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Útdráttur 
 
Nútíma ensím hafa nær einungis eina sértæka virkni.  Í flestum ensímum er hinsvegar að 
finna leifar af annarskonar virkni í bældu formi, sem er arfur frá frumensímum. Þessum 
hvötunarleifum er hægt að skipta upp í fjölvirkni (e. promiscuous activity) og sofandi 
virkni (e. dormant activity), eftir því hvort breiðari virkni er mælanleg í ensíminu eða hvort 
lítið þurfi að breytast í hvarfstöð ensímsins svo virknin birtist. Fjölvirkni hefur lengi verið 
talin mikilvæg fyrir þróun ensíma og það sama má segja um sofandi virkni. 
 Tilgáta þessa verkefnis var sú að hægt sé að breyta ensímum í fjölvirk ensím með því 
að vekja upp sofandi virkni sem er í dvala í ensímbyggingunni. Markmið þessa verkefnis 
var að vekja upp arylsúlfatasavirkni í alkalískum fosfatasa úr Vibrio örveru (VAP). 
Bráðabirgðaniðurstöður staðfestu að súlfatasavirkni VAP væri hverfandi samanborið við 
alkalískan fosfatasa úr E. coli. Samkvæmt tölvuútreikningum, þar sem rafsvið í alkalískum 
fosfatasa úr E. coli (sem er virkur súlfatasi) var borið saman við VAP, er nauðsynlegt að 
framkvæma fjórar stökkbreytingar (T112A/R113E/W274K/H116D) til þess endurvirkja 
súlfatasafjölvirkni í VAP. Í þessu verkefni voru aðeins skoðuð tvö stökkbrigði, W274K og 
T112A/R113E/W274K. Niðurstöðurnar sýndu fram á greinilega súlfatasafjölvirkni í 
T112A/R113E/W274K stökkbrigðinu. Þessar niðurstöður lofa góðu.  
 Önnur tilgáta er sú að með því að endurvekja súlfatasavirkni myndi einnig vakna upp 
β-lactamasavirkni í VAP. Stökkbrigðin sýndu enga sýnilega β-lactamasavirkni. Auk þess 
að skoða fjölþreifni stökkbrigðanna, var hvötunargeta og hitastöðugleiki þeirra 
rannsakaður.   
 Áhrif nokkurra mismunandi þátta á hvötunargetu og hitastöðugleika VAP voru 
einnig rannsökuð. Niðurstöðurnar sýndu fram á að lengdin á amínósýrutengingunni á milli 
Strep-tag og C-enda ensímsins, og styrkur ethylen glýkóls og MgCl2, hefur marktæk áhrif á 
hvötunargetu ensímsins. Niðurstöðurnar bentu einnig til þess að Tm gildi VAP væri hærra í 
buffer sem inniheldur lágan styrk (1 mM) af MgCl2 eða MgSO4 en í buffer sem inniheldur 
ekki MgCl2 eða MgSO4. 
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Abstract 
 
Modern enzymes have primarily one specific function. However, most enzymes contain 
remnants of catalytic activity of another type from their evolutionary past in a suppressed 
form. These evolutionary remnants can be divided into promiscuous activity and dormant 
activity, depending on whether these remnants still catalyse chemical reactions (to a 
measurable degree) or whether the necessary residues are merely present, but the enzymes 
require a minor adjustment to become active again. Promiscuous activity has long been 
considered important for protein evolution and this may also apply to dormant activity. 
 The hypothesis of this project is that it is possible to re-awaken the dormant activity 
of an enzyme and, thus, turn it into a promiscuous enzyme. The aim was to re-awaken 
arylsulfatase activity in the Vibrio alkaline phosphatase (VAP). Computational calculations 
were used to compare the electrostatic potential in E. coli alkaline phosphatase (has 
sulfatase activity) with the electrostatic potential of VAP. Our preliminary results 
confirmed that the sulfatase activity of wild-type VAP is negligible compared to that of E. 
coli alkaline phosphatase. Computational calculations were used to compare the 
electrostatic potential in E. coli alkaline phosphatase (has sulfatase activity) with the 
electrostatic potential of VAP. According to our calculations, four mutations 
(T112A/R113E/W274K/H116D) are necessary to revive promiscuous activity in VAP. In 
this project the mutants containing the W274K and T112A/R113E/W274K mutations were 
studied. The preliminary results showed clearly detectable promiscuous activity in the 
T112A/R113E/W274K mutant. These results are promising.  
 Another hypothesis was that the re-awakening of sulfatase activity would also re-
awaken β-lactamase activity in VAP. The mutants that were studied did not show 
detectable β-lactamase activity. Furthermore, in addition to measuring their promiscuous 
activity, the kinetic behaviour and heat stability of the mutants and the wild-type enzyme 
were studied.  
 Finally, the effects of a number of different variables on the kinetic behaviour and 
global structural heat stability of VAP were studied. The results indicate that the length of 
the amino acid connection between the Strep-tag and the C-terminus, and the concentration 
of ethylene glycol and MgCl2, have significant effects on the kinetic behaviour of the 
enzyme. The results also suggest that the Tm value of VAP is significantly higher in a 
buffer containing low concentration (1 mM) of  MgCl2 or MgSO4, than in a buffer without 
MgCl2 or MgSO4. 
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Þakkir  
Ég vil þakka Bjarna Ásgeirssyni leiðbeinanda mínum fyrir að gefa mér tækifæri til að 
vinna að þessu verkefni. Einnig vil ég þakka honum fyrir frábæra leiðsögn við framkvæmd 
verkefnisins og í gegnum allt nám mitt í lífefnafræði við Háskóla Íslands. Samnemendum 
mínum og öðru starfsfólki deildarinnar vil ég þakka fyrir ánægjulega samfylgd undanfarin 
þrjú ár. 
 Ég vil þakka Stenna kærasta mínum fyrir alla þá hvatningu og hjálp sem hann hefur 
veitt mér. Einnig vil ég þakka fjölskyldu minni fyrir einstakan stuðning í gegnum allt nám 
mitt við Háskóla Íslands.  
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1 Introduction 
1.1 Catalytic promiscuity 
Catalytic promiscuity is the ability of specialised enzymes to catalyse reactions that they 
are not evolved to do (Jensen, 1976; O’Brien and Herschlag, 1999). Catalytically 
promiscuous proteins are able to catalyse the making and breaking of different chemical 
bonds. Catalytic promiscuity is contrary to the theory that each enzyme is specialised for 
only one substrate and one reaction. Although modern enzymes are highly specific, most 
of them have promiscuous activity which is usually several magnitudes lower than the 
native activity (Brien and Herschlag, 1999; Khersonsky and Tawfik, 2010). It is important 
to keep in mind that catalytic promiscuity is not the same as substrate promiscuity (also 
called broad substrate specificity). Substrate promiscuity is the ability of an enzyme to 
catalyse the making and breaking of the same chemical bond in more than one substrate 
(figure 1) (Jonas and Hollfelder, 2009). In addition, some enzymes are able to 
accommodate other substrates than their native substrate, although they are not able to 
catalyse the making or breaking of chemical bonds in the substrate (Ben-David et al., 
2012). The non-native substrate can therefore act as a competitive inhibitor by competing 
with the native substrate and preventing the binding of the native substrate in the enzyme’s 
active site (Nelson and Cox, 2008). This could also be considered a type of promiscuity. It 
should be noted that to evolve tight specificity, the substrate must be constantly present. 
 
 
 
 
 
 
 
 
 

 

 

Figure 1: Substrate promiscuity and catalytic promiscuity. Substrate promiscuity 
is the ability of an enzyme to catalyse the making and breaking of the same chemical 
bond in more than one substrate. This is an example of substrate promiscuity where 
the same chemical bond is broken in two different substrates (R1 and R2). Catalytic 
promiscuity is the ability of an enzyme to catalyse the making and breaking of 
different chemical bonds. This is an example of catalytic promiscuity where the same 
enzyme catalyses the breaking of two different chemical bonds in two different 
substrates. 
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Jensen (1976) suggested that ancient enzymes were few and broadly specific and could 
therefore catalyse more than one reaction, unlike modern enzymes which tend to have 
more specific functions. It is quite natural that in order to fulfil the maintenance of 
primitive cell function, the first enzymes to emerge on earth were crude and broadly 
specific. However, by natural selection, organisms slowly evolved more specialised 
enzymes that had more specific functions. The more specialised enzymes were able to 
perform more complicated tasks which broadly specific enzymes could not have performed 
and thereby enhanced the efficiency of the cells. This also opened the door for more 
precise regulation of reaction pathways and enzyme function. However, as modern 
enzymes evolved to become more specific, they did not lose all of their broadly specific 
character. Although one specific function is usually dominant in modern enzymes, their 
ability to catalyse different reactions can still be present in a suppressed form (Khersonsky 
et al., 2006). This suppressed ability can be divided into two categories. Firstly, there is 
catalytic promiscuity which was previously discussed (figure 1). The second category is 
what in this thesis will be called dormant activity (figure 2). Unlike promiscuous activity, 
dormant activity is hidden in the protein structure in the sense that although the necessary 
residues are present (mostly or in full) it does not enable the protein to catalyse the relevant 
reaction even in a suppressed form. What is required is a mutational replacement of a 
residue (or residues) to lift the restrictions on that particular catalytic activity. 

The ability of catalytically promiscuous enzymes to catalyse other reactions than 
their primary one can be enhanced under certain circumstances, both in nature – in the 
form of natural selection – and by manipulation in the laboratory (O’Brien and Herschlag, 
1999; Schmidt et al., 2003; Yoshikuni et al., 2006). The hypothesis of this research project 
is that this so-called dormant activity can also be re-awakened under certain circumstances. 
The enzyme containing the dormant activity would thus, in effect, turn into a promiscuous 
enzyme, able to catalyse another reaction than its primary one (figure 2).  
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Figure 2: The evolution of new enzymes with a specialised or promiscuous 
function from a common and a broadly specific ancient enzyme. This figure is a 
simplified example of the evolution of new and highly specialised enzymes. The 
ancient enzymes were broadly specific (a,b,e) and could, therefore, catalyse many 
different reactions. By natural selection, the enzymes slowly evolved more specialised 
functions (A,B,E). However, most of the specialised enzymes were promiscuous, the 
ability to catalyse different reactions was still present in a suppressed form (a,b,e). 
The promiscuous activity (a,b,e) is not as efficient as the specialised activity (A,B,E). 
In some enzymes the catalytic promiscuity is only present in a dormant form and is 
hidden in the protein structure (A,B). This hidden activity is called a dormant activity 
(B). The hypothesis of this project is that the dormant activity can be re-awakened 
under certain circumstances, turning the enzyme into a promiscuous enzyme (A,b) 
(partially based on Khersonsky and Tawfik, 2010). 

