
 
 
Vietnam Journal of Science and Technology 56 (4) (2018) 405-423 

DOI: 10.15625/2525-2518/56/4/10911 

 

Mini-Review 

PROTEASE INHIBITORS FROM MARINE SPONGE AND 
SPONGE-ASSOCIATED MICROORGANISMS  

Tran Thi Hong1, Ton That Huu Dat1, *, Pham Viet Cuong1, Nguyen Thi Kim Cuc2 

1Mientrung Institute for  Scientific Research, VAST, 321 Huynh Thuc Khang Street, Hue city 
2Marine Biochemistry Institute, VAST, 18 Hoang Quoc Viet, Cau Giay, Ha Noi 

*Email:  huudat96@gmail.com 

Received: 27 November 2017;  Accepted for publication: 7 July 2018 

Abstract. Protease inhibitors are proteins or peptides inhibiting the activity of protease and 
constitute a very important mechanism for regulating protease activity. So far, protease 
inhibitors have been used for the study of enzyme structures and reaction mechanisms, but 
recently they have also been used in pharmaceutical, agricultural and industrial fields. Compared 
to terrestrial counterparts, marine environment possesses their unique characters, therefore, they 
are capable of producing a wide range of novel bioactive compounds including protease 
inhibitors. In our review, a brief overview of protease inhibitors (e.g., classification, 
mechanisms, and characteristics of protease inhibitor) and protease inhibitors from marine 
sponges and sponge-associated microorganisms has been reviewed.  

Keywords: action mechanisms, marine sponge, protease, protease inhibitors, sponge-associated 
microorganisms.  
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1. INTRODUCTION OF PROTEASE INHIBITOR 

 Proteases, also called proteolytic enzymes, are enzymes capable of hydrolyzing peptide 
bonds of peptide chains and proteins into shorter peptides and amino acids [1]. They are 
responsible for different physiological functions in the body such as activating zymogene, 
clotting and degrading fibrin fiber of blood clots, releasing hormones and biologically active 
peptides from precursors as well as transporting protein across the membrane. Although 
proteases play a crucial role in host cells, they can be harmful in excess or high concentrations. 
They can activate cancer and cause many diseases (e.g., neurological disorders, inflammation, 
and cardiovascular diseases) [1, 2]. Therefore, the function of these proteolytic enzymes should 
be monitored and controlled strictly. The most important control systems of protease are 
protease inhibitors (PIs). These inhibition molecules can block the activity of proteases. 
Furthermore, PIs are also found to have other functions such as activating growth factors, 
eliminating receptors or promoting cancer [1]. 
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Natural inhibitors were first reported in 1894 by Femi and Pernossi when they discovered 
antisera activity in human serum [3]. To date, PIs have been found extensively in nature from 
different sources including animals, plants, and microorganisms (Table 1). 

Table 1. Several protease inhibitors from animal, plant, and bacterial sources [4, 5]. 

Inhibitors Source  Inhibited protease 

A. PIs from animals 
Ov-SPI-l Onchocerca volvulus Serine 
Anisakis simplex inhibitor Anisakis simplex Serine 

AceKI Ancylostoma ceylanicum 
Trypsin, Chymotrypsin, 
Pancreatic elastase 

Chagasin Trypanosoma cruzi Endogenous cysteine 
SGTI Schistocerca gregaria Bovine trypsin 
RsTI Rhipicephalus sanguineus Trypsin protease 
CVPI Crassostrea virginica Thermolysin 
CGPI Crassotrea gigas Thermolysin 
PSKP 1 & 2 Phyllomedusa sauvagii Endo peptidase 
LTI Lymnaea Trypsin 

B. PIs from plants 
Kunitz trypsin inhibitor Glycine max Trypsin, Chymotrypsin 
Barley subtilisin inhibitor Hordeum vulgare Subtilisin, α-amylase 
Chymotrypsin 
Inhibitor 

Psophocarpus tetragonolobus α-chymotrypsin 

Kunitz cysteine peptidase 
inhibitor 1 

Solanum tuberosum Cysteine proteases 

Proteinase inhibitor A 
inhibitor unit 

Sagittaria sagittifolia 
Trypsin, Chymotrypsin, 
Kallikerin 

Kunitz subtilisin inhibitor Canavalia lineata 
Subtilisin-type microbial 
serine proteases 

Cathepsin D inhibitor Solanum tuberosum  Cathepsin D, Trypsin 
Trypsin inhibitor  Acacia confusa  Trypsin, α-chymotrypsin 
Ragi seed trypsin/α-amylase 
inhibitor 

