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Abstract 

Enzymes of different temperature origins have been studied extensively during the last 

decades, in order to understand their temperature adaptation. Structural properties of 

subtilases belonging to the proteinase K family of different temperature origins have been 

studied, in order to improve the understanding of the temperature adaptation of these enzymes. 

The two homologous subtilases, aqualysin I from the thermophilic bacterium Thermus 

aquaticus (AQUI) and the cold-adapted Vibrio protease from a Vibrio sp. (VPR), despite 

sharing a high structural homology differ significantly with respect to catalytic properties and 

thermal stability. Thus, they provide an excellent model for studying the molecular basis of 

different properties of temperature adaptation.  

 Thermophilic enzymes tend to have increased intramolecular interactions, compared to 

their psychro- and mesophilic counterparts, that allow them to maintain their conformational 

stability and a certain degree of flexibility to remain active at high temperatures. Salt bridges 

are one of the structural factors that are believed to enhance thermal stability of enzymes, as 

enzymes adapted to high temperatures tend to have larger number of ion pairs in their 

structure compared to psychro- and mesophilic enzymes. Structural comparison of AQUI and 

VPR indicated that the thermophilic enzyme contains additional ion pairs in its structure that 

may play a stabilizing role at high temperature. In order to test these hypotheses we 

eliminated salt bridges in AQUI using site-directed mutagenesis. The mutated sites in AQUI 

were chosen in order to mimic the corresponding sites in the psychrophilic VPR. The mutants 

(R117Q, D98G, D58N, R43N, R43A, D212A) were experimentally characterized with 

respect to their catalytic activity and thermal stability, and compared with the wild-type 

enzyme. 

 The mutations R43N, R43A and D212A were introduced into the structure of AQUI to 

eliminate the putative salt bridge Arg43-Asp212. The mutants R43N and R43A had a minor 

effect on the thermal stability, compared to the wild-type enzyme. However, the D212A 

mutation resulted in significant reduction, about 7°C. Measured kinetic parameters of the 

mutant R43A showed a twofold increase in kcat and kcat/Km. The salt bridge network Asp98-

Arg95-Asp58 is believed to be present in AQUI. We eliminated this ion pair network by 

producing two mutants, D98G and D58N. Neither mutant had any detectable effect on the 
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thermal stability of the enzyme. However, results of kinetic measurements for D98G showed 

about twofold increase in kcat and kcat/Km. The mutant R117Q was introduced into AQUI to 

delete the salt bridge between Arg117 and Asp113. The mutation had minimal effects on the 

thermal stability, compared to the wild-type enzyme. The kinetic measurements showed no 

detectable change in kcat/Km, but we observed a slight increase in the affinity for the substrate. 
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Útdráttur 

Byggingarlegar forsendur hitastigsaðlögunar meðal subtilisín-líkra serín próteinasa (subtilasa) 

af próteinasa K fjölskyldunni úr örverum sem aðalagast hafa mismunandi hitastigi hafa mikið 

verið rannsakaðar. Samanburður hefur hér verið gerður á byggingu og eiginleikum tveggja 

subtilasa, aqualysin I úr hitaþolnu bakteríunni Thermus aquaticus (AQUI) og Vibrio 

próteinasa úr kuldaþolinni Vibrio tegund (VPR). Ensímin, sem aðlagast hafa mismunandi 

hitastigi, hafa mjög samsvarandi byggingu en eru aftur á móti frábrugðin m.t.t. virkni og 

hitastöðugleika og eru því ákjósanleg líkön til að rannsaka byggingarlegar forsendur 

hitastigsaðlögunar.  

 Hitaþolin ensím eru talin hafa auknar innansameindarvíxlverkanir sem gerir þeim 

kleift að viðhalda virkri byggingu sinni við hátt hitastig. Einn þeirra byggingarþátta sem talið 

er að stuðli að auknum hitastöðugleika ensíma eru aukinn fjöldi saltbrúa. Samanburður á 

þrívíddarbyggingu AQUI og VPR leiddi í ljós aukinn fjölda saltbrúa í hitaþolna ensíminu. 

Tilgátur um stöðugleikaaukandi áhrif saltbrúa í AQUI voru kannaðar með því að fella út 

ákveðnar saltbrýr í ensíminu með markvissum stökkbreytingum, og líkja þannig eftir 

samsvarandi svæðum í kuldaþolna ensíminu. Áhrif útfellinganna voru könnuð m.t.t. 

stöðugleika og virkni hitaþolna ensímsins og borin saman við villigerðarensímið. 

 Alls voru sex stökkbreytingar framkallaðar á AQUI; R117Q, D58N, D98G, R43N, 

R43A og D212A. Útfelling á saltbrúnni Arg43-Asp212 var gerð með stökkbreytingunum 

R43N, R43A og D212A. Niðurstöður mælinga sýndu að áhrifin á stöðugleika vegna 

útfellingarinnar voru mest fyrir stökkbrigðið D212A, en hitastöðugleikinn féll um ~7°C 

miðað við villigerðarensímið. Hitastöðugleikinn féll aðeins um 2°C fyrir stökkbrigðin R43N 

og R43A. Stökkbreytingin R43A hafði mestu áhrifin á hraðafræðilega eiginleika ensímsins, 

þar sem niðurstöður sýndu fram á tvöfalda aukningu í kcat og kcat/Km. Saltbrúin Arg95-Asp58 

er hluti af áætluðu saltbrúarneti Asp98-Arg95-Asp58 í AQUI, og voru salbrýrnar felldar út 

með tveimur stökkbreytingum, D98G og D58N. Niðurstöður mælinga sýndu ekki fram á 

marktækan mun í hitastöðugleika fyrir stökkbrigðin. Aftur á móti sýndi stökkbreytingin D98G 

fram á tvöfalda aukningu í bæði kcat og kcat/Km. Stökkbreytingunni R117Q var ætlað að fella 

út meinta saltbrú á milli Arg117 og Asp113, en niðurstöður mælinga sýndu hvorki fram á 

marktækan mun í hitastöðugleika né virkni ensímsins. 
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1. Introduction 

Life on Earth has an enormous adaptive capacity and thrives at extreme conditions, such as 

temperature from - 40°C to +115°C, a pressure up to 120 MPa, water activity (aw) of 0.6 (as in salt 

lakes) and pH values between 1 and 11 [1]. Microorganisms living in these environments have 

evolved to maintain metabolic and cellular functions, by adapting stability and activity of their 

enzymes and other proteins under extreme conditions [1–3]. To optimize enzyme function at a 

given temperature a balance between molecular rigidity and structural flexibility is required, as 

rigidity is necessary to maintain the enzyme´s three-dimensional (3D) structure and flexibility to 

allow catalysis at appropriate rate [4,5]. Thus, proteins adapted to high temperatures differ from 

proteins adapted to cold environments, as a result of more interactions, such as hydrogen bonds, salt 

bridges (electrostatic interactions), hydrophobic interactions, disulfide bonds and metal binding [6]. 

These features contribute to the stability of thermophilic enzymes at high temperatures making 

them more rigid and compact, compared to the psychro- and mesophilic ones [6,7]. Salt bridges are 

a structural factor that is believed to promote thermal stability in proteins at high temperatures  [8–

15], as comparative studies have revealed a greater number of ion pairs in the structures of 

thermophilies compared to psychro- and mesophilic counterparts [13,15]. The stabilizing role of salt 

bridges is however controversial, as they have also been found to be destabilizing [11,16]. 

Therefore, further experimental studies are needed to gain a better understanding of the role of salt 

bridges in temperature adaptation of proteins.  

 The crystal structure of two homologous subtilases of different temperature origins, 

aqualysin I from the thermophilic bacterium Thermus aquaticus (AQUI) and the cold-adapted 

Vibrio protease from a Vibrio sp. (VPR) have been compared in order to improve the understanding 

of the temperature adaptation of these enzymes. These enzymes share a high structural homology 

but differ significantly with respect to thermal stability and catalytic activity. Structural comparison 

suggested additional salt bridges in the structure of AQUI that may contribute to enhanced thermal 

stability of the enzyme. In this study, the main goal was to focus on the role of salt bridges in the 

structure of AQUI at high temperatures.  

1.1. Temperature adaptation of proteins  

Living organisms must be able to adapt to their natural environment in order to survive. Proteins 

adapted to a wide range of temperatures have been extensively studied, in order to understand the 

stability and function of these enzymes [1,2,5,17]. Proteins adapted to high temperatures differ from 
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proteins adapted to colder environments, by having increased intramolecular interactions, such as 

hydrogen bonds, ionic interactions, hydrophobic interactions, disulfide bonds and metal binding  

[6,7]. Comparative studies have suggested that proteins adapted to high temperatures have a 

tendency towards increasing compactness and hydrophobicity, as well as reduced conformational 

flexibility, compared to psychro- and mesophilic ones [6,7,18,19]. Some trends in amino acid 

composition have been observed, e.g. non-polar residues tend to substitute for uncharged polar 

residues (Ser, Thr, Asn and Gln) in favor of increasing hydrophobic interactions that seem to 

correlate with elevated thermostability in thermophiles [5,6,18–21]. An increase in the proportion of 

charged residues, contributing to larger number of stabilizing ion pairs on the protein surface have 

also been correlated to thermophilicity [6,8,9,19,20,22]. The ion pairs can however also be buried, 

as Kumar et al. [10] observed in their study, where one-third of the 222 salt bridges of 36 non-

homologous monomeric proteins were buried. The buried salt bridges were found to be more 

stabilizing than the exposed ones, due to the absence of solvent screening in the protein core [10]. 

An increased residue volume [5,6,17,18], higher number of intramolecular hydrogen bonds [5,6,19–

21] and larger number of α-helices [7,22] have been suggested as contributing to stabilization of 

proteins from thermophiles.  

 According to thermodynamics and kinetics of protein folding, thermophilic proteins differ 

from their psychro- and mesophilic ones [23]. To maintain a conformational stability at high 

temperatures there must be a balance of stabilizing forces including the hydrophobic effect and 

hydrogen bonding, while entropy favors the unfolded state [24]. The balance is defined 

thermodynamically as the free energy change (ΔG), for the transition between native and unfolded 

state [7,24], where the conformational stability of a protein (fig. 1) is described by a modified 

version of the Gibbs-Helmholtz equation, including other important thermodynamic parameters 

(equation I): 

ΔG(T) = ΔHm (1- T/Tm) – ΔCp * [(Tm-T) + T ln(T/Tm)]  (I) 
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where ΔG(T) is the free energy at a temperature T; ΔHm is the change in enthalpy at Tm; ΔCp is the 

change in heat capacity associated with the unfolding of the protein; and Tm is the melting 

temperature, or the temperature at midpoint of the transition from native to denatured state [7,24,25]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  A conformational stability of a protein, where the free energy of stabilization (ΔG) is 

plotted as a function of temperature (T) [25], which can be explained by a modified version of the 

Gibbs Helmholtz equation (eq. I). Some key thermodynamic parameters are marked on the plot; TH 

is the temperature where no change in enthalpy is observed (ΔH = 0). TS is the temperature at 

maximal stability of the protein, where the entropy change between unfolded and folded states is 

zero (ΔS = 0). Tm is the melting point of the protein [24]. 

 

How proteins achieve high thermal stability depends on optimization of the intramolecular 

interactions holding their native structure together. These optimizations alter key thermodynamic 

parameters such as ΔCp, ΔG and ΔH by tuning the conformational stability of the protein to the 

habitat of the organism [24]. In order to explain how thermo- and hyperthermostable proteins adapt 

stability at high temperatures, Nojima et al [26] proposed three thermodynamic models (fig. 2). In 

the first model (Model 1), a mesophilic protein can raise the entire stability curve to higher ΔG, by 

increasing the value of ΔH without compensating changes in ΔS. This will result in higher Tm, and 

the protein will be more thermodynamically stable throughout the temperature range. In the second 

model (Model 2), by lowering the ΔS, the change in entropy for the folding transition, the stability 

curve is shifted to higher temperatures (to the right) while having the same free-energy at the 

temperature of maximum stability, thus the maximal ΔGU would be equal for both proteins, but at 

different temperatures. Hence the thermostable protein would be more stable at high temperatures, 

whereas the mesophile would be more stable at lower temperature. In the third model (Model 3), the 

thermophilic protein would have broadened or flattened stability curve by reducing the ΔCp of 

unfolding, leading to decreased dependence of ΔGU on temperature. Here, the maximal ΔGU value 

would be equal for both proteins and would occur at the same temperature [7,23,24,26]. 
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Figure 2. Stability curves showing different methods to achieve thermostability and higher melting 

points (Tm). A mesophilic protein (black solid line) can achieve higher thermal stability by 

increasing its free-energy at all temperatures (Model 1, dotted line), by horizontally shifting its 

stability profile to a higher temperatures (Model 2, solid gray line), or by broadening the stability 

profile (Model 3, dashed line) while keeping the temperature of maximum ΔGU the same [23]. 
 

Luke et al. [23] proposed a difference between hyperthermo- and thermophilic proteins with respect 

to how they achieve high thermal stability based on these mechanisms. When hyperthermophilic 

proteins use models 1 and 2 (fig. 2), rather than models 1 and 3 to achieve thermostabilization as 

reported previously [1,7,24], thermophilic proteins are more likely to be stabilized according to 

models 1 and 3 (fig. 2). Szilágyi and Závodszky [22] investigated the differences between 

homologous meso- and thermophilic proteins, with respect to 13 structural properties. A different 

stabilization pattern was observed, where hyperthermostable proteins (Topt ≈ 100°C) tended to have 

a higher number of ion pairs, reduced number of cavities and increased number of β strands, 

including other properties listed in table 1, compared to their thermophilic counterparts (Topt = 

45°C-80°C).  
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Table 1. An overview of different structural properties between hyper- and thermophilic proteins 

[22]. 

