
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

186,000 200M

TOP 1%154

6,900



16 

Structural and Dynamic Basis of Serine 
Proteases from Nematophagous Fungi for 

Cuticle Degradation 

1Shu-Qun Liu1,2, Lian-Ming Liang1, Tao Yan1, Li-Quan Yang1, 
 Xing-Lai Ji1,2, Jin-Kui Yang1, Yun-Xin Fu1,3 and Ke-Qin Zhang1 

1Laboratory for Conservation and Utilization of Bio-Resources & Key Laboratory for 
Microbial Resources of the Ministry of Education, Yunnan University, Kunming, 

 2Sino-Dutch Biomedial and Information Engineering School, 
 Northeastern University, Shenyang  

3Human Genetics Center, School of Public Health, The University of Texas Health Science 
Center, Houston, Texas,  

1,2P. R. China 
3USA 

1. Introduction  

Serine proteases derived from nematophagous fungi are known as one of the most 
important virulence determinants during infection processes due to their ability to degrade 
nematode cuticle, a hard physical barrier protecting nematodes from physical damage or 
pathogen infections. Understanding the structural and dynamic features of cuticle-
degrading serine proteases is fundamental to uncovering and describing the mechanism of 
nematicide by fungi at molecular level, which in turn will facilitate protein engineering 
study aimed at improving nematicidal activity of fungi.  
In this chapter we describe several three-dimensional structural models of cuticle-degrading 
serine proteases secreted by different nematophagous fungi. The atomic coordinates of these 
models were obtained using methods such as the protein comparative modeling or the X-
ray crystallography. Detailed comparison between these structures shows that, despite their 
striking degree of structural similarity, there are subtle differences in size, shape and 
hydrophathy of substrate-binding pockets S1 and S4 caused by single or multiple amino 
acid substitutions within the substrate-binding region. This explains why these enzymes 
have different substrate specificity and catalytic efficiency. Moreover, the amino acid 
changes in substrate-binding region and in overall enzyme molecule give rise to distinctly 
different electrostatic surface potential distribution among these proteases, possibly 
contributing to the distinct ability to attract the nematode cuticle with overall dominantly 
electronegative charge. The dynamic structural features of a classical serine protease 
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proteinase K (PRK) were also investigated using molecular dynamics (MD) simulation 
technique. The different degree of flexibility of the substrate binding region was proposed to 
be linked to different substrate affinity and catalytic activity of these proteases; the first few 
modes of motions of substrate-binding pockets S1-S4, which were obtained using essential 
dynamics analysis, were proposed to be related to detailed dynamic progresses including 
substrate binding, positioning, catalysis, and product release.  
The difference in thermal stability and nematicidal/catalytic activity between the alkaline 
serine proteases secreted by nematode-parasitic fungi and neutral proteases derived from 
nematode-trapping fungi can be attributed to the difference in global structural rigidity and 
local conformational flexibility (i.e., within the active site) caused by the presence/absence 
of disulfide bonds in the alkaline/neutral proteases. Of particular interest is that the 
nematode-parasitic and nematode-trapping fungi have evolved to adopt different strategies 
to obtain nutrient, i.e., the nematode-parasitic fungi, although have no trap device, produce 
powerful alkaline proteases (which carry predominant electro-positive surface potential) to 
diffuse towards and degrade hosts effectively, whereas the nematode-trapping fungi 
produce neutral proteases that carry predominant electro-negative surface potential and 
exhibit relatively weak catalytic activity, which can be compensated for by the active prey 
catch using their trap devices.  
Taken together, the differences in dynamic behavior of substrate-binding region between 
cuticle-degrading proteases, in conjunction with differences in electrostatic surface potential 
distribution of these enzyme molecules and in architecture and hydrophathic property of 
substrate-binding pockets, could be used to explain their different catalytic activities 
towards nematode cuticle, thus facilitating in turn the explanation for different nematicidal 
activities by different fungi. The structures and dynamics of these cuticle-degrading serine 
proteases provide a solid basis for exploiting these enzymes from nematicidal fungi as 
effective bio-control agents.  

2. Plant-parasitic nematodes and relevant control strategies  

2.1 Description of the plant-parasitic nematodes  
Nematodes are unsegmented roundworms and those that attack and parasitize plant are 
called plant-parasitic nematodes, which are a very important group of agricultural pests. 
Although the damage the plant-parasitic nematodes cause to plants is often subtle and is 
easily confused with nutrient problems, their enormous population numbers and broad 
plant host range can cause very serious damage to farmers and agricultural production, as 
indicated by the annual loss estimates of >100 billion US dollars throughout the world 
(Sasser & Freekman, 1987).  
Plant nematodes are tiny worms whose body is covered by transparent and colorless cuticle, 
body length ranges from 0.25 mm to 3 mm and body shape is cylindrical, tapering toward 
the head and tail. The life cycle of a plant-parasitic nematode has six stages and four molts, 
i.e., egg, four juvenile stages and adult separated by molts (J1 - M1 - J2 - (Hatch) - M2 - J3- 
M3 - J4 - M4 - Adult). The first molt (M1) occurs in the egg between the first-stage juvenile 
(J1) and second-stage juvenile (J2); the emerging J2 is the most common infective stage; and 
the length of life cycle of plant parasitic nematodes can be anywhere from 20-40 days (on 
average 25 days at 22 oC) (Snyder, 2002). Plant parasitic nematodes, whether root-feeders or 
foliage-feeders, have a spear-like mouthpart that is able to puncture effectively host cells 
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and feed on the cell contents. Such a feeding, accompanied by injection of some enzymes 
and toxins into the host cell by nematodes, causes abnormal plant growth, and consequently 
the plants can be stunted, discolored, or both (Schmitt & Sipes, 1998).  

2.2 Nematode control strategies and biological control  
The goal of nematode control is to manage their population and reduce their numbers below 
the damaging levels to plants due to the fact that the thorough elimination of nematodes is 
not possible. The principle of nematode management is multifaceted, and as a result many 
conventional methods have been developed including planting resistant crop varieties, 
rotating crops, incorporating soil amendments, and applying pesticides (Schmitt & Sipes, 
1998). Although the management methods involving no pesticides are environmentally 
friendly, their applications usually fail to keep nematodes below damaging levels for 
reasons that these methods are all to some extent limited, specific, hard to operate, and of 
low efficiency. Applications of the chemical nematicides are usually more effective in 
reducing nematode numbers than traditional non-pesticide methods because of the direct 
killing action on nematodes. However, most chemical nematicides are highly toxic synthetic 
pesticides, which are environmentally risky and extremely dangerous to people and other 
animals if handled carelessly. On the other hand, the abuse of nematicides could induce 
widespread resistance in field populations of many plant nematodes.  
Another interesting nematode control approach is the biological control - using other 
organisms, i.e., the natural enemies, against the pest organism. The natural enemies of 
nematodes, which are usually isolated from nematode populations and are able to keep the 
population of nematode at apparently low levels, are usually some bacteria and fungi called 
nematophagous bacteria and fungi. Nematophagous bacteria are groups of bacteria that 
exhibit diverse modes of actions on nematodes, such as emitting potent volatile organic 
compounds to lure nematodes (Niu et al., 2010), producing toxins to suppress host defense 
and alter cellular metabolism, and secreting enzymes to degrade host cuticle or intestinal 
tissue, leading to the parasitization of bacteria and subsequent death of nematodes (Lobna & 
Zawam, 2010; Tian et al., 2007). Nematophagous fungi are a diverse group of carnivorous 
fungal species that use their spores or mycelial structures to capture nematodes (which are 
called nematode-trapping fungi), or use their hyphal tips to parasitize the eggs and cysts of 
nematodes (Nordbring-Hertz, 2004), or produce toxins/enzymes to attack/degrade 
nematodes (which are called nematode-parasitic fungi) (T.F. Li et al., 2000; X.Z. Liu et al., 
2009). Although under laboratory conditions some nematophagous bacteria and fungi have 
been shown to reduce populations of some kinds of nematodes, the successes at the full-
scale field level have been limited (Schmitt & Sipes, 1998). The possible reasons for this are 
that i) most organisms that are recognized as biological control agents are highly host-
specific, attacking just one or few of the nematode pests; ii) the nematophagous bacteria and 
fungi are too difficult to culture to obtain sufficient quantities that are useful for field 
application. Nevertheless, applying biological control as a means to reduce the harm of 
nematodes to agriculture production has always attracted considerable attention because of 
the apparent advantages of this method: i) the nematophagous microorganisms are 
nonpolluting and therefore environmentally acceptable and safe, and as such utilizing such 
agents can avoid the use of ecologically and environmentally hazardous chemicals, 
promoting the ecological balance; ii) biological control is considered to be more effective 
against agricultural pests that are less harmful, that only need to be controlled and 
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suppressed and can not be permanently eliminated (i.e., the nematode) (Writing, 2011), and 
therefore the utilization of nematophagous microorganisms is beneficial to increasing 
biodiversity in soil; iii) biological control has potentially huge economic and commercial 
value and simultaneously its relevant research, development and application will provide 
many employment and job opportunities.  
During the past decades, the nematode-targeted biological control study is mainly 
focused on elucidating the pathogenic/infection mechanism of nematophagous 
microorganisms since this is essential for developing effective biological control agents 
against nematodes. For example, a “Trojan horse” mechanism of a nematophagous 
bacterium, Bacillus nematocida B16, against nematodes has been reported recently by our 
lab (Niu et al., 2010), indicating that this bacterium can lure nematodes that are relatively 
distant to move close to the bacteria through producing volatile organic compounds; and 
the subsequent uptake of bacteria as food by nematode offers the opportunity for bacteria 
to secrete proteases with broad substrate specificity to degrade the intestinal wall of 
nematode. We also sequenced the whole genome of the nematode-trapping fungus 
Arthrobotrys oligospora Fres. (ATCC 24927) to reveal genes likely involved in pathogenesis 
of this nematophagous fungus; the subsequent proteomic and RT-PCR analyses of protein 
differential expression induced by the presence of nematode extract revealed that many 
cellular processes such as energy metabolism, biosynthesis of the cell wall and adhesive 
proteins, cell division, glycerol accumulation and peroxisome biogenesis, determine, 
participate in and regulate the formation of the trap device (J. K. Yang et al., 2011). The 
analysis of the A. oligospora genome revealed that this nematophagous species has a larger 
number of enzyme genes such as those encoding the enzyme families of subtilisin, 
collagenase, pectinesterase and pectate lyase in comparison with several sequenced model 
ascomycete fungi (J. K. Yang et al., 2011).  

2.3 Nematode cuticle, its components and cuticle-degrading enzymes  
Like the majority of pathogens that infect/attack the hosts, the fist step of the infection by 
nematophagous fungi is to break open the cuticle of the host followed by pathogens entry. 
The cuticle is a multi-functional exoskeleton and is a highly impervious barrier between the 
animal (such as nematode and insect) and its environment. Cuticle is also essential for the 
maintenance of body morphology and integrity, and simultaneously plays a critical role in 
locomotion via attachments to body-wall muscles (Page & Johnstone, 2007). Since the main 
structural components of the nematode cuticle are proteins, highly cross-linked collagens, 
chitin fibrils and specialized insoluble proteins known as "cuticlins", together with 
glycoproteins and lipids (Page & Johnstone, 2007), it is not surprising that nematophagous 
fungi need to produce a variety of highly efficient enzymes such as proteases, collagenases, 
chitinases and lipases to act together to degrade the first defense line - the cuticle of the 
nematode. Among the above-mentioned enzymes, the proteases are considered to be most 
important during infection since the protein matrix is the most important component of the 
nematode cuticle and the quantity and type of proteins vary between species, tissues and 
growth stages of nematodes (Huang et al., 2004; Jansson & Nordbring-Hertz, 1988).  
During the past several years, several cuticle-degrading proteases have been purified and 
characterized from different nematophagous or entomopathogenic fungi such as 

Arthrobotrys oligospora (Tunlid et al., 1994; Zhao et al., 2004), Pochonia chlamydospora (syn. 
Verticillium chlamydosporium) (R. Segers et al., 1994), Beauveria bassiana (Joshi et al., 1995), and 
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Metarhizium anisopliae (R.J. St Leger et al., 1987); and their catalytic activities towards casein 
and cuticle proteins were shown to be high, suggesting their highly nematicidal activities. 
Cloning and sequencing of the genes coding for these cuticle-degrading proteases (Joshi et 
al., 1995; R. Segers et al., 1994; R.J. St Leger et al., 1987; Tunlid et al., 1994; Zhao et al., 2004) 
reveal that these proteases have a high degree of sequence similarity to each other and to the 
proteinase K (EC 3.4.21.64) derived from Tritirachium album Limber (Ebeling et al., 1974), 
suggesting that these proteases belong to the proteinase K subfamily of the secretory 
subtilase/subtilisin-like serine protease family, known as the peptidase family S8 according 
to the classification and nomenclature of peptidases in the MEROPS database (Rawlings et 
al., 2010). This peptidase family is also the second largest family of serine peptidases, both in 
terms of number of sequences and characterized peptidases, and distributes broadly from 
viruses, bacteria, and fungi to plants and animals. Although the physiochemical properties, 
optimum reaction conditions, substrate specificity, catalytic mechanism, dynamics, and 
structure-function relationship of the representative enzyme of the peptidase S8 family, the 
proteinase K, have been extensively studied (Bajorath et al., 1989; Betzel et al., 2001; Betzel et 
al., 1988; Betzel et al., 1986; Betzel et al., 1993; Ebeling et al., 1974; Hilz et al., 1975; S. Q. Liu et 
al., 2010, 2011; Müller et al., 1994; Pahler et al., 1984; Tao et al., 2010; Wolf et al., 1991), a 
thorough understanding of the above characteristics for the cuticle-degrading serine 
proteases from nematophagous fungi is of crucial importance in uncovering and describing 
the nematicidal mechanism by fungi at molecular level. In this chapter we describe how the 
variation in amino acid sequence affect the functional properties (such as substrate 
specificity and catalytic efficiency) of the cuticle-degrading proteases derived from different 
fungi through comprehensive investigation into the three-dimensional structural models of 
these enzymes, which will facilitate the improvement in biological control potential of 
nematophagous fungi through protein engineering or site-directed mutagenesis.  