Eleusine coracana α-amylase 

Barley trypsin/factor XIIa 
inhibitor 

Hordeum vulgare α-amylase, Trypsin 

Trypsin/α-amylase 
inhibitor 

Triticum aestivum α-amylase, Trypsin 

Trypsin/factor XIIa 
inhibitor 

Zea mays 
Mammalian trypsin, 
activated hageman factor 

Trypsin inhibitor MCTI-1 Momordica charantia Pancreatic elastase 
Trypsin inhibitor MCTI-II Momordica charantia Trypsin 
Macrocyclic squash trypsin 
inhibitor 

Momordica cochinchinensis Trypsin 
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Trypsin inhibitor CSTI-IV Cucumis sativus Trypsin 
Chymotrypsin inhibitor I Solanum tuberosum Chymotrypsin, Trypsin 

Glutamyl peptidase II Momordica charantia 
Glu S. griseus protease , 
Subtilisin 

Subtilisin-chymotrypsin 
inhibitor CI-1A 

Hordeum vulgare Subtilisin, Chymotrypsin 

Subtilisin/chymotrypsin 
inhibitor 

Triticum aestivum  
B. lichenoformis subtilisin, 
α-chymotrypsin 

Mustard trypsin inhibitor Sinapis alba Beta-trypsin 

Mustard trypsin inhibitor-2 Brassica hirta 
Bovine beta-trypsin,  
α-Chymotrypsin 

Rape trypsin inhibitor Brassica napus Trypsin, Chymotrypsin 
Metalloprotease inhibitor Bothrops jararaca Atrolysin C, Jararhagin. 
Sarcocystatin Sarcophaga peregrina Cysteine proteinase 
Bowman–Birk plant trypsin 
inhibitor unit 1 

Glycine max Trypsin, Chymotrypsin 

Bowman-Birk trypsin/ 
chymotrypsin inhibitor 

Arachis hypogaea Trypsin, Chymotrypsin 

Sunflower cyclic trypsin 
inhibitor 

Helianthus annuus 
Trypsin, Cathepsin G, 
Elastase, Chymotrypsin 
and thrombin 

Proteinase inhibitor II Solanum tuberosum Trypsin, Chymotrypsin 
Potato peptidase inhibitor 
II inhibitor unit 1 

Solanum tuberosum Trypsin, Chymotrypsin 

Tomato peptidase inhibitor 
II inhibitor unit 1 

Solanum lycopersicum Trypsin, Chymotrypsin 

Tomato peptidase inhibitor 
II inhibitor unit 2 

Solanum lycopersicum Trypsin, Chymotrypsin 

C. PIs from microorganisms 
Marinostatins Alteromonas sp. Cysteine 
Monastatin Alteromonas sp. Serine 
POI Pleurotus ostreatus Serine proteinase A 
Lentinus proteinase Lentinus edodes Trypsin 
SLPI Streptomyces lividans Subtilisin BPN 
SMPI Streptomyces nigrescens  Metalloprotease 
Sma PI Serratia marcescens Metalloprotease 

 PIs are known as one of the important catalysts in protein purification procedures as they 
may minimize proteolysis during heterologous expression or protein extraction. Additionally, 
PIs may support for effective purification of proteases using affinity chromatography. In 
medicine, PIs can be used for diagnosing and treating different diseases (e.g., viral, bacterial, 
fungal and parasitic diseases, cancer and immunological, neurodegenerative and cardiovascular 
diseases [6]. In some circumstances, PIs may be used as drugs for the treatment of diseases using 
the synthetic inhibitors or the natural inhibitors [7, 8]. Approximately, 32 PIs are currently in 
clinical use, most of them are synthetic molecules developed by structure-based design [9]. In 
addition, several protease inhibitors found in natural sources are also in clinical use. For 
examples, an aspartic protease inhibitor of HIV-1 (ritonavir) has been used since 1996 for the 
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AIDS treatment, and boceprevir and telaprevir also approved by the FDA in 2011 for the 
treatment of hepatitis C virus infection [10]. 

 Furthermore, protease inhibitors can be involved in crop protection against plant pathogens 
and herbivorous pests in agriculture [11]. Exploration and use of novel PIs with protective 
function are one of the important tools in crop protection and the development of 
environmentally friendly pest and pathogen management strategies. The genetically modified 
plants expressing inhibitors of the digestive enzymes of their insect pests are already under study 
[12, 13]. 

2. CLASSIFICATION OF PROTEASE INHIBITORS 

 PIs may be classified based on different ways: their structure (primary and three-
dimensional), the source organism (microbial, fungal, plant, animal), their inhibitory profile 
(broad range, specific), and action mechanism (competitive, non-competitive, uncompetitive, 
reversible or irreversible) or based on the class of protease they inhibit (aspartic, cysteine or 
serine protease inhibitors). 

 Currently, PIs are commonly grouped into two groups: (1) small molecule inhibitors and (2) 
proteinaceous inhibitors. 