Property  
Correlation with 

temperature 

Change in 

moderately 

thermophilic 

proteins 

Change in 

extremely 

thermophilic 

proteins 

Cavities Number ↓↓ 0 ↓↓↓ 

 Volume ↓ ↑ ↓ 

 Area ↓ ↑ ↓↓ 

Hydrogen bonds Number 0 0 0 

 Unsatisfied ↓ ↓ ↓ 

Ion pairs < 4Å ↑↑ ↑ ↑↑↑ 

 < 6Å ↑↑ ↑↑ ↑↑↑ 

 < 8Å ↑↑↑ ↑↑↑ ↑↑↑ 

Secondary 

structure 

α 0 ↑ 0 

 β ↑ 0 ↑↑ 

 Irregular ↓ ↓ ↓ 

Polarity of 

surfaces 

Exposed ↓↓ ↑↑↑ 0 

 Buried 0 ↑ ↑ 

↑ represents a positive value and ↓ represents a negative value; zeros refer to near-zero values. The number of arrows (1, 

2 or 3) shows whether the represented value is considered insignificant, moderately significant or highly significant. 

 

 

Proteins of different temperature origins differ not only in stability, but it has also been proposed 

that they must also differ with respect to molecular flexibility [3,5,17]. To optimize enzyme 

function at a given temperature there must be a balance between rigidity (for stability) and 

flexibility (for activity), where stability is needed to maintain appropriate geometry for ligand 

binding and to avoid denaturation, as certain degree of flexibility is necessary for catalysis to take 

place at appropriate rates [4,5,17]. Thus, enzymes have evolved a trade-off to optimize the balance 

between thermostability and catalytic activity at different temperatures [17,27], as shown in figure 3. 
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Figure 3. A relationship between thermostability and activity at low temperature (rigidity and 

flexibility) of homologous enzymes adapted to different temperatures. A trade-off between catalytic 

activity at low temperatures and thermostability, where psychrophilic enzymes tend to have high 

catalytic activity but reduced conformational stability at low temperatures, but thermophilic 

enzymes seem to have high conformational stability but low catalytic activity at low temperatures 

[17]. 

Rigidity is an essential factor in thermal stability of enzymes [28]. Thermophilic enzymes have 

evolved toward more rigid structure, which is necessary for preserving their active structure at 

elevated temperatures [6,28,29], as well as providing protection  against heat denaturation [6,28]. 

Thermophilic enzymes have achieved their rigid structure by increased number of intramolecular 

interactions [6,28]. Therefore, at room temperature the low thermal energy of the surroundings 

prevents essential flexibility of the enzymes, which is reflected in lower activity [28–30]. 

Psychrophilic enzymes, on the other hand, have developed increased local or global conformational 

flexibility via molecular destabilization of the protein structure, allowing the conformational 

changes required to optimize their high catalytic activity at low temperatures [5,31,32]. The high 

catalytic activity of cold-adapted enzymes can be explained by low activation free energy, 

compared to their mesophilic counterparts, which is achieved by decreased intramolecular 

interactions of the structure [30–32]. It has been proposed that enzymes of different temperature 

origins that perform the same catalytic function have nearly identical flexibilities under their 

respective temperature optima, indicating that evolutionary adaptation tends to maintain a 

“corresponding state” according to conformational flexibility [28,29,33]. 

1.1.1 Salt bridges 

Salt bridges are defined as ion interactions between pairs of oppositely charged residues (Asp or 

Glu, with Arg, Lys or His) that generally lie within 4 Å of each other [10], or between 4-6 Å apart 
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(long-range ion pairs) [11,12,34] (fig. 4). It has been suggested that salt bridges promote 

thermostability in proteins at high temperatures [8–15], as thermophilic proteins appear to have a 

higher number of ion pairs in their structures, compared to their psychro- and mesophilic 

counterparts [13,15]. Salt bridges have also been found to be destabilizing [11,16], especially long-

range ion pairs [11], as Kumar et al. [11] observed in their study, where most of the long-range ion 

pairs, over 5 Å apart, were shown to be destabilizing. According to equation (III), the interaction 

energy between two charges decreases with increased distance, making the salt bridge less 

stabilizing. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4. Two types of ion pairs in proteins. A salt bridge (to the left) that forms between ion pair 

(Glu and Arg) that lie within 4 Å of each other, and long range ion pair (to the right) that is over 4 

Å apart from each other [11]. 

 

The location and geometry of the salt bridge within the protein structure is highly important for the 

strength of the salt bridges and thus their contribution to thermostabilization of proteins. Kumar and 

co-workers [10] observed in their study, where the electrostatic strengths of a 222 non-equivalent 

salt bridges from 36 non-homologous monomeric protein structures were estimated, that the 

electrostatic strength of a salt bridge is highly dependent upon three factors; geometry of the salt 

bridge, the location of the ion pair and the interaction of the salt bridging residues with other 

charged residues in the protein. The strength of a salt bridge can be estimated according to the 

following equation (II) that describes the total free energy change upon salt bridge formation: 

 

ΔΔGtot = ΔΔGdslv + ΔΔGbrd + ΔΔGprt  (II) 

 

where ΔΔGdslv represents the sum of the unfavorable desolvation penalties established by the 

individual salt bridging residues in the folded protein. ΔΔGbrd represents the favorable bridge 

energy due to the ion interactions of the charged residues with each other in the protein. ΔΔGprt 
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represents the electrostatic interactions of all the salt bridging side chains and all other charged side 

chains in the protein [10,16].  

 The effect of salt bridges in proteins have been studied extensively over the years, in order 

to gain a better understanding of their role in temperature adaptation of proteins from thermophilic 

microorganisms. The role of salt bridges and their effect on protein stability is controversial, as 

many studies have suggested salt bridges to improve thermostability in proteins at high 

temperatures [8–15], whereas destabilization effect of salt bridges has also been observed 

[11,16,35,36], especially between ion pairs that are over 5 Å apart [11]. Comparative studies of 

proteins of different temperature origins have revealed that thermophilic proteins tend to have larger 

number of salt bridges in their structures compared to their psychro- and mesophilic counterparts. 

The increased number of salt bridges is believed to stabilize the structure of thermophilic proteins at 

high temperature [8–15,37]. An interesting example is that of the glutamate dehydrogenase from the 

hyperthermophilic archaeon Pyrococcus furiosus (PfGDH) that contains the largest ion-pair 

network in any hyperthermophilic protein that has been reported, consisting of 18 residues that lie at 

the interface between subunits in the hexameric protein [38]. Comparison to the mesophilic GDH 

from Clostridium symbiosum (CsGDH) suggested additional salt bridges in PfGDH [38], and 

further comparisons of GDH from the mesophilic Escherichia coli and Neurospora crassa revealed 

that PfGDH contains a series of salt bridge networks that are absent in the mesophilic enzymes [39]. 

Yip et al. [38] suggested that the higher number of salt bridges in the hyperthermophilic enzyme 

may play a stabilizing role in the enzyme at high temperatures. Yip et al. [40] studied the stabilizing 

role of the salt bridge network in PfGDH and indicated that these networks may be responsible for 

the high thermal stability of the enzyme. Lebbink et al. [41] showed however that the introduction 

of a six-residue ion-pair network found in the hinge region of PfGDH into a less thermostable GDH 

from the bacterium T.maritima (TmGDH), failed to improve the thermostability of TmGDH. 

However, when Lebbink et al. [42] incorporated a 16-residue ion pair network across subunit 

interfaces in TmGDH they succeeded in improving its stability, as the mutant showed 30 minutes 

longer half-life of inactivation at 85°C compared to the wild-type. Kumar et al. [9] observed 

however two destabilizing salt bridges in PfGDH and six in CsGDH as they computed the 

electrostatic strengths of several salt bridges of these enzymes. They suggested the salt bridge 

network in PfGDH contributed to the thermal stability of the enzyme.  

Salt bridges are believed to be more stabilizing with increase in temperature [8–15]. The 

electrostatic interaction energy of the salt bridge residues can be estimated by the equation (III). 

When proteins are in solution, the charged residues at their surface tend to interact with the 

surrounding water molecules, as the water molecules interact with the charged side chains. As a 

result the electrostatic interaction energy between two charges is reduced. The interaction between 
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two charges can be described by modified form of Coulomb's law as follows: 

 

𝑈 =
𝑞𝑖𝑞𝑗

𝜀𝑟𝑖𝑗
  (III) 

where ε is the dielectric constant of the medium (water), qi and qj represent the two atomic charges 

and rij represents the distance between the two charges, in Å [34,43]. 

 According to equation (III), the interaction energy of two charges depends on the dielectric 

constant of water. As the temperature rises, the dielectric constant of water is reduced. At 25°C for 

instance, ε is 78, compared to 55 at 100°C, but the protein interior has ε between 2-4 [16]. At 

elevated temperature, the dielectric constant decreases and the entropy of water molecules increase 

as the enthalpy decreases. Because of this, the solvation energy of the salt bridge becomes less 

favorable, as the water molecules are not capable of forming hydrogen bonds with the charged 

residues, increasing the ionic interactions between the oppositely charged residues in the protein, 

resulting in reduced desolvation penalty in salt bridge formation that stabilizes the protein structure 

at higher temperatures (favorable ΔGtot) (see equation II) [13–15,37]. The entropic cost by fixing 

the two charges together decreases with elevated temperature [15]. Therefore, salt bridges are, in 

many cases, found to improve stability at high temperatures [8,10,37]. However, at room 

temperature (25°C) salt bridges often become destabilizing, as the dielectric constant of water is 

high, the solvation energy increases and it becomes less favorable for charged residues to form a 

salt bridge, which is unfavourable for the total free energy of the protein (ΔGtot) [13,14,37,44]. 

1.2 Serine proteases 

Serine proteases are enzymes that catalyze hydrolysis of peptide bonds, where they act as 

endopeptidases. They are widespread in nature and are found in eukaryotes, prokaryotes, archaea 

and viruses [45,46]. Based on their structure, serine proteases are classified into two superfamilies: 

chymotrypsin-like and subtilisin-like serine proteases [45,46], where chymotrypsin-like serine 

proteases are characterized by a β/β fold, while subtilisin-like serine proteases have α/β fold (fig. 5) 

[45,47,48]. Despite having completely different folds, their active site is surprisingly similar as they 

share the same catalytic triad, that comprises residues Asp-His-Ser [45–47,49,50].  
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Figure 5. Three-dimensional structure of chymotrypsin and subtilisin. (A) The structure of 

chymotrypsin (PDB code: 1YPH), which has β/β-fold and the catalytic triad His57, Asp102 and Ser 

195. (B) The structure of subtilisin BPN' (PDB code: 2SUP), which has α/β fold and the catalytic 

triad Asp32, His 64 and Ser 221. 

 

The catalytic triad is highly conserved among serine proteases [47], and in their well established 

mechanism they hydrolyze the peptide bond in two main steps (fig. 6). In the first step, His abstracts 

a proton from the hydroxyl group of Ser, which makes the oxygen atom more nucleophilic and it 

reacts with the carbonyl group of the substrate. A covalent bond is formed between the substrate 

and the active Ser of the enzyme, which gives a tetrahedral intermediate. During the tetrahedral 

state the peptide bond is cleaved, one peptide product is attached to the enzyme (R) in the acyl-

enzyme intermediate and the other peptide product (R'NH2) diffuses away. In the second step, a 

deacylation takes place, where the acyl-enzyme intermediate is hydrolyzed by a water molecule 

which forms a tetrahedral intermediate. In the last step, Ser restores its proton from His and the 

product diffuses away from the enzyme, leaving it ready to act again [46,47]. 
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Figure 6. The catalysis of peptide hydrolysis by serine proteases occurs in two main steps, acylation 

and deacylation (see text for further description) [46]. 

 

Proteins belonging to this family show diverse specificities in nature, ranging from digestive 

proteases that cleave after hydrophobic or positively charged residues, to proteases that recognize a 

few residues or even a single protein [46]. 

1.2.1 Subtilisin-like serine proteases 

Subtilisin-like serine proteases, or subtilases, are a very diverse group of serine proteases that are 

found in eubacteria, archaea, eukaryotes and viruses [51,52]. Subtilases can be divided into six 

families, each named after a representative enzyme: subtilisin, thermitase, proteinase K, lantibiotic 

peptidase, kexin and pyrolysin [45]. They all share a high structural similarity, having an α/β fold, 

but have relatively low sequence homologies [48]. Most of the subtilases are synthesized as pre-pro 

enzymes that are translocated over a cell membrane via signal peptide (pre-peptide) and then 

activated by cleavage of the pro-peptide [45]. 

 In general, these enzymes show broad substrate specificity which is determined by 

interactions of S4-S1 binding sites of the enzyme and the substrate (side chains of the P4-P1 

residues) (fig. 7) [45,49]. The binding region of subtilases (S4-S2') can be described as a surface 

crevice that fits at least six amino acids residues (P4-P2') of a polypeptide substrate (or inhibitor) 

[45] (fig. 7). The main driving force of the specificity of subtilisin BPN' is the hydrophobicity of the 

S1 binding cleft, which has the binding affinity Tyr, Phe > Leu, Met, Lys > His, Ala, Gln, Ser >> 

Glu, Gly [49]. 
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Figure 7. Schematic representation of substrate binding (bold lines) to a subtilase binding sites (S4-

S2') (smooth surfaces). Side chains of the P4-P2' residues are shown as large spheres; residues of 

the enzyme that may interact with the side chains of P4-P2' are shown surrounding the binding sites. 

Hydrogen bonds between the substrate and the enzyme are shown as dotted lines, and the scissile 

bond is shown by a jagged line. The catalytic triad Asp32, His64 and Ser221 is shown, as well as 

the oxyanion-hole residue Asn155. The numbering is that of subtilisin BPN' [45]. 

 

Subtilases are calcium dependent enzymes, wherein calcium binding is crucial for stability as well 

as activity of some of these enzymes [45,48]. The number and location of the calcium-binding sites 

vary among subtilases, from none as in Tk-SP (a subtilase from the hyperthermophilic T. 

kodakaraensis) to seven in Tk-subtilisin from T. kodakaraensis. In total, 16 different calcium-

binding sites have been identified in known crystal structures of subtilases [48]. 