3. Catalytic mechanism of serine proteases  

Proteases are enzymes that break down protein through hydrolysis of the peptide bonds 
that link amino acids together in the polypeptide chain forming the protein. They occur 
naturally in all organisms and involve various physiological reactions from simple digestion 
of proteins in food to highly-regulated cascades. Proteases are currently divided into four 
major groups according to the character of their catalytic active site and conditions of action: 
serine proteinases, cysteine (thiol) proteinases, aspartic proteinases, and metalloproteinases. 
Classification of a protease into a certain group depends on the structure of catalytic site and 
the essential amino acid acting as a nucleophile. Accordingly, serine proteases (EC 3.4.21) 
are proteases in which one of the amino acids in the active site of the enzyme is the serine. 
This group of proteases is present in virtually all organisms and is further classified into two 
clans: the chymotrypsin-clan and the subtilisin-clan. These two clans are evolutionarily 
unrelated and have distinct overall folded structures but share the same catalytic 
mechanism utilizing an identical stereochemistry of the catalytic triad where the serine act 
as the nucleophile (Blow, 1976; Siezen et al., 1991; Siezen & Leunissen, 1997; Tsukuda & 
Blow, 1985). This has been regarded as a classic example to illustrate convergent evolution 
showing the same catalytic mechanism evolved twice independently during evolution. The 
catalytic triad, located at the active site of protease, is a coordinated structure consisting of 
three essential amino acids: aspartic acid (Asp39 in proteinase K numbering; hereafter, all 
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numbering uses proteinase K as reference), histidine (His69), and serine (Ser224). These 
three key amino acid residues are located adjacent to one another near the heart of the 
enzyme (Figure 1), each playing an essential role in the cleaving process of the peptide bond 
(Birktoft & Blow, 1972; Dodson & Wlodawer, 1998; Kraut, 1977; Russell & Fersht, 1987):  
 The Ser uses its hydroxyl group (-OH) as the primary nucleophile, which is able to 

attack the carbonyl carbon (C=O) of the scissile peptide bond (-C(=O)NH-) of the 
substrate. 

 The His plays a dual role as the proton donor and acceptor at different steps in the 
reaction, i.e., a pair of electrons on the His nitrogen has the ability to accept the hydrogen 
from the serine hydroxyl group, thus coordinating the attack of the peptide bond. 

 The role of Asp is believed to bring the His into the correct orientation by its carboxyl 
group hydrogen bonding with the His, thus facilitating the nucleophilic attack by the Ser.  

 

 
Fig. 1. Ribbon diagram of proteinase K (PDB code 1IC6). The  helices,  strands and 
loops/links are colored red, yellow and green, respectively. The residues of the catalytic 
triad (Asp39, His69 and Ser224), oxyanion hole (Asn161), and calcium binding sites (Ca1 
site: Pro175, Val177 and Asp200; Ca2 site: Thr16 and Asp260) are shown as stick models 
with the carbon, nitrogen and oxygen colored cyan, blue and red, respectively. The two 
bound Ca2+ cations, Ca1 and Ca2, are shown as blue spheres. The secondary structure 
elements, substrate-binding regions of residues 100-104 and 132-132, polar surface loop (PSL 
loop) and S2-loop are labeled. 

The detailed process of the catalytic mechanism can be described as follows (see also Figure 2):  
1. After the binding of substrate and the positioning of scissile peptide bond is 

accomplished, the nitrogen atom of His accepts a hydrogen atom from the hydroxyl 
group of Ser, followed by a hydroxyl oxygen atom of Ser initiating the attack on the 
carbonyl carbon atom of the peptide bond, and the subsequent movement of a pair of 
electrons from the carbonyl double bond to the oxygen, resulting in the formation of a 
tetrahedral intermediate. 

2. The covalent electrons creating the single peptide bond move to attack the hydrogen 
atom of His, resulting in the breaking of the peptide bond. The electrons on the negative 
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oxygen move back to recreate carbonyl oxygen double bond, producing an acyl-enzyme 
intermediate and a new N-terminus of the cleaved peptide chain.  

3. A water molecule enters into the reaction through replacing the N-terminus of the 
cleaved peptide. It attacks the carbonyl carbon atom, followed by electrons moving 
from the double bond to the oxygen making it negative, resulting in the formation of a 
bond connecting the oxygen atom of the water and the carbonyl carbon atom. The His 
nitrogen atom accepts a proton from the water and coordinates the newly formed 
second tetrahedral intermediate via a hydrogen bond. 

4. The final step involves the breaking of the bond formed in the first step between the Ser 
hydroxyl oxygen atom and the peptide bond carbonyl carbon atom. This is achieved via 
the attack of the His hydrogen (which is just acquired from the water) on this bond. The 
resultant electron-deficient carbonyl carbon reforms the double bond with the oxygen, 
resulting in the final release of the C-terminal product of the peptide. 

 

 
Fig. 2. Steps of the catalytic reaction by the catalytic triad of serine protease proteinase K. 
The nucleophile residue Ser is shown in red; the red dot indicates the nucleophilic atom 
hydroxyl oxygen. The His and Asp are shown in blue and green, respectively. This figure is 
modified from (Dodson & Wlodawer, 1998; Kraut, 1977); see text for details. 

During the catalytic reaction process, the resultant negatively charged oxygen ion of the 
tetrahedral intermediate generated in steps 1 and 3 are believed to be stabilized by the so-
called structural component of “oxyanion hole”, which is formed by Ser224 (N), Asn161 (N), 
and Asn161 (N), donating their backbone or side chain hydrogens to hydrogen bond with 
oxygen ion (Figure 1, 6D, E) (Betzel et al., 1986; Wolf et al., 1991). Like almost all other 
enzymes, the serine proteases can accelerate reaction because they bind the transition state 
(here is the tetrahedral intermediate) better than they bind either the Michaelis complex or 
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the acyl-enzyme intermediate, thus lowering the activation free energy barrier of the 
reaction.  

4. Homology modeling of the cuticle-degrading proteases from fungi 

In order to characterize the structural features and functional properties of cuticle-degrading 
serine proteases from fungi, we have built homology models of several proteases (S.Q. Liu 
et al., 2007b) based on the X-ray crystallographic structure of proteinase K (Betzel et al., 
2001). These are PR1 (GenBank accession number AJ416695) from entomopathogenic fungus 
Metarhizium anisopliae (R.J. St Leger et al., 1987; R.J.  St Leger et al., 1993), VCP1 (GenBank 
accession number AJ427460) from the nematophagous fungus, Pochonia chlamydosporia (Syn. 
Verticillium chlamydosporium) (Morton et al., 2003; R.  Segers et al., 1996), Ver112 (GenBank 
accession number AY692148) from the nematophagous fungus Lecanicillium psalliotae (J.K. 
Yang et al., 2005a; J.K.  Yang et al., 2005b), and PL646 (GenBank accession number EF094858) 
(Liang et al., 2010) from a saprobic, filamentous fungus Paecilomyces lilacinus, which is found 
to have a wide range of hosts such as nematodes (Jatala, 1986; Stirling & West, 1991), insects 
(Fiedler & Sosnowska, 2007; Rombach et al., 1986) and humans (Saberhagen et al., 1997; 
Westenfeld et al., 1996). P. lilacinus has been applied as a biocontrol agent to control the 
growth of destructive root-knot nematodes, resulting in several successful field trials on a 
range of crops in different soil types and climates (Jatala, 1986; Jatala et al., 1979). Of these 
proteases, PR1 is considered as a crucial factor in the infection of the insect in that it was 
detected with gold-labeled antibodies during the penetration of the insect cuticle by 
Metarhizium anisopliae (Goettel et al., 1989), and the rapid production and high concentration 
of this enzyme were also observed during infection (R.J. St Leger et al., 1986). The latter 
three are alkaline serine proteases which exhibit a crucial role in the penetration process of 
nematode eggs or cuticles.  

4.1 Physiochemical properties and optimum reaction conditions  
For these four cuticle-degrading proteases and proteinase K, their physiochemical properties 
were theoretically predicted (i.e., the programs SAPS (Brendel et al., 1992), EXTCOEF (Gill & 
von Hipple, 1989) and pI web server (Lehninger, 1995) were used for predicting the 
molecular weight, extinction coefficient (EXTCOEF) at 280 nm, and isoelectric point (pI), 
respectively) and the optimum reaction conditions were experimentally determined (S.Q. 
Liu et al., 2007b). The results (Table 1) show that many physiochemical properties among 
these enzymes are very similar to each other, i.e., the residue number ranges from 279 to 284 
and molecular weight is between 28.5 and 28.9 kDa, pI is high with values greater than 7.7, 
EXTCOEF is comparable at 280 nm, and have common susceptivity to inhibitor PMSF. 
Enzyme kinetics assays with substrates such as Suc-Ala-Ala-Ala-p-nitroaniline, Suc-Ala-
Ala-Pro-Phe-p-nitroaniline and casein showed that these enzymes exhibited almost the 
same optimum reaction conditions, i.e., the high catalytic efficiencies were found at pH 8-10 
and temperatures 50-60 C (Liang et al., 2010; R.  Segers et al., 1996; R.J. St Leger et al., 1987; 
J.K.  Yang et al., 2005b). These highly similar properties can be explained by the high degree 
of amino acid sequence identity (> 60%) among proteinase K, PR1, VCP1, Ver112 and PL646, 
suggesting that these five proteases are members of the proteinase K subfamily and all are 
alkaline serine proteases, in agreement with previous propositions.  
In addition, we also used the soluble proteins extracted from C. elegans nematode cuticle as 
substrates to test catalytic efficiencies of Ver112, PL646 and proteinase K. The results 
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showed that the three proteases commonly had high catalytic activities towards cuticle 
extract at their optimum reaction conditions (Liang et al., 2010). These three proteases also 
exhibit similar relatively high catalytic activities towards collagen (Liang et al., 2010).  
 

Protease Fungus Host MWa

(kDa) NAAb pIc RK/ 
DEd 

EXTCOEFe

(M-1cm-1)
Inhibit

or 
SIh 
(%) 

Optimumi 

pH Tj(C) 

PRK Tritirachium 
album 

Human 28.9 279 7.71 20/19 33200 PMSFf

DFPg 100 7.5-
12 50-60 

PR1 
Metarhizium 

anisopliae Insect 28.6 281 8.37 21/18 26800 PMSF 66.4 8-10 50-60 

VCP1 
Pochonia

chlamydosporia
Nematode 28.5 281 7.74 20/19 28650 PMSF 62.5 8-10 50-60 

Ver112 Lecanicillium 
psalliotae Insect 28.6 280 8.67 22/18 27370 PMSF 64.1 8-10 50-60 

PL646 
Paecilomyces 

lilacinus 

Nematode
/Insect/
Human 

28.7 284 8.38 19/16 25760 PMSF 62.0 8-10 50-70 

a Calculated molecular weight. 
b Number of amino acids. 
c Predicted isoelectric point. 
d Number of positively charged residues/number of negatively charged residues. 
e Predicted extinction coefficient at 280 nm.  
f Phenyl methane sulphonyl fluoride.  
g Diisopropyl fluorophosphates. 
h Sequence identity with respect to 1IC6. 
i Optimal reaction conditions. 
j Temperature. 

Table 1. Physiochemical properties and optimal reaction conditions of the proteinase K 
(PRK) and the four cuticle-degrading enzymes PR1, VCP1, Ver112 and PL646. 

The reasons for these proteases exhibiting high catalytic activity at both high temperature 
and high pH may be explained as follows. The elevated temperature can enhance 
conformational flexibility of enzyme structures, especially in the substrate-binding regions 
with relatively few conformational restrictions, thus enhancing the substrate affinity and 
catalytic efficiency of these enzymes (Gudjonsdottir & Asgeirsson, 2008; S. Q. Liu et al., 2010, 
2011; Tao et al., 2010). Because excessively high temperatures will lead to thermal 
denaturation of the protein structure, the temperature just below the transition temperature 
is often the optimal reaction temperature of these proteases. The relatively high pH value is 
beneficial for maintaining the correct hydrogen bonding interaction within the catalytic 
triad, i.e., the hydrogen bonds His-N1-HO2-Asp and Ser-O-HN2-His, via proper 
protonation state for one of the catalytic triad residues His, i.e., protonation on the N1 atom 
but not on N2 atom in the imidazole group.  

4.2 Description and comparison of structural models  
The structural models of PR1, VCP1, Ver112 and PL646 were built based on the high-
resolution crystal structure of proteinase K (0.98 Å; PDB code 1IC6; hereafter proteinase K is 
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also referred to as 1IC6) using homology modeling technique implemented in the software 
package MODELLER 7v7 (Sali & Blundell, 1993). Because of the high degree of sequence 
identity (> 60%) of these proteases with respect to their template 1IC6, especially in the loop 
regions (Figure 3), it is not surprising that these modeled structures are nearly identical, 
whether to each other or to the template (Figure 4). Commonly, these models show the 
common / scaffold characteristics of the subtilisin-like serine protease, which consist of 
six  helices, two 3/10 helices, a seven-stranded parallel  sheet, and three two-stranded 
antiparallel  sheets. The corresponding amino acid sequences of these secondary structure 
elements are also indicated at the top of the multiple sequence alignment plot (Figure 3).  
 

