
Drosophila meiosis is distinct from 
mitosis yet requires CAL1 and CENP-C. 
PLoS Biology. 2012;10(12):e1001460. 
DOI: 10.1371/journal.pbio.1001460.

[101] Erhardt S, Mellone BG, Betts CM, 
Zhang W, Karpen GH, Straight AF. 
Genome-wide analysis reveals a cell 
cycle-dependent mechanism controlling 
centromere propagation. The Journal of 
Cell Biology. 2008;183(5):805-818.  
DOI: 10.1083/jcb.200806038

[102] Chen CC et al. CAL1 is the 
Drosophila CENP-A assembly factor. The 
Journal of Cell Biology. 2014;204(3): 
313-329. DOI: 10.1083/jcb.201305036

[103] Rosin L, Mellone BG. Co-evolving 
CENP-A and CAL1 domains mediate 
centromeric CENP-A deposition across 
Drosophila species. Developmental 
Cell. 2016;37(2):136-147. DOI: 10.1016/j.
devcel.2016.03.021

[104] Moree B, Meyer CB, Fuller CJ, 
Straight AF. CENP-C recruits M18BP1 



E3 Ligase for CENP-A (Part 2)
DOI: http://dx.doi.org/10.5772/intechopen.102486

245

to centromeres to promote CENP-A 
chromatin assembly. The Journal of Cell 
Biology. 2011;194(6):855-871.  
DOI: 10.1083/jcb.201106079

[105] Pauleau AL, Bergner A, Kajtez J, 
Erhardt S. The checkpoint protein Zw10 
connects CAL1-dependent CENP-A 
centromeric loading and mitosis duration 
in Drosophila cells. PLoS Genetics. 
2019;15(9):e1008380. DOI: 10.1371/
journal.pgen.1008380

[106] Demirdizen E et al. Localization 
of Drosophila CENP-A to non-
centromeric sites depends on the NuRD 
complex. Nucleic Acids Research. 
2019;47(22):11589-11608. DOI: 10.1093/
nar/gkz962

[107] Roure V et al. Reconstituting 
Drosophila centromere identity in  
human cells. Cell Reports. 
2019;29(2):464-479 e5. DOI: 10.1016/j.
celrep.2019.08.067

[108] Medina-Pritchard B et al. Structural 
basis for centromere maintenance by 
Drosophila CENP-A chaperone CAL1. 
The EMBO Journal. 2020;39(7):e103234. 
DOI: 10.15252/embj.2019103234

[109] Williams BC, Murphy TD,  
Goldberg ML, Karpen GH. 
Neocentromere activity of structurally 
acentric mini-chromosomes in 
Drosophila. Nature Genetics. 1998;18(1): 
30-37. DOI: 10.1038/ng0198-30

[110] Wong LH, Saffery R, Choo KH. 
Construction of neocentromere-based 
human minichromosomes for gene 
delivery and centromere studies. Gene 
Therapy. 2002;9(11):724-726.  
DOI: 10.1038/sj.gt.3301756

[111] Choo KH. Domain organization 
at the centromere and neocentromere. 
Developmental Cell. 2001;1(2):165-177. 
DOI: 10.1016/s1534-5807(01)00028-4

[112] Moreno-Moreno O, Torras-Llort M, 
Azorin F. Proteolysis restricts localization 
of CID, the centromere-specific 
histone H3 variant of Drosophila, to 
centromeres. Nucleic Acids Research. 
2006;34(21):6247-6255. DOI: 10.1093/
nar/gkl902

[113] Heun P, Erhardt S, Blower MD,  
Weiss S, Skora AD, Karpen GH. 
Mislocalization of the Drosophila 
centromere-specific histone CID 
promotes formation of functional 
ectopic kinetochores. Developmental 
Cell. 2006;10(3):303-315. DOI: 10.1016/j.
devcel.2006.01.014

[114] Palladino J, Chavan A, Sposato A, 
Mason TD, Mellone BG. Targeted de novo 
centromere formation in Drosophila 
reveals plasticity and maintenance 
potential of CENP-A chromatin. 
Developmental Cell. 2020;52(3):379-394 
e7. DOI: 10.1016/j.devcel.2020.01.005