1.2.2 Proteinase K-like subtilases 

The proteinase K family is a large family of secreted endopeptidases found in fungi, yeasts and 

gram-negative bacteria [45]. The serine peptidase proteinase K (PRK) is the representative enzyme 

of this family and is secreted by the fungus Engyodontium album (previously Tritirachium album) 

[53,54]. Proteinases in this family are well studied, including the thermophilic enzyme aqualysin I 

from the bacterium Thermus aquaticus (AQUI), a proteinase from a psychrotroph Vibrio sp. PA44 

(VPR) [55] and the proteinase K-like enzyme from Serratia sp. (SPRK) [55–57]. Enzymes of this 

family share a high degree of sequence similarity (>37% identity) [45]. Comparison studies have 

shown that SPRK shares about 40% and 64% sequence identity with PRK and VPR [56], while 

there is about 35% sequence homology between PRK and subtilisin [54]. 

 These enzymes are highly dependent on calcium, as calcium binding plays an important role 

in their thermal stability (fig. 10) [45,48,56]. Four calcium-binding sites have been defined for the 

proteinase K-like enzymes [56]. Two calcium-binding sites have been identified in PRK, a weak 
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(Ca2) and a strong (Ca1) binding site (numbering according to VPR, fig. 8) [55,58,59]. The stronger 

binding site is present in both AQUI and VPR (fig. 9A and B) [55,60], whereas the weaker binding 

site is absent in both proteinases as they lack an essential carboxylate group at positions 

corresponding to Asp260 in PRK [56,60].  

 

 
Figure 8. Three-dimensional structure of the cold-adapted VPR (PDB code: 1SH7). The residues of 

the catalytic triad, Asp37, His70 and Ser220 are shown in blue, the calcium ions shown as gray 

spheres and disulfide bridges in yellow. 
 

Sequence alignments of VPR, PRK, AQUI and the subtilase thermitase from Thermoactinomycetes 

vulgaris (THM) showed that Ca1 binding site is well conserved among these members of this 

family [4,55] (fig. 9A), but that an additional calcium binding site is present in VPR corresponding 

to the Ca2 binding site in thermitase, which is absent in the thermophilic AQUI [4,55,61]. The third 

calcium binding site, Ca3, which was first described in the crystal structure of VPR (fig. 9A) [55] 

has been defined in several related enzymes (fig. 9B), including AQUI [55,56]. Assuming that 

calcium binding plays important role in stabilization of these proteinases, it was surprising to find 

that the cold adapted Vibrio VPR possesses an additional calcium binding site, as compared to the 

meso- and thermophilic counterparts PRK and AQUI. The effect of calcium binding on thermal 

stability of these enzymes has been studied, and the results indicated a significant decrease in the 

absence of calcium, or (ΔT50%) ~26°C for AQUI, ~27°C for VPR and ~12°C for PRK (fig. 10) [48].  

 

 Ca1  Ca3 

Ca2 

Ca3 

Ca1 

C67-C99 

C63-C194 

C277-C281 
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Figure 9. (A) Stereoview of the calcium-binding site, Ca3, found in VPR. The calcium ion is 

coordinated by the carboxyl groups of Asp9 and Asn21 and the side chain oxygen atoms of Asp9, 

Asp12, Gln13, D19 and one water molecule. (B) Sequence alignment of VPR and related meso- and 

thermophilic enzymes, containing the residues forming Ca3 binding site in VPR. The mesophilic 

proteases from Vibrio alginolyticus, Vibrio cholerae, Kytococcus sedentarius and Streptomyces 

coelicolor, and the thermophilic protease aqualysin I from Thermus aquaticus and protease from 

Thermus sp. Rt41a [55].   

 

Figure 10. Effect of calcium binding on thermal inactivation of VPR (circle), PRK (square) and 

AQUI (triangle). Filled symbols represent measurements in the presence of calcium; open symbols 

represent measurements in the absence of calcium [48]. 

 

Structural features such as disulfide bridges may contribute to the overall stability of proteins of this 

family [45], and based on sequence alignments the majority of the members contain two disulfide 

bridges, except for VPR which contains three [55–57]. The first two disulfide bridges in VPR seem 

to be highly conserved. The C67-C99 disulfide in VPR is located near the Ca2 binding site and on 

the loop containing residues forming part of the substrate-binding pocket S4 [55]. The disulfide 

bond is present in both SPRK (C66-C98) [56,57] and AQUI (C67-C99) [62,63]. The second 
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disulfide bridge in VPR (C163-C194) bridges the loop that is a part of the Ca1 binding site and a 

region carrying residues of the S1 substrate binding pocket [55]. This disulfide is also present in 

SPRK (C167-C198) [56,57] as well as in AQUI (C163-C194) [62,63]. The third disulfide bridge in 

VPR, C277-C281, is positioned at the C-terminus [55]. PRK has two disulfide bridges (C34-C123 

and C178-C249) that are not identical to those found in VPR [55,56,58]. The thermophilic enzyme 

THM has no disulfide bridges [55]. 

1.2.3 Aqualysin I 

Aqualysin I (AQUI) is a subtilisin-like serine protease secreted by the thermophilic Gram-negative 

bacterium Thermus aquaticus YT-1 [64]. Aqualysin I is an extracellular protease and has to cross 

over two membranes of the bacterium (a cytoplasmic and an outer membrane) when secreted. 

Therefore, aqualysin I is produced as a precursor consisting of a signal peptide (14 residues), an N-

terminal acting as an intramolecular chaperone (IMC) (113 residues), a mature protease domain 

(281 residues) and a C-terminal pro-sequence (105 residues) [64]. The C-terminal pro-sequence 

promotes the extracellular secretion of AQUI and is also required for translocation of the precursor 

across the outer membrane [65], whereas the N-terminal IMC promotes correct folding of the 

enzyme and is removed by autoproteolytic cleavage [66] (fig. 11). 

 

Figure 11. Processing of precursor proteins of VPR and AQUI upon folding and secretion. A signal 

peptide is shown in red, the N-terminal pro-sequence is shown in yellow, the mature domain is in 

gray, and the C-terminal pro-sequence is in green. The mature AQUI is 2 residues longer at the N-

terminus and 15 residues shorter at the C-terminus compared to the mature VPR [48]. 

 

AQUI is highly calcium dependent and calcium-binding plays an important role in stabilizing the 

enzyme at high temperatures (fig. 10). It has two calcium binding sites with different affinities as 

previously discussed, a weak (Ca1) and a strong (Ca3) binding site (numbering based on the VPR 

structure, fig. 8) (fig. 12). Binding of calcium to the weaker binding site seems to affect the 

thermostability of the enzyme, as the removal of a single Ca
2+

 ion reduced significantly the stability 

of AQUI at high temperatures [61]. Matsuzawa et al. [67] reported that for AQUI, the maximum 

enzyme activity in the presence of calcium was at 80°C, whereas in the absence of calcium, it was 

70°C, reflecting the effect of calcium binding on thermostability. 
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Figure 12. Three-dimensional structure of AQUI (PDB code: 4DZT). The catalytic triad, Asp39, 

His70 and Ser222, is shown in stick mode, as well as the disulfide bridges, where nitrogen atoms 

are blue, oxygen atoms are red and sulfur atoms are yellow. The calcium ions are shown as gray 

spheres and labeled according to the VPR structure, the weaker binding site (Ca1) and the stronger 

(Ca3). 
 

AQUI has four Cys residues that participate in forming two disulfide bridges, C67-C99 and C163-

C194 [62,63] (fig. 12), that are conserved among proteases in the proteinase K family, such as 

SPRK and VPR (see chapter 1.2.2) [55,63]. Sakaguchi et al [63] studied the stabilizing role of the 

disulfide bridges in AQUI and suggested that the second disulfide bridge (C163-C194) plays a role 

in thermal stability of the enzyme, whereas the mutation C194S decreased the activity of AQUI at 

high temperatures compared to the wild-type enzyme. However, the deletion of the disulfide bridge 

C67-C99 did not affect the stability of the enzyme. 

1.2.4 Comparison of the thermophilic AQUI and the cold-adapted VPR 

Comparison of the crystal structures and sequences of the two proteinases under study belonging to 

the proteinase K family, AQUI and VPR, revealed a high sequence homology (about 60% identity) 

and structural similarity [60] (fig. 13). Despite high structural similarity they differ in thermal 

stability and catalytic activities, as they have adapted to different temperatures. Kristjánsson et al. 

[68] observed the kinetic differences of the enzymes, where the cold-adapted VPR had higher 

catalytic activity compared to its thermophilic counterpart AQUI, when measured in the 

temperature range 15-55°C. They also studied the thermal stability of the enzymes, where T50% (the 

temperature at which the enzyme lose half of its original activity in 30 min) for the thermophilic 

AQUI was 95°C compared to 54°C for the VPR (see fig. 10). 

C67-C99 

C163-C194 

Ca3 

Ca1 

Ca3 Ca1 C163-C194 
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Figure 13. Comparison of three-dimensional structure of VPR (blue) and AQUI (red). The disulfide 

bridges (yellow) and the catalytic triad (white) shown in stick mode. The calcium ions are shown as 

gray spheres and numbered according to VPR.  

 

As previously discussed, both enzymes are highly dependent on calcium binding for thermal 

stability (fig. 10) [48,68]. VPR contains three calcium-binding sites whereas AQUI contains only 

two. Comparisons of these enzymes have shown that they differ both with respect to amino acid 

composition and sequence. VPR contains higher content of Asn and Gln and higher number of Asp, 

compared to the thermophilic AQUI, that contains higher number of Arg and hydrophobic amino 

acids [60]. Also, AQUI contains five Pro residues that are absent in the cold-adapted VPR. These 

Pro residues may contribute to the higher stability of AQUI, especially the four (Pro5, Pro7, Pro240 

and Pro268) that are located on surface loops [60,69–72]. Sakaguhi et al. [72] introduced deletion 

mutations at Pro5, Pro7, Pro240 and Pro268 in AQUI, in order to understand the molecular basis of 

the thermal stability of the thermophilic enzyme. They observed a similar thermal stability for the 

mutant P240N as compared to the wild-type, but the P268T and P5N mutants showed lower 

thermostability, with the half-lives at 90°C of 15 and 30 min, respectively, compared to 45 min for 

the wild-type. The P7I mutant had the lowest thermal stability, with half lives of 10 min at 80°C 

and 60 min at 70°C. The conformational stability of all mutants decreased as well, compared to the 

wild type, where the stability of the P5N mutant decreased significantly, or about 10.5°C, measured 

by differential scanning calorimetry. According to these results, Pro residues located on the surface 
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loops in the N- and C-terminal regions of AQUI play a role in maintaining the integrity of the 

protein structure at high temperatures. Furthermore, Arnórsdóttir et al. [70] incorporated two of 

these Pro residues into the structure of VPR by substituting Thr265 and Asn238 with Pro, 

producing the mutants T265P, N238P and the double mutant N238P/T265P. All mutants showed an 

increase in thermal stability (T50%), whereas the largest stabilization effect was observed for the 

mutation N238P which led to a 2°C increase in T50%, and also reduced the catalytic efficiency 4-

fold. Arnórsdóttir et al. [69] also substituted Ile5 and Ile5/Asn3 with Pro residues in VPR, in both 

cases resulting in decreased catalytic activity.  The double mutant showed a significant decrease in 

kcat (from 74.5 ± 5.0 s
-1

 to 8.8 ± 1.3 s
-1

), but enhanced the thermal stability (T50%) of the enzyme by 

5.9°C. According to these results, Pro residues play a role in thermal stability of AQUI and hence 

molecular adaptation to high temperature.  

  Comparative studies have also revealed that the cold-adapted enzyme has a higher aliphatic 

index (table 3), compared to AQUI. There have also been a few amino acid exchanges between the 

structures of AQUI and VPR (table 2), for instance eight Ala have been exchanged to Ser in VPR, 

compared to AQUI [60]. The thermophile has increased proportions of Ala, Arg, Thr and Tyr, and 

decreased content of polar/uncharged residues (Asn, Gln and Ser) and charged residues (Asp and 

Lys), compared to VPR [60]. Amino acids such as Arg, Thr and Tyr are known to enhance protein 

stability at high temperatures [21,60], whereas residues such as Asn, Gln, Met and Cys are avoided 

because they can undergo deamidation or oxidation at high temperatures [21]. AQUI has higher 

proportions of basic residues whereas VPR contains higher number of acidic residues (table 2 and 

3). AQUI contains higher content of the apolar residues, especially Ala (table 2) [60], but 

thermophilic proteins tend to have increased hydrophobic interactions by burying the apolar surface 

in its folded structure, compared to their psychrophilic counterparts that tend to have larger overall 

exposed surface that contains larger amount of apolar residues, as in the case of VPR [55]. This is in 

line with a study where Kristjánsson and Magnússon [73] observed the effects on lyotropic salts on 

the conformational stability of these enzymes, in which AQUI was suggested to be more dependent 

on hydrophobic interactions for conformational stability compared to its cold-adapted counterpart.  

 

Table 2. Amino acid composition of the protease domain of VPR and AQUI [60]. 

Enzyme A R N D C Q E G H I L K M F P S T W Y V 

VPR 25 9 23 21 6 10 5 40 4 9 18 5 3 7 12 38 20 4 8 24 

AQUI 40 15 19 13 4 5 3 37 5 9 19 2 2 3 11 29 25 3 12 25 
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Table 3. Comparison of structural parameters based on amino acid composition of VPR and AQUI 

[60]. 

Parameter VPR AQUI 

% charged
a
 15.12 13.53 

% acidic
b
 8.93 5.70 

% basic
c
 4.81 6.05 

Polar/uncharged
d
 49.83 46.62 

Arg/(Arg+Lys) 0.643 0.714 

% hydrophobic
e
 35.05 39.85 

% aromatic 6.53 6.41 

(Ile+Leu)/(Ile+Leu+Val) 0.529 0.528 

pIcalc
f
 4.52 7.89 

GRAVY
g
 -0.268 -0.038 

Aliphatic index
f
 68.69 78.90 

a DEHKR; b DE; c KR; d GSTNQYC; e LMIVWPAF; f calculated at http://www.wxpasy.ch/tools/protparam.html; g 

GRAVY, grand average of hydropathicity. 
 