 
Fig. 3. Multiple sequence alignment of proteinase K (1IC6) and cuticle-degrading proteases 
PR1, VCP1, Ver112 and PL646. The regions of residues with red background and white 
foreground are completely conserved; those with yellow background and red foreground 
are well conserved or similar, and with black foreground are not conserved. The common 
secondary structure elements are indicated at the top with black arrows for parallel  
strands, gray arrows for antiparallel  strands, black curves for  helices, and gray curves 
for 3/10 helices, respectively. Residues participating in the formation of the S1 site are 
circled by green frames, and those in the S4 site are circled by blue frames. ~ at the bottom 
indicates residues that participate in the formation of both S1 and S4 sites. Catalytic triad 
residues Asp39, His69 and Ser224 (proteinase K numbering) are marked at the bottom with 
a *. Oxyanion hole residue Asn161 is marked with . Cysteines involved in the disulfide 
bridges are marked with  and  (Cys34-Cys123 and Cys178-Cys249). The free Cys73 is 
with . Residues forming the “strong” calcium binding site (Pro175, Val/Ala177 and 
Asp200) Ca1 are marked with dark green ball and those forming the weak calcium binding 
site Ca2 (Thr16 and Asp260) are marked with pale green ball. The Ca2 site is unique for 
proteinase K. 
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Fig. 4. Structural representations of the homology models of cuticle-degrading proteases. (A) 
1IC6, (B) PR1, (C) VCP1, (D) Ver112, (E) PL646 and (F) backbone superposition of the four 
cuticle-degrading proteases and their template structure proteinase K with PDB code 1IC6. 
The  helices,  strands and loops are colored red, yellow and green, respectively. Substrate-
binding segments 100-104 and 132-136 (1IC6 numbering) are in purple and disulfide bridges 
in orange. The residues of catalytic triad (Asp39, His69 and Ser224), oxyanion hole (Asn161), 
disulfide bridges (S-S), and calcium binding sites are rendered as stick models. In plot (F) 
the backbones of 1IC6, PR1, VCP1, Ver112 and PL646 are colored yellow, blue, green, red 
and purple; and the structural regions exhibiting relatively large conformational difference 
are labeled: (i) N- and C-Termini; (ii) surface-exposed polar loop (PSL) located between 2 
and 2; and (iii) the loop region (residues 241-247) located between 5 and 6. 
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Quantitative comparisons between these structural models were performed by using least-
square fitting method implemented in Swiss-Pdbviewer (Guex & Peitsch, 1997). The 
structure backbones were superimposed pairwise onto each other, achieving the backbone 
root mean deviation (RMSD) values with the range of 0.04-0.80 Å. The order of structural 
difference between these models is: PR1-VCP1 (0.04 Å ) < PR1-PL646 (0.05 Å) < Ver112-
PL646 (0.21 Å) < Ver112-PR1 (0.34 Å) = VCP1-PL646 (0.34) < VCP1-Ver112 (0.35 Å) < 
Ver112-1IC6 (0.58 Å) <1IC6-PR1 (0.75 Å) = 1IC6 -VCP1 (0.75 Å) < 1IC6-PL646 (0.80 Å), 
suggesting that the cuticle-degrading protease are more similar in structure to each other 
than to proteinase K. This is in agreement with the postulation that the higher the amino 
acid residue sequence identity between the proteins, the more similar the structures 
between them. The sequence identities of PR1-VCP1, PR1-PL646, Ver112-PL646, Ver112-
PR1, VCP1-PL646, VCP1-Ver112, Ver112-1IC6, 1IC6-PR1, 1IC6 -VCP1 and 1IC6-PL646 are 
78.6%, 74.6%, 71.1%, 69.5%, 68.0%, 64.3%, 64.1%, 66.4%, 62.5% and 62.0%, respectively. 
In the crystal structure of proteinase K, four of the five cysteines form two disulfide bonds: 
Cys34-Cys123 and Cys178-Cys249, whereas Cys73 is free. Interestingly, all the four cuticle-
degrading proteases contain the five positionally equivalent cysteines and the two 
corresponding disulfide bridges are also presented in the resultant structural models of the 
cuticle-degrading proteases. Close inspection of these models reveals that the free sulfur 
atom in Cys73 makes close contacts with the active site residues His69(O), Ser224(O), and 
Ser132(O), for which the function consequence has yet to understand.   
The catalytic triad residues Asp39, His69 and Ser224 and the component of the oxyanion 
hole residue Asn161 are completely conserved among the proteinase K and cuticle-
degrading proteases as shown in the multiple sequence alignment plot (Figure 3), resulting 
in the perfectly structurally conserved architecture of the catalytic triad and oxyanion hole 
among the structural models of these enzymes (Figure 4). In proteinase K, two polypeptide 
segments of residues 100-104 and 132-136 constitute the two sides of the substrate-binding 
channel, where the P4, P3, P2 and P1 residues of the substrate are accommodated as the 
central strand to form a three-stranded antiparallel  sheet with residues in the S4, S3, S2 
and S1 sites of the enzyme (Wolf et al., 1991). Among the four cuticle-degrading proteases, 
the residues equivalent to substrate-binding regions of proteinase K are well conserved with 
only subtle amino acid variations being found in the S1 and S4 substrate-binding pockets 
(Figure 3 and 5).  
Despite the essentially global similarity between these structural models, relatively large 
conformational differences in local structures can still be found upon the superposition of 
these structural models (Figure 4F). Close inspection of Figure 4F reveals three regions 
exhibiting large backbone conformational differences: i) the N- and C-terminal regions, 
which exhibit the largest difference; ii) the surface-exposed loop comprising residues 59-68 
with a high percentage of polar residues, and is thus termed polar surface loop (PSL); iii) the 
surface-exposed loop region (residues 241-247) located between 5 and 6. These large 
conformational differences are brought about by residue insertions or deletions within these 
regions as indicated by the sequence alignment (Figure 3). The most insertions or deletions 
of the target sequence relative to the template 1IC6 are found in the N- and C-termini, thus 
leading to the largest differences in conformation between these cuticle-degrading 
proteases. Other insertions are only observed in PSL and in loop region connecting 5 and 
6, i.e, in PSL, PR1, VCP1 and PL646 have one residue insertion between positions 61 and 62 
relative to the template sequence 1IC6; in loop 241-247 the cuticle-degrading enzymes PR1, 
VCP1 and PL646 have one insertion between positions 244 and 245. The few insertions or 
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deletions that are observed merely in loops, in conjunction with the high degree of sequence 
identity, can be used to explain the virtually identical structural models of these proteases. 
However, as will be described and discussed later, the subtle differences in architecture of 
the substrate-binding regions, which arise from variation in amino acid sequence, can be 
used to predict differences in function properties between these enzymes.  

4.3 Factors contributing to the stability of molecular structures  
4.3.1 Ca

2+
-binding sites  

Many proteases in the peptide S8 family contain one or more Ca2+-binding sites and binding 
of calcium cations enhances the thermal stability of the proteases which in turn increase 
their resistance again proteolysis, either by itself or by other proteases (Bajorath et al., 1989; 
Betzel et al., 1988; Betzel et al., 1990; Müller et al., 1994). Two Ca2+ cations were found in the 
high resolution crystal structure of proteinase K (Figure 1 and 4A) (Betzel et al., 2001). The 
first Ca2+ is coordinated tightly by the O1 and O2 of Asp200 and the carbonyl oxygen atoms 
of Pro175 and Val177, and as such this site is termed strong Ca2+-binding site Ca1. 
Intuitively, the Ca1 is able to stabilize the regions around itself, especially the long loops 
connecting 7 and 8 and 8 and 9. The second Ca2+ is a weakly bound Ca2+, which is 
coordinated by Ca2 site consisting of the O1 and O1 of Asp260 and the carbonyl oxygen 
atom of Thr16. The Ca2 stabilizes to some extent the N- and C-terminal regions of the 
molecular structure. Among the four cuticle-degrading proteases, Ver112 and PL646 
completely preserve the Ca1 site, whereas PR1 and VCP1 have residue substitution at 
position 177, i.e., an Ala in Pr1 and VCP1 substitutes for Val in 1IC6 (Figure 3). Although 
such substitution may have influence on the calcium affinity, we consider that such effect 
may be minor because the carbonyl oxygen of Ala177, coupled with carbonyl oxygen of 
Pro175 and carboxyl oxygens of Asp200, can still coordinate Ca2+ in a manner similar to that 
in 1IC6. In the case of the Ca2 site, the Thr16 in 1IC6 is replaced by an Arg in the four 
cuticle-degrading enzymes and the Asp260 in 1IC6 is replaced by a Val in PR1, Ver112 and 
PL646 and by Ala in VCP1, possibly leading to the loss of the ability of these cuticle-
degrading enzymes to bind the second calcium cation due to the lack of carboxyl oxygens. 

4.3.2 Disulfide bonds 
It has been shown that disulfide bonds play an important role in the stability of some 
proteins by an entropic effect (Matsumura et al., 1989), usually the globular proteins 
secreted to extracellular medium (Sevier & Kaiser, 2002). As mentioned above, two disulfide 
bonds equivalent to those in proteinase K were also observed in the homology models of 
these four cuticle-degrading proteases (Figure 1, 3 and 4). The disulfide bridge Cys34-
Cys123 connects the N-terminus of 1 at whose C-terminus lies the catalytic residue Asp39 
and the loop (residues 118-126) connecting 3 and 4. Although this loop is located opposite 
the substrate-binding regions and is relatively far away from the catalytic triad, it links the 
3 following the substrate-binding segment residues 100-104 and 4 preceding the other 
substrate-binding segment residues 132-136. Therefore, this loop can be considered as a 
“hinge” capable of modulating the orientation of the substrate-binding segments. As a 
result, the disulfide bond Cys34-Cys123 may participate in such modulation through 
contributing to the stability of this loop. On the other hand, this disulfide bond may also 
affect the dynamic behavior of the catalytic residue Asp39 via the rigid strand 1. The other 
disulfide bridge Cys178-Cys249 connects the N-terminus of 8 (located next to the S1 
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pocket) and 6, attaching the peripheral 6 to the main body of proteases, contributing to 
the stability of the C-terminal region. In addition, since 8 is located adjacent to the S1 
substrate-binding pocket, Cys178-Cys249 may also influence the orientation of the S1 
residues via a loop comprising residues 171-177.  

4.3.3 Hydrogen bonds and salt bridges 
Hydrogen bonds have been considered to contribute to the overall stability of the protein 
structure due to their large number and wide distribution (Shirley et al., 1992), whereas 
salt bridges contribute to a large extent to only the local stability because of its limited 
number and localized distribution (Arnorsdottir et al., 2005). The numbers of hydrogen 
bonds/salt bridges in structural models of proteinase K, PR1, VCP1, Ver112 and PL646 
are 223/14, 189/12, 189/12, 195/13, and 199/8, respectively (Table 2). Here we mainly 
focused on the hydrogen bonds and salt bridges that serve to stabilize certain sites of 
interest. For example, a salt bridge network Arg12:Asp187:Lys/Arg18, which is found in 
all these four cuticle-degrading proteases, contributes to the stability of the N-terminal 
region of these proteases. This salt bridge network does not occur in proteinase K due to 
the lack of positively charged residue at position 18. However, the Ca2 cation, which does 
not exist in cuticle-degrading proteases, acts as an important factor to stabilize the N-
terminus in proteinases K. Another bridge network, Arg52:Glu50:Lyr/Arg80, is found to 
be conserved throughout the five enzymes, connecting and stabilizing two surface loops 
between ┚1 and ┚2 (residues 40-52) and between ┙2 and ┚3 (residues 79-88). A completely 
conserved salt bridge, Asp117:Arg121, together with the disulfide bridge Cys34-Cys123, 
anchors and stabilizes the “hinge” loop containing residues 118-126. Additionally, two or 
more salt bridges are observed between two regions carrying multiple successive 
negatively or positively charged residues, i.e., Asp26-Glu/Asp27 and Lys86-Lys87, 
contributing to the stability of the long loop connecting ┙1 and ┚1 and of the relatively 
short loop between ┙2 and ┚3, although the stability effect is weaker in Ver112 and PL646 
than in 1IC6, PR1 and VCP1 due to the reduction in the number of negatively charged 
residue in Ver112 and PL646 (replacement of Glu/Asp with Thr). There is a salt bridge, 
Asp112:Arg147, in the two proteases 1IC6 and Ver112 that is able to bridge ┙3 and ┙4, 
which are located adjacent to the two substrate-binding segments composed of residues 
100-104 and 132-136. This salt bridge does not exist in PR1, VCP1 and PL646 due to the 
replacement of Arg147 with Ala, although the position 112 is occupied by the negatively 
charged residue (Asp or Glu) throughout the five proteases. In PR1 and VCP1, a salt 
bridge network, Lys250:Asp254:Lys251, is observed to contribute to the stability of the C-
terminal helix ┙6, while only one salt bridge, Arg250:Asp254, is found in ┙6 of 1IC6, and 
no salt bridge in ┙6 of Ver112 and PL646. Interestingly, another structural factor capable 
of stabilizing ┙6, i.e., the disulfide bond Cys178-Cys249 is found in all these four cuticle-
degrading proteases and proteinase K.  
The region of residues 162-169 is located in the vicinity of S1 pocket and some of its residues 
form the bottom of the S1 pocket. For all these proteases except for PL646, at least one salt 
bridge or salt bridge network is found in this region contributing to the stability of this 
region. For example, 1IC6 contains a salt bridge, Asp165:Arg167, PR1 and Ver112 share a 
salt bridge, Asp162:Arg164, and VCP1 contains a salt bridge network, 
Asp162:Arg168:Asp165. Although PL646 contains no salt bridge in this region, a number of 
hydrogen bonds are observed in this region that can also stabilize the bottom of S1 pocket. 
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Taken together, the salt bridges coupled with the hydrogen bonds contribute to the stability 
of the S1 pocket bottom, which may facilitate the precise orientation of the P1 residue of the 
substrate for nucleophilic attack by the Ser.  
 