[115] Niikura Y, Kitagawa R, Kitagawa K. 
CENP-A ubiquitylation Is Inherited 
through dimerization between cell 
divisions. Cell Reports. 2016;15(1):61-76. 
DOI: 10.1016/j.celrep.2016.03.010

[116] Niikura Y, Kitagawa R, Fang L, 
Kitagawa K. CENP-A ubiquitylation 
is indispensable to cell viability. 
Developmental Cell. 2019;50(6): 
683-689 e6. DOI: 10.1016/j.
devcel.2019.07.015

[117] Niikura Y, Kitagawa R, Kitagawa K. 
CENP-A ubiquitylation is required for 
CENP-A deposition at the centromere. 
Developmental Cell. 2017;40(1):7-8. 
DOI: 10.1016/j.devcel.2016.12.020

[118] Moreno-Moreno O, Medina-Giro S, 
Torras-Llort M, Azorin F. The F box 
protein partner of paired regulates 
stability of Drosophila centromeric 
histone H3, CenH3(CID). Current 
Biology. 2011;21(17):1488-1493.  
DOI: 10.1016/j.cub.2011.07.041



Hydrolases

246

[119] Warburton PE et al. 
Immunolocalization of CENP-A 
suggests a distinct nucleosome structure 
at the inner kinetochore plate of 
active centromeres. Current Biology. 
1997;7(11):901-904. DOI: 10.1016/
s0960-9822(06)00382-4

[120] Fujita R et al. Stable complex 
formation of CENP-B with the CENP-A 
nucleosome. Nucleic Acids Research. 
2015;43(10):4909-4922. DOI: 10.1093/
nar/gkv405

[121] Jing R et al. Motifs in the amino-
terminus of CENP-A are required for 
its accumulation within the nucleus 
and at the centromere. Oncotarget. 
2017;8(25):40654-40667. DOI: 10.18632/
oncotarget.17204

[122] Shelby RD, Vafa O, Sullivan KF. 
Assembly of CENP-A into centromeric 
chromatin requires a cooperative array 
of nucleosomal DNA contact sites. The 
Journal of Cell Biology. 1997;136(3): 
501-513. DOI: 10.1083/jcb.136.3.501

[123] Shelby RD, Monier K, Sullivan KF. 
Chromatin assembly at kinetochores is 
uncoupled from DNA replication. The 
Journal of Cell Biology. 2000;151(5): 
1113-1118. DOI: 10.1083/jcb.151.5.1113

[124] Bassett EA et al. HJURP uses 
distinct CENP-A surfaces to recognize 
and to stabilize CENP-A/histone H4 for 
centromere assembly. Developmental 
Cell. 2012;22(4):749-762. DOI: 10.1016/j.
devcel.2012.02.001

[125] Hu H et al. Structure of a CENP-
A-histone H4 heterodimer in complex 
with chaperone HJURP. Genes & 
Development. 2011;25(9):901-906.  
DOI: 10.1101/gad.2045111

[126] Yoda K, Tomonaga T. Centromere 
identity originates in the structure 
of CENP-A/H4 tetramer itself: 
A mechanism for aneuploidy. 

Lancet. 2004;364(9439):1022-1024. 
DOI: 10.1016/S0140-6736(04)17077-3

[127] Zhao H, Winogradoff D, Bui M, 
Dalal Y, Papoian GA. Promiscuous 
histone mis-assembly is actively 
prevented by chaperones. Journal 
of the American Chemical Society. 
2016;138(40):13207-13218. DOI: 10.1021/
jacs.6b05355

[128] Zhao H, Winogradoff D, 
Dalal Y, Papoian GA. The oligomerization 
landscape of histones. Biophysical 
Journal. 2019;116(10):1845-1855.  
DOI: 10.1016/j.bpj.2019.03.021

[129] Shang WH et al. Acetylation of 
histone H4 lysine 5 and 12 is required for 
CENP-A deposition into centromeres. 
Nature Communications. 2016;7:13465. 
DOI: 10.1038/ncomms13465