 

Although calcium binding plays a crucial role in stabilizing the structure of these enzymes as well 

as contributing to their function, other structural features, such as salt bridges are believed to 

enhance thermal stability of enzymes, whereas enzymes adapted to high temperatures tend to have 

larger number of ion pairs in their structure compared to psychro- and mesophilic enzymes [8–

15,21]. Structural comparison of AQUI and VPR suggested that the thermophilic enzyme contains 

additional ion pairs in its structure that may play a stabilizing role at high temperature [74] (table 4). 

The high content of Arg in the thermophilic enzyme could reflect the increased number of salt 

bridges in its structure, as AQUI contains 15 Arg residues compared to only 9 for VPR (table 2) 

[60]. Kristjánsson and co-workers have been focusing on the temperature adaptation of these 

enzymes by studying their structural properties, such as salt bridges, and how salt bridges may 

affect the thermal stability and activity of these enzymes. Salt bridges have been eliminated in the 

structure of AQUI in order to study their effects on its thermostability. Along with these studies, 

new ion pairs have also been introduced in the structure of the cold-adapted VPR with the aim of 

increasing the thermal stability of the enzyme. In order to test some of these hypotheses on the role 

of salt bridges several mutations have been performed based on structural comparisons of the 

enzymes and site-directed mutagenesis in the thermophilic enzyme. 

 

  

http://www.wxpasy.ch/tools/protparam.html
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Table 4. Listing of salt bridges within 4 Å in VPR and AQUI [4,55,74]. Ion pairs over 4 Å apart are 

underlined. 

VPR AQUI 

D56-R95 D58-R95 

D59-R95 D98-R95 

D183-R10 D183-R12 

D138-R169 D138-R169 

E236-R252 R43-D212 

E255-K267 R31-E237 

D260-R185 R117-D113 

D274-R14 D17-R259 

 K142-E172 

 

 

The residues Asp17-Arg259 form a putative salt bridge in AQUI, that is absent in VPR which 

contains Asn15 and Lys257 at corresponding sites. This putative salt bridge has been studied by 

Arnórsdóttir et al. [75] and Sigurðardóttir et al. [69]. Sigurðardóttir et al. [69] studied the mutant 

VPRN15D where Asn15 was substituted with Asp15 in VPR, in order to incorporate the ion pair 

(Asp15-Lys257) into its structure, with the aim of enhancing the thermal stability of the enzyme. 

This mutation increased the thermostability of the enzyme by 3°C, compared to the wild-type 

enzyme. Next, the double mutation N15D/K257R was introduced into VPR, to mimic further the 

salt bridge in the structure of AQUI, which did not give any further increase in thermal stability of 

VPR [69]. Furthermore, a truncated form of VPR (VPRΔC) was produced, lacking the 15 residue C-

terminal sequence that is absent in AQUI. The mutation N15DΔC improved thermal stability by 3°C, 

almost the same as for the N15D mutation. Considering these studies, this salt bridge seems to play 

a role in thermostabilization of the cold-adapted enzyme and could contribute to stabilization of the 

thermophilic AQUI. Arnórsdóttir et al. [75] studied the effect of eliminating this putative salt bridge 

in AQUI on thermostability. The mutation D17N was produced, where Asp17 was substituted with 

Asn to mimic this corresponding site in VPR, resulting in destabilization of AQUI by 8-9°C (T50%), 

but did not however affect the kinetic parameters of the enzyme. These results are in line with a 

recent study on the D17N mutant of AQUI, where Sakaguchi et al. [76] observed a reduced thermal 

stability of the mutant as the thermostability decreased more rapidly when incubated at 80°C, 

compared to the wild type enzyme. However, a 1.5-fold increase in catalytic activity was observed 

for the mutant compared to the wild type at 90°C. They suggested this salt bridge to play a 

stabilizing role in the thermophilic enzyme. 

To examine the possible role of the putative Arg31 to Glu237 salt bridge in AQUI the mutant R31F 
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was produced, where Arg was replaced with Phe to simulate VPR at this site. Introduction of this 

mutation should delete the potential salt bridge Arg31-Glu237 in the thermophilic enzyme [74]. 

According to a MD (molecular dynamics) study, this salt bridge has a ~87% persistence, suggesting 

this salt bridge to have limited flexibility. Arg31 is located on a loop connected to the β-sheet 

carrying the active site Asp39, and Glu237 is located at the C-terminus of the α-helix carrying the 

active site Ser222. The R31F mutant showed no detectable change in T50% or kinetic parameters 

compared to the wild-type enzyme [74]. And according to recent FoldX calculations the effect of 

the salt bridge on stability was predicted to be low [74]. The study of Sakaguchi et al. [76] indicated 

however that this salt bridge plays a stabilizing role in AQUI as the elimination of this potential salt 

bridge by the E237Q mutant resulted in decreased thermostability of the enzyme, but did not affect 

the activity. 

 Ellertsson [77] studied the effect of deleting the salt bridge Lys142-Glu172 on thermal 

stability of AQUI. This putative salt bridge is absent in VPR as it contains Gln and Ser at 

corresponding sites. The salt bridge was eliminated by introducing the mutation K142Q into the 

structure of AQUI, where Lys142 was substituted with Gln, with the aim of decreasing the thermal 

stability of the enzyme. The mutant did not affect the thermostability (T50%) of the enzyme [74]. 

Ellertsson [77] also introduced the double mutant S172E/Q142K into the structure of VPRΔC where 

Ser172 was substituted with Glu and Gln142 was replaced with Lys, in order to incorporate the ion 

pair (Lys142-Glu172) into its structure and thus enhance its thermal stability. The double mutant 

did not however show a significant change in thermal stability, as it increased by 1°C, compared to 

the wild-type enzyme. 

 The putative salt bridge formed by the residues Arg12 and Asp183 is conserved among 

members of the proteinase K subfamily, and it is present in AQUI and VPR (R10-D183). This salt 

bridge is interesting with respect to location, as it is positioned near the Ca-3 calcium binding site of 

these enzymes [55,56] (see chapter 1.2.2 and fig. 9). Sakaguchi et al. [76] produced the D183N 

mutant in AQUI, where Asp183 was replaced with Asn, in order to eliminate this salt bridge. They 

observed a significant reduction in thermal stability as well as change in the content of secondary 

structure, compared to the wild type enzyme, suggesting this salt bridge to be important to maintain 

thermal stability. 

1.3 The main purpose of this study 

In previous studies, Kristjánsson and co-workers have studied structural properties of subtilases 

belonging to the proteinase K family of different temperature origins, in order to improve the 

understanding of temperature adaptation of these enzymes [55,60,68–70,78]. The thermophilic 
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enzyme AQUI from the bacterium Thermus aquaticus and its cold-adapted homologue Vibrio 

protease (VPR) from a Vibrio sp. having 60% sequence identity [69] as well as sharing a high 

structural homology, differ with respect to catalytic properties and thermal stability. Crystal 

structures of VPR [55] and AQUI are known and have been determined at high resolution. Thus, 

these enzymes provide an excellent model for studying the molecular basis of different properties of 

temperature adaptation. 

 It has been suggested that salt bridges play a stabilizing role in thermophilic proteins, 

containing larger number of ion pairs compared to their psychro- and mesophilic counterparts [8–

15,21]. Structural comparison of AQUI and VPR has indicated that the thermophilic enzyme 

contains additional ion pairs (table 5) in its structure that may play a stabilizing role at high 

temperature. In order to test these hypotheses we have used structural comparisons and site-directed 

mutagenesis to perform mutations in the thermophilic enzyme (fig. 14). The mutated sites in AQUI 

were chosen in order to mimic the corresponding sites in the cold-adapted enzyme. The mutants 

(D58N, R43N, R43A, D212A, R117Q and D98G) have been experimentally characterized with 

respect to their catalytic activity and thermal stability. 

 

Table 5. Listing the additional salt bridges present in AQUI, compared to VPR. Salt-bridge 

persistence from Jónsdóttir et al. [74], estimated by the MD ensemble of AQUI-wt. The salt bridges 

we focused on in this study are underlined. 

Salt bridge Salt-bridge 

persistence (%) 

Asp17-Arg259 (D17-R259) 100 

Asp58-Arg95 (D58-R95) 100 

Asp113-Arg117 (D113-R117) 68.5 

Asp138-Arg169 (D139-R169) 100 

Arg31-Glu237 (R31-E237) 86.7 

Arg43-Asp212 (R43-D212) 99.9 

Arg47-Glu48 (R47-E48) 18.0 

Arg47-Asp212 (R47-D212) 33.1 

Lys142-Glu172 (K142-E172) 72.7 
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Figure 14. Three-dimensional structure of the thermophilic enzyme AQUI. (A) The mutated salt 

bridges (white) are shown. (B) AQUI rotated 180° about the y-axis. The residues of the catalytic 

triad, Asp39, His70 and Ser222 are shown in red and calcium ions are shown as gray spheres. 

 

In previous studies, Kristjánsson and co-workers have eliminated several other salt bridges in AQUI 

[75,77], as well as to incorporate a salt bridge ,present in AQUI, into the structure of VPR [69], 

resulting in enhanced thermal stability of the cold-adapted enzyme (see chapter 1.2.4). 

 In this study we focused on eliminating the following salt bridges: Asp58-Arg95, Asp113-

Arg117, Arg43-Asp212 (table 5, fig. 14). The salt bridge Arg43-Asp212 connects two loops at the 

surface of AQUI and is predicted to play a stabilizing role in the enzyme at high temperatures. This 

putative salt bridge is absent in the cold-adapted VPR, which contains Asn at position 41. 

Previously, Ellertsson [77] introduced the R47E mutation into AQUI, in order to eliminate a 

putative salt bridge between Arg47 and Asp212 in the enzyme, by substituting Arg47 by Glu to 

mimic this site in the cold-adapted VPR. The R47E mutant showed no detectable change in thermal 

stability, but the catalytic efficiency increased slightly compared to the wild-type enzyme. Recently, 

the salt bridge persistence of these salt bridges predicted by a MD study [74] and suggested that 

side chains of this salt bridge had only 33% persistence, but the salt bridge Arg43-Asp212 has a 

99.9% persistence. According to this, Asp212 may form a salt bridge with the two Arg43 and 

Arg47, forming a tridental salt bridge network. However, according to FoldX predictions these salt 

bridges do not seem to contribute to protein stability, as indicated by low ΔΔG values [74]. Our 

goal was to eliminate the salt bridge Arg43-Asp212 by producing the R43N, R43A and D212A 

mutants of AQUI. It was hypothesized that this salt bridge might play a stabilizing role in AQUI at 

high temperatures, whereas VPR contains Asn at corresponding site thus lacking this salt bridge. In 

R117 

R117 

A B 

D58 

R95 

D98 

R43 

D212 

Ca3 

Ca1 

D113 

Ca3 

Ca1 



24 

a previous study [79], the mutation D212N was introduced into AQUI and decreased the thermal 

stability (T50%) by about 2°C. Thus substituting Asp or Arg with Ala was interesting to see if any 

further decrease in thermal stability would be observed. 

 For the salt bridge network Asp58-Arg95-Asp98, the Asp58 to Arg95 is conserved among 

subtilases, but Asp98 is present in AQUI and THM, but absent in VPR that contains Ser98. This 

network is interesting with respect to location, as it is located at a calcium binding site (Ca2) in 

VPR and THM, which is not present in AQUI. Therefore, the putative salt bridge Arg95-Asp98 

may play a stabilizing role in AQUI. In a former study, the mutation D98S was carried out by 

Ellertsson [77] in order to eliminate the putative salt bridge between Asp98 and Arg95 and mimic 

this site in VPR. The results showed a significant increase in catalytic activity of AQUI but minor 

effects on thermal stability. Following these results, it was decided to produce the mutant D98G, as 

the Ser98 could possibly form hydrogen bonds with amino acids 100-102 and stabilize this loop. So, 

a replacement of Asp98 with Gly may lead to further elimination of hydrogen bonds in this area, 

and possibly increase the flexibility, which may contribute to the higher activity (kcat) of the D98S 

mutant. Thus, it was interesting to see if there would be any further increase in the catalytic activity 

or effect on the thermostability of AQUI. Additionally, the mutation D58N was introduced into 

AQUI to eliminate the putative salt bridge Asp58-Arg95 that may be a part of the salt bridge 

network Asp58-Arg95-Asp98. According to sequence alignments, this site is conserved among 

these enzymes, whereas VPR has a salt bridge between Asp56-Arg95 and THM has a salt bridge 

between Asp58-Arg102. Also, this salt bridge connects the surface loop that hosts their calcium 

binding site (Ca2 in VPR), which is absent in AQUI [55]. It is possible that this salt bridge plays a 

stabilizing role in the thermophilic enzyme. 

 The residues Asp113 and Arg117 are located in the last turn of the C-terminus of helix C at 

the surface of AQU. These residues are separated by one turn and Arg117 is the C-cap residue of 

the helix. These residues may form a salt bridge which could contribute to stability of the helix C. 