Protease RMSDa

(Å) 
SASAb

(nm2) 
Rgc 

(nm)
NHBd

 
NNCe NSBf ENEg DIHh

SSEi 

 
helix 

 
sheet Turn 

1IC6 0 109.2 1.67 223 134896 14 9288.2 0 69 66 43 

PR1 0.75 113.4 1.67 189 129252 12 8560.3 0 67 66 42 

VCP1 0.75 111.0 1.67 189 128896 12 8560.0 0 70 64 47 

Ver112 0.58 106.6 1.66 195 132572 13 8732.7 1 70 66 43 

PL646 0.80 111.7 1.69 199 130180 8 8464.9 0 71 66 39 
a Backbone RMSD with respect to 1IC6.  
b Total solvent accessible surface area.  
c Radius of gyration.  
d Number of hydrogen bonds. A hydrogen bond is considered to exist when the donor-hydrogen-
acceptor angle is larger than 120° and the donor-acceptor distance is smaller than 3.5 Å.  
e Number of native contacts. A native contact is considered to exist if the distance between two atoms is 
less than 6 Å. 
f Number of salt bridges. A salt bridge is considered to exist if the distance between two oppositely 
charged residues is within 6 Å. 
g Potential energy after energy minimization in the GROMOS96 force field. 
h Number of residues in the disallowed regions in the Ramachandran plot. 
i Number of residues in the corresponding secondary structure elements. 

 Table 2. Geometrical properties of proteinase K crystal structure 1IC6 and structural models 
of the four cuticle-degrading enzymes PR1, VCP1, Ver112 and PL646.  

Charged residue clusters are also found in two surface-exposed loops: the PSL (residues 59-
68) and the loop composed of residues 94-101. PSL is located before the catalytic triad 
residue His69. The loop 95-101 is located in close proximity to the S2 pocket and partially 
participates in the formation of the S2 pocket, and therefore it is referred to as the S2-loop. A 
completely conserved salt bridge network Asp65:Lyr94:Asp97 is found in all these five 
proteases, bridging the PSL and the S2-loop together contributing to the stability of these 
two loops. Two additional salt bridge networks (Asp65:Lyr94:Asp98 and 
Arg64:Asp98:Lyr94) capable of enhancing the stability of these two loop are observed in 
1IC6 and Ver112. The stability of the S2-loop is further enhanced by an absolutely conserved 
hydrogen bond network Asp97-[Gly100, S101] in these five proteases. Additionally, a salt 
bridge Glu43:Arg64, which is found only in proteinase K and Ver112 but not in other 
proteases, contributes to the stability of the PSL. Another important factor contributing to 
the stability of the PSL is the hydrogen bond and hydrogen bonding network, i.e., a 
completely conserved hydrogen bonding network Asp65-[Gly68, Thr71] is observed in all 
these five enzymes; and the number of hydrogen bonds involved in stabilizing the PSL is 10, 
9, 7, 8 and 8 in 1IC6, PR1, VCP1, Ver112 and PL646, respectively. Taken together, we can 
conclude that a relatively large number of hydrogen bonds in conjunction with a relatively 
small number of salt bridges constitutes the stability determinants of the PSL. Because of its 
long loop length, close proximity to activity center and solvent-exposed character, the 
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stability of the PSL loop is important for the global structural stability or even for the 
catalytic activity of these proteases. This is reflected by the fact that the calcium cation is 
observed to stabilize PSL in two members of proteinase K subfamily, the VPRK from Vibrio 
sp. PA44 (PDB code 1SH7) (Arnorsdottir et al., 2005) and the thermitase from 
Thermoactinomyces vulgaris (PDB code 1THM) (Teplyakov et al., 1990).   

4.3.4 Aromatic ring stacks 
The aromatic ring stacking interaction between aromatic residues can aid in enhancing the 
structural stability of the protein (Siezen et al., 1991). Two absolutely conserved aromatic 
ring stacking interactions are found in residue pairs Tyr23-Tyr25 and Tyr/Phe59-
Phe/Tyr113. The former contributes to the stability of the N-terminal region; the latter 
makes contribution to the stability of the PSL and 3. A conserved aromatic ring stacking 
interaction is observed between residue pair Tyr36-Phe/Tyr91 in 1IC6, PR1, Ver112 and 
PL646, contributing to the stability of both 1 and 3. Such an aromatic stacking interaction 
does not exist in VCP1 due to the replacement of the aromatic residue (Phe or Tyr) at 
position 91 by Leu. 

4.4 Substrate-binding region and electrostatic surface potential 
4.4.1 Substrate-binding sites/pockets  
The substrate-binding region in subtilisin proteases is generally described as a surface 
channel or crevice that is able to accommodate at least six amino acid residues (P4-P2’) 
within the substrate such as a polypeptide chain or a pseudo-substrate (i.e., the inhibitor) 
(Siezen & Leunissen, 1997). In the crystal structure of proteinase K in complex with the 
inhibitor methoxysuccinyl-Ala-Ala-Pro-Ala-chloromethyl ketone (PDB code 3PRK) (Betzel 
et al., 1993; Wolf et al., 1991), the P4-P1 residues of the substrate slot in between two 
extended protease segments of residues 100-104 and 132-136, leading to the formation of a 
three-stranded antiparallel  sheet (Wolf et al., 1991). The leaving segment P1’-P2’ of the 
substrate runs along the protease segment of residues 220-222, exhibiting a weak binding to 
the enzyme. According to the crystal structures of 3PRK and 1IC6, the substrate-binding 
sites of the cuticle-degrading enzymes are identified (Figure 3 and 5). The S2’ site is a 
hydrophobic pocket formed primarily by residues 192, 221 and 222. The S1 is a distinct, 
large and elongated pocket that is primarily formed at the side by residues 132-135 and at 
the bottom by residues 158-161. This pocket is also surrounded at the rim by residue 162, at 
the bottom end by residue 169, and at the top by a segment of residues 222-225 at which the 
nucleophilic residue Ser224 is located. Compared to S1 pocket, the S2 site is a less distinct 
and relatively smaller pocket, which is bounded at one side by residue 100 and at the other 
side by the catalytic triad residue His69, at the bottom by the hydrophobic residue Leu96 
and the catalytic triad residue Asp39, at the bottom end by residue 40, and at the rim by 
residue 67, respectively. S3 site is formed by only one residue at position 101, which is not a 
pocket because the side chain of Ser101 is located at the exterior of the substrate-binding 
region, forming a convex surface at this site (Figure 5). The residue 100 may also have the 
potential to interact with the P3 side chain due to their close proximity observed in the 
proteinase K-inhibitor complex structure. S4 site is located between two segments of 
residues 100-104 and 132-136, forming a very distinct and large pocket. This pocket can be 
divided into two subsites, S4a and S4b. S4a is formed by residues 96 and 107 at the bottom, 
residue 133 at the side, and residue 102 at the rim, respectively. S4b consists of residue 104 at 
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the side, residue 141 at the bottom, and residues 135-136 at the rim, respectively. It is 
important to point out that the sizes of the substrate residue-binding pockets are determined 
by side chains of the pocket-forming residues.  
 

 
Fig. 5. Electrostatic surface potentials of (A, B) 1IC6, (C, D) PR1, (E, F) VCP1, (G, H) Ver112 
and (I, J) PL646. Plots on the top/bottom are the front/back surface of the electrostatic 
potentials of these proteases, respectively. The positively and negatively charged 
electrostatic surfaces are colored blue and red, respectively. The approximate locations of 
the substrate-binding sites and/or pockets, S2’, S1, S2, S3, S4a and S4b are indicated. 

We note that the amino acid residues forming the substrate-binding sites S2’ and S3 are 
completely conserved throughout the proteinase K and the four cuticle-degrading proteases 
investigated here, while those forming the pockets S1, S2 and S4 are observed to be variable. 
For example, variable residues within the S1 pocket are found at positions 162 and 169, 
which, as described above, are residues located at the rim and bottom end of this pocket, 
respectively. In the four cuticle-degrading proteases, the acidic residue Asp162 substitutes 
for the neutral Asn162 in the proteinase K. Despite their common side chain conformation, 
the acidic residue Asp162 make the S1 pocket carry more electro-negative characteristics 
(Figure 5), which in turn may shift the substrate specificity to the positively charged P1 
residues (Siezen et al., 1991; Siezen & Leunissen, 1997). In addition, it has been observed that 
the electro-negative character can increase flexibility of a protease (Pasternak et al., 1999), 
especially the flexibility of the active site region (Kumar & Nussinov, 2004). We therefore 
assume that the Asp162 in the cuticle-degrading enzymes should increase the flexibility of 
the S1 site, which in turn may enhance the catalytic efficiency of the cuticle-degrading 
proteases and subsequently the infection virulence by the fungi. Position 169 is occupied by 
the Tyr in 1IC6, VCP1 and PL646 and by the Thr in PR1 and Ver112. It should be noted that 
the P1 specificity of subtilisin BPN’ can be significantly affected by residue replacements at 
this position using site-directed mutagenesis technique (Estell et al., 1986; Wells et al., 1987). 
Most of the residues within the S2 pocket are conserved throughout the five proteases 
except for the one at position 67, which is occupied by Asn in 1IC6 and PL646 but by the His 
in PR1, VCP1 and Ver112, implying a slight preference of the latter three cuticle-degrading 
proteases at the low pH for the negatively charged P2 residues. The largest number of 
variable residues in the substrate-binding region is found within the S4 pocket, i.e., there are 
five positions, 103, 104, 107, 136 and 141, that are occupied by different residues among 
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these five proteases. For example, Gln103 in proteinase K is replaced with Ser103 in the four 
cuticle-degrading enzymes, enlarging the S4 pocket of cuticle-degrading proteases due to 
relatively smaller side chain of Ser than that of the Gln. The Tyr104 in PR1, VCP1, 1IC6 and 
PL646 is replaced by a Leu in Ver112. Because Tyr104 has been shown to act as a flexible lid 
to the S4 pocket in the structures of subtilases (Siezen et al., 1991; Siezen & Leunissen, 1997), 
the Leu104 at the equivalent location broadens the entrance for P4 residues and 
simultaneously increases the hydrophobic character of the S4 pocket. Two amino acid 
residue variations, i.e., the substitution of a Val in VCP1 for Ile107 in 1IC6, PR1, Ver112 and 
PL646, and the substitution of a Leu in Ver112 for Val141 in 1IC6, PR1, VCP1 and PL646, 
likely have a minor influence on the size and hydrophobic character of the S4 pocket 
because Ile/Val107 and Val/Leu141 are buried to a large extent within the bottom of S4 
pocket and all have strong hydrophobic character. The presence of Pro136 in VCP1 leads to 
a larger rim of the S4 pocket because of its larger size compared to the equivalent Gly136 
presented in 1IC6, PR1, Ver112 and PL646. Interestingly, the amino acid residues at 
positions 136 and 104 can be seen as two gates for the entrance of the S4 pocket, and as such 
the presence of larger Pro may affect entry of the P4 residues into the S4 pocket. The 
hydropathy score of the S4 pocket was calculated approximately as the sum of the 
hydropathy value (Kyte & Doolittle, 1982) for all the residues within the S4 pocket, yielding 
values of 13.8, 13.8, 13.5, 18.5 and 13.8 for 1IC6, PR1, VCP1, Ver112 and PL646, respectively, 
indicating that the S4 pockets of these proteases have strong and comparable hydrophobic 
character, with the strongest hydrophobicity observed in Ver112.  

4.4.2 Electrostatic surface potential  
The electrostatic surface potentials of these five proteases were calculated using Poisson-
Boltzmann method with Swiss-PdbViewer and the results were shown in Figure 5. Many 
electrostatic potential features are common to the surfaces of these proteases, i.e., the back 
surfaces of these proteases are dominated by electro-positive potential except for that of 
VCP1 (Figure 5F), which exhibits the mixed distribution of positively (blue color) and 
negatively (red color) charged potentials; the front surfaces of these enzymes exhibit a dual 
feature of both positively and negatively charged potentials, although the majority of the 
front surfaces are positively charged. Close inspection of the front surfaces reveals that the 
electro-negative potentials are mainly concentrated in and/or around the substrate-binding 
regions of these enzymes, especially those of VCP1 and PL646 (Figure 5E and I). For the 
other proteases, sporadic distribution of the electro-negative spots can be found outside the 
substrate-binding sites. The functional significance of the electrostatic surface potential 
distribution will be discussed in the “Functional implication” section.  

