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1. INTRODUCTION 

Many different enzymes are involved in the tempering of 

proteins once after the proteins are synthesized. 

Peptidylarginine deiminases (EC 3.5.3.15) are the family 

of enzymes which are responsible for the modulation of 

arginine residues of proteins by citrullination as shown in 

the Figure 1.
[1] 

The function of peptidyl arginine 

deiminase inside the cell is based on the calcium or other 

components that carry sulfhydryl group. 

 

 
Figure 1. Conversion of peptidylarginine to peptidylcitrulline 

 

As a result of the conversion of the arginine into 

citrulline, pain in the joints of the wrist and knees can 

occur which result in the production of antibodies which 

are anti-citrullinated. The group of these enzymes 

contain five isozymes which are calcium reliant and they 

have about fifty percent resemblance in their sequence.
[2] 

Peptidyl arginine deiminases are involved in triggering 

different types of diseases like multiple sclerosis and 

various types of cancer. Different types of inhibitors 

have been used in the treatment and in the controlling of 

a variety of diseases like infections of the brain, colon 

and skin. The peptidyl arginine deiminase inhibitor 

which is extensively used for this purpose is CI-amidine. 

This inhibitor is involved in the inhibition of peptidyl 

arginine deiminases which are calcium bounded and they 

prevent the activity of this enzyme by attacking the 
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amidine carbon. Some other inhibitors include 

streptomycin that is likely to be a competitive inhibitor 

and minocycline as well as chlortetracycline that are 

mixed inhibitors and have not the ability to act on the 

active site of the enzyme.
[3] 

 

Peptidyl arginine deiminase, are the enzymes that were 

initially defined in 1977 which were accountable for the 

post translational modifications and now a days, these 

are known as cysteine hydrolases.
[4]

On the active site of 

the cysteine, citrullination takes place due to the attack 

by nucleophiles and the whole process occurs on the 

guanidinium carbon of the substrate. The deposits of 

citrulline were first discovered in 1960 from hydrolysates 

which were present in the internal covering of the root 

cells of hair and brain cells.
[5] 

Inside the cells, citrulline 

was not found and it was observed that citrulline was 

synthesized only after the modification of protein 

synthesis and later on peptidyl arginine deiminases were 

recognized.
[6] 

Different researches have been carried out 

on the characteristics of gene, distribution of tissues and 

substrates required for these enzymes. Calcium is one of 

the most important component to which PAD4 (a type of 

peptidyl arginine deaminases) can attach and then result 

in the development of the active site cleft. The regions 

which will bind to the calcium were conserved in types 

1, 2 and 3 whereas this was not the case for PAD6.
[7] 

 

2. Types of PADs and their distribution inside the 

body: Following are the different types of peptidyl 

arginine deiminases which highly exist in nature 

 

2.1. PAD1: The normal expression of peptidyl arginine 

deiminase1 occurs in the epidermis which is the external 

covering of the organisms as well as in the uterus. This 

types of PAD is involved in the elimination of the amino 

group from the keratin K1 and the development of the 

horny structures of the epidermal tissues. 

 

2.2. PAD2: This type of PAD is largely expressed in a 

variety of tissues such as uterus, glands which are 

involved in secretion, skeletal muscles and brain. PAD2 

expression is controlled at two points involving the 

splicing of messenger RNA and at the translation of the 

proteins.
[8] 

The proteins like myelin present in the central 

nervous system and vimentin which are present in the 

skeletal muscles serve as the substrates for PAD2. On the 

other hand, beta and gamma actins recognized as the 

substrates for PAD2 in the neutrophils of humans.
[10] 

Peptidyl arginine deiminase can be cytoplasmic as well 

as nuclear protein. This type of enzyme can bring about 

the citrullination of histone 3 and histone 4. 