[130] Pan D, Walstein K, Take A, Bier D, 
Kaiser N, Musacchio A. Mechanism of 
centromere recruitment of the CENP-A 
chaperone HJURP and its implications 
for centromere licensing. Nature 
Communications. 2019;10(1):4046.  
DOI: 10.1038/s41467-019-12019-6

[131] Shuaib M, Ouararhni K, Dimitrov S, 
Hamiche A. HJURP binds CENP-A via a 
highly conserved N-terminal domain and 
mediates its deposition at centromeres. 
Proceedings of the National Academy of 
Sciences of the United States of America. 
2010;107(4):1349-1354. DOI: 10.1073/
pnas.0913709107

[132] Bodor DL, Valente LP, Mata JF, 
Black BE, Jansen LE. Assembly in G1 
phase and long-term stability are unique 
intrinsic features of CENP-A 
nucleosomes. Molecular Biology of the 
Cell. 2013;24(7):923-932. DOI: 10.1091/
mbc.E13-01-0034

[133] Maddox PS, Hyndman F, Monen J, 
Oegema K, Desai A. Functional genomics 



E3 Ligase for CENP-A (Part 2)
DOI: http://dx.doi.org/10.5772/intechopen.102486

247

identifies a Myb domain-containing 
protein family required for assembly of 
CENP-A chromatin. The Journal of Cell 
Biology. 2007;176(6):757-763.  
DOI: 10.1083/jcb.200701065

[134] McKinley KL, Cheeseman IM. Polo-
like kinase 1 licenses CENP-A deposition 
at centromeres. Cell. 2014;158(2):397-
411. DOI: 10.1016/j.cell.2014.06.016

[135] Perpelescu M, Nozaki N, Obuse C, 
Yang H, Yoda K. Active establishment of 
centromeric CENP-A chromatin by RSF 
complex. The Journal of Cell Biology. 
2009;185(3):397-407. DOI: 10.1083/
jcb.200903088

[136] Lagana A, Dorn JF, De 
Rop V, Ladouceur AM, Maddox AS, 
Maddox PS. A small GTPase molecular 
switch regulates epigenetic centromere 
maintenance by stabilizing newly 
incorporated CENP-A. Nature Cell 
Biology. 2010;12(12):1186-1193.  
DOI: 10.1038/ncb2129

[137] Prendergast L, Sullivan KF. A 
GTPase switch maintains CENP-A 
at centromeric chromatin. Nature 
Cell Biology. 2010;12(12):1128-1130. 
DOI: 10.1038/ncb1210-1128

[138] Mitra S, Srinivasan B, Jansen LET. 
Stable inheritance of CENP-A chromatin: 
Inner strength versus dynamic control. 
The Journal of Cell Biology. 2020;219(10). 
DOI: 10.1083/jcb.202005099

[139] Conde e Silva N, Black BE,  
Sivolob A, Filipski J, Cleveland DW,  
Prunell A. CENP-A-containing 
nucleosomes: Easier disassembly versus 
exclusive centromeric localization. Journal 
of Molecular Biology. 2007;370(3):555-
573. DOI: 10.1016/j.jmb.2007.04.064

[140] Obuse C, Yang H, Nozaki N, 
Goto S, Okazaki T, Yoda K. Proteomics 
analysis of the centromere complex from 

HeLa interphase cells: UV-damaged 
DNA binding protein 1 (DDB-1) is a 
component of the CEN-complex, while 
BMI-1 is transiently co-localized with 
the centromeric region in interphase. 
Genes to Cells. 2004;9(2):105-120. 
DOI: 10.1111/j.1365-2443.2004.00705.x

[141] Lee J, Zhou P. DCAFs, the missing 
link of the CUL4-DDB1 ubiquitin ligase. 
Molecular Cell. 2007;26(6):775-780.  
DOI: 10.1016/j.molcel.2007.06.001

[142] Mouysset J et al. CRL4(RBBP7) is 
required for efficient CENP-A deposition 
at centromeres. Journal of Cell Science. 
2015;128(9):1732-1745. DOI: 10.1242/
jcs.162305