4.5 Functional implication  
It has been shown that the high-accuracy homology models can be obtained if the sequence 
identity between the target and template is greater than 50%, with the accuracy of the 
modeled structures being comparable to that of the medium-resolution NMR or X-ray 
structures (Baker & Sali, 2001). The high degree of sequence identity of these four cuticle-
degrading proteases to the template proteinase K suggests that our structural models are 
very accurate, as confirmed by comparison of homology models with the X-ray 
crystallographic structures that we determined later (Liang et al., 2010), which exhibits that 
for the Ver112 and PL646, the backbone RMSD between the theoretically modeled and 
experimentally determined structures is 0.57 and 0.64 Å, respectively. Such highly accurate 
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structural models guarantee the accuracy of prediction for Ca2+-binding site, disulfide 
bridge, hydrogen bond, salt bridge and aromatic ring stack that contribute to the global or 
local stability of the enzyme structures, and can also be used to investigate differences in 
functional properties such as substrate specificity and catalytic activity among these 
proteases.  
As mentioned above, although the four cuticle-degrading enzymes were predicted to 
contain no weak Ca2+ cation Ca2 present in 1IC6, several hydrogen bonds and salt bridge 
networks were observed within or close to the Ca2-equivalent site to act as stabilizing 
factors for the N- and C-terminal regions of the cuticle-degrading enzymes (for details see 
(S.Q. Liu et al., 2007b)). This may explain why the presence of EDTA has a minor effect on 
the activity of proteinase K and cuticle-degrading proteases (S. Q. Liu et al., 2011; Müller et 
al., 1994; J.K.  Yang et al., 2005b). Of interest is that another Ca2+ found in the vicinity of the 
PSL of proteinase K-like serine protease structures with PDB codes 1SH7 (Arnorsdottir et al., 
2005) and 1THM (Teplyakov et al., 1990) does not exist at the equivalent location in the 
cuticle-degrading proteases investigated here. The abundant hydrogen bonds and salt 
bridges observed in PSL can contribute to its stability in these proteases.  
Our comparative modeling study, together with structural studies using X-ray 
crystallographic and NMR techniques, indicates that members of the S8 peptidase family 
have an overall highly rigid globular fold (Betzel et al., 2001; Liang et al., 2010; S. Q. Liu et 
al., 2010, 2011; Müller et al., 1994; Martin et al., 1997; Siezen et al., 1991; Siezen & Leunissen, 
1997). The globular fold can be considered as the consequence of combination of various 
protein-folding driving forces, including the hydrophobic force that maximizes the entropy 
of the protein-solvent system through minimizing the solvent-accessible surface area of the 
protein, making the overall protein shape spherical; and enthalpic contribution through 
favorable energetic contacts such as van der Waals contacts, electrostatic and hydrogen 
bonding interactions. It has been proposed that the compact globular packing and high 
rigidity of the proteinase K-like serine proteases have evolved as the protective measures 
against autolysis (S. Q. Liu et al., 2010, 2011; Martin et al., 1997). However, a certain degree 
of flexibility within the substrate-binding regions is required to allow recognition and 
binding of the substrates with high affinity (Lange et al., 2008; S. Q. Liu et al., 2010, 2011; 
Perica & Chothia, 2010; Tao et al., 2010). For the substrate-binding regions, the delicate 
balance between the rigidity and flexibility may play important roles in maintaining 
structural stability and modulating substrate binding specificity and affinity. The important 
factors involved in determining rigidity and flexibility of local structural region are 
hydrogen bonds and salt bridges, especially their number and distribution. An example of 
crystallographic study on a proteinase K-like protease, SPRK from the psychrotroph Serratia 
species (PDB code 2B6N) shows that a strong hydrogen bond network, Asn97-[S99, S101] 
brings its S2-loop into a ‘hub and spokes’ arrangement with high rigidity, which may 
explain the relatively low binding affinity (higher Km value) of SPRK towards the synthetic 
substrate suc-Ala-Ala-Pro-Phe-nitroanilide (Helland et al., 2006). In addition, the tight S2-
loop may also influence the substrate specificity profile of SPRK (Helland et al., 2006) 
because of the conformational selection (Monod et al., 1965; Tobi & Bahar, 2005) and/or 
induced fit (Koshland, 1958) mechanisms of substrate binding. In the case of the cuticle-
degrading proteases studied here, a conserved hydrogen bonding network, Asp97-[Gly100, 
S101], and a conserved salt bridge network, Asp65:Lyr94:Asp97, are observed to contribute 
to the stability of the S2-loops. However, for PR1, VCP1, Ver112 and PL646, their number of 
hydrogen bonds/salt bridges involved in stabilizing the S2-loop is 4/1, 4/1, 5/3 and 7/2, 
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respectively, implying more rigid S2-loop in Ver112 and PL646 than in the other two 
enzymes. This leads to the speculation that Ver112 and PL646 may have relatively lower P2 
affinity compared to Pr1 and VCP1.  
The variation in substrate specificity of subtilisin is most likely to be caused by variable 
residues within the substrate-binding sites, especially by those whose side chains interact 
directly with the P1 and P4 residues of the substrate (Siezen et al., 1991; Siezen & Leunissen, 
1997). We therefore make some prediction of the variation in substrate specificity among the 
cuticle-degrading proteases according to this principle. As mentioned above, the Asp162 
substitution in the four cuticle-degrading enzymes for Asn in proteinase K could not only 
enhance the catalytic efficiency but also increase the specificity to the basic P1 residues. The 
residue 169 is located at the bottom end of the S1 pocket and is either Tyr in proteinase K, 
VCP1 and PL646 or Thr in PR1 and Ver112. Inspection of the structural models reveals that 
the bottoms of the S1 pocket of these five proteases remain the same width because the side 
chains of both Tyr and Thr rotate away from the S1 pocket bottom end (Figure 5), in 
agreement with the docking data showing that Tyr in 1IC6 does not interact directly with 
the P1 residue of a substrate (Helland et al., 2006). We therefore consider that this observed 
residue variation at position 169 may have a minor effect on substrate specificity of these 
cuticle-degrading enzymes. Five positions with variable residues are found within S4 pocket 
suggesting that these proteases have most variable specificity for the P4 residues of 
substrates. For example, the replacement of Gln103 in proteinase K with a Ser in all these 
four cuticle-degrading proteases increases not only the size but also the hydrophobicity of 
the S4 pocket to a certain extent, thus broadening the specificity profile of the P4 substrate 
residues. In Ver112, the Leu substitution at position 104 for Tyr in the other proteases leads 
to the increased preference of Ver112 for large and hydrophobic P4 residues in comparison 
with the other proteases. VCP1 may have a preference for relatively small P4 residues 
compared to the other proteases due to its Pro substitution for Gly at position 136, which 
narrows the entrance to the S4 pocket. Note that the predicted changes in substrate 
specificity of these cuticle-degrading proteases based on the structural models need to be 
verified by experimentally determining the kinetic data of the enzyme-substrate interaction, 
and this will be further discussed later in this chapter.  
The most pronounced feature of the electrostatic surface potential of these cuticle-degrading 
proteases is that their substrate-binding regions are commonly negatively charged whereas 
a large fraction of the other surfaces is positively charged. As mentioned above, the anionic 
feature of the substrate-binding regions is able to increase the local conformational flexibility 
of these regions, which in turn could increase the substrate affinity and catalytic efficiency. It 
has been shown that the cuticles of many nematodes and insects contain abundant acidic 
residues and as such are heavily negatively charged under neutral condition (Bidochka & 
Khachatourians, 1994; Blaxter et al., 1992; Cox et al., 1981; Himmelhoch & Zuckerman, 1978; 
Murrell et al., 1983). Therefore, the dominated electro-positive surface outside the substrate-
binding regions will facilitate the diffusion and adsorption of the cuticle-degrading 
proteases to their substrate - the cuticle of nematodes or insects - due to the electrostatic 
attraction between oppositely charged molecules, thus leading to efficient degradation of 
cuticle by enzymes. In addition, the large fraction of the positively charged surfaces can also 
explain why the cuticle-degrading proteases secreted by nematode-parasitic fungi studied 
here are all alkaline proteases.  
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Fig. 6. Crystal structures of Ver112 and PL646 and their comparison with corresponding 
homology models. (A, B) Backbone superposition of crystal structure and homology model of 
Ver112 (A) and PL646 (B). Experimental and theoretical structures are shown in red and green, 
respectively; and calcium cation in PL646 is shown as a blue ball. (C) Residues coordinating 
with Ca2+ (Ca1 site) in PL646. (D, E) Substrate-binding site of PL646 in complex with the 
inhibitor MSU-AAPV-ketone (D) and of proteinase K in complex with the MSU-AAPA-ketone 
(E). Residues of the substrate-binding site, catalytic triad, oxyanion hole and substrate P4-P1 
are labeled; the carbon, nitrogen and oxygen are shown in cyan, blue and red, respectively; the 
hydrogen bonds between the substrate and enzyme are denoted by dashed green lines. 
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5. Crystal structures of two cuticle-degrading proteases and their kinetic data  

In order further to investigate the structure-function relationship of the cuticle-degrading 
proteases and verify the predicting results of some structural and functional properties 
based on the above modeled homology structures, we select two of the above proteases, 
Ver112 and PL646, for crystallographic and kinetic studies (Liang et al., 2010).  

5.1 Comparison between the crystal structures and homology models 
The structures of two cuticle-degrading proteases, Ver112 and PL 646, were solved with X-
ray crystallographic method to resolutions of 1.65 Å and 2.1 Å, respectively, which were 
deposited in the PDB structure database with accession codes of 3F7M for Ver112 and 3F7O 
for PL646. As expected, structural comparison reveals that the structures of the 
experimentally determined and theoretically modeled proteases are nearly identical (Figure 
6A and B), giving the backbone RMSD values of 0.57 Å (Ver112) and 0.64 Å (PL646), 
respectively. Consequently, the secondary structural element components, architecture of 
the catalytic triad, and location of substrate-binding sites observed in the crystal structures 
are almost the same as those observed in the homology models. Two predicted disulfide 
bonds, Cys34-Cys123 and Cys178-Cys249 (proteinase K numbering), are also presented in 
the crystal structures of Ver112 and PL646. One Ca2+ cation is found in the crystal structure 
of PL646, which is coordinated with high affinity by carbonyl oxygens of Glu177, Val180 
and Leu201, O1 of Thr182, and O2 Asp203 (PL646 numbering, Figure 6C), forming a more 
precise Ca1 site than what is predicted based on the homology model. The weak calcium 
cation Ca2 present in proteinase K structure with PDB code 1IC6 is not observed in the 
crystal structure of PL646, in agreement with the prediction based on the homology model. 
In the case of Ver112, although the amino acid residues forming the Ca1 site are identical to 
those in PL646 and 1IC6, no Ca2+ was observed to bind to this site in the crystal structure. 
The possible reason for this is that Ver112 was crystallized in a Ca2+-free buffer. Taken 
together, although the calcium cation has been considered as an important factor in 
enhancing the thermostability of serine proteases (Bajorath et al., 1989; Betzel et al., 1990; 
Müller et al., 1994; Siezen et al., 1991), the binding of such cation may not be indispensable 
for the structural stability, either globally or locally, because the presence or absence of the 
Ca2+ at the same site in different proteases does not affect the overall folding and local 
architecture of the enzyme structures, and other structural factors like the abundant van der 
Waals contacts, hydrogen bonds and salt bridges play a dominant role in maintaining the 
stability of protein structure. However, our molecular dynamics study on proteinase K 
shows that Ca2+ can have an effect on the functional properties of this protease through 
altering the rigidity/flexibility of the structural regions around the calcium cation (S. Q. Liu 
et al., 2011), suggesting that the difference in local dynamics can be related to functional 
difference between members of the same family.  
Superposition of the structure of the protease PL646 in complex with the inhibitor MSU-
AAPV-ketone (Figure 6D) with that of the proteinase K complexed with MSU-AAPA-
ketone (PDB code 3PRK (Wolf et al., 1991); Figure 6E) gives a backbone RMSD of 0.69 Å. 
In both complex structures, the inhibitor MSU-AAPA-ketone lies well in the substrate 
channel located between the segments of residues 100-104 (residues 103-107 in PL646) and 
132-136 (residues 135-139 in PL646); and the conserved backbone hydrogen bonding 
interaction between the substrate and the protein residues are also observed, indicating 
that the predicted substrate-binding pockets shown in Figure 5 are correct. Also, the 
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electrostatic surface potentials of the two crystal structures were also calculated and 
compared with those of their corresponding homology models, exhibiting the completely 
identical electrostatic potential distribution across the molecular surfaces (data not 
shown).  
In the case of the substrate pockets, we have predicted above that the Tyr/Thr alteration 
at position 169 may not affect the size of the S1 pocket bottom because the side chains of 
both Tyr and Thr rotate away from the S1 pocket bottom end. In the crystal structure of 
Ver112, the Thr side chain adopts a similar orientation to that seen in the structural 
model; and in the crystal structure of PL646 in complex with substrate analogue MSU-
AAPV-ketone, the Tyr side chain also rotates away from the S1 pocket bottom end and 
does not make contact with the P1 residue of a substrate, confirming our prediction and 
suggesting that residue variation at position 169 unlikely affects the substrate specificity. 
Further comparison between the crystal structures of Ver112 and PL646 shows that the 
Ver112 has a wider S4 pocket entrance than PL646 because the position 104 is occupied by 
residue Leu in Ver112 with smaller side chain compared to that of Tyr in PL646. The 
bottom of S4 pocket appears flatter and wider in Ver112 than in PL646, which is caused by 
residue difference at position 141, i.e., Leu/Val in Ver112/PL646, respectively. The 
relatively larger Leu side chain lies across the bottom of Ver112 S4 pocket, making it 
flatter and wider than that of PL646.  