 

Based on important information about protein structure, function and sequence, proteins 
have been divided into different families and superfamilies. Members of the same protein 
superfamily have high structural homology, catalyse different reactions, and have little 
sequence homology (O´Brien and Herschlag, 1999, Withford, 2005). It is common that 
members of the same protein superfamily show crosswise promiscuity, i.e. the native 
activity of one enzyme is the promiscuous activity of another enzyme and vice versa 
(Mohamed and Hollfelder, 2013). It is commonly believed that enzymes in the same 
superfamily have a common ancestor but it has been difficult and complicated to explain 
the exact evolutionary relationship between proteins in the same superfamily (Withford, 
2005). The crosswise promiscuity within enzyme superfamilies strongly indicates that the 
catalytic promiscuity of enzymes is an important factor in enzyme evolution and explains 
the evolutionary relationship within protein superfamilies (O´Brien and Herschlag, 1999).  
 There is reason to suggest that the evolution of enzymes by natural selection 
primarily takes place through the catalytic promiscuity and dormant activity. It is much 
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more likely that older functions from the enzyme’s evolutionary history are re-awakened 
and adapted to new purposes, rather than random mutations generating entirely new 
functions. Enzymes are made from 20 amino acids which are coded by 64 codons. The 
probability that a viable functional enzyme with a favourable function would arise from a 
random composition of different mutations is, therefore, much less likely than that 
mutations based on a former function will produce a viable enzyme. As Jacob (1977) 
suggested, evolution works like a tinkerer which uses things around him to make new 
things with a practical use. Natural selection could, therefore, take place when random 
changes based on promiscuous activity and dormant activity are chosen by nature because 
of their favourable consequences. These random changes can also be viewed as ‘remixes’. 
When an enzyme develops a new function, what has really happened is that the 
evolutionary remnants of the enzyme have been randomly remixed to produce a new 
function.  
 

1.2 Manipulating catalytic promiscuity by 
computational calculations 

Further studies of catalytic promiscuity will provide a deeper understanding of how 
catalytic promiscuity is an important factor in protein evolution and about the evolutionary 
relationship within protein superfamilies. A better understanding of catalytic promiscuity 
will also provide more information about how catalytic promiscuity can be used to produce 
new enzyme activity in existing enzymes (O’Brien and Herschlag, 1999; Aharoni et al., 
2005). As well as assisting the evolution of enzymes by natural selection, catalytic 
promiscuity can also be the starting point for performing a laboratory evolution of enzymes 
with new activities (Aharoni et al., 2005). In doing this, the catalytic promiscuity within a 
protein superfamily is used to direct the evolution of a particular enzyme – prompting it to 
develop a function similar to an older function prevalent in the protein superfamily. 
Previous promiscuity studies show that it is possible to enhance the promiscuous activity 
of proteins with just a few mutations (O’Brien and Herschlag, 1999; Yoshikuni et al., 
2006).  
 Where the sequence homology within a superfamily is limited, it is hard to predict 
from the amino acid sequence of proteins which mutations are necessary to elicit new 
enzyme activity. In recent years, directed evolution studies have been performed in order 
to study catalytic promiscuity (Aharoni et al., 2004; Aharoni et al., 2005). These studies 
showed that it is possible to enhance promiscuous activity by directed evolution of the 
protein sequence. However, the use of directed evolution for promiscuity studies has some 
limitations. The desired mutations need to be screened from a diverse group of different 
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mutations. The process takes a long time and the results show that very few mutations 
provide viable enzymes with desired functions (Yoshikuni et al., 2006; Peisajovich and 
Tawfik, 2007). 
  In recent years, computational calculations have increasingly been used to predict the 
effects of different kinds of amino acid mutations and thereby to establish which mutation 
(out of a myriad of possible mutations) should be carried out in the laboratory in order to 
induce a desired activity in an existing enzyme. Computational calculations may also be 
useful for promiscuity studies, by providing information about how we can mutate modern 
enzymes in order for them to perform different functions. By doing this, we are in fact 
attempting to manipulate their evolutionary heritage and re-awaken tasks they performed 
in the past. In this project, computational calculations have been performed in order to 
estimate which mutations are necessary to re-awaken a dormant sulfatase activity in Vibrio 
alkaline phosphatase (described in more detail later).  
 

1.3 Alkaline phosphatase 
Alkaline phosphatases (APs) are members of the alkaline phosphatase superfamily. They 
are widespread in nature and found in almost every organism. APs are called alkaline 
because of their alkaline pH optimum, which is close to pH 9 for bacterial variants 
(Helland et al., 2009).  
 The sequence homology between different APs is limited. However, the amino acid 
composition around the active site is conserved, with only a three amino acid difference 
between E.coli APs (D153, T155 and K328) and other bacterial AP variants (Helland et al., 
2009). The structures of APs are similar. APs are mixed α/β proteins, with a β-sheet in the 
centre of each dimer and α-helixes on each side of the β-sheet (Kim and Wyckoff, 1991). 
The majority of APs are homodimers, where the active site of each monomer contains the 
nucleophilic serine residue and three conserved metal ions. The three metal binding sites – 
one Mg2+ and two Zn2+ – are generally highly conserved, albeit with some exceptions 
(Millán, 2006). The two zinc ions play a direct role in the catalytic activity of the enzyme. 
However, it has not been shown that the magnesium ion plays a direct role in the catalytic 
activity, but it is nevertheless considered important in this process and also for protein 
stability (Stec et al., 2000; Millán, 2006). The active site also contains a conserved arginine 
which interacts with the negatively charged oxygen atoms of the substrate’s phosphate 
group (see figure 4) (Helland et al., 2009). The size of APs varies considerably. They range 
from short polypeptide chains, as are found in the Antarctic bacterium strain TAB5 (Rina 
et al., 2000), up to the long polypeptide chains found in the Atlantic Vibrio strain (Helland 
et al., 2009). 
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Hydrolysis 

The alkaline phosphatases are substrate promiscuous (also called broadly substrate 
specific) and able to catalyse the hydrolysis of a diverse group of phosphate monoesters 
through a covalent serine phosphate intermediate, where the end products are inorganic 
phosphate and an alcohol. In the presence of a phosphate acceptor, like diethanolamine, 
ethylene glycol or Tris, the alkaline phosphatases are also able to catalyse the 
transphosphorylation of phosphate monoesters (Kim and Wyckoff, 1990; Stec et al., 2000; 
Millán, 2006). Because of the structural and catalytic similarity it has been suggested that 
the reaction mechanism for all APs is similar to the one for the E.coli alkaline phosphatase 
(ECAP). The reaction mechanism for ECAP was first introduced by Kim and Wyckoff 
(1991) and later updated by Stec et al. (2000) (figure 4). Figure 3 is a schematic overview 
of the hydrolysis and transphosphorylation reaction mechanism of APs. The rate limiting 
step in ECAP’s reaction mechanism at alkaline pH is the departure of the inorganic 
phosphate from the non-covalent enzyme-phosphate complex (k4). Pre-steady state kinetics 
have shown that the removal of a positive charge at the active site of ECAP (K328A; 
K328H and K328C) transferred the rate limiting step to the hydrolysis of the covalent 
enzyme-phosphate complex (Sun et al., 1999). Where the K328 amino acid is the main 
difference between ECAP’s active site and the active site of other bacterial AP variants, it 
is likely that that rate liming step is not the same for all APs.  

 

 

 

 

 

 

Figure 3: The hydrolysis and transphosphorylation reaction mechanisms of 
alkaline phosphatase. The enzyme (E) and the phosphate monoester (ROP) form a 
non-covalent enzyme-phosphate complex (E*ROP). An alcohol leaving group departs 
and a covalent serine-phosphate intermediate forms (E-P). Hydrolysis: Hydrolysis of 
the covalent E-P intermediate includes the formation of a non-covalent enzyme-
phosphate complex (E*P). An inorganic phosphate is released and a free enzyme 
molecule forms again. Transphosphorylation: Transphosphorylation can occur in the 
presence of a phosphate acceptor, e.g. diethanolamine, ethylene glycol or Tris. The 
phosphate is transferred from the covalent E-P intermediate to an alcohol group of 
the phosphate acceptor (E*R’OP). A phosphate-free enzyme molecule forms as well as 
a new phosphate monoester (R’OP) (Wilson and Dayan, 1965; Kim and Wyckoff, 
1990; Gudjónsdóttir, 2006).  

Transphosphorylation 
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Figure 4: The catalytic hydrolysis reaction mechanism of the alkaline 
phosphatase from E. coli. A) A deprotonated serine residue forms through the 
transfer of a proton from the hydroxyl group of the serine residue to the hydroxyl 
group that interacts with the magnesium ion. A water molecule forms, which interacts 
with the magnesium ion. The Zn1 ion stabilises the deprotonated serine residue. The 
deprotonated serine state is necessary for the formation of a non-covalent enzyme-
substrate complex (E·ROP) B) A covalent serine-phosphate intermediate (E-P) forms 
through a nucleophilic attack of the serine residue on the phosphorus atom of the 
phosphorus monoester substrate. The arginine residue and Zn2 ion interact with the 
negatively charged oxygen atoms of the phosphate group. The Zn1 ion is bound to the 
ester oxygen atom of the phosphate group and assists the release of the alcohol 
leaving group (RO-) by interaction with an oxygen atom of the phosphate group. C) A 
non-covalent enzyme-phosphate complex forms through a nucleophilic attack, where a 
hydroxyl group interacting with the Zn1 ion attacks the phosphorus atom. D) The 
water molecule interacting with the magnesium ion plays a major role in the 
departure of the inorganic phosphate group. The water molecule protonates the serine 
residue or the inorganic phosphate, which facilitates the leaving of the inorganic 
phosphate from the non-covalent enzyme-phosphate complex and the production of the 
phosphate-free enzyme (Stec et al., 2000). 

 

 

A) B) 

C) D) 
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1.4 The Vibrio alkaline phosphatase  
In this project the alkaline phosphatase from a cold-water Vibrio strain G15-21 (VAP) was 
studied. The host bacterium of VAP was originally isolated from the coast near Reykjavík 
(Iceland). VAP is a cold-adapted enzyme. Cold-adapted enzymes generally have a more 
flexible structure and are less thermally stable than heat tolerant enzymes. This increased 
flexibility is important for the catalytic activity of cold-adapted enzymes because it 
prevents them from being too rigid at low temperatures (Hauksson et al., 2000; Somero, 
2004; Gudjónsdóttir and Ásgeirsson, 2008; Struvay and Feller, 2012). VAP, as well as 
other cold-adapted APs, have the highest kcat value in the alkaline phosphatase family 
(Helland et al., 2009). 