Small molecule inhibitors (SMIs) 

 SMIs are low molecular mass peptides and synthetic inhibitors from microorganisms. They 
are inhibitors that are not proteins, include natural compounds (e.g., pepstatin, bestatin and 
amastatin) as well as synthetic inhibitors generated in a laboratory [14]. To date, most of the 
natural SMIs have been isolated from bacteria and fungi [15]. Each SMI is named by an initial J 
followed by a five-digit number. For example, pepstatin is J00095 [16]. 

 Several SMIs have proved useful in inhibition of diseases such as retropepsin of the HIV 
virus [17], thrombin of thrombosis, dipeptidyl-peptidase IV (18, 19, 20], γ-secretase of 
Alzheimer’s disease [21], renin [22] and angiotensin-converting enzyme of blood pressure [23], 
and peptidases from the malarial parasite Plasmodium [24]. Furthermore, some SMIs are also 
found as anticancer and antinutritional agents [20, 25, 26, 27, 28]. 

Proteinaceous inhibitors 

 Proteinaceous inhibitors are ubiquitous inhibitors and isolated from different sources (e.g., 
microorganisms, plants, and animals). Natural proteinaceous inhibitors are known as templates 
for the modification of natural control mechanisms and as a source of basic design principles 
[29]. Proteinaceous inhibitors are usually classified based on the kind of inhibited protease. 
Currently, hundreds of protein inhibitors of peptidases are known [30].  

 According to lastest update of MEROPS database (http://www.ebi.ac.uk/merops/), PIs are 
grouped into 83 families based on comparisons of protein sequences. However, molecular 
weight and mechanism of inhibition of PIs are dissimilar. Therefore, these families are further 
grouped into clans based on comparisons of their tertiary structure. Each clan, family and 
biochemically characterized peptidase inhibitor is assigned a unique identifier. A family is 
identified by a letter “I” followed by a number and two-letter clan identifier starts with “I” or “J” 
[14, 30]. Some families of proteinaceous inhibitors from microbes and fungi are listed in Table 
2. 
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3. MECHANISM OF PROTEASE INHIBITORS 

Competitive inhibition 

 The majority of PIs are known as competitive inhibitors. Generally, these inhibitors often 
bind to the active sites of target proteases in a substrate-like manner (Figure 1). In some case, the 
competitive inhibitors bind in and block access to the active site of target proteases, but do not 
bind in a strictly substrate-like manner. They may interact with protease subsites and catalytic 
residues in a non-catalytically competent manner [31]. Although the competitive mechanism is 
considered as an effective strategy of competitive inhibitors, the proteases often have a high 
degree of homology in the active sites, substrate-like binding may, therefore, lead to inhibitors 
that can inhibit many different proteases [31]. For example, the activity of 612 known human 
proteases is regulated by about 115 human protease inhibitors [9]. The inhibitors of serine 
protease including the Kazal, Kunitz, and Bowman-Birk family are examples of competitive 
inhibitors [32]. 

Table 2. Families of proteinaceous inhibitors of microbial and fungal origin [29]. 

Family Common name Families of peptidases inhibited 

I1 Kazal M10, S1A, S1D, S8A, S9A 
I2 Kunitz-BPTI S1A, S7 
I4 Serpin C1A, C14A, S1A, S7, S8A, S8B 
I9 YIB S8A 
I10 Marinostatin S1A, S8A 
I11 Ecotin S1A 
I16 SSI M4, M7, S1A, S8A, S8B 
I31 Thyropin A1A, C1A, M10A 
I32 IAP C14A 
I34 IA3 A1A 
I36 SMI M4 
I38 Aprin M10B 

139 - 
A1A, A2A, C1A, C2A, C11, M4, M10A, M10B, 

M12A, M12B, S1A, S1B, S8A 
I42 Chagasin C1A 
I43 Oprin M12B 
I48 Clitocypin C1A, C13 
I51 IC S1A, S10 
I57 Staphostatin B C47 
I58 Staphostatin A C47 
I63 - M43B, S1A 
I66 Cnispin S1A 
I69 - C10 
I75 CIII M41 
I78 - S1A, S8A 
I79 AVR2 C1A 
I85 Macrocypin C1A, C13, S1A 
I87 Hf1KC M41 
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Figure 1. Competitive inhibitors of proteases. (A) Inhibitors bind in the active site, but not in a substrate-
like manner. Peptide extensions bind in specificity subsites and can interact with the catalytic residues 

(rectangle). (B) Crystal structures of a serine protease in complex with the standard mechanism inhibitor 
aprotinin, and (C) the cystatin stefin A in complex with a cysteine protease. The portion of stefin A that 

interacts with the protease is coloured in green. Both inhibitors bind in the active site groove of their 
targets [31]. The reuse of this figure was permitted by John Wiley and Sons publisher under licensed 

number: 4390911096682.                        