 

2.3. PAD3: Peptidyl arginine deiminase 3 is restricted to 

the outer covering of the tissues and hair glands. This 

type is associated with the trichohyalin which is a protein 

present in the internal layer pf hair follicles. Moreover, it 

is also associated with the other proteins which are 

present in the epidermal cells like profilaggrin and 

filaggrin. Filaggrin is the protein which is involved in the 

interaction with keratin and control the homeostasis of 

the epidermis. In addition to its interaction with keratin, 

it also plays an important role in controlling the normal 

functions of the epidermis.
[11] 

 

2.4. PAD4: PAD4 is normally found in the white blood 

cells. The main classes involved in the white blood cells 

are granulocytes as well as monocytes. It is observed that 

in the case of different types of tissue cancers, this type 

of PAD is overexpressed.
[12]

PAD4 have a sequence at N-

terminus region and is present in the nucleus. The 

proteins which get citrullinated by PAD4 are histone 2A 

(H2A), histone 3 (H3) and histone 4 (H4). In addition to 

citrullination, PAD4 also plays a vital role in controlling 

the functions of the nuclei.
[13] 

 

2.5. PAD6: PAD6 is known as the egg pad because it 

was initially isolated from the eggs or fetus of the mouse. 

Because of the fact that it was originated from the eggs, 

therefore, it plays an important role in the development 

of fertility in the females as well as oocyte sheet is also 

formed.
[14] 

The recent studies indicate that this type of 

PAD is involved in the regulation of microtubules in the 

initial stages of embryo development. In the mammalian 

cells like humans, PAD6 is found in reproductive organs 

like ovaries, testies as well as blood leucocytes.
[15] 

PAD6 

varies from other types of PADs because its calcium 

residues which are in conserved form are lost fromPAD6 

which indicates that it does not perform the function of 

deamination actively.
[16] 

 

3. Distribution: Five different types of PADs have 

found to be present in the human PAD1, PAD2, PAD3, 

PAD4 and PAD6 as shown in Table 1. The Table shows 

that PAD1 is present in epidermis, hair follicles and 

uterus. PAD2 is found in CNS, spleen, skeletal muscle 

and WBCs. PAD3 is found in epidermis and hair 

follicles. PAD4 is found in macrophages, tumors and 

neutrophils. PAD6 is distributed in eggs ovary and 

embryo.  Out of these types, PAD6 is the type which 

have no functions inside the cells.
[17] 

 

Table 1. Peptidyl arginine deaminases: their types, substrates and distribution. 

Types of PADs Substrate distribution 

PAD1 Keratin K1 Epidermis, hair follicles, uterus 

PAD2 Vimentin, glial fibrillary acidic protein CNS, spleen, skeletal muscle, WBCs 

PAD3 Trichohyalin Epidermis, hair follicles 

PAD4 Histones, Vimentin, p300 Macrophages, tumors, neutrophils 

PAD6 Unknown Eggs, ovary, embryo 
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4. Substrates for PADs: The important substrates of 

peptidylarginine deiminase are filaggrin and trichohyalin 

which are involved in the citrullination. When filaggrin 

in the ratio of 1:1000 and trichohyalin in the ratio of 1:30 

is introduced into the PAD, arginines get changed to 

citrulline in a time period of three hours.
[18] 

Filaggrin 

consist mainly of beta turns and causes citrullination 

more often as compared to trichohyalin and it consist of 

alpha helix. The Arginines which are present afterward 

the aspartic acid are eighty to ninety percent citrullinated 

whereas those arginines present near glutamic acid are 

zero to five percent citrullinated and those which are 

located near amino acids are poorly citrullinated.
[19] 

 

5. Structure, mechanism and Ca
2+

 dependency 

Among the PADs, PAD4structure is well understood. 

PAD4 is about 663 amino acid long with a molecular 

weight of about 74 kDa.
[20, 21] 

PAD4 has two domains: N-

terminal and C-terminal domains. N-terminal domain 

which is 1-300 amino acid long and a C-terminal domain 

that comprises 301-663 amino acids. N-terminal domain 

is further divided into two subdomains. Of two 

subdomains, one have two calcium binding sites while 

the other have three calcium binding sites. C-terminal 

domain contains the active site of enzyme that consists of 

four residues as: D350, H471, D473 and Cys 645.
[22] 