5.2 Kinetics analysis of Ver112, PL646, and proteinase K  
In order to verify the predicted difference in substrate specificity and catalytic activity 
among cuticle-degrading proteases, the enzyme kinetic parameters of Ver112, PL646 and 
proteinase K towards several synthesized substrates were determined using a method as 
described in (DelMar et al., 1979). The polypeptide substrates were designed based on the 
sequence of the classical protease K inhibitor N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide 
(Suc-AAPF-pNA) through altering individual residues, achieving Suc-AAPD-pNA, Suc-
NAPF-pNA and Suc-PAPF-pNA. The resultant kinetic data are listed in Table 3 (Liang et al., 
2010). The lowest Km value of 0.093 mM is observed to occur for proteinase K towards the 
substrate AAPD, exhibiting the strongest proteinase K-AAPD affinity. Cuticle-degrading 
protease PL646 shows approximately two orders of magnitude weaker affinity towards 
AAPD (1.21 mM) than proteinase K does (0.093 mM); and Ver112 may not bind AAPD as its 
Km can not be determined. It seems likely that it is the electrostatic repulsion between 
Asp162 in S1 pocket and P1 residue of AAPD that reduces (in PL646) or abolishes (in 
Ver112) AAPD binding. The kinetic parameters of proteinase K towards NAPF can not be 
determined, possibly due to the relatively small S4 pocket of proteinase K in comparison to 
that of Ver112 and PL646. On the contrary, Ver112 and PL646 show both high affinity 
towards the substrates NAPF and PAPF, reflecting their capability of accommodating 
peptide substrates with large P1 and P4 residues. Furthermore, Ver112 binds with four-
fold/two-fold higher affinity than does PL646 to NAPF/PAPF, respectively. This can be 
attributed to a wider entrance of S4 pocket in Ver112 than in PL646, allowing highly efficient 
entry of large P4 residues into S4 pocket of Ver112. PL646 has a relatively smaller S4 pocket 
than Ver112, possibly making it difficult to adopt appropriate arrangement to interact with 
P4 Ala of AAPF and AAPD, thus leading to the observed relatively weaker affinity of PL646 
towards these two substrates compared to Ver112.  
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Proteases AAPF AAPD NAPF PAPF 

 
Km 

(mM) 
Kcat/Km 

(s-1mM-1) 
Km 

(mM) 
Kcat/Km 

(s-1mM-1) 
Km 

(mM) 
Kcat/Km 

(s-1mM-1) 
Km 

(mM) 
Kcat/Km 

(s-1mM-1) 

Ver112 0.145 27354 N/Aa N/Aa 0.164 2067 0.226 5206 

PL646 1.42 17957 1.21 166 0.695 453 0.472 1576 

PRK 0.31 33142 0.093 1229 N/Aa N/Aa 0.111 3558 
a Not available, meaning that the kinetics parameters can not be determined. 

Table 3. Enzyme kinetic data of Ver112, PL646 and proteinase K towards several 
synthesized substrates. This table is modified from (Liang et al., 2010). 

In the case of PL646, its lowest substrate affinity is observed towards AAPF (Km = 1.42 mM) 
among the four synthesized substrates. However, this effect is offset by the highest turnover 
rate (170 1/s) resulting in the highest catalytic efficiency (Kcat/Km) towards AAPF, which is 
one or two orders of magnitude larger than that towards PAPF, AAPD and NAPF (Table 3). 
Similarly, Ver112 and proteinase K also have the highest turnover rate towards AAPF, 
regardless of their high or low affinity towards this substrate, thus leading to the highest 
catalytic efficiency to the AAPF, explaining why the AAPF has always been used as the 
canonical substrate for enzyme activity assay. The relatively lower turnover rates of these 
three proteases towards AAPD, NAPF and PAPF may be caused by the stereochemical 
clashes while interacting with the large P1 (such as Asp in AAPD) and P4 (such as Pro and 
Asn in PAPF and NAPF). Out of these three newly designed substrates the PAPF can be 
considered as the best one for all the three proteases investigated here because of its 
observed high affinity and turnover rate. Our data show that, like the canonical serine 
protease proteinase K, the cuticle-degrading proteases also exhibit broad substrate 
specificity with preference for bulky hydrophobic or aromatic residues at the P1 and P4 
positions of the substrate. The intrinsic reason for this is that both the substrate pockets S1 
and S4 are large and hydrophobic. Interestingly, for PL646, although its S4 pocket is large to 
accommodate both large and small P4 substrate residues, its affinities towards AAPF (1.42 
mM) and AAPD (1.21 mM) are weaker than those towards NAPF (0.695 mM) and PAPF 
(0.472 mM). We speculate that the large P4 residues (such as Asn in NAPF and Pro in PAPF) 
can form more non-bonding contacts, i.e., hydrogen bonding, hydrophobic and van der 
Waals contacts with S4 pocket than do the small residues (such as Ala in AAPF and AAPD), 
leading to a tighter association of protease with large residue than with small residue.  

6. Dynamic behavior of proteinase K  

A complete understanding of the structure-function relationship of a protein requires 
analysis of its dynamic behavior in addition to the static structure. Even for proteins with 
highly rigid structure (such as members within the S8 peptidase family), their dynamic 
behavior and molecular motions are still very important for understanding their function 
properties. The catalytic reaction of any enzyme is a dynamic process that occurs through a 
series of dynamic steps such as substrate binding, orientation, catalysis and product release. 
Detailed information on these dynamic steps as well as on how they are connected and 
regulated is necessary for a complete understanding of the enzymatic function. Therefore, 
we selected the classical serine protease proteinase K to investigate deeply into its dynamics 
using the molecular dynamics (MD) simulation technique (S. Q. Liu et al., 2010, 2011; Tao et 
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al., 2010). Because of the high degree of sequence and structure similarity between 
proteinase K and cuticle-degrading proteases, these proteases should also have similar or 
even identical dynamic features, which can be used to explain experimental data or be 
linked to functional properties of these enzymes. The content in this section would greatly 
facilitate the understanding of the structure-function relationship of this class of proteases.  

6.1 Rigidity and flexibility of proteinase K and their functional implication 
The crystal structure of proteinase K with PDB code 1IC6 (Betzel et al., 2001) was used as a 
starting model for the MD simulation. The GROMACS molecular dynamics package 
(Feenstra et al., 1999; Lindahl et al., 2001) was used with the GROMOS96 43a1 force field. 
The detailed molecular dynamics setup was described in (S. Q. Liu et al., 2010; Tao et al., 
2010). The length of the MD simulation is determined by monitoring the convergence of 
RMSD relative to the starting structure during simulation. The conventional geometrical 
properties along the MD trajectory such as the number of hydrogen bonds (NHB), number 
of native contacts (NNC), number of residues in the secondary structure elements (SSE), 
radius of gyration (Rg), solvent accessible surface area (SASA) and RMSD were calculated 
using the programs g_hbond, g_mindist, do_dssp (Kabsch & Sander, 1983), g_gyrate, g_sas 
and g_rms within the GROMACS software package, respectively.  
Analyses of the geometrical properties during simulation indicate that the structure of the 
proteinase K is stable with geometrical properties of NHB, NNC, Rg, SASA and RMSD 
fluctuating around their respective equilibrium values, and the well-defined global fold 
maintains well during simulation (data not shown and for details, see (S. Q. Liu et al., 2010)). 
Furthermore, the calculation of B-factors during simulation shows that proteinase K has a 
rigid structural core and a limited number of surface loops and links that show high 
structural flexibility. Among these flexible loops are those regions that participate in the 
formation of the substrate-binding site (such as segments containing residues 100-104, 132-
136 and 160-169) and regions located near or opposite the substrate-binding site (such as 
segments of residues 59-68, 119-126 and 240-246). The presence of flexibility in the substrate-
binding region, which has emerged from studies of many enzymes, supports either the 
induced-fit (Koshland, 1958) or conformational selection (Monod et al., 1965; Tobi & Bahar, 
2005) mechanisms of substrate binding. In the induced-fit mechanism, a certain degree of 
flexibility should exist in the substrate-binding region for conformational adjustment 
induced by substrate binding. Under the conformation selection model, the high flexibility 
of the structure-binding region allows it to exist in an ensemble of conformational substates, 
one of which can be selectively bound by substrate, lowering the entropy barrier and biasing 
the equilibrium towards the complex conformation. We consider that these two mechanisms 
of substrate binding are not two independent and exclusive processes but rather they play a 
joint role in substrate recognition and binding due to the common prerequisite of 
conformational flexibility, which are important for both large-scale backbone concerted 
movement in the conformational selection and side chain adjustment/rotation in the 
induced-fit process. Accordingly, we believe that it is the high flexibility observed in the 
substrate-binding region that allows not only for the existence of conformational diversity 
but also the easy conversion between substates of this region, thus not only facilitating the 
efficient recognition and binding of substrates but also allowing interactions with different 
substrates with a variety of sequence and structure motif, broadening the substrate 
specificity of proteinase K. However, because of the overall structural rigidity of proteinase 
K, it seems that only the functionally essential flexibility is presented in certain local regions. 
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Taken together, it can be considered that the serine proteinase family has evolved to be as 
rigid as possible to resist autolysis or proteolysis by other proteases while remaining as 
flexible as necessary within certain structural regions to guarantee functional activity.  

6.2 Flexibility of the catalytic triad  
In order to investigate the dynamic nature of the catalytic triad, we also focus on the 
interaction strength between Asp39 and His69 and between His69 and Ser224 through 
calculating the interaction energies. The results show that a stronger electrostatic interaction 
occurs between His69 and Asp39 (Figure 7B) than between His69 and Ser224 (Figure 7C), 
resulting in a more stable and tighter association of Asp39-His69 than His69-Ser224 (Figure 
7A). This implies that the proton transfer between His69 and Asp39 should be easier and 
more efficient than that between His69 and Ser224, leading to the speculation that the 
proton transfer from the N1 of His69 to the carboxyl group of Asp39 may be the 
prerequisite for the proton transfer from the Ser224 O to the His69 N2 (S. Q. Liu et al., 2010). 
An ab initio molecular orbital calculation of the catalytic triad (Nishihira & Tachikawa, 1996) 
showing a higher hydrogen transfer energy between the serine hydroxyl and the N2 of 
histidines imidazole than between the N1 of histidine imidazole and carboxyl group of 
aspartate supports this speculation. In addition, the appropriate orientation of imidazole 
group within the catalytic triad can be obtained through the strong interaction between 
His69 and Asp39. Upon orientation, aspartate carboxyl abstracts a proton from the N1 of 
imidazole group, resulting in an increase in pKa and alkalinity of the imidazole group 
(Moult et al., 1985), which in turn is favorable for extraction of proton from the serine 
hydroxyl. As the consequence of weaker interaction of His69 with Ser224, Ser224 exhibits a 
higher degree of conformational freedom compared to Asp39 and His69, as indicated by B- 
 

 
Fig. 7. Distances and interaction energies between residues within the catalytic triad during 
the molecular dynamics simulation. (A) The distances between the centers of mass of Asp39 
and His69 (black line) and between centers of mass of His69 and Ser224 (grey line) as a 
function of simulation time. (B) The interaction energies between Asp39 and His69 as a 
function of time. The coulomb’s electrostatic and van der Waals interaction energies of 
Asp39-His69 are shown in black and grey lines, respectively. (C) The interaction energies of 
His69-Ser224 as a function of time. The coulomb’s electrostatic and van der Waals 
interaction energies of His69-Ser224 are shown in black and grey lines, respectively. This 
figure is modified from (S. Q. Liu et al., 2010).  
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factors of 5.5, 6.9 and 15.0 Å2 for Asp39, His69 and Ser224, respectively. This is consistent 
with the unfavorable geometry of the Ser O observed in some crystal structures of serine 
proteases (Dauter et al., 1991; Rypniewski et al., 1995). Functionally, the high flexibility of 
the serine hydroxyl allows it to adopt different orientations to suit the needs for proton 
transfer, nucleophilic attack and subsequent release of the cleaved peptide product.  

6.3 Large concerted motions of proteinase K  
The essential dynamics (ED) technique (Amadei et al., 1993; Balsera et al., 1996) is utilized to 
investigate large concerted motions of proteinase K. This method is based on the 
diagonalization of a covariance matrix built from atomic fluctuations in a MD trajectory. The 
central hypothesis of ED is that only a few eigenvectors with large corresponding 
eigenvalues are important for describing the overall internal motion of a protein. 
Fluctuations along the first few eigenvectors are mainly large concerted motions and can 
often be connected to the functional properties of proteins (Barrett & Noble, 2005; S. Q. Liu 
et al., 2007a; S. Q. Liu et al., 2008; Mello et al., 2002).  
 

 
Fig. 8. The first three large concerted motions of proteinase K derived from essential 
dynamics analysis of the molecular dynamics simulation trajectory. (A) The most significant 
motion described by eigenvector 1, (B) Motion along eigenvector 2 and (C) motion along 
eigenvector 3. For each eigenvector, two extreme structures, which correspond to the largest 
and smallest projection values, respectively, were extracted from the eigenvector projection; 
and the intermediate frames were produced by simple interpolation between these two 
extremes. The linear interpolations between the two extremes are colored from blue to red to 
stress the structural differences between the two extremes but do not represent the 
transition pathway. This figure is modified from (S. Q. Liu et al., 2010).  

For proteinase K, the large concerted motions described by the first three eigenvectors are 
shown in Figure 8. Visualization of motion along eigenvectors 1, 2 and 3 reveals that the 
structural changes originate mainly from displacements of the structural regions located 
within/around or opposite the substrate-binding site, i.e., residues100-105 (which are a part 
of the substrate-binding pocket S4), residues 118-125 (which are located opposite the S4 
pocket), residues 160-169 and 221-223 (which are within the substrate-binding pocket S1), 
and residues 240-246 (which is located opposite the S1 pocket). The direct consequence of 
motions of the substrate-binding regions is dynamic variations of the substrate-binding 
pockets, i.e., the openings or closings of the S1 and S4 pockets, which may facilitate the 
binding/release of the peptide substrate/product into/out of the substrate-binding cleft. 
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Another interesting effect is that the large displacements in the regions located opposite or 
near the substrate-binding sites can mediate/modulate dynamics of substrate-binding 
regions. In the case of eigenvector 1, there are two segments containing residues 221-223 and 
240-246 that exhibit large concerted displacements. As shown in Figure 8A, these two 
segments are separated by a helix 5 and lie opposite to each other. Since the 5 is rigid and 
shows only small fluctuation, we consider that it may act as the hinge region, allowing the 
large conformational displacements of segment 221-223 to be mediated by structural 
changes in the loop 240-246, suggesting that large concerted motions occurring in regions 
opposite the active Ser224 and S1 pocket can have effect on the dynamics of the active site. 
In the case of motions along eigenvector 2 (Figure 8B), a large displacement is observed in 
the loop region 118-125, which is located between the 3 following the substrate-binding 
residues 100-104 and the 4 preceding substrate-binding residues 132-136. Both 3 and 4 
appear to be rigid and show small fluctuations, indicating that the dynamics of the 
substrate-binding segments 100-104 and 132-136 may be modulated by dynamic behavior of 
the opposite loop region containing residues 118-125. Here the rigid secondary structural 
elements linking the substrate-binding regions and the opposite loops may serve as hinge 
segments, allowing the transmission and communication of the conformational changes 
between these segments. In the case of eigenvector 3 (Figure 8C), an apparent large 
concerted motion is observed occurring between PSL (residues 59-68) and S2-loop (residues 
95-101), which could, on the one hand, avoid steric clashes between these two loops because 
of their close locations in space; on the other hand, modulate the flexibility and orientation 
of the S2-loop, which, as described above (see section 4.5), plays a critical role in recognition 
and binding of the P2 and P3 residues of the substrate. 