Previous studies by Helland et al. (2009) of the VAP’s crystal structure revealed that 
VAP is a homodimeric enzyme. VAP has the longest polypeptide chain known for APs 
where each monomer consists of 502 amino acids. Recent studies show six salt bridges at 
the monomers’ interface (Papaleo et al., 2013). Each monomer consists of a crown-domain 
which is believed to play an important role in the regulation of the monomer-dimer 
equilibrium. A large loop in the crown-domain attaches the two monomers together by 
eleven intermolecular hydrogen bonds. This loop in the crown-domain is therefore thought 
to be crucial for the dimer stabilisation (Helland et al., 2009; Papaleo et al., 2013). Recent 
studies by Papaleo et al. (2013) suggest that the two dimers of VAP have asymmetric 
flexibility patterns in solution.  

The active site in each monomer contains the catalytic serine residue at position 65. 
Each active site contains three metal ions, two Zn2+ and one Mg2+, which are important for 
the reaction mechanism (Helland et al., 2009). As well as being important for catalytic 
activity, the magnesium ion is also important for structural stability. The residues that 
interact with the two zinc ions are highly conserved, being the same as in other APs. 
However, the two amino acids – H116 and W274 – that interact with the magnesium ion 
are not the same as in all APs. The residues that are near the binding site of the magnesium 
ion in ECAP are D153 and K328 (also mentioned in section 1.3). Former studies showed 
that these two amino acids affect the heat stability and the catalytic activity of VAP 
(Gudjónsdóttir and Ásgeirsson, 2008). Three water molecules are positioned around the 
magnesium ion in the active site and are thought to affect the catalytic function of the 
enzyme. The crystal structure of VAP showed eleven sulfates and three ethylene glycol 
molecules. Inorganic phosphate and sulfate are competitive inhibitors of VAP. However, 
VAP’s affinity for sulfate is much lower than for phosphate (Ásgeirsson et al., 2007; 
Gudjónsdóttir and Ásgeirsson, 2008).  
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Figure 5: The crystal structure of Vibrio alkaline phosphatase (VAP). VAP is a 
homodimeric enzyme where each monomer consists of 502 amino acids. The active 
site in each monomer contains the three important metal ions, two zinc ions (green) 
and one magnesium ion (purple) and the catalytic serine residue at position 65. The 
crystal structure of VAP showed eleven sulfates (yellow) and three ethylene glycol 
molecules (black) in the enzyme. Each monomer consists of a crown-domain (at the 
top of the image). 

 

1.5 Catalytic promiscuity of APs 
The members of the AP superfamily have different functions and amino acid sequences, 
but a similar structure. The AP superfamily is an example of crosswise promiscuity within 
a protein superfamily, where the native activity of one enzyme is the promiscuous activity 
of another enzyme and vice versa (Jonas and Hollfelder, 2009; Khersonsky and Tawfik, 
2010; Mohamed and Hollfelder, 2013). Alkaline phosphatase and arylsulfatase (AS) are 
members of the AP superfamily. AP and AS are globular mixed α/β proteins and show 
high structural similarity. However, AP and AS show almost no sequence similarity 
(O’Brien and Herschlag 1998; Jonas and Hollfelder, 2009). Despite the low sequence 
similarity, the catalytic active sites of AP and AS are similar. The active sites of both AP 
and AS contain a nucleophile. The nucleophile in AP is a serine residue but the nucleophile 
in AS is formylglycine, posttranslationally formed from a cysteine residue (Jonas and 
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Hollfelder, 2009). Both AP and AS have conserved metal ions in their active site and the 
structure around the metal ions is similar (see table 1) (O’Brien and Herschlag, 1998).  
 E. coli alkaline phosphatase (ECAP) and P. aeruginosa arylsulfatase (PAS) show 
crosswise promiscuity, where ECAP has low arylsulfatase promiscuity and conversely the 
PAS has low alkaline phosphatase promiscuity (table 1) (Jonas and Hollfelder, 2009; 
Khersonsky and Tawfik, 2010; Mohamed and Hollfelder, 2013). The sulfatase 
promiscuous activity of ECAP is very low compared to the native phosphatase activity, 
kcat/Km =0.01  M-1s-1 and kcat/Km=3.0·107 M-1s-1 respectively. Although the sulfatase 
promiscuity of ECAP is low, the hydrolysis of p-nitrophenyl sulfate (pNPS) is 109 faster 
than the hydrolysis of pNPS with water (O’Brien and Herschlag, 1998). 
 Arylsulfatases and alkaline phosphatases catalyse different reactions. As previously 
mentioned, the native activity of APs is phosphomonoester hydrolysis (also 
transphosphorlylation in the presence of a phosphate acceptor) and its promiscuous activity 
is the hydrolysis of sulfate monoesters. The main difference between sulfate monoesters 
and phosphomonoesters is their total charge. Sulfate monoesters have one negative charge 
and phophomonoesters have two negative charges at alkaline pH (figure 6) (O´Brien and 
Herschlag, 1999; Catrina et al., 2005).  
 

 

 

 

 

 

 

 

 
Figure 6: Phosphomonoester hydrolysis and sulfate monoester hydrolysis. 
Phosphomonoester hydrolysis is the native activity of alkaline phosphatase.  Sulfate 
monoester hydrolysis is the native activity of arylsulfatase (O´Brien and Herschlag, 
1999). 

The difference in the total charge of the substrates could be the reason for the different 
number of positive ions in AP’s and AS’s active sites, where AP has three metal ions in its 
active site whereas AS has only one metal ion in its active site (O’Brien and Herschlag, 
1998). 
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 As previously mentioned, inorganic phosphate is an inhibitor of AP. Previous 
research of O´Brien and Herschlag (1998) showed that when the AP activity was inhibited 
with inorganic phosphate, the sulfatase activity was inhibited at the same time. Their 
results, therefore, suggested that the AP catalyses the hydrolysis of sulfatase monoesters 
and the phosphomonoesters within the same active site. Their results also suggested that 
the arginine residue, the nucleophile serine residue and the Zn1 ion in AP’s active site, also 
participate in the catalysis of sulfate monoesters. The characteristics of AP and AS are 
summed up and compared in table 1. 

Table 1: Crosswise catalytic promiscuity between two members of the alkaline 
phosphatase superfamily. Alkaline phosphatase (E. coli) and arylsulfatase (P. 
aeruginosa) are both members of the alkaline phosphatase superfamily. These two 
enzymes show crosswise promiscuity where the promiscuous activity is several 
magnitudes lower than the native activity. This table compares and summarises the 
main characters of both enzymes. The figures of the structure highlight the conserved 
structure in red colour (based on Jonas and Hollfelder, 2009). 

 Alkaline phosphatase Arylsulfatase 

Organism Escherichia coli Pseudomonas aeruginosa 

structure   

Active site 

  

Nucleophile Serine (Ser 102) Formylglycine (fGly51) 

Active site 
metal 

2 Zn2+, Mg2+ Ca2+ 

Native 
activity 

Phosphomonoesterase Sulfatase 

Promiscuous 
activity 

Sulfatase 
Phosphodiesterase, 

Phosphonate monoesterase 

Phosphomonoesterase, 
Phosphodiesterase 
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1.6 The project 

1.6.1 Re-awakening of arylsulfatase promiscuity in VAP 

Vibrio alkaline phosphatase (VAP) does not show arylsulfatase promiscuity like the 
alkaline phosphatase from E.coli. However, a dormant arylsulfatase activity may be hidden 
in the protein structure as evolutionary remnants from an ancient enzyme. If this is so, it 
should be possible to re-awaken this dormant activity with a few mutations and thus to 
generate a VAP with arylsulfatase promiscuous activity. A collaborator in this project, 
Sandeep Chakraborty, used a computational method (CLASP) to compare the electrostatic 
potential of VAP’s active site and ECAP’s active site (Chakraborty et al., 2011; 
Chakraborty et al., 2012). It is suggested that electrostatic potential in and around the 
active site of proteins is an important factor for the catalytic activity of enzymes (Struvay 
and Feller, 2012). Sandeep Chakraborty calculated which mutations are necessary to 
produce electrostatic potential in VAP’s active site, similar to the electrostatic potential in 
ECAP’s active site (figure 7).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Comparison of the electrostatic potential of the active sites of ECAP, 
VAP and the VAP mutant containing the four mutations that are suggested 
necessary in order to get a similar electrostatic potential as of ECAP’s active site. 
A) The wild-type VAP, the black lines show the position of the active site. B) The 
active site of wild-type VAP. C) The active site of wild-type ECAP. D) The active site 
of the mutant containing the four mutations, T112A/R113E/H116D/W274K. Blue 
(positive potential), red (negative potential) in kcal/(mol·e). The green sphere is 
magnesium, the yellow stick is a sulfate ion and the white stick is an ethylene glycol. 

B) VAP-wild-type 

D) VAP-T112A/R113E/H116D/W274K C) ECAP-wild-type 

A) VAP-wild-type 
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The aim of this project was to use the findings of these computational methods and apply 
them in the laboratory, i.e. to revive the catalytic promiscuous arylsulfatase activity in 
VAP. This project would shed light on whether it is possible to use those computational 
methods to predict which mutations are needed to revive catalytic activity and, therefore, 
to direct the evolution of new enzyme activity in existing enzymes. 
 The calculations suggest that four different mutations are necessary to re-awaken the 
arylsulfatase promiscuity in VAP; T112A/R113E/H113D/W274K (see, figure 7). In this 
research project the W274K mutant and the triple mutant, T112A/R113E/W274K, were 
studied. The tryptophan amino acid at position 274 is near the binding site of the 
magnesium ion in VAP’s active site. This amino acid was mutated to lysine which is the 
same amino acid as is near the magnesium binding site in ECAP’s active site. As 
previously mentioned, former studies have shown that this mutation affects the stability 
and the activity of VAP (Gudjónsdóttir and Ásgeirsson, 2008). Figure 8 shows the active 
site of the wild-type VAP. The four amino acids, T112, R113, H116 and W274 – which are 
considered necessary to mutate – are highlighted. Figure 9 and 10 show the mutations that 
were performed in this project. Figure 11 compares the electrostatic potential of the active 
site of these two mutants (W274K and T112A/R113E/W274K) to the electrostatic 
potential of the active site of VAP and ECAP. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8: The wild-type VAP’s active site. The four amino acids that are considered 
necessary to mutate in order to re-awaken the sulfatase activity in VAP are coloured. 
T112 (red), R113 (yellow), H116 (green) and W274K (blue). The magnesium ion is 
purple. All polar bonds are black. The figure was created in the application PyMOL. 
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Figure 9: The VAP(W274K) mutant’s active site. The mutation W274K is coloured 
blue. The three other amino acids that are considered necessary to mutate in order to 
re-awaken the sulfatase activity in VAP are also coloured. T112 (red), R113 (yellow) 
and H116 (green). The magnesium ion is purple. All polar bonds are black. The figure 
was created in the application PyMOL. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 10: The VAP(T112A/R113E/W274K) mutant’s active site. The mutations 
are coloured T112A (red), R113E (yellow) and W274K (blue). It is also considered 
necessary to mutate the histidine at position 116 (green). The magnesium ion is 
purple. All polar bonds are black. The figure was created in the application PyMOL. 
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Figure 11: Comparison of the electrostatic potential of the active sites of ECAP, 
VAP and the two mutants studied in this research project. A) The active site of the 
W274K mutant. B) The active sit of the T112A/R113E/W274K mutant. C) The active 
site of wild-type VAP. D) The active site of wild-type ECAP. The figures were created 
in the UCSF Chimera program. Blue colour indicates positive potential and red 
colour indicates negative potential, in kcal/(mol·e). The green sphere is magnesium, 
the yellow stick is a sulfate ion and the white stick is an ethylene glycol. 