 

 

 

 

 

 

 

 

 

 

 
Figure 2. The competitive inhibitors with exosite binding (A). Most exosite inhibitors are competitive 

inhibitors that prevent substrate binding at the active site. In the case of (B) ecotin (bound to trypsin), the 
exosites provide binding energy and allow for broad specificity, while (C) calpastatin gains binding 

energy and specificity by forming critical interactions across the calpain protease surface [31]. The reuse 
of this figure was permitted by John Wiley and Sons publisher under licensed number: 4390911096682. 

Competitive inhibition with exosite binding 

 In some PIs, they are not only competitive and bind to the protease active site, but also bind 
to secondary sites outside the active site [31]. This inhibition mechanism has two benefits. 
Firstly, it may increase the surface area of the protein-protein interaction, which results in a 
greater affinity. Secondly, it can provide a significant effect on the specificity of the inhibitor 
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[31]. Some inhibitors such as Rhondiin, Ecotin, and Calpastatin are examples of this inhibition 
mechanism (Figure 2). 

Irreversible inhibition 

 Generally, irreversible inhibitors activate the proteolysis by the enzymes they inhibit, 
leading to a covalent modification of the enzyme. In this mode, inhibitors act as substrates in 
order to trap and inhibit the enzyme using the enzyme’s catalytic machinery [31]. The serpins, a 
family of inhibitors act as the irreversible inhibitors (Figure 3). 

 
Figure 3. Serpins inhibit serine proteases by binding a reactive centre loop in the active site, forming a 

covalent complex with the enzyme, undergoing a large conformational change, and irreversibly distorting 
the active site of the protease [31]. The reuse of this figure was permitted by John Wiley and Sons 

publisher under licensed number: 4390911096682. 

4. CHARACTERIZATION OF PROTEASE NHIBITORS 

 PIs are one of the most important class of proteins that can be applied to various fields. 
Therefore, characterizing PIs is crucial for determining their scope and application. The 
determination of the physicochemical properties and the structural stability of PIs is key to 
select effective and stable inhibitors for their application. 

pH and temperature stability 

 Thermal stability of PIs is one of the important properties for their biotechnological 
applications. The extreme conditions of pH and temperature might cause the distortion of the 
structure of the PIs. Therefore, the combination of inhibitors with the enzymes or their substrates 
may be broken [33]. Ryan et al. [34] reported that many PIs exhibiting anti-feedant activity are 
active against the neutral serine proteases such chymotrypsin and trypsin. The pH and 
temperature stability of the PIs can also be involved in the presence of disulfide linkages [35]. 
The functional stability of Kunitz type PIs are related to the intra-molecular disulphide bridges 
in the presence of physical and chemical denaturants (e.g., temperature, pH and reducing agents) 
[36]. 

Effect of metal ions 

 The presence of metal ions is essential for the activity of PIs. The metal ions play an 
important role in maintaining the structure of PIs. The structural stability of proteins is enhanced 
by divalent metal ions as the metal ions can attain the critical conformation that is needed for 
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biological activity of the protein [29]. For example, cysteine protease inhibitor from pearl millet 
needs the Zn2+ for the protease inhibitory and antifungal activity of the protein [37]. 

Effect of oxidizing agents 

 The proteins may be oxidized when they expose to oxidising agents (e.g., H2O2, periodate, 
dimethyl sulfoxide, N-chlorosuccinamide, chloramine-T), and to oxidants released by 
neutrophils (e.g. superoxide, hydroxyl radical) [38, 39]. The oxidation of methionine residues 
may result in a decline in the biological activity of the protein. A report of the influence of 
methionine oxidation on α1-protease inhibitor (α1-PI) showed that the oxidation of one of the 
methionine residues (Met358) lead to a complete loss of inhibitory activity of the α1-protease 
inhibitor [40]. 

Effect of reducing agents 

 In some proteins, the covalent linkage of cysteine residues by disulfide bonds is one of the 
crucial elements in maintaining their conformational stability and biological activity. This 
covalent linkage plays a crucial role in the proper folding, stability and function of many 
proteins [41, 42, 43]. Conformational destabilization of the protein may result from the removal 
of the covalent link of cysteine residues caused by reduction or substitution of another amino 
acid residue [44, 45]. 

Effect of detergents 

 Some detergents (e.g., cationic, anionic, zwitterionic and non-ionic) are used for 
solubilizing proteins from lipid membranes. Therefore, proteinase inhibitors are often combined 
with detergents in cell lysis buffers to inhibit undesired proteolysis and facilitate membrane 
protein solubilization in protein purification procedures [29]. Normally, nonionic detergents are 
considered as mild detergents and not interact extensively with the protein surface, while ionic 
detergents (e.g., SDS) generally bind unwanted to the protein surface, which results in protein 
unfolding [46]. Additionally, Triton X-100, Tween 20 and Tween 80 are nonionic detergents and 
the majority of their interaction with proteins are hydrophobic [47]. 