7. Substrate-induced change in molecular motions of proteinase K  

In order further to investigate changes in dynamics of proteinase K upon the substrate 
binding, MD simulation of the structure of proteinase K in complex with the peptide 
substrate AAPA (Figure 6E; PDB code 3PRK (Wolf et al., 1991) was also performed (Tao et 
al., 2010). In this section, changes in molecular motions upon substrate binding and the 
dynamic behavior of substrate-binding pockets in the complexed proteinase K are 
examined. In addition, the functional implication of the changes in dynamics upon substrate 
binding and the mechanism underlying the conformational changes of substrate-binding 
regions are also discussed.  

7.1 Changes in molecular motions of proteinase K upon substrate binding 
Comparison of geometrical properties such as SASA, NNC, Rg and RMSD between the 
substrate-free and substrate-complexed proteinases K during MD simulations suggests that 
the enzyme structure is on average in a more compact and stable conformational state when 
the peptide substrate is present (data not shown; and for details see (Tao et al., 2010)).  
Change in molecular motions of proteinase K upon substrate binding was investigated by 
using a method termed combined ED analysis. In this method, the MD trajectories of the 
free- and complexed-proteinases K were concatenated and the covariance matrix was 
constructed and diagonalized; the trajectories were then projected onto the combined 
eigenvectors and the properties of these projections were analyzed and compared. Figure 
9A shows the comparison in the average values of the first 30 eigenvector projections 
between the two forms of proteinases K. The largest difference in the average of projection is 
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Fig. 9. Change in equilibrium conformation (molecular motion) of proteinase K upon substrate 
binding. (A) Comparison of the average values of projections of molecular dynamics 
simulation trajectories onto the combined eigenvectors as a function of eigenvector index. The 
substrate-free and substrate-complexed proteinase K trajectories were projected separately 
onto the combined eigenvectors followed by calculation of the average value of each 
projection. The values of the free and complexed proteinases K are indicated by black circles 
and grey squares, respectively. (B) The extreme structures extracted from the projection of the 
merged trajectory onto the first “combined” eigenvector. The linear interpolations between 
these two extremes are colored from blue (the free proteinase K) to red (the complexed 
proteinase K) to highlight the structural differences between these two states but do not 
represent the transition pathway. This figure is modified from (Tao et al., 2010).  

observed between the first eigenvectors, indicating that the most significant change in 
molecular motions upon substrate binding is characterized by eigenvector 1. Similar or 
almost identical average values are observed for the eigenvectors with index greater than 2, 
suggesting that the molecular motions described by these eigenvectors are similar between 
these two states. Figure 9B shows that most of the structure exhibits minor conformational 
change upon substrate binding with the exception of the structural regions such as the N- 
and C-termini and some surface-exposed loops containing residues 56-62, 117-125, 162-168, 
241-247 and 265-268, suggesting that substrate binding has only a minor influence on 
dynamics of the protein internal rigid core but a large effect on the external loops, in 
particular those located within or in the vicinity of the substrate binding site. Visualization 
of the motions along eigenvector 1 reveals that upon substrate binding, the large concerted 
motions originate mainly from displacements of residues 100-104 (which participate in the 
formation of the substrate-binding subsites S2-S4) and 165-168 (which are part of pocket S1), 
moving towards the peptide substrate leading to the closing of these substrate-binding 
pockets/sites. These are accompanied by motions of the surface-exposed loop residues 195-
197 and 265-268 (which are located spatially close to residues 165-168) and 56-62 (which lie 
spatially adjacent to residues 100-104), moving concertedly to the direction of the substrate-
binding groove resulting in the contractions of these surface loops. The most pronounced 
structural displacement upon substrate binding is observed in the loop composed of 
residues 241-248, which is located opposite the substrate-binding pocket S1 and connected 
to the surface-exposed loop residues 262-268 via helix 6. The small fluctuations of 6 
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indicate that the displacement of the segment 241-248 is capable of mediating structural 
change of the loop region 262-268, which in turn can modulate structural change of the loop 
residues 165-168 via the segment 195-197 to accommodate the C-terminal portion of the 
incoming substrate. Additionally, the displacement of the residues 241-248 also has an 
effect, similar to that observed in the substrate-free proteinase K, on dynamics of the 
segment 221-223. Another large displacement upon substrate binding is observed in the 
loop region comprising residues 117-125. Like also what is seen in the free proteinase K, the 
dynamic behavior of this loop can modulate the dynamics of the segments 100-104 and 132-
136. Since the two segments 100-104 and 132-136 form the majority of the substrate-binding 
subsites/pockets S1-S4, their dynamic behaviors are of high importance in substrate 
recognition and binding and product release 

7.2 Dynamic pockets of the substrate-complexed proteinase K  
In the proteinase K-substrate complex, the large concerted motions of the substrate 
binding regions lead to the dynamic variations of the substrate-binding subsites/pockets, 
 

 
Fig. 10. The first four large concerted motions of the substrate-complexed proteinase K 
occurring along (A) eigenvector 1, (B) eigenvector 2, (C) eigenvector 3, and (D) eigenvector 
4. The linear interpolations between the two extremes extracted from the projections of 
trajectory onto the first four eigenvectors are colored from blue to red to highlight the 
structural differences between them. The regions involving large concerted motions that 
cause dynamic variations of the substrate-binding pockets/subsites are labeled. This figure 
is modified from (Tao et al., 2010).  
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which are also observed in the free proteinase K as described in section 6.3. In the case of 
eigenvector 1, the concerted outward movements of the segments around S1 and S4 pockets, 
i.e., the segments 101-104 and 136-138 that form the two sides of the S4 pocket; and the 
segments 132-135 and 161-163 that form respectively the side and bottom of the S1 pocket, 
result in the enlargement of the these two pockets S1 and S4 (Figure 10A). In addition, the 
upper portion of the groove, where the subsites S2 and S3 reside, becomes narrowed due to 
the large inward displacement of the segment 132-134. In the case of eigenvector 2 (Figure 
10B), loop 117-123 shows the largest downward displacement, which causes the segments 
99-102 and 132-136 to move away from each other resulting in the opening of the upper 
portion of the binding groove. However, the lower portion of the binding groove (where the 
S4 pocket resides) becomes slightly narrowed due to the concerted inward movements of 
the segment 103-105 and 137-139. Simultaneously, the large leftward displacement of the 
segment 240-246 causes the segment 221-223 to move outwards, thus opening up the lid of 
the S1 pocket, while the inward movement of the segments 132-135 and 163-165 reduce the 
size of the bottom of the S1 pocket. The large concerted motions along eigenvector 3 lead to 
a twist of the binding groove and closure of the S1 pocket (Figure 10C). The obvious 
outward displacement of residues 100-101 widens the S2 subsite and provides more space 
for the P2 residue, Pro282. In the case of eigenvector 4 (Figure 10D), no apparent 
displacement is observed in segments of residues 100-104 and 132-136 whereas the largest 
displacement is observed in the segment 118-123, which mediates the segment 136-139 to 
move towards the helix 3, resulting in the reduction in size of the S4 pocket bottom. These 
complicated dynamic variations of the substrate-binding subsites/pockets reflect the rough 
free energy surface with several minima of the energy landscape of proteinase K, which can 
be related to dynamic catalytic processes of proteinase K and this, will be discussed below.  

7.3 Functional implication of the dynamic pockets  
In the case of the substrate-complexed proteinase K, the large concerted motions along the 
first eigenvector enlarge the pockets S1 and S4, providing more space for the P1 and P4 
substrate residues for accommodation and subsequent orientation of them. The 
simultaneous closing of the subsites S2 and S3 could grip the corresponding substrate 
residues P2 and P3 to prevent release of the peptide substrate prior to catalysis. Because the 
motions along the eigenvector 2 lead to the opening of the lids and reduction of the bottoms 
of both S1 and S4 pockets, together with the opening of the upper portion (where the 
subsites S2 and S3 reside) of the binding groove, we may conclude that these motions 
possibly facilitate the substrate release. The twist motion of the binding groove along 
eigenvector 3 could facilitate the precise orientation of the P2-P4 residues. Interestingly, the 
observed closing of the S1 pocket in this subspace could be related to the precise positioning 
of the P1 substrate residue, a prerequisite for the nucleophilic attack to take place. Also 
worth noting is the approach of Ser224 to the P1 substrate residue, suggesting that this 
motional mode may be in the stage ready for the nucleophilic attack. The large concerted 
motions described by eigenvector 4 reduce the size of S4 pocket bottom and as such can be 
linked to the release of the S4 substrate residue. Among the first four motional modes, two 
modes, i.e., those along eigenvectors 2 and 4, lead to reduced size of the bottom of the S4 
pocket, implying that the release of the cleaved C-terminal peptide product is possibly 
initiated by the dissociation of the P4 from the enzyme. In summary, the catalytic processes 
of the substrate binding, orientation, catalysis and product release occur at distinct modes of 
molecular flexibility, which correspond to different conformational substates located within 
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the wells of local free energy minima of the free energy landscape. The relatively small 
energy barriers between these minima allow the molecular motions and conformational 
transition to occur among them, thus realizing the catalytic function of the protease.  

8. Difference in structural features between cuticle-degrading proteases 
secreted by nematode-parasitic and nematode-trapping fungi  

8.1 Functional differences between alkaline and neutral cuticle-degrading proteases  
The classical serine protease proteinase K and cuticle-degrading proteases such as PR1, 
VCP1, Ver112 and PL646 investigated above are all alkaline proteases because they work 
best in the pH range of 8 to 11. Another feature of alkaline proteases is that they show both 
high structural stability and high catalytic activity at high temperature, with a typical range 
of optimal reaction temperature of 50-60 C. Interestingly, all the alkaline cuticle-degrading 
proteases that have been identified and characterized to date are secreted by nematode-
parasitic fungi (J. Li et al., 2010), one type of nematophagous fungi that exist as conidia in 
the environment and infect nematodes by either adhering to the surface of the prey or by 
direct ingesting (X.Z. Liu et al., 2009). The conidia of the nematode-parasitic fungi can 
germinate rapidly and invade the entire nematode with assimilative hyphae absorbing all 
the body contents (Gray, 1987). Another type of nematophagous fungi is the nematode-
trapping fungi, which can catch and hold actively the live nematodes using their trapping 
devices, i.e., the hyphal network, constricting rings and adhesive knobs that are formed by 
an extensive hyphal system (X.Z. Liu et al., 2009). The captured victim is then penetrated, 
with its entire body contents being consumed rapidly (Barron, 1977). During such a process, 
nematode-trapping fungi can also secrete enzymes to degrade the cuticle and body contents 
of the nematodes. Most of these enzymes were identified to be serine proteases, which, like 
those secreted by nematode-parasitic fungi, belong also to S8 peptidase family (Huang et al., 
2004; J. K. Yang et al., 2007). Phylogenetic analysis of these serine proteases indicates that, 
despite belonging to the same family, they can be divided into two groups (Gray, 1987), i.e., 
the alkaline serine proteases derived from nematode-parasitic fungi and the neutral 
proteases derive from the nematode-trapping fungi. Compared to the alkaline serine 
proteases, the neutral cuticle-degrading proteases is optimally active at neutral pH and at 
relative low temperatures ranging from 30 to 40 C. Furthermore, neutral protease exhibits 
relatively low structural stability and catalytic activity against nematode cuticle extract in 
comparison to alkaline protease (Liang et al., 2011).   
Here in this section, we selected two cuticle-degrading proteases, i.e., Ver112 derived from 
nematode-parasitic fungus L. psalliotae and PII from nematode-trapping fungus A. oligospora, 
as representatives of the alkaline and neutral proteases, respectively, to identify structural 
factors responsible for different thermal stability and catalytic activity against nematode 
cuticle. The correlation between the electrostatic surface potential and phylogenetic 
relationship of alkaline and neutral proteases was investigated to probe the mechanism 
responsible for the distinct infectious virulence by different fungal species.  

8.2 Structural comparison between Ver112 and PII  
The amino acid sequence length of the alkaline protease Ver112 and neutral protease PII is 
280 and 286, respectively; and the sequence identity between them is 46.6%. The three-
dimensional structure of PII was modeled based on templates of the crystal structures of 
Ver112 (PDB code 3F7M (Liang et al., 2010)) and proteinase K (PDB code 1IC6) using 
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homology modeling software package MODELLER (Sali & Blundell, 1993). Because of their 
high degree of sequence identity, it is not surprising that the structural model of PII is 
highly similar to the crystal structure of Ver112, with backbone RMSD between them being 
~ 0.65 Å. Their structural superposition shows that the structure core composed of the major 
secondary structure elements are well matched, while some surface-exposed turns and 
loops exhibiting relatively large structural deviations (Figure 11B). We consider that it is the 
highly conserved amino acids within the regions of secondary structure elements and more 
amino acid insertions and deletions in regions of loops/turns than in secondary structural 
regions that give rise to these differences. The catalytic triad Asp-His-Ser and oxyanion hole 
are conserved between proteases Ver112 and PII, either in sequence or structurally.  
 