The 

enzyme undergoes conformational changes upon binding 

with calcium ions. These conformational changes help in 

the movement of active site residues including Cys 645 

into such positions that facilitate catalysis. Deimination 

occurs by nucleophilic attack of active site Cys 645 on 

guanidinium carbon of arginine to form an intermediate 

as mentioned in the Figure 2. This intermediate undergo 

hydrolysis to form citrulline. H471 residue acts as both 

general acid or base whereas the two aspartic acid 

residues helps in orientation of guanidinium group for 

nucleophilic attack by Cys 645 residue.
[23] 

  

 
Figure 2. Proposed catalytic mechanism of Peptidylargininedeaminase 

 

6. Role of PADs in Normal Cellular Processes 
PADs are usually inactive under normal physiological 

conditions because the concentration of calcium ions is 

quite low inside a cell (10
-8

 to 10
-6

). Calcium ions are 

required for catalytic activities of PADs.
[24] 

PADs 

become activated under certain biological events as 

apoptosis and certain immune responses as calcium ion 

concentration is increased during these biological 

events.
[25] 

The processes in which citrullination of 

proteins play an important role are as follows: 

 

6.1. Apoptosis 

Calcium acts as a signaling molecule in normal apoptotic 

cells.
[26] 

PADs play an important role in Citrullination of 

cytoskeletal proteins like vimentin. PADs citrullinate 

non-alpha helical head domain of vimentin protein which 

is actually an intermediate filament.
[27] 

Vimentin is 466 

amino acids long and its non-alpha helical head domain 

contains 2-95 amino acids with 9.2% arginine.
[27] 

Consequently, vimentin becomes destabilized and its 

monomers get separated from each other. As a result of 

this, vimentin is unable to provide structural support and 

organelle anchorage.
[19, 28, 29] 

 

Citrullination of histones and nucleophosmin by PAD4 

results in collapse of nucleosome and nuclear lamina. As 

a result, apoptosis is initiated. Without citrullination, 

nucleophosminoligomerization play an important role in 

preventing apoptosis by preventing the localization of 

p53 to mitochondria.
[30,31] 

p53 protein localizes to 

mitochondria during p53 dependent apoptosis and 

disrupts the mitochondrial membrane potential, resulting 

in the release of cytochrome c.
[32] 

 

6.2 . Structural Support 

Role of PADs in organization of structural proteins 

during the epidermal differentiation is very important.
[19, 

33] 
The epidermis is stratified squamous epithelium that 

results in the formation of protective covering on the 

skin. Only the basal cells of stratified squamous 

epithelium have DNA and thus mitotic ability. These 

basal cells undergo morphological and biochemical 

changes to get transformed into dead squames that are 
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deposited to the outer skin.
[34] 

The differentiation of 

epidermal cells is mediated by calcium ions which in 

high concentration activates PADs which citrullinate 

structural proteins (keratin, filaggrin and vimentin). 

Citrullination of these proteins results in partial 

unfolding of these proteins. As a result of partial 

unfolding, these proteins become more susceptible to 

degradation by proteases.
[35]   

 

6.3. Participation in Immune Responses 

PAD2 and PAD4 are particularly important in 

inflammatory immune responses. 

 

PAD4 is present in macrophages, neutrophils and 

eosinophils whereas PAD2 is mainly expressed in 

macrophages. In macrophages, PAD2 become activated 

due to high concentration of Calcium.
[36] 

After activation, 

PAD4 is translocated into the nucleus of neutrophils and 

citrullinates histones which results in their 

decondensation. Hypercitrullination of histones results in 

the formation of Neutrophil Extracellular Traps (NETs) 

as shown in the Figure 3 that results in the entrapment of 

bacteria and other pathogens.
[37, 38] 

NETs then stimulate 

an autoimmune response against NET-associated nuclear 

and granule proteins that induced programmed cell death 

called NETosis. NETs trap bacteria and other pathogens 

and kill them by specific proteases or with histones as 

they have inherent antimicrobial properties.
[39] 

Citrullination of Histones such as Histone H3 is 

stimulated by bacterial and signaling molecules like LPS 

(Lipopolysaccharides), tumor necrosis factor alpha, 

lipoteichoic acid (LTA) and hydrogen peroxide.
[40]

 

 
Figure 3.Role of PADs in NETosis. 