 

1.6.2 Beta-lactamase promiscuity of VAP 

β-lactamases of class B catalyse the hydrolysis of β-lactam compounds. Their catalytic 
activity is dependent on zinc ions. Previous computational analysis with the CLASP 
method indicated a high similarity between metal dependent β-lactamase from Aeromonas 
hydrophila and VAP. In vivo experiments showed that imipenem, which is a β-lactam 
compound, binds irreversibly to VAP’s active site and inhibits the native activity of VAP 
(Chakraborty et al., 2012). As mentioned in section 1.1, the ability of enzymes to 
accommodate other substrates than their native one is a type of promiscuity. The ability of 
VAP to accommodate imipenem may, therefore, be a catalytic remnant from an ancient 
enzyme. 
 Sulfatases can be classified according to their catalytic activity. One class of 
sulfatases contains sulfatases that belong to the metal dependent β-lactamase family 

C) VAP-wild-type D) ECAP-wild-type 

A) VAP-W274K B) VAP-T112A/R113E/W274K 
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(Knaus et al., 2012). Because VAP is able to bind imipenem irreversibly, there is a chance 
that a re-awakening of sulfatase activity might also produce β-lactamase activity in VAP. It 
was therefore decided to measure the β-lactamase activity of the mutants too, in order to 
see whether the mutants had gained the ability to catalyse the hydrolysis of imipenem. 
 

1.6.3 Preparatory experiments 

In the beginning of this project, the effects of a number of variables on the kinetic 
behaviour (Km and kcat) and on the global structural heat stability were studied. Firstly, in 
previous research on VAP, the enzyme was fused to a Strep-tag with a nine-amino acid 
connection to its C-terminus (VAP-St9). In this project, VAP was fused to the Strep-tag 
with a two-amino acid connection (VAP-St2) to its C-terminus. It was, therefore, 
considered important to know whether the length of the amino acid connection affects the 
kinetic behaviour of the enzyme in order to know if the data obtained in this project would 
be comparable to the data obtained in previous studies.  
 In this project the effects of ethylene glycol on the kinetic constants (Km and kcat) and 
stability were determined. It was also deemed necessary to perform an experiment to detect 
the effects of different concentrations of MgCl2 on the kinetic behaviour of the wild-type 
enzyme in order to see if there was a significant difference between using 1.0 mM MgCl2 
or 10 mM MgCl2. 
  The Tm values for VAP in buffers containing 1.0 mM MgCl2 and 1.0 mM MgSO4 

were measured. The Tm values were compared to the Tm value obtained for VAP in a 
buffer without MgCl2 and MgSO4. The effects of MgCl2 and MgSO4 on the global 
structural heat stability were determined by circular dichroism measurements. 
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2 Materials and methods 
2.1 Materials 
Ethidium bromide solution and Streptavidin SepharoseTM High Performance were 
purchased from Amersham Biosciences (Uppsala, Sweden). BactoTM Yeast Extract was 
obtained from Becton, Dickinson and Company (Sparks, BNA). Triton X-100 (iso-
octylphenoxypolyethoxyethanol containing approximately 10 mols of ethylene oxide) was 
purchased from BDH Chemicals Ltd (Poole, England). HCCA (α-cyano-4-hydroxy 
cinnamic acid) and Protein standard II was obtained from Bruker Daltonics (Germany). 
Bis-Tris and Tryptone Plus were obtained from Fluka Analytical (Buchs, Switzerland) and 
MgSO4 was obtained from Fluka Chemika (Buchs, Switzerland). SeaKem® LE Agarose 
was purchased from Cambrex Bio Science Rockland, Inc. (Rockland, BNA). 99.8% 
ethanol was purchased from Cetus ehf. (Reykjavík, Iceland). GeneRulerTM 1kb DNA 
ladder and agarose loading buffer were obtained from Fermentas. Anhydrotetracycline, 
desthiobiotin, Strep-tag® regeneration buffer (10 x buffer R with HABA) and               
Strep-Tactin® resin were obtained from IBA GmbH (Göttingen, Germany). 4 x NuPAGE® 
LDS sample buffer. XCell SureLockTM was obtained from Invitrogen (Calsbad, USA). 
Glycerine and magnesium chlorid-hexahydrat (MgCl2 · 6 H2O) were obtained from Merck 
(Darmstadt, Germany).  
 Ampicillin sodium salt, Caps (3-[cyclohexylamino]-1-propanesulfonic acid), 
Coomassie-Brilliant-Blue, dialysis bags (cellulose), diethanolamine, deoxyribonuclease I 
(DNAase) DNA electrophoresis chamber, E. coli alkaline phosphatase, endoproteinase 
Glu-C, glucose, LB Broth tablets (1.1 g per tablet), ethylene glycol puriss. p.a., HSA and 
gamma-globulins, imipenem monohydrate, lysozyme from chichen egg white, methanol, 
Mops (3-[N-Morpholino]propanesulfonic acid), 4-nitrophenyl phosphate 
bis(cyclohexylammonium) salt, penicillinase from Bacillus cereus, potassium 4-
nitrophenyl sulfate, sodium chloride (NaCl), sodium hydroxide, sulfatase from Helix 
pomatia,  trypsin – proteomics grade and trichloroacetic acid were all purchased from 
Sigma-Aldrich Co (St. Louis, BNA or Steinheim, Germany). 
 Agar-Agar Polvo Ph. Eur. was obtained from Roig Parma, S.A., (Barcelona). Quik 
Change® kit was obtained from Strategene. The primers were obtained from TAG 
Copenhagen A/S, (Denmark). The NucleoSpin® Plasmid kit was obtained from Magherey-
Nagel GmcH & Co. (Germany). Helios Omega, UV-VIS spectrophotometer, PageRulerTM 
prestained protein ladder, 4 – 20 % precise Tris-glycine gels (10 x 10 cm, 12 wells) and 10 
x Tris-glycine SDS buffer were all obtained from Thermo Scientific (Rockford, USA). 
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2.2 Preparation of mutants 

2.2.1 Selection of mutations 

A collaborator in this project, Sandeep Chakraborty, used a computational method 
(CLASP: catalytic active site prediction) to find out which mutations were needed to 
induce sulfatase promiscuous activity in VAP. He calculated which mutations are 
necessary to produce electrostatic potential in VAP’s active site, similar to the electrostatic 
potential in ECAP’s active site (Chakraborty et al., 2011; Chakraborty et al, 2012).  The 
calculations suggested that four mutations are necessary in order to do this: 
T112A/R113E/H113D/W274K. In this project – which is part of a larger research project – 
the following mutations were selected: W274K, T112A/R113E/W274K and 
T112A/R113G/W274K. 
 A former student in this project, Edda Sigríður Freysteinsdóttir, produced two 
different mutants: H116D and T112A/R113G. The glycine amino acid in her latter mutant 
(T112A/R113G) appeared accidentally. In order to be able to compare the mutant 
T112A/R113G to T112A/R113E/W274K it was considered important to prepare a triple 
mutant containing the glycine amino acid. It is for that reason that the triple mutation, 
T112A/R113G/W274K, was also chosen. 
 

2.2.2 Mutagenesis 

Site directed mutageneses were performed to introduce different mutations into the VAP 
gene. pBAS60 plasmids were used for the site directed mutagenesis. The pBAS60 
plasmids are pASK-IBA3 vectors containing the VAP-gene cloned between two 
Eco31L/Bsal restriction sites. Two-amino acids connect the Strep-tag to VAP’s C-terminus 
(St-2). The Strep-tag consists of eight-amino acids (Trp-Ser-His-Pro-Gln-Phe-Glu-Lys) 
and it assists the protein purification by using a Strep-Tactin column (Schmidt and Skerra, 
2007). 
 Forward and reverse primers containing the desired mutations were synthesised by 
TAG Copenhagen A/S (Denmark). Table 2 shows the primers’ sequences. The primers 
were diluted to 100 µM in accordance with the manufacturer’s instructions. 
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Table 2: Primers used for site directed mutagenesis. Names of the primers and 
their sequences.  Primers were synthesised by TAG Copenhagen A/S. 

Name of primer Primer’s sequence 

AP80LEFTT112AR113E 5' GCTTAGTTTCCGACGCAGAGTTAACTCACGCGACCC 3' 

AP80RIGHTT112AR113E 5' GGGTCGCGTGAGTTAACTCTGCGTCGGAAACTAAGC 3' 

AP12LEFTW274K 5´ GAAGGTGGCCAAATCGACAAAGCGGGACACAGTAACG 3‘   

AP12RIGHTW274K 5’ CGTTACTGTGTCCCGCTTTGTCGATTTGGCCACCTTC 3’ 

 

The site directed mutageneses (QuikChange® kit, Strategene) were performed according to 
the manufacturer’s instructions with some changes. The primers were diluted twentyfold 
with sterile water before use (1:19, primers:H2O). Table 3 shows the proportion and 
volume of each solution used for the mutageneses. 
 

Table 3: The proportion and the volume of the solutions used for the site directed 
mutageneses. Buffer, dNTP, PfuTurbo and the DNA polymerase were obtained from 
the site directed mutagenesis kit (QuikChange®). The primers were synthesised by 
TAG Copenhagen A/S (Denmark). 