[143] Nye J, Sturgill D, Athwal R, 
Dalal Y. HJURP antagonizes CENP-A 
mislocalization driven by the H3.3 
chaperones HIRA and DAXX. PLoS One. 
2018;13(10):e0205948. DOI: 10.1371/
journal.pone.0205948

[144] Shrestha RL et al. Mislocalization of 
centromeric histone H3 variant CENP-A 
contributes to chromosomal instability 
(CIN) in human cells. Oncotarget. 
2017;8(29):46781-46800. DOI: 10.18632/
oncotarget.18108

[145] Sharma AB, Dimitrov S, Hamiche A, 
Van Dyck E. Centromeric and ectopic 
assembly of CENP-A chromatin in health 
and cancer: Old marks and new tracks. 
Nucleic Acids Research. 2019;47(3): 
1051-1069. DOI: 10.1093/nar/gky1298

[146] Tomonaga T et al. Overexpression 
and mistargeting of centromere 
protein-A in human primary 
colorectal cancer. Cancer Research. 
2003;63(13):3511-3516. Available 
from: https://www.ncbi.nlm.nih.gov/
pubmed/12839935

[147] Valdivia MM, Hamdouch K, 
Ortiz M, Astola A. CENPA a genomic 



Hydrolases

248

marker for centromere activity 
and human diseases. Current 
Genomics. 2009;10(5):326-335. 
DOI: 10.2174/138920209788920985

[148] Li Y et al. ShRNA-targeted 
centromere protein A inhibits 
hepatocellular carcinoma growth. PLoS 
One. 2011;6(3):e17794. DOI: 10.1371/
journal.pone.0017794

[149] Mahlke MA, Nechemia-Arbely Y. 
Guarding the genome: CENP-A-
chromatin in health and cancer. Genes 
(Basel). 2020;11(7). DOI: 10.3390/
genes11070810

[150] Burgess RJ, Zhang Z. Histone 
chaperones in nucleosome assembly 
and human disease. Nature Structural 
& Molecular Biology. 2013;20(1):14-22. 
DOI: 10.1038/nsmb.2461

[151] Huang X, Liu J, Ma Q. Prohibitin 
participates in the HIRA complex 
to promote cell metastasis in breast 
cancer cell lines. FEBS Open Bio. 
2020;10(10):2182-2190. DOI: 10.1002/ 
2211-5463.12966

[152] Mahmud I, Liao D. DAXX in cancer: 
Phenomena, processes, mechanisms 
and regulation. Nucleic Acids Research. 
2019;47(15):7734-7752. DOI: 10.1093/
nar/gkz634

[153] Ricketts MD, Marmorstein R. A 
molecular prospective for HIRA complex 
assembly and H3.3-specific histone 
chaperone function. Journal of Molecular 
Biology. 2017;429(13):1924-1933. DOI: 
10.1016/j.jmb.2016.11.010

[154] Wang K, Yu Z, Liu Y, Li G. Ser68 
phosphorylation ensures accurate cell-
cycle-dependent CENP-A deposition 
at centromeres. Developmental 
Cell. 2017;40(1):5-6. DOI: 10.1016/j.
devcel.2016.12.015

[155] Yu Z et al. Dynamic phosphorylation 
of CENP-A at Ser68 orchestrates its 
cell-cycle-dependent deposition at 
centromeres. Developmental Cell. 
2015;32(1):68-81. DOI: 10.1016/j.
devcel.2014.11.030

[156] Fachinetti D, Logsdon GA, 
Abdullah A, Selzer EB, Cleveland DW, 
Black BE. CENP-A modifications on 
Ser68 and Lys124 are dispensable for 
establishment, maintenance, and long-
term function of human centromeres. 
Developmental Cell. 2017;40(1):104-113. 
DOI: 10.1016/j.devcel.2016.12.014

[157] Takada M et al. FBW7 loss 
promotes chromosomal instability and 
tumorigenesis via cyclin E1/CDK2-
mediated phosphorylation of CENP-A. 
Cancer Research. 2017;77(18):4881-4893. 
DOI: 10.1158/0008-5472.CAN-17-1240