 

7. PADs dysregulation and diseases 

PADs play an important role in various cellular 

processes that’s why a proper balance is needed in PAD 

activity. Any disturbance in this balance may lead to 

abnormal citrullination and various diseases. Specific 

PADs are related to specific kind of diseases e.g. PAD1 

is involved in psoriasis
[41] 

and peptidyl arginine 

deiminases 2 and 4 are significantly linked with cancer, 

inflammatory and neurodegenerative diseases.
[42,43] 

 

7.1. Causes of dysregulation 
Particular reason of PAD dysregulation is not defined but 

there are some suggested points which may tell about 

abnormal citrullination such as: high levels of calcium 

may affect PADs target specificity and their activity, 

unchecked translation of protein arginine deiminases 

could cause an increase in citrullination though the actual 

reason of this increased translation is yet unknown,
[44]

 

abnormal TNF alpha signaling is characteristic of 

Ulcerative colitis (UC) and Rheumatoid arthritis (RA), 

tumer necrosis factor alpha can induce translocation of 

PAD4
[45] 

and PADs can citrullinate tumer necrosis factor 

alpha
[46] 

and autocitrullination of PAD4 may the 

producer of faulty levels of citrullinated proteins. 

However, it does not disturb enzyme specificity and 

activity but it does influences the association with other 

proteins that are responsible for post translational 

modification of histones.
[47] 

Besides, sequence of amino 

acids and confirmation in vicinity of arginine residues 

can also affect sensitivity to citrullination.
[18, 43] 

 

7.2. Diseases 

7.2.1. Alzheimer’s disease 

It is a degenerative disease of brain that starts slowly and 

becomes severe with the passage of time. During the 

process of neurodegeneration, PAD2 and PAD4 become 

stimulated in CNS. Abnormal accumulation of misfolded 

proteins in hippocampal region of brain leads to 

Alzheimer disorder. Notably, high levels of citrullinated 

proteins and PAD2 are found in Alzheimer’s patients.
[48] 

Glial fibrillary acidic protein (GFAP) and vimentin are 

some of structural proteins citrullinated in 

hippocampus.
[49, 50, 51] 

Similarly, citrullinated proteins and 

PAD4 high levels were observed at the site of 

inflammation and neurodegeneration in patients suffering 

with Alzheimer.
[52] 

 

7.2.2. Prion disease 

It is also a neurodegenerative disease characterized by 

misfolded proteins and destruction of different structures 
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in brain. It is also known as TSE’s i.e. Transmissible 

Spongiform Encephalopathies. Abnormal levels of 

calcium are probably the cause of increased amounts of 

citrullinated proteins and active protein arginine 

deiminases in this disease. 

 

7.2.3. Multiple sclerosis 

It is an unforeseeable disease in which impairment of 

CNS damage the connection between body parts and 

brain. Myelin sheath is necessary for transduction of 

neuronal signal through CNS and myelin basic protein is 

responsible for keeping his sheath intact.
[49] 

In signal 

transduction, myelin sheath serve as an insulator with 

MBP carrying a positive charge. Any damage in myelin 

sheath could cause a decrease in neuronal signaling. 

PAD2 and PAD4 have a significant contributions in 

disease pathology.
[53, 45] 

It is stated that PAD4 is carried 

to the CNS through infiltrating the macrophages in 

disease condition that may citrullinate protein which are 

not natural target in CNS.
[54] 

A major leading cause in 

this diseases is increased citrullination levels of 

MBP.
[53,55] 

In acute forms of disorders, 90% MBP is 

citrullinated. The outcomes of citrullination are: the 

partial unfolding of MBP results in increased 

susceptibility for degradation by proteases such as 

cathepsin D.and the conversion of positively charged 

arginine into neutral citrullinate, both results are not 

acceptable for electrical considerations in signal 

transduction.
[56, 19, 57] 

MBP is targeted by PAD explained 

by high frequency of arginine residues (10.3%) in amino 

acid sequence of MBP.
[58] 

Multiple PAD isozymes are 

included in disease etiology suggested by a model EAE – 

Autoimmune Encephalomyelitis.
[59] 

 

7.2.4. Rheumatoid Arthritis 

Rheumatoid arthritis is a long term inflammatory 

disorder of joints that is boosted by the impairment of 

PADs. This inflammation may be due to defected 

citrullination and overexpression of PAD2 and 4. 