Proportion Volume (µl)  

1/10 2 10 × Pfu Buffer 

1/5 4 dNTP 

1/10 2 Primer-forward 

1/10 2 Primer-reverse 

1/40 0.5 PfuTurbo DNA polymerase 

2/5 7.5 Sterile water 

1/10 2 Plasmid 
 

Buffer, dNTP, PfuTurbo DNA polymerase and sterile water were mixed together. Primers 
were added to the mixture and then centrifuged at 12000 × g for 30 seconds. The plasmids 
were added to the mixture before the PCR reaction (polymerase chain reaction) was 
performed (GeneAmp® PCR System 2700, Applied Biosystems).   
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Step Temperature (°C) Time (min) 

1 95 0.5 

2 95 0.5 

3 52 1 

4 68 7 

5 72 7 

6 4 ∞ 
 
After the PCR reaction, the mixture contained both parental methylated DNA and newly 
synthesised DNA containing the desired mutations. Then, the the Dpn I restriction enzyme 
– which is specific to methylated DNA – was added to the mixture to digest the parental 
DNA. The mixture was kept at 37°C for 1 hour. Finally, chemically competent E. coli 
DH5α cells were transformed with the newly synthesised plasmids (section 2.2.3).  

 

2.2.3 Transformation of E. coli DH5α!cells 

Chemically competent E.coli DH5α cells were transformed with mutated plasmids. Two µl 
of plasmids containing a mutated gene were mixed with 30 µl of competent DH5α cells 
and placed on ice for 10 minutes. Next, the transformation reaction was heat-pulsed for 90 
seconds at 42°C and placed on ice for 2 minutes. Sterile SOC-medium (see appendix A) 
was added to the transformation reaction, making the total volume of the mixture 1 ml. 
This was done over a flame to keep sterility. The transformation reaction was incubated at 
37°C whilst being shaken for 2-3 hours. After the incubation, the reaction was centrifuged 
for 1 minute at 12000 × g at room temperature. Most of the supernatant was removed and 
the leftover was mixed with the precipitate by pipetting up and down and then pipetted 
onto a LB-ampicillin agar plate (see appendix A).  Each sample was spread out on the LB-
ampicillin agar plate with a sterile bent glass rod. The bent glass rod was dipped into an 
ethanol solution. The ethanol soaked glass rod was flamed and allowed to cool down 
before it was used. The LB-ampicillin agar plate was incubated at 37°C for 1 night (or until 
colonies appeared on the agar plates).  

The day after the transformation of the DH5α cells with the mutated plasmids, one 
colony from each LB-ampicillin agar plate was added to 6 ml of Lamp medium (see 
appendix A). The cell cultures were incubated for 1 night at 37°C. Each sample was done 
in duplicate. 

 

25x 
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2.2.4 Plasmid purification 

Before the plasmid purification was performed, 400 µl of each DH5α cell culture (see 
2.2.3) were mixed with 100 µl of sterile glycerol (80%) and stored in liquid nitrogen in 
case of further use. 

Plasmids were purified by using a Nucleo Spin ® Plasmid kit. The cell cultures were 
centrifuged for 10 minutes at 1730 × g at 4°C (Hettich Universal 320 centrifuge, 
Germany). The supernatant was removed and the cell pellet was resuspended in 250 µl of 
buffer A1 (resuspension buffer) by pipetting up and down. The sample was then decanted 
into a 1 ml eppendorf tube and 250 µl of buffer A2 (lysis buffer) added. The eppendorf 
tube was carefully inverted 6-8 times and the sample became transparent. After 5 minutes 
at room temperature, 300 µl of buffer A3 (neutralisation buffer) were added. The sample 
was again inverted carefully 6-8 times and the sample became cloudy. At room 
temperature the sample was centrifuged for 5 minutes at 11000 × g.  750 ml of the 
supernatant were added to a NucleoSpin® Plasmid Column in a 2 ml collection tube. The 
column containing the sample was centrifuged for 1 min at 11000 × g. The flow-through 
was discarded and 600 µl of buffer A4 (wash buffer) was added to the column. It was then 
centrifuged for 2 minutes at 11000 × g in order to wash and dry the column’s silica 
membrane. The column was moved to a 1.5 ml eppendorf tube and the plasmids were 
eluted by adding 50 µl of buffer AE (elution buffer) and centrifuged for 1 min at 11000 × 
g. The purity of the samples was determined by DNA electrophoresis (see 2.2.5). Samples 
were stored at -20°C. 

 

2.2.5 DNA electrophoresis 

Electrophoresis was performed to confirm that the samples contained purified plasmids 
and to determine the purity of the samples. Agarose gels (0.6% (w/v), 8 cm × 9 cm) were 
used for the DNA electrophoresis. A mixture was made from 45 ml of water, 0.30 g (6 
mg/ml) of agarose and 5 ml of 10 × TAE buffer (Tris-acetate-EDTA). The mixture was 
heated in a microwave oven until the agarose was completely dissolved (1 minute). Five µl 
of ethidium bromide were added to the mixture after it had cooled down to ca. 37°C. The 
mixture was swirled together – to ensure proper mixing – and immediately poured into an 
electrophoresis casting tray. Before the mixture solidified in the casting tray, two rows of 
wells were made by adding two combs into the agarose mixture, one comb at the top and 
another in the middle. After an hour the gel had solidified and was ready for use. 
 The agarose gel was placed in an electrophoresis chamber and 1 × TAE buffer was 
poured over the gel. Five µl of ethidium bromide were added to the chamber below the gel. 
Three µl of each sample containing mutated plasmids were mixed with 5 µl of agarose 
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loading buffer. Also, 1 µl of ladder (GeneRulerTM, 1 kb DNA ladder) was mixed with 5 µl 
of agarose loading buffer. The ladder and each sample were added to the wells in the 
agarose gel (see detailed picture in section 3.2.3). The electrophoresis chamber was 
connected to a power source of 75 V. The plasmids were visualised with UV-light and 
photographed.  
 

2.2.6 DNA sequencing 

The mutated genes were verified by Sanger DNA sequencing (Beckman Coulter 
Genomics, UK). Every sample containing plasmids was sequenced from the N-terminus. In 
addition, every other sample was sequenced from the C-terminus (one of each duplicate 
sample) in order to verify that two-amino acids connected the Strep-tag to VAP’s C-
terminus (St-2) but not nine-amino acids (St-9). The DNA sequence files were viewed and 
analysed with the 4Peaks program.  
  

2.3 Protein expression 

2.3.1 Transformation of competent LMG194 cells 

Transformations of chemically competent E. coli cells of strain LMG194 were performed 
with plasmids containing the desired mutations. LMG194 cells do not produce native 
alkaline phosphatase (Ásgeirsson et al., 2007). Two µl of plasmids containing the desired 
mutations were mixed with 100 µl of competent LMG194 cells and placed on ice for 10 
minutes. Next, the transformation reaction was heat-pulsed for 45 seconds at 42°C and 
placed on ice for 2 minutes. Sterile SOC-medium (see appendix A) was added to the 
transformation reaction, making the total volume of the mixture 1 ml. This was done over a 
flame to keep sterility. The transformation reaction was incubated at 37°C whilst being 
shaken for 2-3 hours. After the incubation, the reaction was centrifuged for 1 minute at 
12000 × g. Most of the supernatant was removed. The cell pellet was redissolved in the 
supernatant leftovers by pipetting up and down.  The sample was added to a LB-ampicillin 
agar plate (see appendix A) and incubated at 37°C for 1 night. Each sample was done in 
triplicate. 
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2.3.2 Cultivation of competent LMG194 cells 

One colony from each LB-ampicillin agar plate (see section 2.3.1) was added to 800 µl of 
Lamp medium (see appendix A) and cultivated for 2-3 hours at 37°C.  Two hundred µl of 
sterile glycerol (80%) were added to the sample and immediately stored in a liquid 
nitrogen tank. Each sample was done in triplicate. 

A preliminary cell culture was produced by taking one drop from the LMG194 cell 
culture containing the desired mutation, which was stored in the liquid nitrogen tank. The 
drop was taken by a sterile loop and added to 25 ml of Lamp medium. This cell culture 
was incubated at 37°C for one night. The day after, 1-2 ml of the preliminary cell culture 
and ampicillin (0.1 mg/ml) were added to 400 ml of sterile LB-medium (4-5 bottles each 
time). The cell culture was incubated at 18°C on an orbital shaker (200 rpm). When the 
optical density at 600 nm reached around 0.4, the expression of the mutated VAP was 
activated by adding 0.1 mg/L of the anhydrotetracyclin (AHTC) activator. Before the 
AHTC activator was added, the enzyme activity was checked acording to the method 
described in section 2.6.1 At this point the enzyme activity should be absent, otherwise the 
sample might have been contaminated by cells that can produce alkaline phosphatase. The 
cell culture was incubated at 18°C at 200 rpm on an orbital shaker until the O.D.600 reached 
around 1.7 (the O.D.600 should not become higher than 1.8). Afterwards, the cell culture 
was kept at 5°C for one night. Previous experience has shown that incubation at 5°C for 
one night has good effects on VAP in the cell culture. The reason could be that the cells 
express chaperones which assist the folding of the enzyme. The enzyme activity was 
measured after incubation for one night at 5°C.  

 

2.4 Protein purification 

2.4.1 Protein extraction 

The cell culture (see section 2.3.2) was centrifuged at 15000 × g for 10 minutes at 4°C 
(Avanti-J-26 × P centrifuge and JLA-16.250 fixed angle rotor, Beckman Coulter, 
California). The cell pellet was redissolved in 100 ml of TMC buffer (20 mM Tris, 10 mM 
MgCl2, pH 8.0), 1 ml of the non-ionic detergent Triton x-100 (0.01ml/ml) and 50 mg of 
lysozyme (0.5 mg/ml) in order to lysate the cells. The dissolved sample was kept at 4°C for 
4 hours and then stored at -20°C. 
 The sample containing the lysed cells was thawed at room temperature. DNAase      
(1 mg/ml of deoxyribonuclease I from bovine pancreas) was added to the thawed sample 
and stored at 4°C for 1 hour. The sample was centrifuged at 15000 × g for 15 minutes at 
4°C (Avanti-J-26 × P centrifuge and JLA-16.250 fixed angle rotor, Beckman Coulter, 
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California). The supernatant was collected and the volume measured. Protein concentration 
and activity was measured in triplicate (according to sections 2.5 and 2.6.1 respectively). 
Thirty µl of the supernatant were kept for SDS protein electrophoresis. At this point the 
protein extract was ready for purification with a Strep-Tactin ® Sepharose® column. 
 