[158] Gassmann R et al. An inverse 
relationship to germline transcription 
defines centromeric chromatin in C. 
elegans. Nature. 2012;484(7395):534-537. 
DOI: 10.1038/nature10973

[159] Raychaudhuri N, Dubruille R,  
Orsi GA, Bagheri HC, Loppin B,  
Lehner CF. Transgenerational 
propagation and quantitative 
maintenance of paternal centromeres 
depends on Cid/Cenp-A presence 
in Drosophila sperm. PLoS Biology. 
2012;10(12):e1001434. DOI: 10.1371/
journal.pbio.1001434

[160] Fukagawa T, Earnshaw WC. The 
centromere: Chromatin foundation 
for the kinetochore machinery. 
Developmental Cell. 2014;30(5):496-508. 
DOI: 10.1016/j.devcel.2014.08.016

[161] Marshall OJ, Chueh AC, Wong LH, 
Choo KH. Neocentromeres: New insights 
into centromere structure, disease 
development, and karyotype evolution. 
American Journal of Human Genetics. 



E3 Ligase for CENP-A (Part 2)
DOI: http://dx.doi.org/10.5772/intechopen.102486

249

2008;82(2):261-282. DOI: 10.1016/j.
ajhg.2007.11.009

[162] Van Hooser AA et al. Specification 
of kinetochore-forming chromatin by the 
histone H3 variant CENP-A. Journal of 
Cell Science. 2001;114(Pt 19):3529-3542. 
Available from: https://www.ncbi.nlm.
nih.gov/pubmed/11682612

[163] Canzonetta C, Leo M, Guarino SR, 
Montanari A, Francisci S, Filetici P. 
SAGA complex and Gcn5 are necessary 
for respiration in budding yeast. 
Biochimica et Biophysica Acta. 
2016;1863(12):3160-3168. DOI: 10.1016/j.
bbamcr.2016.10.002

[164] Niikura Y, Kitagawa R, Ogi H, 
Kitagawa K. SGT1-HSP90 complex 
is required for CENP-A deposition at 
centromeres. Cell Cycle. 2017;16(18): 
1683-1694. DOI: 10.1080/15384101.2017. 
1325039

[165] Niikura Y, Kitagawa K. Functions 
of SGT1, a Co-chaperone. In: Kaur P, 
Asea AAA, editors. Heat Shock Protein 
90 in Human Diseases and Disorders 
(Asea AA, Calderwood SK, editors. Heat 
Shock Proteins). Vol. 19. Switzerland AG: 
Springer Nature; 2019. ch. 16. pp. 317-370

[166] Kitagawa K, Skowyra D, Elledge SJ, 
Harper JW, Hieter P. SGT1 encodes 
an essential component of the yeast 
kinetochore assembly pathway and a 
novel subunit of the SCF ubiquitin ligase 
complex. Molecular Cell. 1999;4(1):21-
33. DOI: 10.1016/s1097-2765(00) 
80184-7

[167] Niikura Y, Ohta S, Vandenbeldt KJ, 
Abdulle R, McEwen BF, Kitagawa K. 
17-AAG, an Hsp90 inhibitor, causes 
kinetochore defects: A novel 
mechanism by which 17-AAG 
inhibits cell proliferation. Oncogene. 
2006;25(30):4133-4146. DOI: 10.1038/
sj.onc.1209461

[168] Bansal PK, Abdulle R, Kitagawa K. 
Sgt1 associates with Hsp90: An initial 
step of assembly of the core kinetochore 
complex. Molecular and Cellular Biology. 
2004;24(18):8069-8079. DOI: 10.1128/
MCB.24.18.8069-8079.2004

[169] Lingelbach LB, Kaplan KB. The 
interaction between Sgt1p and Skp1p 
is regulated by HSP90 chaperones and 
is required for proper CBF3 assembly. 
Molecular and Cellular Biology. 
2004;24(20):8938-8950. DOI: 10.1128/
MCB.24.20.8938-8950.2004