Effect of chemical modifiers 

 Chemical modification is a useful method for changing undesired characteristics of a 
protein related to stability and catalytic activity. In a chemical modification, the chemical 
reagents bind covalently to specific amino acid chains of proteins and produce changes in the 
biological property of the protein [48, 49]. For example, Urwin et al. (1995) reported that 
chemical modification might enhance the activity of PIs against proteinases of the pests [50]. In 
other studies, chemical modification of soybean cystatin scN and tomato multicystatin reveals 
the considerable influences of the substitution of individual amino acid residues in the N-
terminal portion of one of multicystatin domains on its ability to inhibit diverse proteinases [51, 
52]. 

5. PROTEASE INHIBITORS FROM SPONGE AND SPONG-ASSOCIATED 
MICROORGANISMS 

Protease inhibitor from marine sponges 

 Although marine sponges are known as the most simple organisms, they are able to produce 
a great number of biologically active compounds, including PIs. A summary table of compounds 
from marine sponges with protease inhibitory activity is shown in Table 3. The compounds with 
protease inhibitory activity from marine sponge are diverse and exhibit inhibitory activity 
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against many different proteases. For example, cyclotheonellazoles isolated from sponge 
Theonella inhibited various proteases such as chymotrysin, elastase, malaria parasite from 
Plasmodium falciparum, thrombin, plasmin [53]. Cyclotheonamides from sponge Theonella 
swinhoei and Theonella sp. also inhibited two proteases thrombin (IC50 = 5.2 - 13 nM) and 
trypsin (IC50 = 7.4 - 370 nM) [54, 55]. Interestingly, other compounds from the same sponge 
species Theonella swinhoei such as nazumazoles, pseudotheonamides, dihydrocyclotheonamide 
A showed inhibitory activity against proteases (e.g., thrombin, RCE-protease, chymotrypsin) 
[65, 70]. To date, many new compounds extracted from various sponge have been known as 
protease inhibitors (see Table 3), indicating that marine sponge is one of the potential sources for 
mining protease inhibitors. 

Table 3: Protease inhibitors from marine sponges. 

Compounds Sponge Inhibited protease and activity Ref. 

Cyclotheonellazole A Theonella aff. swinhoei 
Chymotrypsin (IC50 = 0.62 nM) 
Elastase (IC50 = 0.034 nM) 
Malaria parasite (IC50 > 20 µg/mL) 

[53] 

Cyclotheonellazole B Theonella aff. swinhoei 
Chymotrypsin (IC50 = 2.8 nM) 
Elastase (IC50 = 0.10 nM) 
Malaria parasite (IC50 > 20 µg/mL) 

[53] 

Cyclotheonellazole C Theonella aff. swinhoei 
Chymotrypsin (IC50 = 2.3 nM) 
Elastase (IC50 = 0.099nM) 
Malaria parasite (IC50 > 20 µg/mL) 

[53] 

Cyclotheonamide A Theonella sp. 
Thrombin (IC50 = 0.076 µg/mL) 
Trypsin (IC50 = 0.2 µg/mL) 
Plasmin (IC50 = 0.3 µg/mL) 

[54] 

Cyclotheonamide C Theonella swinhoei 
Thrombin (IC50 = 8.4 nM) 
Trypsin (IC50 = 7.4 nM) 

[55] 

Cyclotheonamide D Theonella swinhoei 
Thrombin (IC50 = 5.2 nM) 
Trypsin (IC50 = 63 nM) 

[55] 

Cyclotheonamide E Theonella swinhoei 
Thrombin (IC50 = 28 nM) 
Trypsin (IC50 = 370 nM) 

[55] 

Cyclotheonamide E2 Theonella sp. 
Thrombin (IC50 = 13 nM) 
Trypsin (IC50 = 55 nM) 

[56] 

Cyclotheonamide E3 Theonella sp. 
Thrombin (IC50 = 9.5 nM) 
Trypsin (IC50 = 52 nM) 

[56] 

Plakortide E 
Plakortis 
halichondroides 

Cathepsin B, cathepsin L, 
falcipain, rhodesain, SARS Mpro,  
SARS PLpro, DENV-2pro, 
Chymotrypsin (inhibition 10 – 90%) 

[57] 

Miraziridine A Theonella swinhoei Cathepsin L (inhibition 60%) [58] 

Miraziridine A Theonella aff. mirabilis Trypsin, cathespin L, cathespin B, pepsin [59] 

Tokaramide A Theonella aff. mirabilis Cathepsin B (IC50 = 29.0 µg/mL) [60] 

1-methylherbipoline salts of 
halisulfate-1 

Coscinoderma mathewsi 
Thrombin( IC50 > 100 µg/mL) 
Trypsin (IC50 = 25 µg/mL) 