2.4.2 Purification with a Strep-Tactin® Sepharose® column 

As explained in section 2.2.2, the mutants were fused to a Strep-tag at their C-terminus. 
Strep-tag is a short peptide sequence made from eight-amino acids (Trp-Ser-His-Pro-Gln-
Phe-Glu-Lys) and binds reversibly to streptavidin. A Strep-Tactin Sepharose column was 
used for the protein purification. The Strep-Tactin column contained streptavidin bound to 
a Sepharose and the Strep-tag fused proteins were therefore able to bind reversibly to the 
column. The mutants were eluted by competitive binding of desthiobiotin to the 
streptavidin. Desthiobiotin is an analog of biotin – which is streptavidin’s natural ligand – 
and binds reversibly to the streptavidin (Schimt & Skerra, 2007). 

To make the Strep-Tactin column (radius: 0.75 cm, height: 2 cm) ready for use, it 
was regenerated with a HABA buffer (2-[4’-hydroxy-benzeneazo] benzoic acid). HABA 
binds to the streptavidin and displaces bound desthiobiotin. As HABA binds to the 
streptavidin the column medium changes from white to orange coloured. When the column 
turns bright orange it signifies that the column has become desthiobiotin-free (Schmidt and 
Skerra, 2007). Next, the column was equilibrated with a TMC buffer (20 mM Tris, 10 mM 
MgCl2, pH 8.0) in order to displace bounded HABA. When all the HABA had been 
released from the column it became white, signifying that it had become regenerated and 
ready for use. 

VAP is a cold-adaptive protein and therefore the protein-purification was performed 
at 4°C. It is also important to keep in mind that VAP is thermally unstable and therefore it 
is necessary to keep all samples cold during processing. 

The protein extract (see 2.4.1) was loaded onto the Strep-Tactin column with a flow 
rate near 1 ml/min. After the protein extract had been loaded onto the column, the edges 
and the cap of the column were washed with a TMC buffer containing 0.15 M NaCl to 
remove all sample residues. Next, the washing buffer (TMC buffer + 0.15 M NaCl) was 
added to the column with a flow rate near 1 ml/min. NaCl is useful for the elution of 
substances that are bound to the column by electrostatic interactions. The first two protein 
purification processes were performed by washing the column with 12 column volumes 
(CV) of the washing buffer. However, in the third protein purification process the column 
was washed with the washing buffer until the absorbance at 280 nm was negligible (≈ 20 
CV). The Strep-tag fused VAP mutants were eluted with 10 CV of elution buffer (TMC 
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buffer + 15% ethylene glycol + 2.5 mM desthiobiotin) or until the alkaline phosphatase 
activity was negligible. 
 While the protein extract was being loaded onto the column and while the column 
was being washed with the washing buffer (TMC buffer + 0.15 M NaCl), the eluate was 
collected in 6 ml portions in collecting tubes. The activity (405 nm) and absorbance (280 
nm) were measured in every other collecting tube. However, when the VAP mutants were 
eluted with the elution buffer, the sample portions were 3 ml and the activity (405 nm) and 
absorbance (280 nm) were measured in every collecting tube.  The activity and absorbance 
were plotted against the number of each collecting tube. The portions that contained the 
flow-through were combined. The NaCl portions were also combined. The portions that 
contained the active mutated VAP were divided into two samples, one strong and one 
weak. The strong sample contained the portions that showed high alkaline phosphatase 
activity and the weak sample contained the portions that showed less activity (the tail of 
the activity peak). The activity and protein concentration (see sections 2.5 and 2.6.1) were 
measured in these four sample groups (flow-through, NaCl, strong and weak sample) in 
triplicate in order to produce a protein purification table. The samples containing the VAP 
mutants were snap frozen in liquid nitrogen and stored at -20°C. 
 

2.4.3 Purification by MonoQ® ion exchange column 

Based on the pattern of bands on an SDS-PAGE gel, it was considered necessary to 
perform another purification step for the triple mutant: T112A/R113E/W274K. This was 
done by MonoQ® ion exchange chromatography. The MonoQ® column was connected to 
FPLC apparatus (Pharmacia Biotech). The purification was performed at 5°C. The 
MonoQ® column was washed with buffer B (TMC buffer + 15% ethylene glycol + 0.8 M 
NaCl) and equilibrated with buffer A (TMC buffer + 15% ethylene glycol). One ml of 
sample was added to a 1 ml loop and loaded onto the column with a flow rate of 1 ml/min. 
The column was washed with buffer A and eluted continuously with buffer B, 0-0.8 M 
NaCl gradient, with a flow rate of 1 ml/min. The absorbance at 280 nm and the percentage 
of buffer B were recorded. The eluate was collected in 1 ml portions. The activity of the 
eluate peak was measured and the three portions with the highest activity were combined. 
The activity and the protein concentration of the combined sample were measured (see 
sections 2.5 and 2.6.1). The combined sample was snap frozen in liquid nitrogen. 
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2.4.4 SDS protein electrophoresis 

SDS protein electrophoresis was performed to determine the purity of the final samples. 
SDS protein electrophoresis was also performed on samples taken at different times during 
the purification process, in order to see how well the protein purification had worked out. 
4-20% Tris-glycine precasted gels were used (Thermo Scientific, 10 x 10 cm, 12 wells). 
The gel was washed with water and placed in an electrophoresis cassette. 200 ml of 1 x 
Tris-glycine running buffer (0.025 M Tris, 0.195 M glycine and 0.1 % SDS) were added to 
the cathode chamber. Two hundred ml of the same buffer were added to the anode 
chamber.  
 Ten µl of 4 x LDS sample buffer (NuPAGE®) were added to 30 µl of each sample. 
Ten µl of 4 x sample buffer were added to 20 µl of prestained protein ladder (PageRulerTM) 
which was diluted with 20 µl of water. The samples were not boiled before they were 
loaded onto the gels but they were left at room temperature over 2 nights. Twenty-five µl 
of each sample and the ladder solution were loaded to the wells with a 25 µl syringe. An 
electric current of 180 V was applied until the lowest protein bands reached the bottom of 
the gel. The SDS protein electrophoresis was performed at room temperature. The gel was 
stained by Coomassie-Brilliant-Blue G-250 dye and destained by a 30% (v/v) methanol 
solution.  
 

2.4.5 Mass spectrometry analysis 

Mass spectrometry analysis was performed by an AutoflexTM III Smartbeam MALDI-TOF 
mass spectrometer (Bruker Daltonics, Germany) to ensure that the mutations were present 
in the VAP mutants. First, 0.1 ml of 100% trichloroacetic acid (TCA) was added to 1 ml of 
protein sample (≈ 40 µg) and incubated at 4°C for 15 minutes. Then, the sample was 
centrifuged at 12000 × g for 15 minutes at room temperature, after which the supernatant 
was thrown away. Next, the precipitate was redissolved in 1 ml of 99.8% ethanol and 
centrifuged at 12000 × g for 2 minutes at room temperature. The supernatant was thrown 
away and the precipitate was dried by letting the eppendorf tube, containing the sample, 
stand upside down on a piece of paper for 30 minutes. This was done in triplicate. One of 
the samples was digested by trypsin and another was digested by the endoproteinase GluC. 
The trypsin was diluted to 20 ng/µl with water and the endoproteinase GluC was diluted to 
0.25 µg/ml with 0.1 M Tris at pH 8.0. The third sample was a control and was, therefore, 
not digested.  
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Digestion by GluC Digestion by trypsin Control 

1 µl 0.2 M Tris 1 µl 0.2 M Tris 1 µl 0.2 M Tris 

4 µl H2O 9 µl trypsin (20 ng/µl) 9 µl H2O 

5 µL GluC (0,25 µg/µl)  
 
Before the proteases were added to the samples, their pH values were measured. One µl 
was measured by pH paper. The pH value should be around 8 because the GluC is active 
between pH 3.5 - 9.5 and the pH optimum of trypsin is around 8.0. The samples were 
incubated at 37°C for at least 2 hours. 
 After incubation, 0.5 µl of each sample and 0.5 µl of Protein standard II (Bruker 
Daltonicks, Germany) were added to a metal target plate. Half a µl of saturated HCCA 
solution (α-cyano-4-hydroxycinnamic acid) was added to each sample on the template and 
dried. The samples were measured by MALDI-TOF and analysed by using the Bruker 
Daltonics Flex Analysis Software and FlexcontrolTM 3.0 Software. The results were 
compared to protein databases. The web-based application PeptideCutter (ExPASy) was 
used to predict the cleavage sites by the proteinases in order to find out which signal 
should appear in the mass spectrum if the mutation had occurred.  
  

2.5 Determination of protein concentration 
The protein concentration of purified protein samples was estimated by the Zaman and 
Verwilghen method (1979). The method is a modification of the Bradford method and is, 
therefore, also based on the binding of proteins to Coomassie-Brilliant-Blue G-250. An 80 
mg/ml protein standard containing human serum albumin (HSA) and gamma-globulins 
was used to produce the standard curve. The protein standard was diluted to 0.4 mg/ml. 
The 0.4 mg/ml standard was diluted with water to make six samples that contained 10-60 
µg of protein. Water was added to the samples to the total volume of 250 µl in each 
sample. Each sample was done in triplicate. The samples were then diluted with 2.75 ml of 
the Coomassie-Brilliant-Blue G-250 dye. The blank contained 250 µl of water and 2.75 ml 
of the Coomassie-Brilliant-Blue G-250 dye. After about 10 minutes, the absorbance was 
measured at 620 nm by a spectrometer (Helios Omega, UV-VIS, Thermo Scientific). The 
absorbance at 620 nm was plotted against the amount (µg) of proteins in each sample (see, 
appendix B).  
 To measure the concentration of purified protein samples, 50 µl of each sample were 
mixed with 200 µl of distilled water and 2.75 ml of the Coomassie-Brilliant-Blue G-250 
dye and left to stand for about 10 minutes. The spectrometer was zero based by a blank 
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which was prepared as previously mentioned. The absorbance was measured at 620 nm 
and the protein concentration was calculated from the standard curve (see Appendix B). 
  