According to a RA model for protein arginine deiminase 

infiltration into synovial joints, PAD 4 and 2 are 

expressed in monocytes and macrophages that are 

assembled to joints. Model points that macrophages and 

monocytes having inactive PADs are ultimately 

destroyed in the joints and face apoptosis when PAD 

isozymes become activated at high levels of calcium. 

This activation leads to citrullination of cellular proteins 

for example vimentin and PADs can leak out to target 

proteins present outside the cells.
[47] 

PAD2 and PAD4 

can induce immune response by citrullinating the fibrin 

in affected joints. Moreover, PAD4 can citrullinate a 

thrombin inhibitor named as anti-thrombin and 

citrullination of thrombin inhibitor may lead to 

arthritis.
[60] 

 

7.2.5. NET osis 

Peptidyl arginine deiminase type 4 plays an important 

role in exclusive category of the death of cell which is 

called as the NETosis. Neutrophil extracellular traps 

when released catches the microbes like bacteria and 

other harmful microorganisms that are responsible for 

the production of this sort of reaction. The impairment in 

the neutrophil extracellular traps causes different types of 

diseases like infection of the skin which is known as 

psoriasis in which interleukin 17 is released into the body 

when these traps are synthesized.
[61] 

 

7.2.6. Ulcerative Colitis 
In ulcerative colitis which is a very infectious disease, 

type 2 and 4 of peptidyl arginine deiminase are included. 

The symptoms of this disease include irritation of the 

colon. The mechanism of this disease is still unknown 

but some studies have revealed that macrophages 

produce some of the cytokines in this disease.
[62] 

 

7.2.7. Cancer 

When some impairments occur in the peptidyl arginine 

deiminase, then it can lead to cancer. All the five types of 

PADs are involved in causing different types of cancer 

like cancer of ovaries and liver. PAD2 is involved in 

causing breast cancer whereas PAD4 is plays an 

important role in causing renal and colorectal cancer.
[63] 

 

7.2.8. Other diseases 

PAD inhibitors play a significant role in the treatment of 

numerous human diseases. Some other diseases 

associated with PADs dysregulation are named as: 

HIV/AIDS, Osteoarthritis, Ankylosing Spondylitis, 

Scrapie, glaucoma.
[64, 48, 65]

psoriasis.
[43]

 (Systemic lupus 

erthmatous (SLE), Atherosclerosis, Thrombosis, 

Inflammatory bowl diseases (IBD).
[66]  

 

8. PADs Inhibitors 

When dysregulated, PADs are involved in a number of 

diseases including Alzheimer’s disease, Multiple 

sclerosis, Rheumatoid arthritis, Lupus, Ulcerative colitis, 

and even various types of cancers. In order to inhibit the 

PADs in these diseases, PADs inhibitors play a 

significant therapeutic role. Inhibitors may be reversible 

or irreversible. PADs inhibitors are divided into 

following categories as. 

 

8.1. Reversible Inhibitors 

They associate with PADs via non-covalent interactions 

as hydrogen bonds, ionic bonds and hydrophobic 

interactions. Enzyme-substrate complex can dissociate 

rapidly. Taxol is a reversible inhibitor of PAD4. 

Arginine derivatives like benzoyl-Nω-

monomethylarginine (Bz-MMA) and benzoyl-Nω, Nω-

dimethylarginine (Bz-ADMA) inhibit the activity of 

PAD4. They are not very strong but relatively modest 

inhibitors. Streptomycin is a competitive inhibitor of 

PAD4 because it has two guanidinium groups and can be 

taken up as alternative substrate by PAD4. Minocycline 

and Chlortetracycline are mixed inhibitors of PAD4 but 

their mechanism of inhibition is currently understood. 