[61] 

1-methylherbipoline salts  of 
sulvanine 

Coscinoderma mathewsi 
Thrombin (IC50 = 27 µg/mL) 
Trypsin (IC50 = 12 µg/mL) 

[61] 

Sodium salt of halisulfate-1 Coscinoderma mathewsi 
Thrombin (IC50 = 35 µg/mL) 
Trypsin (IC50 = 2 µg/mL) 

[61] 

Sodium salts of suvanine Coscinoderma mathewsi 
Thrombin (IC50 = 9 µg/mL) 
Trypsin (IC50 = 27 µg/mL) 

[61] 
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N,N-dimethylguanidium 
salts of suvanine 

Coscinoderma mathewsi 
Thrombin (IC50 = 25 µg/mL) 
Trypsin (IC50 = 23 µg/mL) 

[61] 

Dysinosin A Lamellodysidea chlorea 
Thrombin (Ki = 0.108 µM) 
FVIIa (Ki = 00.452 µM) 

[62] 

Dysinosin B Lamellodysidea chlorea 
Thrombin (Ki = 0.090 µM) 
FVIIa (Ki = 0.170 µM) 

[62] 

Dysinosin C Lamellodysidea chlorea 
Thrombin (Ki = 0.124 µM) 
FVIIa (Ki = 0.550 µM) 

[62] 

Dysinosin D Lamellodysidea chlorea 
Thrombin (Ki = 1.320 µM) 
FVIIa (Ki > 5.1 µM) 

[62] 

Crude extracts Jaspis stellifera 
E. coli protease (MIC = 0.08%) 
S. aureus protease (MIC = 0.08%) 

[63] 

Crude extracts Plakortis nigra S. aureus protease (MIC = 0.12%) [63] 

Esculetin-4-carboxylic acid 
ethyl ester 

Axinella cf. corrugata SARS-coronovirus 3CL (ID50 = 46mM/L) [64] 

Pseudotheonamide A1 Theonella swinhoei 
Thrombin (IC50 = 1.0 µM) 
Trypsin (IC50 = 4.5 µM) 

[65] 

Pseudotheonamide A2 Theonella swinhoei 
Thrombin (IC50 = 3.0 µM) 
Trypsin (IC50 > 10 µM) 

[65] 

Pseudotheonamide B2 Theonella swinhoei 
Thrombin (IC50 = 1.3 µM) 
Trypsin (IC50 = 6.2 µM) 

[65] 

Pseudotheonamide C Theonella swinhoei 
Thrombin (IC50 = 0.19 µM) 
Trypsin (IC50 = 3.8 µM) 

[65] 

Pseudotheonamide D Theonella swinhoei 
Thrombin (IC50 = 1.4 µM) 
Trypsin (IC50 > 10 µM) 

[65] 

Dihydrocyclotheonamide A Theonella swinhoei 
Thrombin  (IC50 = 0.33 µM) 
Trypsin  (IC50 = 6.7 µM) 

[65] 

Barangcadoic acid A Hippospongia sp. RCE-protease (IC50 =  10 µg/mL) [66] 

Rhopaloic acid A Hippospongia sp. RCE-protease (IC50 =  10 µg/mL) [66] 

Rhopaloic acid B Hippospongia sp. RCE-protease (IC50 =  10 µg/mL) [66] 

Rhopaloic acid C Hippospongia sp. RCE-protease (IC50 =  10 µg/mL) [66] 

Rhopaloic acid D Hippospongia sp. RCE-protease (IC50 =  10 µg/mL) [66] 

Rhopaloic acid E Hippospongia sp. RCE-protease (IC50 =  10 µg/mL) [66] 

Crude extract C-29EA Amphimedon sp. NS3 protease (IC50 =  10.9 µg/mL) [67] 

Toxadocial A Toxadocia cylindrical Thrombin (IC50 =  6.5 µg/mL) [68] 

5,9,23-Triacontatrienoic 
methyl ester 

Chondrilla nucula Elastase (ID50 =  10 µg/mL) [69] 

Nazumazole D Theonella swinhoei Chymotrypsin (IC50 = 2 µM) [70] 

Nazumazole E Theonella swinhoei Chymotrypsin (IC50 = 3 µM) [70] 

Nazumazole F Theonella swinhoei Chymotrypsin (IC50 = 10 µM) [70] 

Asteropterin Asteropus simplex Cathepsin B (IC50 = 1.4 µg/mL) [71] 

Shishicrellastatin A Crella (Yvesia) spinulata Cathepsin B (IC50 =  8 µg/Ml) [72] 

Shishicrellastatin B Crella (Yvesia) spinulata Cathepsin B (IC50 =  8 µg/mL) [72] 