2.6 Activity measurements 

2.6.1 Alkaline phosphatase assay 

The activity of VAP was measured with 5 mM p-nitrophenyl phosphate (pNPP) in a 1.0 M 
diethanolamine buffer containing 1.0 mM MgCl2 at pH 9.8 and 25°C. In the presence of 
diethanolamine (a phosphate acceptor) AP catalyses the transphosphorylation of pNPP to 
p-nitrophenol and diethanolamine phosphate and also the hydrolysis to p-nitrophenol and 
phosphate (Wilson et al., 1964). The colour of the p-nitrophenol is yellow and its 
maximum absorbance is measured at 405 nm.  
 The substrate solution was placed in a 25°C water bath. Ten µl of protein sample 
were put into a 1 cm plastic cuvette along with 990 µl of the 25°C substrate solution. The 
sample was mixed together by inverting the cuvette while holding a parafilm over the top. 
The absorbance was then measured for 30 seconds at 405 nm. The activity (U/ml) was 
calculated with the spectrometer’s rate programme according to Beer’s law (extinction 
coefficient = 18.5 M-1cm-1). When the activity of the samples was high (>19 U/ml) the 
protein samples were diluted with the TMC buffer before the activity was measured. 
  

2.6.2 Sulfatase assay 

The sulfatase activity was determined in 50 mM Mops buffer containing 10 mM p-
nitrophenyl sulfate (pNPS) and 5 mM pNPS at pH 7.0 and 8.0, respectively. The sulfatase 
activity was also measured with 5 mM pNPS in a 1.0 M diethanolamine buffer containing 
1.0 mM MgCl2 at pH 9.8. The activity was measured at 405 nm for 3 minutes according to 
section 2.6.1. The activity (U/ml) was calculated with the spectrometer’s rate programme 
according to Beer’s law (extinction coefficient = 18.5 M-1cm-1). A positive control was 
provided by a sulfatase from Helix pomatia and also by alkaline phosphatase from E. coli. 
The wild-type VAP was used as a negative control. 
 The samples were stored overnight at 5°C in the 50 mM Mops buffers containing 
pNPS at pH 7.0 and 8.0. The difference in absorbance at 405 nm after 24 hours was used 
as a preliminary measurement of promiscuous activity.  
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2.6.3 β-lactamase assay 

The β-lactamase activity was measured according the method described by Meziane-Cherif 
et al. (2008). Ten µl of 12 mM imipenem were added to 980 µl of 50 mM Mops buffer at 
pH 7.0 and 25°C. Next, 10 µl of enzyme were added. The absorbance was measured at 299 
nm for 3 minutes. A positive control was provided by penicillinase from Bacillus cereus. 
  

2.7 Kinetics 

The steady state kinetic constants (Km and kcat) were determined at 10°C and pH 9.8. The 
activity was measured with 10 different concentrations of pNPP in a 0.1 M Caps buffer 
containing 1.0 mM MgCl2 and 15% ethylene glycol (2.7 M) The buffer was adjusted to pH 
9.32 at room temperature (pH 9.8 at 10°C). 
 A serial dilution of 10 different concentrations was produced in the following way: 4 
ml of the 0.2 M Caps buffer containing 2.0 mM MgCl2 at pH 9.8 were added to 10 
different test tubes. Stock solution (10 mg/ml of pNPP dissolved in a 0.2 M Caps buffer 
containing 2.0 mM MgCl2) was added to the first test tube. The amount of added stock 
solution ranged from 0.5-3.5 ml depending on the Km and vmax values. The same 0.2 M 
Caps buffer was added to the first test tube to the total volume of 8 ml and mixed by 
pipetting up and down. Once the solution in test tube 1 was adequately mixed, half of it (4 
ml) was transferred to test tube 2 and mixed. Four ml from test tube 2 were then moved to 
test tube 3 etc., producing a series of solutions each of them half the strength of the one 
before it. Finally, 4 ml of 30% (v/v) ethylene glycol in water were added to each of the 10 
test tubes making the total volume of each 8 ml. The final Caps buffer concentration was, 
therefore, 0.1 M containing 1.0 mM MgCl2. The solutions were added to 9°C water bath 
(when the solution is put in a cuvette at room temperature the solution reached 10°C during 
the array). 
 The protein sample was diluted into 1/100 of original strength to total volume of 2 ml 
and placed on ice and measured immediately. The spectrometer was zero based with the 
most diluted serial solution. Ten µl of diluted protein sample were added to 1 cm plastic 
cuvettes. The reaction mixture, 990 µl of each concentration, was then added to each 
cuvette and mixed together with a parafilm on top. The absorbance at 405 nm was 
measured for each sample for 30 seconds. The activity (U/ml) was calculated with the 
spectrometer’s rate programme according to Beer’s law (extinction coefficient = 18.5 M-

1cm-1, factor = 5.405, U/ml = µmol/(min·ml) = mM/min). 
 In order to calculate the concentration of the substrate in each sample, the samples 
were left to stand for 1-2 hours for total hydrolysis to p-nitrophenol and phosphate. The 
absorbance at 405 nm was then measured. The concentration of the substrate was 
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calculated according to Beer’s law (extinction coefficient = 18.5 M-1cm-1). The 
concentration of diluted protein sample was measured at 280 nm. The spectrometer was 
zero based with the TMC buffer and calculated according to Beer’s law (extinction 
coefficient = 61310 M-1cm-1) 
 The data analysis application, Kaleidagraph, was used to calculate the kinetic 
constant Km and Vmax with non-linear fit to the Michaelis-Menten equation 
(m1*m0/(m2+m0);m1=10;m2=0.1;). The kcat values were calculated from the Vmax values, 
according to following equation, were [E] is the concentration of protein sample measured 
at 280 nm.  
 

!!"# =
!!"#!(!"/!"#)

! !" · 60!!"#/!"# 

 
 

2.8 Temperature stability measurements 
 

2.8.1 Heat stability of the active site conformation (T50%) 

T50% is the temperature that is needed to reduce the enzyme’s initial activity to half in 30 
minutes (Ásgeirsson et al., 2007). The T50% value was determined for the two VAP 
mutants (W274K and T112A/R113E/W274K) and for the wild-type VAP in a TMC buffer 
(20 mM Tris, 10 mM MgCl2, pH 8.0). Assuming that the active site is the most heat 
sensitive and flexible part of the enzyme structure, the T50% values for the different enzyme 
variants were compared to detect the effects of the mutations on the active site’s thermal 
stability. The T50% value was measured by incubating the enzyme in a TMC buffer at 
different temperatures and measuring its activity under transphosphorylating conditions 
after different incubation times.  
 The enzyme was diluted with a TMC buffer and kept on ice (the mutants were 
diluted 1/100 and the wild-type was diluted 1/10).  Three hundred µl (for mutants) or three 
ml (for wt) of TMC buffer were incubated at corresponding temperatures in a water bath 
for at least 10 minutes before 50 µl of the diluted protein sample were added. The 
inactivation of each enzyme variant was measured at 5-6 different temperatures in the 
range shown below. 
 

 Temperature range 
Wild-type  18-28°C 
W274K 32-38°C 

T112A/R113E/W274K 24-34°C 
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The incubation time was measured from the moment when the 50 µl of protein sample 
were added to the incubated TMC buffer (t=0). The activity was measured under 
transphosphorylating conditions (see section 2.6.1) after different incubation times. The 
experiment took from 30 minutes up to 90 minutes for each temperature. 
 The ratio of the initial activity (F0) and the remaining activity (F) was calculated. The 
rate constant (k) of the heat inactivation was obtained by plotting the natural logarithm of 
F/F0 as a function of the incubation time for each temperature (! = !! ! · !!!!"). The T50% 
value was then calculated according to the Arrhenius equation. 
 
 
2.8.2 Effect of heat on global structural stability (CD) 

Circular dichroism (CD) spectroscopy can be used for detecting the global heat stability of 
a protein’s structure. The heat stability of the secondary structure, and thus the global 
structure as a result, is estimated by measuring the circular dichroism – the difference in 
left and right circularly polarised light – as a function of temperature (Kelly et al., 2005; 
Greenfield, 2006). The Tm value for each enzyme variant was obtained from normalised 
data. The Tm values were then compared in order to detect the effects of the mutations on 
the secondary structural heat stability and thus the global structure as a result. The Tm 
value reflects the temperature at which 50% of the protein is denatured (Branden and 
Tooze, 1999).  
 Jasco 810 Circular dichroism (CD) spectrometer (Jasco, Japan) was used to obtain 
the Tm value for the wild-type VAP and the VAP mutants. In order to remove all agents 
that can affect the CD measurement and to exchange the buffer, the protein sample was 
placed in a dialysis bag the day before the experiment was carried out. After the protein 
purification, the protein samples may contain some chloride which absorbs UV light and, 
therefore, disturbs the CD measurement. The protein samples are stored in a buffer 
containing 15% ethylene glycol. Ethylene glycol is a polyhydric alcohol which is thought 
to have stabilising effects on the protein structure and, therefore, it was necessary to 
remove all ethylene glycol molecules from the sample buffer before the CD measurement 
was carried out (Kelly et al., 2005). The cellulose dialysis bag contains glycerol – which is 
also a polyhydric alcohol – and, therefore, it was washed in water for at least 2 hours 
before use. The protein sample was dialysed overnight against 400 ml of 25 mM Mops 
buffer (pH 8.0) containing 1 mM MgSO4 at 5°C. At least 2 hours before beginning the 
measurement, the dialysis bag containing the protein sample was placed in a new identical 
buffer solution (25 mM Mops buffer, 1.0 mM MgSO4, pH 8.0).  
 In order to detect the global structural heat stability the circular dichroism was 
measured at 222 nm. Four hundred µl of dialysed protein sample were placed in a 0.2 cm 
cuvette. The temperature was increased from 20°C to 80°C at a rate of 1°C/min. The data 
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were normalized as a function of unfolded protein. The data analysis application 
Kaleidagraph was used to calculate the Tm value from the normalised data, using the 
sigmoid fit curve equation (m1+m2/(1+exp(-(m0-m3)/m4));m1=0.1;m2=0.5;m3= 
50;m4=0.5). 
 

2.9 Statistical analysis 
Statistical analysis was performed to determine whether there was a significant difference 
between the wild-type values and the values measured for the mutants. It was also used to 
determine whether different variables had significant effects on the protein stability and 
kinetic behaviour. A two way t-test was used to determine if there was significant 
difference between two sample groups, using a 90% confidence interval (α=0.10). A two 
way f-test was performed before each t-test to determine if the variance within the two 
sample groups was equal or unequal. 
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3 Results 
This chapter will mainly focus on the results as such, while their implications will be 
discussed in greater detail in the following discussions (chapter 4). 
 