Based on a structural comparison of VPR it was decided to introduce the mutation R117Q into the 

thermophilic enzyme, in order to mimic this site in VPR as it contains Gln117. Elimination of this 

potential salt bridge may play a role in thermostabilization of AQUI, as it is absent in the cold-

adapted enzyme. 
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2 Materials and Methods 

2.1 Bacterial strains and plasmid 

The gene encoding aqualysin I (aquI) from the thermophilic bacterium Thermus aquaticus YT-1 

(ATCC25104), was cloned into the pJOE3075 plasmid vector [80,81], as described in Arnórsdóttir 

et al. [75]. The plasmid carries antibiotic resistance gene for ampicillin (Amp
R
) and was used for 

gene expression in the E.coli BL-21 strain (C43), which has the genotype: 

 

F- ompT gal dcm lon hsdSB(rB- mB-) lambda (DE3 [lacI lacUV5-T7 gene 1 indl sam7 nin5]) [82,83] 

 

The E.coli Top10 strain, which is sensitive for ampicillin, was used for transformation of the 

mutants, and grown on a selective Lamp agar plates. The E.coli Top10 strain has the genotype: 

 

F– mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara leu) 7697 galU 

galK rpsL (StrR) endA1 nupG 

2.2 Site-direct mutagenesis (PCR) 

Site directed mutagenesis were performed on the aquI gene, using QuickChange XL Site-Directed 

Mutagenesis Kit from Stratagene. The amplification of the gene was accomplished by a typical 

PCR process with a given number of cycles. The PCR processes were carried out in an automatic 

block heater (Veriti
®

 Thermal Cycler from Life Technologies) that was programmed to change the  

temperature after a specified period of time. The preparation of the reaction mixture was as follows: 

 

2.5 μl DNA template (AQUIwt (klónn 11), 50-100 ng) 

1 μl of forward and reverse (fw/rv) primer (10 pmol/μl) 

5 μl 10x buffer (w/20 mM MgSO4) 

1 μl dNTP (10 mM, final conc. 0.2 mM), from Fermentas 

0.5 μl Pfu DNA polymerase (2.5 U/μl), from Fermentas 

Diluted with H2O to 50 μl final volume  
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The polymerase chain reaction (PCR) was performed under the following conditions: 

 Temperature 

(°C) 

Time 

(min) 

 

Initilization 95 5  

Denaturation 95 1/2  

Annealing X-5* 1 16 cycles 

Elongation 72 15  

Extension 72 10  

*The temperature of the annealing step was determined for each primer, that was 5°C below the primer's melting 

temperature. 

The methylated DNA of the PCR product was digested with DpnI endonuclease (from Fermentas) 

at 37°C, overnight. 

2.3 Medium 

Both LB medium (Luria-Bertani) and 2xYT medium (2xYeast extract and Tryptone) were used 

(table 6) to grow cells that had been transformed with pJOE expression vector. Ampicillin (100 

μg/ml) was added to the medium to avoid unwanted growth of non-transformed cells. 

Table 6. The contents of 2xYT and LB medium (1 liter). 

Medium Tryptone (Bacto
TM

) Yeast Extract (Bacto
TM

) NaCl (Sigma) 

LB 10 g 5 g 10 g 

2xYT 16 g 10 g 5 g 

 

2.4 Transformation and bacterial culture 

The recombinant plasmid DNA was transformed into E.coli Top10 strain. 10 μl of a digested 

mutation reaction was added to 200 μl of competent Top10 cells [84]. Two controls were 

prepared, negative and positive where the negative control contained only Top10 cells and the 

positive control contained 50 μl Top10 cells and 0,1 ng plasmid DNA (AQUIwt). The samples were 

placed on ice for 10 min, then heat shocked at 41°C for 1 min. Next, the samples were placed on ice 

where 1 ml of LB medium (without ampicillin) was added and the culture was incubated in shaking 

incubator at 37°C for 1 hour. After incubation the culture was centrifuged at 13,000 rpm for 1 min, 

the precipitate was suspended in approximately 200 μl of LB medium and the cultures were spread 

on LB agar plate, containing 100 μg/ml of ampicillin, and were incubated at 37°C over night. 

Identification of transformed cells was accomplished using the two controls and the antibiotic. Only 



27 

the cells with Amp
R
 plasmids (transformed cells) grew on the LB-amp agar, the non-transformed 

cells are sensitive to amp and cannot grow. The LB-amp agar plate was compared to the controls 

(+/-), and colonies with cloned plasmid DNA were picked from the plate and isolated by streaking 

each colony on LB-amp agar plate (100 μg/ml), then grown at 37°C overnight. Single isolated 

colonies were picked and placed in 3-5 ml of LB-amp medium (100 μl/ml) and incubated at 200 

rpm at 37°C overnight. Since the plasmid pJOE is known as a low copy number plasmid it was 

decided to process larger volumes of bacterial culture (10 ml), which gave a sufficient quantity of 

plasmid DNA, compared to the 3-5 ml cultures. The overnight culture was centrifuged at 3220 g 

(4,000 rpm) for 5 min at 10°C, supernatant was discarded.  

After plasmid purification the recombinant plasmid DNA was transformed into competent E.coli 

BL-21 strain, where competence was induced in the BL-21 strain by TSS method [85]. The TSS 

method was performed as described: BL-21 cells were taken out of the freezer (-80°C) and thawed 

on ice for approximately 20 min. The strain was streaked on LB agar plate and incubated at 37°C 

overnight. A single colony was placed in 2 ml of LB medium and incubated at 37°C overnight. The 

overnight culture was placed on ice for 20 min, then centrifuged at 15,000 rpm for 10 min at 4°C. 

The precipitate was placed on ice and resuspended in 0.8 ml of ice cold TSS solution (LB medium, 

10% (w/v) polyethylene glycol, 5% (v/v) DMSO and 50mM Mg
2+ 

(MgCl2), pH 6.5) [85]. 

Supernatant was discarded and each pellet was resuspended in 0.8ml ice-cold TSS solution. 

Transformation of a recombinant plasmid DNA into competent BL-21 strain was performed by 

preparing a mix of 2-5 μl of plasmid DNA and 200 μl of competent cells. The mixture was placed 

on ice for 30 min, heat shocked at 42°C for 2 min and then placed back on ice for 2 min, then 0.8 

ml of LB medium containing 1% glucose was added and the culture was incubated at 37°C for 1 

hour. After incubation, a half of the culture was spread on LB-amp agar plate (100 μg/ml) and the 

other half was centrifuged at 13,000 rpm for 1 min, resuspended and spread on LB-amp agar plate, 

then incubated at 37°C overnight. 

2.5 Plasmid purification 

Plasmid purification was carried out using the GeneJET
TM

 Plasmid Miniprep Kit from Thermo 

Scientific, according to the following instructions.  

 The concentration and purity of the plasmid DNA was measured with a NanoDrop 1000 

Spectrophotometer, by measuring the absorption of the sample (1 μl) at 260 and 280 nm. The ratio 

of absorbance at 260 and 280 nm was used to determine the purity of the sample, where the ratio 

1.8 and over was acceptable. The sample's concentration (ng/μl) was based on absorbance at 260 

nm, and estimated according to Beer's Law (A = c*ε*b).  
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 The purity and concentration were also estimated using Agarose gel electrophoresis. The 

samples were prepared by mixing 7 μl plasmid DNA and 2 μl 10x loading buffer from Invitrogen
TM

 

(65% (w/v) sucrose, 10 mM Tris-HCl (pH 7,5), 10mM EDTA and 0,3% Bromophenol Blue). 

Samples were loaded on 1% (w/v) agarose gel in 1xTAE buffer system (40mM Tris, 20mM acetic 

acid, pH 8.0 containing 1 mM EDTA). The electrophoresis was carried out at 90V for 15 min. Next, 

the gel was viewed using an UV light transilluminator. In some cases the results of the 

spectrophotometer and agarose gel were not comparable, in that case the results from the agarose 

gel were used. The plasmids were stored at -20°C. 

2.6 Sequence analysis  

The mutations of the aquI gene were confirmed by sequence analysis. The plasmid DNA was 

purified (see chapter 2.5) from transformed bacterial colonies, that grew on LB-amp agar plate.  

Special primers were used for sequencing (see table 8 in chapter 2.7), the primers were specially 

selected and designed for each mutation. The sequencing solution (10 μl) was mixed: 

 

3.5 μl DNA template (ca 100 ng) 

1.5 μl 5x sequencing buffer 

1 μl sequencing primer (10 pmol/μl) 

1 μl BigDye (Terminator Ready Reaction Mix) 

3.5 μl dH2O 

 

The reaction was obtained at following conditions in automatic block heater: 

Temperature 

(°C) 

Time 

(sec) 

 

96 10  

96 10  

50 5 25 cycles 

60 120  

12 420  

 

An ethanol precipitation was performed after the reaction. A precipitation solution (900 μl dH2O, 

100 μl 3M sodium acetate and 5 μl glycogen (20 mg/ml)) was prepared and used in a mixture of 50 

μl precipitation solution, 10 μl sample and 125 μl ice cold 96-100% ethanol. The solution was then 

centrifuged at 4,000 rpm for 30 min at 4°C, and repeated once. In the next step the samples were 

dried at 65°C for 10 min. The samples were stored at -20°C, but not longer than for 4 days.  

The precipitation was resuspended before the sequence analysis in a 10 μl of HiDi. Sequence 

analyses were carried out using ABI PRISM 3100 Genetic Analyzer and 3500xL Genetic Analyzer 

(from Applied Biosystem/Hitachi). 
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Some of the mutations were analysed by Beckman Coulter Genomics 

(http://www.beckmangenomics.com). In those cases, there was no need to prepare the samples after 

plasmid purification. 

2.7 Primers for site-direct mutagenesis and 
sequencing 

The mutagenic PCR primers for site direct mutagenesis were designed in the web-based program 

PrimerX (http://www.bioinformatics.org/primerx/), that calculates the GC content and melting 

temperature for each primer. The primers that were used in site directed mutagenesis of the enzyme 

AQUI were synthesized by Eurofins MWG Operon, and are shown in table 7. Table 8 shows 

primers that were used for sequencing of the aquI gene. 

 

Table 7. Primers (forward, fw; reverse, rv) used for site direct mutagenesis of AQUI. Mutated 

codons are shown in bold. The GC content (GC%) of each primer primer pair and melting point 

(Tm)  is shown. 

Primer Oligonucleotide sequence GC% Tm (°C) 

R43N fw 5' GACACCGGAATCAACACGACCCACCGG 3' 63,0 71,0 

R43N rv 5' CCGGTGGGTCGTGTTGATTCCGGTGTC 3' 63,0 71,0 

D212A fw 5' TACACCTCGGCCACGGCCACC 3' 71,4 67,6 

D212A rv 5' GGTGGCCGTGGCCGAGGTGTA 3'  71,4 67,6 

R43A fw 5' ACCGGAATCGCCACGACCCAC 3' 66,7 65,7 

R43A rv 5' GTGGGTCGTGGCGATTCCGGT 3' 66,7 65,7 

D58N fw 5' CCGGGTAGGCTATAACGCCTTAGGG 3' 60,0 67,9 

D58N rv 5' CCCTAAGGCGTTATAGCCTACCCGG 3' 60,0 67,9 

R117Q fw 5' GACTGGGTCACGCAGAACCACCGCAG 3' 65,4 71,7 

R117Q rv 5' CTGCGGTGGTTCTGCGTGACCCAGTC 3' 65,4 71,1 

D98G fw 5' GTGCGCGTCCTGGGCTGCAACGGTTC 3' 69,2 72,7 

D98G rv 5' GAACCGTTGCAGCCCAGGACGCGCAC 3' 69,2 72,7 

 

 

 

 

 

 

 

  

http://www.beckmangenomics.com/
http://www.bioinformatics.org/primerx/


30 

Table 8. Primers used for sequence analysis of AQUI. The GC content (GC%) of each primer 

primer and melting point (Tm)  is shown. Fw for forward primer and rv is for reverse primer.  

Primer Oligonucleotide sequence GC% Tm (°C) 

aq442_fw 5' TCCAACAGCTACACCTACAC  3' 50,0 68,3 

aq1051_rv 5' CCATGGAGGTGCCGTTAA 3' 57,9 69,7 

AQUA1_fw 5' GTCTTTAAGAAGGGGAAGGG 3' 50,0 68,2 

AQUA2_fw 5' CCTCTACGCTGTGCGCGTCC 3' 70,0 76,5 

 

2.8 Cultivation and expression of recombinant AQUI 

Cultivation and expression of AQUI was performed in E.coli BL-21 strain that contains the pJOE 

expression vector. Transformed BL-21 cells (see chapter 2.4) were picked from LB-amp agar plates 

and placed in 20 ml of 2xYT medium, containing ampicillin (100 μg/ml). The culture was 

incubated at 600-800 rpm at 37°C overnight. The overnight culture was diluted ~ 40-fold (20 ml 

culture added to 750 ml medium) in 2xYT-amp medium and grown at 37°C to A600 = 0,7. 

Expression was induced with 0.2% rhamnose at 160-180 rpm at 37°C for 4 hours. The cells were 

collected by centrifugation at 4,000 g for 15 min, at 10°C, suspended in 50 ml of H2O and 

centrifuged at same conditions (JS 5.3 rotor), and repeated once. Precipitate was stored at -20°C. 

2.9 Protein purification 

Method 1: 

Cell pellets were suspended in 50 ml of 25mM Tris, pH 8.0, containing 10 mM CaCl2 (Buffer A, 

table 9), lysozyme (1 mg/ml) and 50 μl of DNase (1 μg/ml), then shaken for 2 hours at room 

temperature. Cell lysis was completed with repeated freezing and thawing three times in liquid 

nitrogen, and shaking at 4°C overnight. The crude cell extracts were heated at 70°C for 1 hour, this 

step activates the enzyme by cleaving off the C-terminal prosequence and releases it from the cell 

membrane. The crude cell extract was removed by centrifugation at 12,000 g for 20 min at 15°C 

and the activity of the supernatant was measured. The supernatant was made 1M in (NH4)2SO4 and 

insoluble impurities were removed by centrifugation at 15,000 g for 20 min, at 15°C. The 

supernatant was collected and placed in a 50 ml superloop (using 0.2 μm sterile filter) and applied 

to a Phenyl-Sepharose column (30ml), which had been previously equilibrated with 25 mM Tris, 

pH 8.0, containing 10 mM CaCl2 and 1 M (NH4)2SO4 (Buffer B, table 9). After washing the column 

with buffer B (4 CV; column volumes), the enzyme was eluted with buffer A (table 9) using step 

gradient, the first step 4 CV gradient from 100% to 65% buffer B, a 1 CV step at 65% buffer B, 2 

CV gradient 65-35%, 1 CV step at 35%, 2 CV gradient to 0% buffer B or 100% buffer A. Fractions 
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containing the protease activity were collected from the column and heated at 65°C for 40 min, 

followed by dialysis overnight against 25 mM MES, pH 6.0 (or 5.6, depending on the mutant) 

containing 10 mM CaCl2 (buffer C, table 9). The 65°C step was performed to ensure that there was 

only the 28 kDa mature enzyme present in all experiments. The sample was applied to an cationic 

exchange column (SPXL) (5 ml), that had been equilibrated with 25 mM MES, pH 6.0 (or 5.6) 

containing 10 mM CaCl2 (buffer C, table 9). The enzyme was eluted from the column using a 20 

CV linear gradient from 0% to 100% buffer containing 0.5 M NaCl (buffer D, table 9). The active 

enzyme fractions were collected and divided into 1 ml aliquots containing 10% ethylene glycol, 

quick frozen in liquid N2 and stored at -20°C. The purifications were carried out using the Äkta 

Purifier
®

 system (Amersham Biosciences, Freiburg, Germany). 