[170] Trepel J, Mollapour M, Giaccone G, 
Neckers L. Targeting the dynamic HSP90 
complex in cancer. Nature Reviews. 
Cancer. 2010;10(8):537-549.  
DOI: 10.1038/nrc2887

[171] Ogi H et al. The oncogenic role 
of the cochaperone Sgt1. Oncogene. 
2015;4:e149. DOI: 10.1038/oncsis.2015.12

[172] Dias DC, Dolios G, Wang R, Pan ZQ. 
CUL7: A DOC domain-containing 
cullin selectively binds Skp1.Fbx29 to 
form an SCF-like complex. Proceedings 
of the National Academy of Sciences 
of the United States of America. 
2002;99(26):16601-16606. DOI: 10.1073/
pnas.252646399

[173] Davies AE, Kaplan KB. Hsp90-
Sgt1 and Skp1 target human Mis12 
complexes to ensure efficient formation 
of kinetochore-microtubule binding 
sites. The Journal of Cell Biology. 
2010;189(2):261-274. DOI: 10.1083/
jcb.200910036

[174] Steensgaard P et al. Sgt1 is required 
for human kinetochore assembly. EMBO 
Reports. 2004;5(6):626-631.  
DOI: 10.1038/sj.embor.7400154

[175] Ohkuni K et al. Deposition of 
centromeric histone H3 variant CENP-A/
Cse4 into chromatin is facilitated by 



Hydrolases

250

its C-terminal sumoylation. Genetics. 
2020;214(4):839-854. DOI: 10.1534/
genetics.120.303090

[176] Mukhopadhyay D, Arnaoutov A, 
Dasso M. The SUMO protease SENP6 
is essential for inner kinetochore 
assembly. The Journal of Cell Biology. 
2010;188(5):681-692. DOI: 10.1083/
jcb.200909008

[177] Jentsch S, Psakhye I. Control of 
nuclear activities by substrate-selective 
and protein-group SUMOylation.  
Annual Review of Genetics. 2013;47: 
167-186. DOI: 10.1146/annurev- 
genet-111212-133453

[178] Liebelt F et al. The poly-SUMO2/3 
protease SENP6 enables assembly of 
the constitutive centromere-associated 
network by group deSUMOylation. 
Nature Communications. 2019;10(1): 
3987. DOI: 10.1038/s41467-019-11773-x

[179] Mitra S et al. Genetic screening 
identifies a SUMO protease dynamically 
maintaining centromeric chromatin. 
Nature Communications. 2020;11(1):501. 
DOI: 10.1038/s41467-019-14276-x

[180] Kiyotaka N, Jason W, 
Cory H, Jiming J, Minoru M. Structure 
and evolution of plant centromeres. 
In: Ugarkovic D, editor. Centromere 
(Progress in Molecular and Subcellular 
Biology). Springer-Verlag Berlin 
Heidelbarg; 2009. pp. 153-179 ch. 6. DOI: 
10.1007/978-3-642-00182-6_6

[181] Nagaki K et al. Molecular and 
cytological analyses of large tracks of 
centromeric DNA reveal the structure 
and evolutionary dynamics of maize 
centromeres. Genetics. 2003;163(2):759-
770. DOI: 10.1093/genetics/163.2.759

[182] Du Y, Topp CN, Dawe RK. DNA 
binding of centromere protein C 
(CENPC) is stabilized by single-stranded 

RNA. PLoS Genetics. 2010;6(2):e1000835. 
DOI: 10.1371/journal.pgen.1000835

[183] Comai L, Maheshwari S, 
Marimuthu MPA. Plant centromeres. 
Current Opinion in Plant Biology. 
2017;36:158-167. DOI: 10.1016/j.
pbi.2017.03.003

[184] Oliveira LC, Torres GA. Plant 
centromeres: Genetics, epigenetics and 
evolution. Molecular Biology Reports. 
2018;45(5):1491-1497. DOI: 10.1007/
s11033-018-4284-7

[185] McClintock B. The significance of 
responses of the genome to challenge. 
Science. 1984;226(4676):792-801.  
DOI: 10.1126/science.15739260