Xestosaprol F Xestospongia sp. BACE1 (IC50 = 135 µM) [73] 
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Xestosaprol G Xestospongia sp. BACE1 (IC50 = 155 µM) [73] 

Xestosaprol H Xestospongia sp. BACE1 (IC50 = 82 µM) [73] 

Xestosaprol I Xestospongia sp. BACE1 (IC50 = 163 µM) [73] 

Xestosaprol J Xestospongia sp. BACE1 (IC50 = 90 µM) [73] 

Xestosaprol K Xestospongia sp. BACE1 (IC50 = 93 µM) [73] 

Xestosaprol L Xestospongia sp. BACE1 (IC50 = 98 µM) [73] 

Xestosaprol M Xestospongia sp. BACE1 (IC50 = 104 µM) [73] 

Ancorinoside B Penares sollasi 
MT1-MMP (IC50 =  500 µg/mL) 
MMP2 (IC50 =  33 µg/mL) 

[74] 

Ancorinoside C Penares sollasi MT1-MMP (IC50 =  370 µg/mL) [74] 

Ancorinoside D Penares sollasi MT1-MMP (IC50 =  180 µg/mL) [74] 

Ancorinoside A Penares sollasi MT1-MMP (IC50 =  440 µg/mL) [74] 

Ageladine A Agelas nakamurai 

MMP-1 (IC50 =  1.2 µg/mL) 
MMP-2 (IC50 =  2.0 µg/mL) 
MMP-8 (IC50 =  0.39 µg/mL) 
MMP-9 (IC50 =  0.79 µg/mL) 
MMP-12 (IC50 =  0.33 µg/mL) 
MMP-13 (IC50 =  0.47 µg/mL) 

[75] 

Psammaplin A 
Poecillastra sp. 
Jaspis sp. 

mammalian aminopeptidase N [76] 

Aeroplysinin-1 Marine sponge MMP-2 [77] 

Protease inhibitor from sponge-associated microorganisms 

 Marine sponges are one of the most potential producers of bioactive agents among marine 
organisms. They have been proven to be a rich source of novel secondary metabolites with 
diverse bioactive activities (e.g., anticancer, antibiotic, protease inhibitory activity) [78, 79, 80, 
81, 82]. However, there is still an ongoing debate about whether known bioactive compounds 
from sponges are originated from sponges or from their associated symbionts. Recent studies 
have evidenced that many previous compounds isolated from sponges are from their associated 
microorganisms [83, 84].  

 Although PIs can be found from different sources (e.g., microorganisms, plants, animals), 
there are a few number studies of PIs from the marine environment, especially from sponge-
associated microorganisms. Recent studies have shown the potential protease inhibitors isolated 
from sponge-associated microorganisms (Table 4). The crude extracts from bacteria associated 
with Caribbean sponges exhibited inhibitory activity against different proteases such as 
cathepsin B, rhodesain, falcipain-2. In addition, these crude extracts showed immunomodulatory 
activity via induction of cytokine release by human peripheral blood mononuclear cells [85]. In 
another study, teromycins extracted from Streptomyces axinellae associated with sponge 
Axinellae polypoides also inhibited various proteases such as rhodesain, falcipain-2, cathepsin-L, 
cathepsin-B, SARS-CoV-PLpro [86]. Furthermore, the crude extracts from bacteria associated 
with other sponge species (e.g., Jasis sp., Plakortis nigra, Jasis stellifera, Xestospongia 
testudinaria, Aplysina aerophoba) showed protease inhibitory activity against subtilisin, 
thermolysin as well as proteases from Escherichia coli, Staphylococcus aureus, Pseudomonas 
aeruginosa [87, 88, 89]. 
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Table 4:  Protease inhibitors from sponge-associated microorganisms. 

Compounds Sponge Bacteria Inhibited protease and activity Ref. 

Crude extract 
Caribbean 
Sponges 

Nocardioides sp. Rhodesain (inhibition 40 ± 1 %) 
[85] 

Crude extract 
Caribbean 
Sponges 

Agrococcus jenensis 
Cathepsin B (inhibition 41 ± 1 %) 
Falcipain-2 (inhibition 44 ± 2 %) [85] 

Crude extract 
Caribbean 
Sponges 

Micromonospora 
coxensis 

Falcipain-2 (inhibition 42 ± 2 %) 
[85] 

Crude extract 
Caribbean 
Sponges 

Saccharopolyspora 
shandongensis 

Rhodesain (inhibition 52 ± 1 %) 
[85] 

Crude extract 
Caribbean 
Sponges 

Rhodococcus sp. Cathepsin L (inhibition 44 ± 4 %) 
[85] 