 

Method 2: 

The two specific mutants, AQUID212A og AQUIR43A, were purified using different columns. The 

supernatant was applied to a Phenyl-Sepharose column (Sigma) (60 ml) that had been equilibrated 

with buffer B (table 9). All impurities were washed off the column with buffer A (table 9). The 

enzyme was eluted stepwise from the column with buffer A containing 50% ethylene glycol. The 

fractions containing protease activity were collected and dialysed against 20mM MES, pH 6,0 

buffer containing 10mM CaCl2. The sample was loaded on a CM Sepharose cationic column 

(Sigma) (16ml) that had been equilibrated with 20mM MES, pH 6.0 containing 10mM CaCl2. The 

enzyme was eluted with a linear gradient from 0% to 100% buffer containing 0.5 M NaCl (20mM 

MES, 10mM CaCl2, 500 mM NaCl, pH 6,0). The enzyme fractions containing activity were 

collected and applied to a Phenyl-Sepharose column (5 ml) that had been equilibrated with 25 mM 

Tris, pH 8.0 containing 10 mM CaCl2 and 0,5 M (NH4)2SO4,. After washing the column with buffer 

A (table 9), the enzyme was eluted with the same buffer containing 50% ethylene glycol. The 

fractions containing protease activity were collected and dialysed against buffer A (table 9) 

overnight. The sample was divided into 1 ml aliqouts containing 10% ethylene glycol, quick frozen 

in liquid N2 and stored at -20°C. 

 

Table 9. Buffers used in protein purification. 

Buffer A Buffer B Buffer C Buffer D 

    

25 mM Tris, pH 8 25 mM Tris, pH 8 25 mM MES, pH 6 25 mM MES, pH 6 

10 mM CaCl2 10 mM CaCl2 10 mM CaCl2 10 mM CaCl2 

 1 M (NH4)2SO4  500 mM NaCl 
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2.10 SDS polyacrylamide gel electrophoresis (SDS-
PAGE) 

For estimating purity of the enzyme preparations SDS-PAGE was carried out on 12.5% vertical slab 

gel, using a discontinuous electrophoresis according to Laemmli [86]. Before electrophoresis the 

samples were inhibited with 50 mM PMSF (phenylmethanesulfonylfluoride) to a 5 mM final 

concentration, in order to prevent autoproteolytic cleavage of the enzyme. Then samples were 

placed in boiling water-bath for 5 min. Following electrophoresis, the gels were stained with 

Coomassie Brillian Blue R-250 (0.25% (w/v) in 45% methanol, 7% acetic acid) overnight, and 

destained (45% (v/v) methanol and 7% (v/v) acetic acid). 

2.11 Enzyme assay 

The activity of AQUI and its mutants were assayed using the amidase activity of the enzyme against  

succinyl-AlaAlaProPhe-p-nitroanilide (sAAPF-pna) as a substrate (Bachem), that had been 

dissolved in DMSO (dimethylsulfoxide) to a final concentration of 25 mM. The assays were carried 

out at 40°C using a substrate concentration of 0.5 mM (0.3 mM substrate used in protein 

purification) in 100 mM Tris, pH 8.6, containing 10 mM CaCl2. The increase in absorbance at 410 

nm (ε = 8480 M
-1

cm
-1

) with time, using a Varian Cary 50 UV/VIS spectrophotometer, using a molar 

absorptivity (ε) of 8480 M
-1

cm
-1

 to determine reaction rates.  

2.12 The effect of temperature on thermostability of 
AQUI 

The samples were prepared for measurements either by applying them to a HiTrap desalting column 

(5 ml, Sigma), or by dialysis against 25 mM Tris, pH 8.95, containing 1 mM CaCl2 and 100 mM 

NaCl overnight. The thermostability of the AQUI mutants were determined by measuring the rates 

of the irreversible inactivation at temperatures between 90 and 96°C. At each temperature the 

samples were heated in a water bath, and assayed for remaining activity at 410 nm against 0.5 mM 

Suc-AAPF-NH-Np at 40°C. The rate constant for the thermal inactivation were obtained at each 

temperature using first order plots, where the ratio of the initial activity (A0) and the remaining 

activity (A) over time, was calculated using the following equation: 

 

A = A0e
-kt 

(IV) 

 

where k is the rate constant and t is the time (sec) 
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By taking the natural logarithm of equation (IV) we can plot the ratio ln(A/A0) against time, to yield 

the rate constant, k, for the reaction at the specified temperatures. The Arrhenius equation gives the 

dependence of the rate constant of a reaction on the absolute temperature: 

 

k = Ae
-(Ea/RT)

 (V) 

 

where Ea is the activation energy, A is the pre-exponential factor, R is the gas constant (8.314 Jmol
-

1
K

-1
) and T is the temperature in Kelvin degrees.  

Taking the natural logarithm of (V) yields an equation of a straight line: 

 

ln(𝑘) =  −
𝐸𝑎

𝑅𝑇
+ ln (𝐴) (VI) 

 

Therefore, when the rate constant obeys the Arrhenius equation, a plot of ln(k) against 1/T gives a 

straight line and we can calculate T50%, i.e. the temperature at which the rate of inactivation 

corresponds to 50% loss of original enzyme activity after 30 min: 

 

𝑘𝑇50% =
𝑙𝑛100−𝑙𝑛50

30𝑚𝑖𝑛∗60𝑠𝑚𝑖𝑛−1                                                                         (VII) 

 

and 

𝑇50% = 𝑙𝑛(𝑘𝑇50%) −
ln (𝐴)
𝐸𝑎

𝑅⁄
 (VIII) 

Where Ea/R is the slope of the line and ln(A) is y-axis intercept 

2.13 Michaelis-Menten kinetics  

The samples were prepared for each measurement and applied on HiTrap desalting column (5 ml, 

Sigma) or dialyzed overnight against 100 mM Tris, pH 8.60, containing 1 mM CaCl2. The buffers 

pH were set specifically for 40°C, according to equation IX: 

 

pH = 8,6 + 0,0028 (x – 25)                                                             (IX) 

 

where x indicates the temperature that measurements are carried out at. 
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The substrate concentrations were determined by storing the enzyme reaction mixtures at each 

concentration at room temperature overnight that were diluted 10-fold with appropriate buffer, and 

the absorbance was measured at 410 nm (ε =  8480 M
-1

cm
-1

). The protein concentration was 

determined by measuring the absorbance of the enzyme solutions at 280 nm, using the molar 

extinction coefficient of the enzyme (ε280, AQUI = 34,63 M
-1

cm
-1

). The molar extinction coefficient 

was determined as described by Pace et al [87].  

 Kinetic parameters for activity of the mutants were determined at 40°C by measuring the 

change in absorbance at 410 nm at substrate concentrations between 0.25 and 2.0 mM. 

Measurements were carried out with a temperature regulated Heλios α spectrophotometer (from 

Thermo Spectronics) equipped with Peltier heating device (single cell) (from Thermo Spectronics). 

The temperature of the substrate in the cuvette was monitored with electronic thermometer before 

the enzyme solution was added, to ensure constant temperature of the solutions. For each substrate 

concentration were carried out 3-4 measurements, the mean ΔA410/min was used to calculate the 

reaction rate: 

 

𝑣 =
𝛥𝐴410/𝑚𝑖𝑛

8480𝑀−1𝑐𝑚−1∗1𝑐𝑚∗0.95𝑚𝑙
                                                 (X) 

 

Michaelis-Menten constant, Km and Vmax, was determined by fitting the rate data to the Michaelis-

Menten equation by nonlinear regression, using the software KaleidaGraph.  

From Vmax the turnover number (kcat) for the enzyme was determined: 

 

𝑘𝑐𝑎𝑡 =
𝑉𝑚𝑎𝑥

[𝐸]0
                              (XI) 

where [E]0 represents the enzyme concentration. 

2.14 Conformational stability of AQUI 

The melting point (Tm) of AQUI and mutants was measured using circular dichroism (CD). The 

samples were filtered and inhibited with 5 mM PMSF (phenylmethanesulfonylfluoride) followed by 

dialysis against 25 mM glycine, pH 8.60, containing 1 mM EDTA (ethylenediaminetetraacetic acid), 

at 4°C overnight. Measurements were carried out with a JASCO-810 Circular Dichroism 

spectropolarimeter equipped with PTC-423S Peltier type single cell holder and temperature control 

system, using 0.1 cm (or 0.2 cm) cuvette. The thermal denaturation of the mutants was measured by 

monitoring the change in ellipticity (θ) at 222 nm occurring while raising the temperature from 25 

to 95°C at a rate of 1°C/min.  

The melting curves were obtained by assuming a two-state transition, folded (F) and unfolded (U): 
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fF + fU = 1            (XII) 

 

where fF and fU are the fractions of folded and unfolded protein molecules. 

Plotting mdeg against temperature, gives the equation: 

 

y = yFfF + yUfU          (XIII) 

 

where y is the measured signal at each point in the transition region, yF and yU are the extrapolated 

signals for the folded and unfolded states. The ratio between folded (fF) and unfolded (fU) states was 

determined by the slope of the best line for both states. Slopes were used to normalize the melting 

curves, according to:  

 

fU = (yF-y)/(yF-yU)        (XIV) 

 

The melting point (Tm) was determined from the normalized curves (fU against temperature), where 

Tm (°C) is the temperature when half the protein molecules in the solution are unfolded (fU). 
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3. Results and discussion 

3.1 The mutation Arg117Gln (R117Q) of AQUI 

The mutation R117Q was introduced into AQUI, where Arg117 was replaced with Gln. The salt 

bridge Arg117-Asp113 is positioned on an α-helix (helix C) on the surface of the enzyme, where 

the residues are separated by one turn (fig. 15A). Based on a structural comparison of the 

homologous cold adapted VPR it was decided to introduce the mutation R117Q to AQUI in order to 

mimic this site in VPR (fig. 15C), which contains Gln (Q) at the corresponding site. This potential 

salt bridge could play a role in temperature adaptation of AQUI as it is absent in VPR. The R117Q 

mutant of AQUI was designed with the purpose of eliminating the salt bridge, and hence decreasing 

stability of the enzyme.  
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Figure 15. (A) Three-dimensional structure of AQUI, rotated 180° about the y-axis. The putative 

salt bridge Arg117-Asp113 (white). The residues of the catalytic triad, Asp39, His70, Ser222 are 

shown in red and calcium ions as gray spheres. (B) Enlarged view of the salt bridge Arg117-

Asp113 (white). Arg117 forms hydrogen bonds with Asp113 and Trp114, and between Trp114 and 

Asn118 (red). (C) Enlarged view of the mutation R117Q. Residues are shown with stick 

presentation where nitrogen atoms are blue and oxygen atoms are red. 

 

Thermal stability (T50% and Tm) and kinetic parameters results for the mutant R117Q are 

summarized in tables 10 and 11. 
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Table 10. Thermal stability of wild-type and AQUI mutant, R117Q. The T50% values were derived 

from Arrhenius plots. The melting point (Tm) of PMSF inhibited AQUI wild type and mutant was 

determined by circular dichroism. The values are expressed as a mean ± S.E. and are based on 3 

measurements. 

AQUI T50% (°C) Tm (°C) 

Wild type 91.4 ± 0.3 66.2 ± 0.04 

R117Q 90.8 ± 0.1 66.2 ± 0.3 

 

 

Table 11. Kinetic parameters of wild-type AQUI and mutant, R117Q. The values are expressed as a 

mean ± S.E. and are based on 3 measurements  

AQUI kcat (s
-1

) Km (mM) kcat/Km (mM
-1

s
-1

) 

Wild type 

R117Q 

71.1 ± 5.8 

45.2 ± 0.4 

1.4 ± 0.1 

0.94 ± 0.01 

48.2 ± 2.0 

48.2 ± 0.7 

 

The thermal stability (T50%) observed for the R117Q mutant had minimal effects compared to the 

wild type enzyme (table 10). The kinetic measurements showed no detectable change in catalytic 

efficiency (kcat/Km) for the mutant, as the turnover number (kcat) decreased from 71.1 ± 5.8 s
-1

 to 

45.2 ± 0.4 s
-1 

but the binding affinity (Km) for the substrate increased, as the Km value decreased 

from 1.4 ± 0.1 mM to 0.94 ± 0.01 mM, compared to the wild type (table 11). These results are in 

line with a recent MD study that confirmed a 68.5% salt bridge persistence between Arg117 and 

Asp113, suggesting this salt bridge to be relatively unstable. It was found to be over 60% solvent 

exposed and FoldX prediction indicated a neutral effect on protein stability, which was suggested 

by the low ΔΔG value induced by the R117Q mutation [74]. This may explain the small change 

observed in thermal stability of the mutant.  

3.2 The mutation Asp98Gly (D98G) of AQUI 

The mutation D98G was introduced into AQUI, where Asp in position 98 was substituted with Gly 

(fig. 17A). This mutation removes the negatively charged side chain of Asp98 and therefore the 

potential of forming a salt bridge with the oppositely charged side chain of Arg95. The substitution 

is also believed to decrease the number of hydrogen bonds between Asp98 and the amino acid 

residues 100-102 (fig. 17A). Sequence alignments and structural comparisons of related subtilisin-

like serine proteases led us to hypothesize about the thermostabilizing role of this salt bridge in 

AQUI (fig. 16).  