[186] Zeitlin SG et al. Double-strand DNA 
breaks recruit the centromeric histone 
CENP-A. Proceedings of the National 
Academy of Sciences of the United States 
of America. 2009;106(37):15762-15767. 
DOI: 10.1073/pnas.0908233106

[187] Cooper JL, Henikoff S. Adaptive 
evolution of the histone fold domain in 
centromeric histones. Molecular Biology 
and Evolution. 2004;21(9):1712-1718. 
DOI: 10.1093/molbev/msh179

[188] Talbert PB, Bryson TD, 
Henikoff S. Adaptive evolution of 
centromere proteins in plants and 
animals. Journal of Biology. 2004;3(4):18. 
DOI: 10.1186/jbiol11

[189] Malik HS, Henikoff S. Adaptive 
evolution of Cid, a centromere-specific 
histone in Drosophila. Genetics. 
2001;157(3):1293-1298. DOI: 10.1093/
genetics/157.3.1293

[190] Talbert PB, Masuelli R, Tyagi AP, 
Comai L, Henikoff S. Centromeric 
localization and adaptive evolution 
of an Arabidopsis histone H3 variant. 
Plant Cell. 2002;14(5):1053-1066. 
DOI: 10.1105/tpc.010425



E3 Ligase for CENP-A (Part 2)
DOI: http://dx.doi.org/10.5772/intechopen.102486

251

[191] Sullivan BA, Schwartz S. 
Identification of centromeric antigens in 
dicentric Robertsonian translocations: 
CENP-C and CENP-E are necessary 
components of functional centromeres. 
Human Molecular Genetics. 1995;4(12): 
2189-2197. DOI: 10.1093/hmg/4.12. 
2189

[192] Murillo-Pineda M, Jansen LET. 
Genetics, epigenetics and back again: 
Lessons learned from neocentromeres. 
Experimental Cell Research. 
2020;389(2):111909. DOI: 10.1016/j.
yexcr.2020.111909

[193] Wang K, Wu Y, Zhang W, Dawe RK, 
Jiang J. Maize centromeres expand 
and adopt a uniform size in the genetic 
background of oat. Genome Research. 
2014;24(1):107-116. DOI: 10.1101/
gr.160887.113

[194] Henikoff S, Ahmad K, 
Malik HS. The centromere paradox: 
Stable inheritance with rapidly evolving 
DNA. Science. 2001;293(5532):1098-
1102. DOI: 10.1126/science.1062939

[195] Hasson D et al. Formation of 
novel CENP-A domains on tandem 
repetitive DNA and across chromosome 
breakpoints on human chromosome 
8q21 neocentromeres. Chromosoma. 
2011;120(6):621-632. DOI: 10.1007/
s00412-011-0337-6

[196] Gong Z et al. Repeatless and 
repeat-based centromeres in potato: 
Implications for centromere evolution. 
Plant Cell. 2012;24(9):3559-3574.  
DOI: 10.1105/tpc.112.100511

[197] Harrington JJ, Van Bokkelen G, 
Mays RW, Gustashaw K, Willard HF. 
Formation of de novo centromeres and 
construction of first-generation human 
artificial microchromosomes. Nature 
Genetics. 1997;15(4):345-355.  
DOI: 10.1038/ng0497-345

[198] Ananiev EV et al. Artificial 
chromosome formation in maize (Zea 
mays L.). Chromosoma. 2009;118(2):157-
177. DOI: 10.1007/s00412-008-0191-3

[199] Phan BH et al. Transformation of 
rice with long DNA-segments consisting 
of random genomic DNA or centromere-
specific DNA. Transgenic Research. 
2007;16(3):341-351. DOI: 10.1007/
s11248-006-9041-3

[200] Lermontova I, Schubert V, Fuchs J, 
Klatte S, Macas J, Schubert I. Loading of 
Arabidopsis centromeric histone CENH3 
occurs mainly during G2 and requires 
the presence of the histone fold domain. 
Plant Cell. 2006;18(10):2443-2451.  
DOI: 10.1105/tpc.106.043174