Crude extract 
Caribbean 
Sponges 

Micromonospora 
coxensis 

Cathepsin B (inhibition 45 ± 3 %) 
Cathepsin L (inhibition 43 ± 2 %) 
Falcipain-2 (inhibition 41 ± 2 %) 
Rhodesain (inhibition 57 ± 5 %) [85] 

Crude extract 
Caribbean 
Sponges 

Sphingobium sp. Rhodesain (inhibition 53 ± 3 %) 
[85] 

Crude extract 
Caribbean 
Sponges 

Sphingomonas 
mucosissima 

Cathepsin B (inhibition 49 ± 5 %) 
Falcipain-2 (inhibition 45 ± 1 %) [85] 

Tetromycin B 
Axinella 
polypoides 

Streptomyces 
axinellae 

Rhodesain (Ki = 0.62 ± 0.03 µM) 
Falcipain-2  (Ki = 1.42 ± 0.01 µM) 
Cathepsin L  (Ki = 32.5 ± 0.05 µM) 
Cathepsin B (Ki = 1.59 ± 0.09 µM) 
SARS-CoV-PLpro (Ki = 69.6 ± 7.2 µM) [86] 

Tetromycin 3 
Axinella 
polypoides 

Streptomyces 
axinellae 

Rhodesain (Ki = 2.1 ± 0.9 µM) 
Falcipain-2 (Ki = 1.65 ± 0.25 µM) 
Cathepsin L (Ki = 15.0 ± 1.95 µM) 
Cathepsin B (Ki = 0.57 ± 0.04 µM) [86] 

Tetromycin 4 
Axinella 
polypoides 

Streptomyces 
axinellae 

Rhodesain (Ki = 4.0 ± 0.3 µM) 
Falcipain-2 (Ki = 3.1 ± 0.2 µM) 
Cathepsin L (Ki = 22.4 ± 0.8 µM) 
Cathepsin B (Ki = 1.6 ± 0.1 µM) 
SARS-CoV-Plpro (Ki = 40 ± 6.5 µM) [86] 

Diazepinomicin 
Aplysina 
aerophoba 

Micromonospora 
Rhodesain (Ki = 98 µM) 
Cathepsin L (IC50 = 72.4 ± 5.3 Μm) [87] 

Crude extract Jaspis sp. Providencia sp.  
Subtilisin (inhibition 91.57 %) 
Thermolysin (inhibition 59.4 7%) 
E. coli protease (inhibition 98.84 %) [88] 

Crude extract Jaspis sp. Bacillus sp.  
Subtilisin (inhibition 57.23 %) 
Thermolysin (inhibition 70.37 %) 
S. aureus protease (inhibition 51.29 %) [88] 

Crude extract Jaspis sp. Paracoccus sp.  

Subtilisin (inhibition 30.78 %) 
Thermolysin (inhibition 50.52 %) 
P. aeruginosa protease 
(inhibition 23.52 %) [88] 

Crude extract Jaspis sp. 
Unidentified 
bacteria  

P. aeruginosa protease 
(inhibition 72.7 %) [89] 

Crude extract 
Plakortis 
nigra 

Unidentified 
bacteria  

E. coli protease (inhibition 93.5 %) 
[89] 
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Crude extract 
Jaspis 
stellifera 

Unidentified 
bacteria  

S. aureus protease (inhibition 40.0 %) 
[89] 

Crude extract 
Xestospongia 
testudinaria 

Chromohalobacter 
sp.  

P. aeruginosa protease 
(inhibition 95.5 %) [89] 

 In spite of continuous attempts of discovering novel PIs from sponge-associated 
microorganisms, it is still a big challenge as an only minor fraction of sponge-associated 
microorganisms can be culture in vitro. Fortunately, the new advance approaches (e.g., 
metagenomics) provide powerful tools for discovering the biosynthetic gene clusters related to 
polyketide synthases and PIs from uncultured microorganisms [90]. This opens the new avenues 
for detecting novel bioactive metabolites including PIs in future. For example, a novel serine 
protease inhibitor (serpin) gene was detected and cloned from a metagenomic library of 
uncultured marine microorganisms. The phylogenetic analysis and the deduced amino acid 
sequence comparison of this gene indicated that it was closely related to Spi1C and some partial 
proteinase inhibitor I4 serpins. Furthermore, functional analyses demonstrated that the 
recombinant Spi1C protein could inhibit a series of serine proteases [91]. 

6. CONCLUSION 

 In this review, we summarised protease inhibitors with focusing on their classification, 
action mechanism, and characters as well as protease inhibitors from marine sponge and sponge-
associated microorganisms. The marine environment poses unique characters and provides a 
prolific resource for novel bioactive compounds. Therefore, continuous efforts in the discovery 
of structure, functions, biophysical characterization, and mode of action of PIs from marine 
environment such marine sponge and sponge-associated microorganisms can open up 
opportunities for their potential role in medicine, biotechnology and agriculture. 
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