 The salt bridge Asp98-Arg95 is interesting with respect to location, as it is located close to a 

calcium binding site (Ca-2) in VPR and THM, that is not present in AQUI (see chapters 1.2.2 and 

1.2.3 for more details). This putative salt bridge is part of a potential salt bridge network Asp58-

Arg95-Asp98 in AQUI, which is also present in THM (Asp60-Arg102-Asp105), but is absent in 
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VPR (Ser98-Arg95-Asp56) [4] (fig. 17). Therefore, the salt bridge may play a role in stabilizing 

AQUI, and hence its deletion should destabilize the enzyme and make it more prone to heat 

inactivation. 

Figure 16. Alignment of amino acid sequence of AQUI and related enzymes (VPR, PRK and THM). 

Red boxes indicate the position of Asp58, Arg95 and Asp98 in AQUI, and amino acids at 

corresponding sites of VPR, PRK and THM.  
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Figure 17. Comparison of the conserved region among the subtilases AQUI, VPR and THM, where 

the salt bridge Arg95-Asp98 is located in AQUI. (A) The salt bridge network (Asp98-Arg95-Asp58) 

in AQUI is shown in white. The hydrogen bonds between amino acids Asn100, Gly101 and Ser102 

(red) and Asp98 are shown in yellow. (B) In VPR, Ser98, Arg95-Asp56 are shown in white. 

Hydrogen bonds between Ser98 and residues 100-102 (blue) are shown in yellow. Calcium ion is 

shown as a grey sphere. (C) The salt bridge network in THM, Asp105-Arg102-Asp57 is shown in 

white. Hydrogen bonds between Asp105 and residues 107 and 109 (green) are shown in yellow. 

Calcium ions are shown as grey spheres. Residues are shown with stick presentation where 

nitrogen atoms are blue and oxygen atoms are red. 

Previously, the mutation D98S was introduced into AQUI [77] with the objective of destabilizing 

the enzyme at high temperatures and mimicking structural factors present in the cold adapted VPR. 

The replacement (Asp 98 to Ser98) had a significant effect on the enzyme's activity, where kcat 

increased twofold and the catalytic efficiency (kcat/Km) increased threefold. It could be speculated 

that he increase in kcat may be a result of elimination of the potential electrostatic interaction, or in 

the number of hydrogen bonds, which may result in more flexibility in this part of the structure 

close to the active site of the enzyme. Despite the elimination of the salt bridge between Asp98 and 

Arg95, there is still a possibility that Ser98 would form hydrogen bonds with amino acids 100-102, 

that could stabilize this loop. Following these results the mutation D98G was introduced in AQUI, 

as it might lead to further elimination of hydrogen bonds in this area, compared to the D98S mutant.  
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Figure 18. (A) Three-dimensional structure of AQUI. The salt bridge network Asp98-Arg95-D58 

(white), the catalytic triad, Asp39, His70, Ser222 (red) and calcium ions (grey). (B) Enlarged view 

of the mutated salt bridge Asp98-Arg95 (white). The hydrogen bonds between amino acids Asn100, 

Gly101 and Ser102 (red) and Asp98 are shown in yellow. (C) Enlarged view of the D98G mutation. 

The hydrogen bonding of Gly98 (white) with Gly101 and Ser102 (red) are shown in yellow. 

Residues are shown with stick presentation where nitrogen atoms are blue, oxygen atoms are red 

and sulfur atoms are yellow. 

The mutation D98G did not have any additional effects on the catalytic properties or thermal 

stability, compared to the D98S mutant. The results are summarized in tables 12 and 13. 
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Table 12. Thermal stability of wild-type and AQUI mutant, D98G. The T50% values were derived 

from Arrhenius plots. The melting point (Tm) of PMSF inhibited AQUI and mutant determined by 

circular dichroism. The values are expressed as a mean ± S.E. and are based on 3-4 measurements. 

AQUI T50% (°C) Tm (°C) 

Wild type 

D98G 

D98S* 

91.4 ± 0.3 

90.3 ± 0.1 

90.8 ± 0.2 

66.2 ± 0.04 

66.5 ± 0.3 

67.1 ± 0.1 

* From [77] 

 

Eliminating the salt bridge between Arg95-Asp98 resulted in no significant difference in thermal 

stability (T50% or Tm) of the mutant D98G, compared to the wild type enzyme (table 12). This 

implies that further deletion of hydrogen bonds did not affect thermal stability of the enzyme, or 

that remaining hydrogen bonds between Gly98 and Gly101 and Ser102 (fig. 18) were sufficient to 

maintain the stability of the structure in this particular area.  

 

Table 13. Kinetic parameters of wild-type AQUI and mutant, D98G. The values are expressed as a 

mean ± S.E. and are based on 4 measurements. 

AQUI kcat (s
-1

) Km (mM) kcat/Km (mM
-1

s
-1

) 

Wild type 

D98G 

D98S* 

71.1 ± 5.8 

128.5 ± 2.0 

131.5 ± 6.7 

1.4 ± 0.1 

1.5 ± 0.05 

0.93 ± 0.03 

48.2 ± 2.0 

86.9 ± 3.1 

141.4 ± 4.6 
*From [77]    

  

Results of the kinetic measurements showed however, a great difference in catalytic efficiency 

(kcat/Km) and turnover number (kcat) of the mutants. In both cases, there was about twofold increase 

(table 13), as the D98G mutant had a higher catalytic efficiency (increased from 48.2 ± 2.0 mM
-1

s
-1 

to 86.8 ± 3.1 mM
-1

s
-1

)
 
(table 13), and the turnover number enhanced from 71.7 ± 5.8 s

-1
 to 128.5 ± 

2.0 s
-1 

(table 13), as compared to the wild type enzyme. Although the mutation D98G did not seem 

to affect the thermal stability of AQUI (table 13), the increased catalytic efficiency is probably due 

to diminished hydrogen bonds between Gly98, Gly101 and Ser102 (fig. 18C) and deletion of the 

salt bridge. However, the turnover number (kcat) of D98G did not increase over the D98S mutant 

[77], despite further elimination of hydrogen bonds in this area in case of the D98G mutant. The 

reduction of hydrogen bonds in this area could possibly affect the active site of the enzyme as the 

residues 100-102 are a part of the substrate binding site, as well as increasing the flexibility of this 

loop. This resembles the kinetic properties of the cold-adapted VPR, as cold-adapted enzymes tend 

to have more flexible active site which may result in lower affinity for a substrate (higher Km values) 

to improve their catalytic activity (high kcat) at low temperatures [31]. 
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3.3 The mutation Asp58Asn (D58N) in AQUI 

The residues Asp58 and Arg95 are predicted to form a salt bridge in AQUI as well as in most 

related subtilases [74] (fig. 19A and 20). The mutation D58N was introduced into AQUI, where 

Asp in position 58 was replaced with Asn. This mutation should eliminate the ionic interactions 

between Asp58 and Arg95, which is a part of the salt bridge network Asp98-Arg95-Asp58 in AQUI 

(see chapter 3.2). According to sequence alignments, this salt bridge is conserved among related 

proteases (fig. 20) and it is present in both VPR (Asp56-Arg95) and THM (Asp57-Arg102), and is 

located at the Ca-2 calcium binding site of the enzymes, which is absent in AQUI (fig. 17A, chapter 

3.2). The residue Asp58 is located on a surface loop connected to the α-helix carrying the active 

His70, and is two amino acid residues shorter in AQUI, as compared to VPR (ND60-61) and THM 

(ND61-62), that have an additional Asp that participates in Ca
2+

 binding at the Ca-2 site of the 

enzymes (fig. 20, blue box).  

 

  

Figure 19. (A) Enlarged view of the Asp58-Arg95-Asp98 salt bridge network in AQUI wild type 

(white), and hydrogen bonding between Asp58 and Gly61, Gly62 and Gly64, and Arg95 also forms 

hydrogen bonds with Tyr57, shown in red. (B) Enlarged view of the mutated salt bridge in AQUI, 

D58N. Hydrogen bonds are possible between Asn58 and Arg95 and between Arg95 and Tyr57 (red). 

Residues are shown with stick presentation where nitrogen atoms are blue and oxygen atoms are 

red. 
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Figure 20. Alignment of amino acid sequence of AQUI and related enzymes (VPR, PRK and THM). 

Red boxes indicate the position of Asp58, Arg95 and Asp98 in AQUI, and amino acids at 

corresponding sites of VPR, PRK and THM. The blue box indicates the insertion in the loop that is 

two amino acid residues longer in VPR and THM, as compared to AQUI and PRK.  

 

In AQUIwt, Asp58 forms hydrogen bonds with Gly61, Gly62 and Gly64, additionally the main 

chains of Arg95 and Tyr57 interact to form hydrogen bonds (fig. 19A). In total, five hydrogen 

bonds are present in the wild type, compared to two in the mutant D58N (fig. 19B). AQUI also has 

a disulfide bridge positioned in this area, between Cys67-Cys99, that could stabilize this part of the 

structure and reduce the flexibility of the loop. The mutant D58N was designed with the purpose of 

eliminating the ionic interactions between Arg95 and Asp58 and hydrogen bonding in this area, 

decreasing the thermal stability and possibly alter the activity of the enzyme. 

 Thermal inactivation (T50%) and Michaelis-Menten results are listed in tables 14 and 15. 

 

Table 14. Thermal stability of wild-type and AQUI mutant, D58N. The T50% values were derived 

from Arrhenius plots. The melting point (Tm) of PMSF inhibited AQUI and mutant determined by 

circular dichroism. The values are expressed as a mean ± S.E. and are based on 3 measurements. 

AQUI T50% (°C) Tm (°C) 

Wild type 

D58N 

91.4 ± 0.3 

90.2 ± 0.05 

66.2 ± 0.04 

67.4 ± 0.4 

 

Table 15. Kinetic parameters of wild-type AQUI and mutant, D58N. The values are expressed as a 

mean ± S.E. and are based on 3-4 measurements.  

AQUI kcat (s
-1

) Km (mM) kcat/Km (mM
-1

s
-1

) 

Wild type 

D58N 

71.1 ± 5.8 1.4 ± 0.1 48.2 ± 2.0 

42.5 ± 2.8 1.2 ± 0.1 36.0 ± 3.7 

 

Relative to the wild type enzyme, the functional stability (T50%) of the mutant D58N decreased by 

1.2°C (table 14). However, the increase in Tm is unknown (table 14). Kinetic assays showed a 

decrease in catalytic efficiency (kcat/KM), from 48.2 ± 2.0 mM
-1

s
-1 

to 36.0 ± 3.7 mM
-1

s
-1

. This 

decrease is due to lower turnover number (kcat) for the mutant, 42.5 ± 2.8 s
-1 

as compared to 71.1 ± 

5.8 s
-1

 for the wild type (table 15). The deletion of this putative salt bridge did therefore not display 

any significant changes, neither in stability nor activity as compared to wild type. The decrease in 
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T50% is probably due to reduction in hydrogen bond formation on this area, stabilizing the loop (fig. 

19B). Recently, a tight hydrogen bond network in this area that was observed with MD simulations 

[74] (fig. 21), thus the D58N mutant can maintain the hydrogen bond network in the surroundings 

of Asp58, even if some of the bonds are weaker and less stable in the mutant (fig. 21). This network 

may provide stability, indicating that the salt bridge is not fundamental for protein stability. On the 

other hand, the explanation for the decrease in kcat is unknown.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Hydrogen bond network in the surrounding of Asp/Asn58 in (A) AQUI-wt and (B) 

AQUI-D58N MD ensembles. Residues are shown with stick presentation where nitrogen atoms are 

blue and oxygen atoms are red. Hydrogen bonds are indicated by cylinder of thickness proportional 

to the persistence of the interaction in the MD ensembles [74]. 

3.4 Deletion of the putative salt bridge Arg43-
Asp212 in AQUI 

The salt bridge Arg43-Asp212 is located at the surface of AQUI connecting two loops (fig. 23). 

This salt bridge was predicted to play a stabilizing role in AQUI at high temperatures, as it is absent 

in VPR which contains Asn at position 41 (fig. 23C). It is located in an area that is characterized by 

a high ratio of charged amino acids, where Asp212 and Arg43 form an ion pair. The residue 

Asp212 is positioned on a loop that is two amino acids longer (TS210-211) as compared to that in 

VPR. In a previous study, Ellertsson [77] introduced the mutation ΔTS210-211 into AQUI (i.e. 
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eliminated the two additional residues) to mimic this loop in the cold-adapted VPR, but the 

mutation did not give an active enzyme. Another potential salt bridge, Arg47-Asp212, in AQUI was 

also studied by Ellertsson [77]. In order to delete this salt bridge, the R47E mutation was introduced 

into the thermophilic enzyme, by substituting Arg47 by Glu to mimic this corresponding site in the 

cold-adapted VPR. The R47E mutant showed no detectable change in thermal stability, but the 

catalytic efficiency increased slightly compared to the wild-type enzyme. This is in line with a 

recent FoldX calculations, where a low ΔΔG value did not suggest a stabilizing effect of this salt 

bridge [74]. It has been suggested that Asp212 may form ionic interactions with Arg43 and Arg47, 

forming a tridente salt bridge network. According to recent MD studies [74], the salt bridge 

between Arg43 and Asp212 has a 99.9% persistence, compared to 33% of the Arg47-Asp212 salt 

bridge. Based on this, the presence of the salt bridge Arg43-Asp212 could help stabilizing the 

enzyme's structure at high temperatures. The deletion was therefore predicted to lower the thermal 

stability of AQUI. 

 The mutations D212N and R43N were introduced into the structure of AQUI (fig. 24A and 

B), where the charged amino acids were replaced with Asn on the basis of comparisons of related 

enzymes (fig. 22), which showed that residues at positions 212 and 43 in AQUI were frequently 

occupied with Asn. In a previous study [79], the mutation D212N was introduced into AQUI. 