[201] Sorge E, Demidov D, 
Lermontova I, Houben A, Conrad U. 
Engineered degradation of EYFP-tagged 
CENH3 via the 26S proteasome pathway 
in plants. PLoS One. 2021;16(2):e0247015. 
DOI: 10.1371/journal.pone.0247015

[202] Hsu PD et al. DNA targeting 
specificity of RNA-guided Cas9 nucleases. 
Nature Biotechnology. 2013;31(9): 
827-832. DOI: 10.1038/nbt.2647

[203] Biggins S. The composition, 
functions, and regulation of the 
budding yeast kinetochore. Genetics. 
2013;194(4):817-846. DOI: 10.1534/
genetics.112.145276

[204] Earnshaw WC, Rothfield N. 
Identification of a family of human 
centromere proteins using autoimmune 
sera from patients with scleroderma. 
Chromosoma. 1985;91(3-4):313-321. 
DOI: 10.1007/BF00328227

[205] Okada M et al. The CENP-H-I 
complex is required for the efficient 
incorporation of newly synthesized 
CENP-A into centromeres. Nature Cell 



Hydrolases

252

Biology. 2006;8(5):446-457.  
DOI: 10.1038/ncb1396

[206] Beh TT, Kalitsis P. Centromeres 
in health, disease and evolution. In: 
Felekkis K, Voskarides K, editors. 
Genomic Elements in Health, Disease 
and Evolution. New York: Springer 
Science+Business Media; 2015.  
pp. 221-244 ch. 9

[207] Burger A, Amemiya Y,  
Kitching R, Seth AK. Novel RING 
E3 ubiquitin ligases in breast cancer. 
Neoplasia. 2006;8(8):689-695.  
DOI: 10.1593/neo.06469

[208] Hu X et al. Cul4 E3 ubiquitin 
ligase regulates ovarian cancer drug 
resistance by targeting the antiapoptotic 
protein BIRC3. Cell Death & Disease. 
2019;10(2):104. DOI: 10.1038/
s41419-018-1200-y

[209] Quail DF, Joyce JA. 
Microenvironmental regulation of tumor 
progression and metastasis. Nature 
Medicine. 2013;19(11):1423-1437.  
DOI: 10.1038/nm.3394





IntechOpen Series  
Biochemistry, Volume 29

Hydrolases
Edited by Sajjad Haider,  

Adnan Haider and Angel Catalá

Edited by Sajjad Haider,  
Adnan Haider and Angel Catalá

This book gives a current review of the links between the structure and function of 
hydrolases and ligases, as well as ideas for better using these critical enzymes. The 

book is split into two sections: “Cleavage” and “Ligases.” These enzymes are the 
biggest and most varied family of enzymes, allowing researchers to investigate the 
structural variety that underpins their different biological roles. In light of recent 

scientific advances, there is a desire to examine and update our knowledge of these 
enzymes’ functional and structural changes.

Published in London, UK 

©  2022 IntechOpen 
©  monsitj / iStock

ISBN 978-1-80355-162-3

Miroslav Blumenberg, Biochemistry Series Editor

ISSN  2632-0983

H
ydrolases

ISBN 978-1-80355-164-7


	Hydrolases
	Contents
	Preface
	Section 1 - Cleavage
	Chapter 1 - Hydrolases: The Most Diverse Class of Enzymes
	Chapter 2 - Proteolytic Enzymes Derived from a Macro Fungus and Their Industrial Application
	Chapter 3 - Cholinesterases and Their Inhibitors
	Chapter 4 - Trypsins: Structural Characterization and Inhibition Focus in Insects
	Chapter 5 - The Hydrolysates from Fish By-Product, An Opportunity Increasing
	Section 2 - Ligation
	Chapter 6 - Review of the Structural Basis of Human E2 Conjugating Enzymes in Complexed with RING E3 Ligases
	Chapter 7 - Functional Significance of the E3 Ubiquitin Ligases in Disease and Therapeutics
	Chapter 8 - Ubiquitination Enzymes
	Chapter 9 - E3 Ligase for CENP-A (Part 1)
	Chapter 10 - E3 Ligase for CENP-A (Part 2)