Chlortetracycline differs from Minocycline by hydroxyl 

group and methyl group at position 6 and a Chloro group 

at position 7. These two compounds also inhibit the other 

enzymes like collagenases, lipoxygenases and cysteine 
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proteinases.
[67] 

Glucocorticoids may also suppress the 

activities of PADs enzymes.
[68]

Ruthenium red also serves 

as inhibitor of apoenzyme for PAD2. It is shown to be 

competitive with Calcium ions and bind at calcium 3, 4, 

and 5 sites. They also inhibit the activity of other PADs 

enzymes.
[69]  

 

8.2. Irreversible Inhibitors: Irreversible inhibitors have 

no structural similarity with substrate and bind 

covalently with the substrate. They form stable non-

covalent association with enzyme active site and damage 

the functional group/groups present in the active site. 2-

Chloroacetamidine is a covalent inhibitor of PAD4. It 

possesses guanidinium like amidinium group that is also 

present in normal substrate of enzyme (benzoyl-arginine 

amide). This group makes it potent inhibitor that inhibits 

the activity of PAD4 in a time dependent manner.
[70] 

F-

amidine and Cl-amidine are highly potent PAD4 

inhibitors. They modify the C645 residue in the active 

site of PAD4 enzyme by alkylation. This alkylation of 

PAD4 occurs through two mechanisms.
[71,72] 

In one 

mechanism, Cys645 directly displaces the halide ions by 

an SN2 mechanism. The other mechanism involves 

several steps to inactivate PAD4 by F-amidine and Cl-

amidine. Inactivation of enzyme proceeds via the 

nucleophilic attack of Cys645 residue on amidinium 

carbon which results in the formation of tetrahedral 

intermediate that resembles the intermediate that is 

formed by hydrolysis of substrate. H471 residue of 

enzyme active site act as general acid and protonation of 

above intermediate by H471 stabilizes the intermediate 

instead of destabilizing it. Then, intermediate undergoes 

intramolecular halide transfer that results in the 

formation of sulfonium ring as shown in Figure 4.
[73]  

Three-membered sulfonium ring induces the 

intermediate to collapse, leading to the formation of 

thiol-ether linkage.
[74] 

 

 
Figure 4.Inactivation of Peptidylargininedeaminase by Chloroacetamidine-base inhibitors. 

 

8.2. Metals as Inhibitors: Some metals like zinc, 

samarium and manganese inhibit the structural changes 

in enzyme in the presence of calcium ions that are 

required to change the enzyme into catalytically active 

form.
[75] 

 

8.3. Other specific PADS inhibitors: o-F-amidine and 

o-Cl-amidine contain one orthocarboxylate in their 

parent benzoyl ring. These two compounds have more 

specificity for PADs than their parent molecules. o-F-

amidine inhibits the enzymatic activity of PAD1 whereas 

o-Cl-amidine cause inhibition of PAD1 as well as 

PAD4.
[76] 

The most potent selective inhibitor to be 

reported is TDFA (Threonine-aspartate-F-amidine). 

TDFA is a tripeptide that consists of threonine, aspartate 

and F-amidine.
[77] 

 

CONCLUSION 

PADs are involved in citrullination of arginine residues 

as described earlier in this article review. Citrullination is 

a post translational modification and citrullination of 

proteins by PADs play a significant role in normal 

cellular processes including apoptosis, epidermal 

differentiation and immune responses. However, 

dysregulation of PADs by extreme levels of Ca
2+ 

overexpression of PADs /Autocitrullination of PADs 

results in a number of diseases including RA, Multiple 

sclerosis, Ulcerative colitis, CNS disorders and Cancer. 

Involvement of PADs in the development of cancer is an 

area of intensive research. These diseases can be 

controlled by PADs inhibitors. PADs isozyme specific 

inhibitors are continuously being developed to control 

the diseases caused by PADs dysregulation and three 

PADs inhibitors are being tested both in-vitro and in-

vivo disease models. However, there is a need to develop 

more potent PADs inhibitors to control diseases caused 

by PADs dysregulation more efficiently. 
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