 
Fig. 11. Structural comparison between the experimentally determined crystal structure of 
Ver112 (PDB code 3F7M) and theoretically modeled structure of PII. (A, C) Locally enlarged 
structural regions showing disulfide bond, free cysteine and calcium binding site. The 
residues forming the disulfide bonds and Ca1 sites and the free cysteines are shown as stick 
models and labeled with red for Ver112 and green for PII. (B) The superposition of backbone 
of Ver112 (red) and PII (green). 

The strong calcium cation Ca1 may also present in the structure of PII because of the 
presence of the Ca1 site residues (i.e., Pro179, Ala181 and Asp204 shown in Figure 11C) 
positionally equivalent to those in PL646 (PDB code 3F7O) and proteinase K (PDB code 
1IC6), contributing to some extent to the stability of PII structure. However, the weak 
calcium cation Ca2 present in 1IC6 may not exist in PII due to the lack of equivalent Ca2 site 
residues. 
As described in sections 4.2 and 4.3.2, the five completely conserved cysteines (at positions 
34, 73, 123, 178 and 249; proteinase K numbering) among the alkaline proteases are 
predicted to form two disulfide bonds, i.e., Cys34-Cys123 and Cys178-Cys249, based on the 
homology models; and this is verified by the subsequently determined high-resolution 
crystal structure of Ver112 (PDB code 3F7M; Figure 11) as described in section 5.1, showing 
the presence of two disulfide bonds Cys36-Cys125 and Cys180-Cys251; and that the Cys75 is 
free. However, there is no cysteine found at the positions 34, 123, 178 and 249 (proteinase K 
numbering) in the neutral protease PII; and the disulfide bond can not be formed between 
the two mere cysteines Cys81 (equivalent to the free Cys73 in 1IC6 and free Cys75 in 
Ver112) and Cys233 in PII due to the large spatial separation between them (Figure 11A, B). 
Summarily, the alkaline protease Ver112 has two disulfide bonds, Cys36-C125 and C180-
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C251 (Ver112 numbering) whereas the neutral protease PII contains no disulfide bond; and 
Ver112 displays higher thermal stability and stronger nematicidal/catalytic activity than PII 
does (Liang et al., 2011). 

8.3 Role of disulfide bond in structural stability and flexibility 
In order to investigate how the disulfide bonds influence structural stability and flexibility of 
these two proteases, MD simulations on their structures of wild-type and disulfide bond-
disrupted mutant (Ver112_123C/A, Ver112_178C/A, and Ver112_123C/A_178C/A; 
proteinase K numbering) were performed at temperatures 300 K and 400 K, respectively. 
Analyses of the geometrical properties along the 300 K MD trajectories indicate that PII has 
higher average values of C RMSD and SASA while lower average values of NNH and NNC, 
suggesting a higher flexibility and less compact equilibrium structure of PII in comparison 
with Ver112. This may be caused by the lack of equivalent disulfide bonds in PII.  
The geometrical properties of Ver112 are similar on average to those of its three mutants 
during MD simulations at 300 K, whereas at 400 K the wild-type Ver112 presents more NHB 
and NNC and less SASA than its mutants, suggesting that disulfide bonds contribute to the 
global stability of Ver112 at high temperature. Additionally, the stability of local structures 
within 5 Å of the two disulfide bonds Cys34-C123 and Cys178-Cys249 was also enhanced by 
disulfide bonds, as demonstrated by their increased RMSF and decreased NNC values in 
mutants with disrupted disulfide bonds compared to the wild-type structure. Analyses of 
the average RMSF values of the S1 and S4 substrate-binding pockets show that upon 
disruption of Cys34-Cys123, RMSF of S1 pocket decreased by 21.2% while that of S4 pocket 
showed almost no change; upon disruption of Cys178-Cys249, the relatively large reduction 
in flexibility of both S1 and S4 pockets was observed; and the most pronounced reduction 
(30.7% and 17.2%) was observed when both disulfide bonds were broken.  
We can conclude based on these results: i) the presence of disulfide bonds enhances not only 
the local but also the global stability of the protease, thus explaining the higher thermal 
stability of the alkaline protease Ver112 compared to that of the neutral protease PII; ii) the 
presence of disulfide bonds increases the flexibility of substrate-binding pockets located 
relatively far from disulfide bonds, thus explaining why alkaline proteases have higher 
substrate affinity and catalytic activity (S. Q. Liu et al., 2011; Tao et al., 2010) than neutral 
proteases.  

8.4 The correlation between electrostatic surface potential and phylogenetic 
relationship  
Furthermore, the correlation between electrostatic surface potential and phylogenetic 
relationship of the available cuticle-degrading proteases were investigated. These include 14 
neutral proteases derived from nematode-trapping fungi and four alkaline proteases from 
nematode-parasitic fungi. The amino acid sequences of the mature neutral proteases were 
obtained from GeneBank database with accession numbers/species sources of 
AB120125/M.megalosporum, AF516146 (Aoz1)/A.oligospora, AY859780/M.cystosporum, 
AY859781/M.elegans, AY859782/A.Conoides, DQ531603/D.varietas, 
EF055263/A.multisecundaria, EF113088/A.Musiformis, EF113089/A.yunnanensis, 
EF113090/M.psychrophilum, EF113091/M.Coelobrochum, EF113092/D.shizishanna, 
EF681769/M.haptotylum, X94121 (PII)/A.oligospora. The structural models of these 14 
proteases were constructed using homology modeling method based on template structures 
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Ver112 (PDB code 3F7M) and proteinase K (PDB code 1IC6) as described before (Liang et al., 
2011; S.Q. Liu et al., 2007b). The structures of the four alkaline proteases PR1 (GeneBank 
accession number AJ416695), VCP1 (AJ427460), Ver112 (AY692148) and PL646 (EF094858) 
were either determined by X-ray crystallographic technique (for Ver112 and PL646) (Liang 
et al., 2010) or modeled by homology modeling method (for PR1 and VCP1) (S.Q. Liu et al., 
2007b). The electrostatic surface potentials of these 18 cuticle-degrading proteases were then 
calculated with the Poisson-Boltzmann method using Swiss-PdbViewer (Guex & Peitsch, 
1997); the phylogenetic tree of these proteases was constructed with neighbor-joining (NJ) 
method using the MEGA program (Tamura et al., 2007); and finally each electrostatic 
surface potential plot of these proteases was placed corresponding to its branch in the 
phylogenetic tree (Figure 12).  
 

 
Fig. 12. Correlation between molecular electrostatic surface potentials of cuticle-degrading 
proteases and their phylogenetic relationship. The molecular electrostatic surfaces of these 
18 proteases were calculated using Poisson-Boltzmann method and the phylogenetic tree 
was constructed using NJ method; and finally the electrostatic surface potential plots of each 
protease were placed at the position corresponding to its branch in the phylogenetic tree. 
Trapping devices of networks, constricting rings and adhesive knobs in the nematode-
trapping fungi are abbreviated as NW, CR and AK, respectively. The nematode-parasitic 
fungi PL646, Ver112, PR1 and VCP1 contain no trapping device (None). Front surfaces are 
defined as molecular surfaces containing active site at its center; back surfaces are opposite 
to front surfaces. The positively and negatively charged electrostatic surfaces are colored 
blue and red, respectively. This figure is modified from (Liang et al., 2011).  

Close inspection of Figure 12 reveals a good qualitative correlation between electrostatic 
surface potential and phylogenetic relationship of these proteases. Briefly, if proteases are 
phylogenetically more similar, they also exhibit more similar electrostatic potential 
distribution on the molecular surfaces, including both the front and back surfaces. For 
example, the neutral proteases PII and Aoz1 are clustered into the same small clade and 
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both exhibit overwhelming electro-negative potential distribution over all their protein 
surfaces. This can be interpreted by the highly similar amino acid sequence between these 
two proteases and the almost identical location of the equivalent amino acids in their three 
dimensional structures, leading to highly similar distribution of the partial charges between 
molecular surfaces of these two proteases. As expected, all the 14 neutral proteases derived 
from fungi possessing trap devices are grouped into one large clade; and the other four 
alkaline proteases derived from fungi without trap device form the another clade. A 
common feature of the neutral proteases is that they exhibit a predominant electro-negative 
potential distribution both on the front surface (except for EF113092 and DQ531603 located 
in the same branch) and on the back-side surface (except for EF113092 and DQ531603 in the 
same branch, and AB120125 and EF681769 in the same branch), while for the alkaline 
proteases their back surfaces are predominantly positively charged (except for 
AJ427460/VCP1) and their front surfaces display dual character of electrostatic potential 
distribution: the electro-negative potential (red color) is mainly concentrated around the 
surface of substrate-binding channel, and the other regions of the front surface are largely 
positively charged (blue color) or exhibit electro-neutrality (white color). As described and 
discussed in earlier section, the anionic feature of the substrate-binding regions is able to 
increase the local conformational flexibility of binding pockets/sites, which in turn 
facilitates substrate binding and even enhances catalytic efficiency of proteases. This may 
explain the maintenance of electro-negative potential around the substrate-binding groove 
surface of these proteases, in particular around that of the alkaline cuticle-degrading 
proteases with dominant positive charges. Interestingly, the dominant distribution of 
electro-positive potential on the surface of the alkaline proteases would undoubtedly 
increase efficiency of diffusion and subsequent adsorption of proteases to the negatively 
charged surface of nematode cuticle due to electrostatic attraction force between the 
oppositely charged proteases and the cuticle. On the contrary, the diffusion of the neutral 
proteases towards nematode cuticle seems to be suppressed due to the electrostatic 
repulsion between the heavily negatively charged proteases and the negatively charged 
cuticle. However, the diffusion of proteases towards the host cuticle is unlikely the 
bottleneck of infection by the nematode-trapping fungi because the active capture of the 
prey with trap devices makes it easy for the directly full contact between the prey and the 
proteases, and therefore the secreted neutral proteases can degrade the captured nematode 
“unhurriedly”. We consider that the trap devices may eliminate the constraints faced by 
nematode-parasitic fungi and, with the aid of the traps, the nematode-trapping fungi’s 
neutral cuticle-degrading proteases may be subjected to a low selective pressure, whereas 
the nematode-parasitic fungi have to evolve to produce more powerful alkaline proteases to 
acquire nutrients due to the lack of trap device (J. Li et al., 2010; Liang et al., 2011). 

9. Conclusion  

Because of their essential role in the breakdown of the cuticles of nematodes or insects, a 
thorough understanding of the structure-function relationship of the cuticle-degrading 
proteases is of crucial importance for improving infectious virulence of nematophagous 
fungi through engineering modifications, which will facilitate in turn the development and 
exploitation of various nematophagous fungi as effective bio-control agents against 
nematodes. Here in this chapter a number of cuticle-degrading proteases produced by 
different fungi were studied in detail in terms of physicochemical properties, structural 
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features, catalytic kinetics, structural dynamics and electrostatic surface potential-phylogeny 
relationship. The high degree of sequence identity among these proteases determines their 
very similar three-dimensional structures and their category to belong to the S8 peptidase 
family. A common feature of the cuticle-degrading serine proteases is their broad substrate 
specificity and high catalytic activity, allowing nematophagous fungi to utilize maximally 
different kinds of cuticle protein components to acquire nutrients. The overall structures of 
these proteases present a well-defined globular fold with high rigidity that is maintained by 
multiple structural factors such van der Waal contacts, hydrogen bonds, salt bridges, 
disulfide bonds, Ca2+ binding and aromatic ring stacking. It is the high rigidity of the overall 
structures that prevents the autolysis or proteolysis of the cuticle-degrading proteases. 
However, a certain degree of flexibility in some surface-exposed loops, especially those 
around the substrate-binding sites, is necessary and even crucial for substrate binding and 
enzyme turnover. Like almost all the other enzymes, the catalytic reaction of cuticle-
degrading proteases can be considered to consist of the following consecutive dynamic 
steps: i) diffusion of the substrate to the entrance to the substrate-binding site; ii) initial 
contacts of the substrate with substrate-binding site; iii) rearrangement of the substrate at 
the binding site into its bound orientation which is ready for nucleophilic attack; iv) enzyme 
catalysis and the formation of tetrahedral complex; v) rearrangement of the cleaved 
substrate to be ready for release; and vi) product release. All these steps involve mutual 
conformational adaption of the enzyme and the substrate, which is facilitated by dynamic 
variation of substrate-binding sites/pockets resulting from either the large concerted 
motions of enzyme backbone or the small side chain rearrangements/rotations. Despite the 
highly similar sequences and structures among the cuticle-degrading serine proteases 
derived from different nematophagous fungi, they can be divided into two groups of 
neutral and alkaline proteases, which are produced by nematode-trapping fungi and 
nematode-parasitic fungi, respectively. The differences in optimal reaction temperature, 
thermal stability, electrostatic surface potential, substrate-binding affinity and catalytic 
activity among these proteases can be considered to be the consequence of the subtle 
differences in amino acid components of these proteases, particularly those located in the 
substrate-binding regions, resulting in the changes in local and/or global structural 
dynamics, distribution of partial charges and in architecture and hydrophathy of substrate-
binding pockets. Our results also suggest that nematode-parasitic and nematode-trapping 
fungi have evolved to adopt different strategy to infect nematode as reflected by different 
properties of the secreted cuticle-degrading proteases.  
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