Following this mutation the mutant R43N was produced, where Arg43 was replaced with Asn in 

AQUI to mimic this site in the cold adapted VPR (fig. 22, red box and fig. 23C).  
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Figure 22. Alignment of amino acid sequences of AQUI and related enzymes; protease from Vibrio 

sp. (VPR), proteinase K from T. limber (PRK), thermitase from T.vulgaris (THM), subtilisin BPN' 

from Bacillus amyloliquefaciens, subtilisin E from Bacillus subtilis, proteinase K-like enzyme from 

Serratia sp. (SPRK) and protease from Vibrio alginolyticus (Vibro). Red boxes indicate the position 

of Arg43 and Asp212 in AQUI, and amino acids at corresponding sites of related enzymes. 

The Asp212 is located on a loop connected to the α-helix carrying the active site Ser222, and Arg43 

is located on the same loop as the active site Asp39. The deletion of this salt bridge could result in 

increased flexibility in this area which could possibly affect the activity of the enzyme, as well as its 

thermostability. Despite the elimination of the salt bridge there are other stabilizing factors present, 

such as hydrogen bonds. For both mutations, hydrogen bonds (fig. 23B) are likely present between 

and within these loops, as residues in positions 212 and 43 can form hydrogen bonds. In addition, a 

hydrogen bond between Tyr209 and the amino acid residue in position 43 appears to be present, as 

well as between the side chain of Arg47 and the residue at position 212 (fig. 23B).  
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Figure 23. (A) Three-dimensional structure of AQUI. The catalytic triad, Asp39, His70 and Ser222, 

is shown in red. The salt bridge Asp212-Arg43 is shown in white, and calcium ions as grey spheres. 

(B) Enlarged view of the mutated salt bridge R43-D212 (white). Hydrogen bonds between Arg43 

and Tyr209 (red), and between Asp212 and Arg47 (red) are shown in yellow. (C) Enlarged view of 

corresponding site in VPR, Asp210 and Asn41 (white). Hydrogen bonds are shown in yellow. 

Residues are shown with stick presentation where nitrogen atoms are blue and oxygen atoms are 

red. 

 

We also prepared mutants where residues at both position 43 and 212 were substituted to Ala, thus 

the mutations, R43A and D212A were introduced into AQUI (fig. 24C and D), where charged 

residues were replaced with an apolar one. The main purpose was to eliminate interactions between 

amino acid side chains in positions 43 and 212, with the insert of the small hydrophobic amino acid 

Ala. For both mutations, R43A and D212A, hydrogen bonding is possible between amino acid in 

position 212 and Arg47 (fig. 24), and for the mutation D212A there still remains the possibility of 
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hydrogen bonds between Tyr209 and Arg43 (fig. 24). Therefore, substitutions with Ala result in 

loss of hydrogen bonds between side chains of 43 and 212 as well as deleting the salt bridge 

Asp212-Arg43, that is expected to give further decrease in thermal stability of the enzyme, as 

compared to D212N and R43N (fig. 24A and B). 

 

  

 
 

Figure 24. Enlarged views of the mutated area on AQUI (A) R43N. Asn43 can form hydrogen 

bonds  with Tyr209 and Asp212 with Arg47. (B) D212N. Arg43 forms hydrogen bonds with Tyr209, 

and Asn212 with Arg47. (C) R43A. Possible hydrogen bonds between Asp212 and Arg47. (D) 

D212A. Potential hydrogen bonds between Ala212 and Arg47, also between Arg43 and Tyr209. 

Residues are shown with stick presentation where nitrogen atoms are blue and oxygen atoms are 

red. 

 

A slight decrease in thermal stability was observed for the mutants D212N, R43N and R43A (~2°C) 

in terms of T50%, compared to the wild-type AQUI (table 16). However, the mutant D212A resulted 

in a significant reduction in T50%, approximately 7°C, from 91.4 ± 0.3°C to 84.3 ± 0.4°C (table 16 

and fig. 25).  

 The production of the D212A mutant was difficult. The mutant had very low activity (U/ml), 

thus to get a sufficient amount of sample for measurements I had to produce a large amount of the 

enzyme. The activity of each pellet was about 0.3 U/ml before purification, and a completely 

purified enzyme sample had activity about 0.8 – 1.0 U/ml. Due to low activity the protein 

purification gave very little sample (only about 11U from 3 pellets). After protein purification the 

samples were run on an SDS-PAGE gel (see chapter 2.10), to estimate the purity. On the gels, the 

D212A mutant showed several bands, a single band (very light/fainted) corresponding to a 
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molecular mass of 28 kDa (AQUI) and two dark bands appeared at 23 and 24 kDa, suggesting a 

digestion of the enzyme through its own proteolytic activity. At this point, it is not clear if these 

bands show a digestion of the enzyme or impurities in the sample. We did not observe small 

fragments that could be the cleavage products as the gel is not accurate enough to detect such small 

fragments. Further studies are needed to predict if it is a autoproteolytic cleavage and it may be 

useful to use mass spectrometry to determine if the two protein bands belong to the D212A mutant 

or not. 

 

Figure 25. Arrhenius plots of AQUI wild type (red circles), and mutants D212N (green diamond), 

R43N (black triangles), D212A (blue squares) and R43A (pink circles). The rate of irreversible 

inactivation was determined against sAAPF-pna substrate by incubating the enzymes at 

temperatures between 88 and 96°C in 25 mM Tris, pH 8.95, containing 1 mM CaCl2 and 100 mM 

NaCl. 

 

Table 16. Thermal stability of wild-type and AQUI mutants, D212A, R43N, D212A and R43A. The 

T50% values were derived from Arrhenius plots. The melting point (Tm) of PMSF inhibited AQUI and 

mutant determined by circular dichroism. The values are expressed as a mean ± S.E. and are based 

on 3-7 measurements. 

AQUI T50% (°C) Tm (°C) 

Wild type 91.4 ± 0.3 66.2 ± 0.04 

R43N 89.1 ± 0.1 66.3 ± 0.12 

R43A 89.8 ± 0.04  

D212N 89.4 ± 0.2 65.2 ± 0.14 

D212A 84.3 ± 0.4  
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Table 17. Kinetic parameters of wild-type AQUI and mutants, R43N, R43A and D212N. The values 

are expressed as a mean ± S.E. and are based on 3-6 measurements. 

AQUI kcat (s
-1

)   Km (mM) kcat/Km (mM
-1

s
-1

) 

Wild type 71.1 ± 5.8 1.4 ± 0.1 48.2 ± 2.0 

R43N 53.9 ± 0.4 1.4 ± 0.1 38.8 ± 2.9 

R43A 125.7 ± 2.0 1.2 ± 0.1 115.0 ± 6.9 

D212N 77.3 ± 2.2 1.4 ± 0.1 53.2 ± 3.6 

 

Kinetic assays were not performed on D212A mutant because this mutant had very low activity 

(U/ml) and was hard to produce and purify. I only had enough sample to measure the thermal 

stability (T50%) of the mutant.  

 Measured kinetic parameters of the R43N mutant indicated a slight decrease in kcat and as a 

result in kcat/Km ,, which decreased from 48.2 ± 2.0 mM
-1

s
-1

 to 38.8 ± 2.9 mM
-1

s
-1

, as compared to 

the wild-type AQUI (table 17). The decrease can probably be attributed to hydrogen bonds between 

these loops, as it is possible that Asn43 forms hydrogen bonds with Tyr209, between Asn43 and 

Asp212, also Asp212 and Arg47 (fig. 24). However, the mutant R43A showed a twofold increase in 

kcat, from 71.1 ± 5.8 s
-1

 to 125.7 ± 2.0 s
-1

, and the catalytic efficiency, from 48.2 ± 2.0 mM
-1

s
-1 

to 

115.0 ± 6.9 mM
-1

s
-1

. The affinity (Km) for the substrate increased, from 1.4 ± 0.1 mM to 1.2 ± 0.1 

mM compared to the wild type (table 17).  

 A 99.9% persistence has been observed for the ion pair Arg43-Asp212 [74]. According to 

this, one would assume this salt bridge to play a stabilizing role in the thermophilic enzyme. Based 

on T50% results this seems to be the case, as the thermal stability is reduced for all mutants (table 16), 

where the thermal stability (T50%) of the D212A mutant reduced significant, or by ~7°C, from 91.4 

± 0.3°C to 84.3 ± 0.4°C (table 16 and fig. 25). The kinetic properties of the R43N and D212N 

mutants indicated a slight decrease in kcat and kcat/Km (table 17). However, the R43A mutant 

showed a twofold increase in kcat and the catalytic efficiency, as the affinity for the substrate 

increased as well, compared to the wild type enzyme (table 17). This increase in catalytic activity of 

the enzyme can possibly be explained by the reduced hydrogen bond network in this area, where 

formation of hydrogen bonds is limited due to the deletion of the salt bridge Arg43-Asp212. By 

replacing Arg43 with Ala the hydrogen bonds between these loops are lost and the only hydrogen 

bonds available are between Asp212 and Arg47 (fig. 24C). A weakened hydrogen bond network 

and a deletion of this putative salt bridge increases the flexibility in this area, which possibly affects 

the active site of the enzyme, as the residue at position 43 is located on the loop bearing the active 

Asp39, and the residue 212 is positioned on a loop connected to the α-helix carrying the active site 

Ser222. Based on FoldX calculations [74], the effect of R43N and D212N mutants do not seem to 

contribute dramatically to protein stability, as indicated by low ΔΔG values. The protein stability 
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has not been predicted for the R43A and D212A mutants yet. Our results imply that the elimination 

of the salt bridge affects the activity as well as thermostability of the enzyme, and the salt bridge 

between Asp212 and Arg43 plays potential role in temperature adaptation of AQUI.  
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Conclusions 

According to our results the salt bridges and their networks in AQUI play diverse roles. A deletion 

of the salt bridges we studied here did not all affect the thermal stability of the enzyme, suggesting 

that not all salt bridges in the enzyme contribute to protein stability at high temperatures. But, 

indeed some salt bridges in the structure of AQUI play important stabilizing role in the enzyme, but 

it is apparently highly dependent on the structural context of the ionic interactions, as we observed 

in this work. All mutations introduced into the structure of AQUI were selected on basis of 

structural comparison to the cold-adapted homolog VPR, with the purpose of decreasing its thermal 

stability by mimicking corresponding sites in VPR. All mutations showed reduction in functional 

stability (T50%), about 1-2°C, whereas the T50% of the D212A mutant decreased about 7.1°C (table 

16). Unfortunately, kinetic parameters for this mutant could not be measured due to lack of sample. 

However, the T50% of the D212A mutant did not decrease as much as for the D17N mutant, studied 

by Arnórsdóttir et al. [75], where the thermostability reduced by 8-9°C compared to the wild type 

enzyme. Sakaguchi et al. [76] did also observe a destabilization of this mutant. In addition, they 

found a 1.5 fold increase in catalytic activity of the D17N mutant of AQUI compared to the wild 

type at 90°C. Thus, the salt bridge between Asp17 and Arg259 is likely to stabilize the protein 

region around the Ca-3 binding site of AQUI, which is conserved among members of the proteinase 

K family and has been suggested to be the strongest calcium binding site [75]. This salt bridge 

(D17-R259) has been predicted to have a 100% salt bridge persistence based on molecular 

dynamics simulations [74], and the D17N mutation is found to destabilize the structure as it 

increased the flexibility at the terminal regions of the enzyme and tended to increase the opening of 

the structure, which allows solvent molecules to get into the cavity and trigger unfolding of the 

protein structure [74].  

 Measured kinetic parameters for the R43A and D98G mutants revealed a twofold increase in 

catalytic efficiency and kcat, compared to the wild type enzyme. This increase in catalytic activity 

for the R43A mutant can be explained by reduced number of hydrogen bonds and a deletion of the 

salt bridge Arg43-Asp212, which may increase the flexibility in this area, affecting the active site of 

the enzyme, as the residue at position 43 is located in the loop bearing the active site Asp39, and the 

residue 212 is positioned in a loop leading into the region of the protein carrying the active site 

Ser222. This increased flexibility may result in enhanced activity of the mutant (table 17). The 

increased catalytic activity of the D98G mutant likely results from a deletion of  hydrogen bonds 

and a deletion of the potential salt bridge Arg95-Asp98. Despite a twofold increase in kcat, the 
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D98G mutant did not increase its activity over the D98S mutant [77], although these mutants differ 

with respect to hydrogen bonds, and the D98G contains fewer hydrogen bonds compared to the 

D98S mutant. An increase in Km was observed for D98G, which resulted in lower substrate affinity 

for the enzyme (table 13).  

 The salt bridge Asp58-Arg95 is conserved among subtilases, and according to a recent study 

it has a 100% salt bridge persistence [74]. However, we did not observe a significant change in  

thermal stability or kinetic properties of the mutant. This can be explained by a tight hydrogen bond 

network in this area that we observed recently in our MD study [74]. This newtork can contribute to 

stability, suggesting that the salt bridge is not fundamental for protein stability. However, 

Sakaguchi et al. [76] observed a decrease in catalytic efficiency, from 116 mM
-1

s
-1

 for the wild type 

to 70.0 mM
-1

s
-1

 for the mutant. 

 The salt bridge Asp113-Arg117 does not play a role in thermal stability of AQUI, as we did 

not observe a detectable change in thermal stability of the mutant R117Q. The poor 

thermostabilization of this salt bridge can possibly be explained by its location, as it was predicted 

to be over 60% solvent exposed [74] and to have a minimal effect on protein stability. Also, recent 

MD study indicated a 68.5% salt bridge persistence, suggesting this ion pair to be very flexible [74]. 

 Our study on AQUI shows that only a few key charged residues involved in salt bridges do 

improve the thermal stability of the enzyme. Furthermore, salt bridge networks mainly contribute to 

stabilization of the protein structure, as have been confirmed by the D17N mutation that is the one 

that had the most destabilizing effect on AQUI. Also, the salt bridge Arg43-Asp212 that belongs to 

a large salt bridge network (R43-D212-R47-E48) seems to enhance stability of AQUI at high 

temperatures. The other salt bridges, Asp113-Arg117, Lys142-Glu172, Arg31-Glu237 and Asp58-

Arg95-Asp98 did not alter the thermostability of AQUI. Thus, stabilizing role of salt bridges seems 

to be highly dependent on the structural context in the proteins. And generalizations about the 

stabilizing roles of salt bridges at high temperatures may be overestimated.  
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