3.1 Preparatory experiments 

3.1.1 The effect of St2 and St9 on the kinetic constants 

In previous research on VAP, the enzyme has been fused to a Strep-tag with a nine-amino 
acid connection (VAP-St9) between the Strep-tag and the C-terminus. However, in this 
project VAP was fused to a Strep-tag with a two-amino acid connection (VAP-St2) instead 
of nine. It has been claimed that the Strep-tag does not affect the folding of proteins 
(Schmidt and Skerra, 2007). Nevertheless, it was decided to perform an experiment in 
order to compare the kinetic constants for VAP-St2 and VAP-St9. It was considered 
necessary to know whether the length of the amino acid connection between the Strep-tag 
and the C-terminus affects the kinetic behaviour of the enzyme, and thus to know whether 
the data obtained in this research project is comparable to that of previous studies.  
 The kinetic constants for the wild-type VAP-St2 and the wild-type VAP-St9 were 
determined at 10°C and pH 9.8 (pNPP in a 0.1 M Caps buffer containing 15% (v/v) 
ethylene glycol and 1.0 mM MgCl2) according to section 2.7. The same constants were 
also measured under the same conditions but without any ethylene glycol (pNPP in a 0.1 M 
Caps buffer containing 1.0 mM MgCl2). 
 The Km value for the VAP-St2 with 15% (v/v) ethylene glycol was 51 µM whereas 
the Km value for the VAP-St9 with 15% (v/v) ethylene glycol was higher, at 61 µM. The 
kcat value for the VAP-St2 with 15% ethylene glycol was 120 s-1 which is lower than the 
kcat value for the VAP-St9 with 15% ethylene glycol, 199 s-1.  
 Statistical analysis showed a significant difference between both the Km values and 
the kcat values of VAP-St2 and VAP-St9 in a buffer solution containing 15% ethylene 
glycol. The Km value for VAP-St2 was significantly lower than the Km value of VAP-St9 

(p=0.096). The kcat value for VAP-St2 was significantly lower than the kcat value for the 
VAPSt9 (p=2.0·10-6). There was also a significant difference between the VAP-St2 and 
VAP-St9 without the ethylene glycol (Km: p=2.9·10-3, kcat: p=6.0·10-5).   
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Table 4: The kinetic constants, Km and kcat, measured for the wild-type VAP-St2 
and VAP-St9. The kinetic constants were measured at 10°C and pH 9.8 (pNPP in a 
0.1 M Caps buffer containing 15% (v/v) ethylene glycol and 1.0 mM MgCl2). The same 
experiment was also performed under the same conditions but without ethylene glycol 
(EG). The mean and the standard error of the mean are listed in the table. 

Enzyme variant  Km (µM) kcat (s-1) kcat/ Km (s-1mM-1) 

Wild-type VAP-St2 (N=9) 15% EG 51 ± 3 120 ± 4 2411 ± 140 

Wild-type VAP-St9 (N=3) 15% EG 61 ± 2 199 ± 7 3245 ± 113 

Wild-type VAP-St2 (N=3) No EG 24 ± 2 64 ± 5 2762 ± 322 

Wild-type VAP-St9 (N=3) No EG 43 ± 2 188 ± 5 4424 ± 149 
 

The results indicate that the length of the amino acid connection between the Strep-tag and 
the C-terminus affects the kinetic behaviour of the enzyme and perhaps the nature of the 
residues involved in the linker. The length of the amino acid connection affected the 
enzyme’s affinity for its substrate. The substrate affinity was more for VAP-St2 than for 
VAP-St9. The length of the amino acid connection also affected the turnover number of 
the enzymes, resulting in lower turnover number for the VAP-St2 variant.  
 A possible reason for this difference is that the amino acid connection between the 
Strep-tag and the C-terminus in VAP affects the dynamics of the enzyme structure, e.g. the 
H465 ligand to the Zn1 ion is on the β-sheet strand that leads to the C-terminus in VAP. 
The results of this experiment therefore indicate that it is not possible to compare the data 
in this research project directly to former studies where the VAP-St9 had been studied.  
  

3.1.2 Effects of ethylene glycol on the kinetic constants and 
inactivation 

As mentioned in section 2.7 the kinetic experiments were performed in 0.1 M Caps buffer 
containing 15% (v/v) ethylene glycol and 1.0 mM MgCl2 at pH 9.8 and 10°C. The purpose 
of the experiment explained in section 3.1.1 was also to see if the concentration of the 
ethylene glycol in the buffer affects the kinetic behaviour of VAP (Km and kcat). As seen in 
table 4, the Km value for the wild-type VAP-St2 was significantly higher with ethylene 
glycol (51 µM) than without ethylene glycol (24 µM) (p=5.4·10-4). The kcat value for the 
wild-type VAP-St2 was also considerably higher with ethylene glycol (120 s-1) than 
without ethylene glycol (64 s-1) (p=2.4·10-5). Ethylene glycol had also a significant effect 
on the Km value for the wild-type VAP-St9 (p=0.019). However, ethylene glycol had a 
detectable, but not a significant, effect on the kcat value for the wild-type VAP-St9 
(p=0.27). The results indicate that it is important that the volume of the ethylene glycol is 
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very accurately measured for each experiment because any difference in the ethylene 
glycol concentration can affect the results.  
 While diluted VAP was stored in a TMC buffer on ice, its activity decreased as a 
function of time. It was therefore decided to determine the effects of ethylene glycol on 
this inactivation in order to see if it would decrease VAP’s inactivation. The enzyme was 
stored in a TMC buffer without ethylene glycol and the activity was measured at different 
times. The same enzyme was also stored in a TMC buffer containing 15% (v/v) ethylene 
glycol and 30 % (v/v) ethylene glycol (see figure 12).  
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 12: The inactivation of VAP while stored on ice in a TMC buffer and the 
effects of ethylene glycol. The enzyme was stored in TMC buffer without ethylene 
glycol and the activity under transphosphorylating conditions was measured at 
different times. The activity of VAP stored in 15% (v/v) and 30% (v/v) ethylene glycol 
was also measured at different times. 

 
The results showed that after a 50 minutes storage on ice in a TMC buffer, the enzyme had 
lost 18% of its initial activity. However, when the enzyme was stored in a TMC buffer 
containing 15% and 30% ethylene glycol the activity after 50 minutes had increased about 
10% and 13% respectively, compared to the initial activity (see figure 12).  
 The explanations of this change in kinetic behaviour and stability in the presence of 
ethylene glycol are complex, because ethylene glycol can affect the kinetic behaviour of 
enzymes in many ways. Possible explanations will be discussed in chapter 4. 
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3.1.3 Effects of MgCl2 concentration on the kinetic constants 

The magnesium ion in VAP’s active site is considered important for both catalytic activity 
and for structural stability. Previous studies on VAP showed that the concentration of Mg2+ 
has much influence on the enzyme’s stability (Gudjónsdóttir and Ásgeirsson, 2008). 
Therefore, it was considered essential to include magnesium in buffers in order to maintain 
full catalytic activity (Helland et al., 2009). 
 In this project it was decided to perform an experiment in order to detect the effects 
of different concentration of MgCl2 on the kinetic behaviour of wild-type VAP-St2. The 
experiment was performed in 0.1 M Caps buffer containing 15% ethylene glycol (v/v) and 
MgCl2 at pH 9.8 and 10°C. One experiment was performed with 1.0 mM MgCl2 and the 
other was performed with 10 mM MgCl2. The results are listed in table 5.  
 

Table 5: The kinetic constants, Km and kcat, measured for the wild-type VAP-St2 
in a buffer containing 1.0 mM MgCl2 and in the same buffer containing 10 mM 
MgCl2. The kinetic constants were measured at 10°C and pH 9.8. pNPP in a 0.1 M 
Caps buffer containing 15% (v/v) ethylene glycol and 1.0 mM MgCl2. The same 
experiment was also performed under the same conditions but with 10 mM MgCl2 
instead of 1.0 mM MgCl2. The mean and the standard error of the mean are listed in 
the table. 

Enzyme variant [MgCl2] Km (µM) kcat (s-1) kcat/ Km (s-1mM-1)!

Wild-type VAP-St2 (N=9) 1.0 mM 51 ± 3 120 ± 4 2411 ± 140 

Wild-type VAP-St2 (N=3) 10 mM 80 ± 1 151 ± 9 1904 ± 127 
 
The Km value for the wild-type VAP-St2 in a buffer containing 1.0 mM MgCl2 was 51 µM 
which is significantly lower than the Km value obtained for the same enzyme in a buffer 
containing 10 mM MgCl2 (80 µM) (p=1.0·10-5). The kcat value for the wild-type VAP-St2 
in a buffer containing 1.0 mM MgCl2 (120 s-1) was also significantly lower than the kcat 
value for the same enzyme in a buffer containing 10 mM MgCl2 (151 s-1) (p=5.0·10-3). 
This result indicates that the concentration of MgCl2 affects the kinetic behaviour of the 
enzyme. 
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3.1.4 Effects of MgCl2 and MgSO4 on the global structural heat 
stability 

In this research project, a 25 mM Mops buffer containing 1 mM MgSO4 at pH 8.0 was 
used to measure the global structural heat stability of the wild-type enzyme and the two 
VAP mutants (see section, 2.8.2). In the beginning of this project, it was decided to 
measure the effects of MgCl2 and MgSO4 on the global structural heat stability to see 
whether it matters to have MgCl2 or MgSO4 in the buffer solution. 
 The wild wild-type VAP-St2 enzyme was dialysed against 25 mM Mops buffer at pH 
8.0 overnight. The circular dichroism was measured at 222 nm as a function of 
temperature. The temperature was increased from 20°C to 80°C at the rate of 1°C/min. The 
experiment was carried out for the wild-type VAP-St2 in the Mops buffer without MgCl2 
and MgSO4. The same experiment was also performed in the Mops buffer by adding 
MgCl2 to the final concentration of 1.0 mM before the circular dichroism was measured 
after 18 hours dialysis. The same was done by adding MgSO4 to the final concentration of 
1.0 mM instead of MgCl2. The data were normalised as a function of unfolded protein and 
analysed in the data analysis program Kaleidagraph in order to obtain the Tm values. The 
Tm values for each experiment are listed in table 6 and the normalised denaturation-curves 
are shown in figure 13. 
 

Table 6: Measured Tm values for the wild-type VAP-St2 in a 25 mM Mops buffer 
(pH 8.0) containing 1.0 mM MgCl2; 1.0 mM MgSO4; and without MgCl2 and 
MgSO4. The circular dichroism was measured at 222 nm as a function of temperature 
after 18 hours dialysis. The temperature was increased at the rate of 1°C/min from 
20°C to 80°C. Data were obtained from a single experiment in each case. 

 Tm (°C) 

25 mM Mops  48.9 

25 mM Mops + 1.0 mM MgCl2 52.2 

25 mM Mops + 1.0 mM MgSO4 54.2 
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Figure 13: The global structural heat stability of the wild-type VAP-St2 in a 25 
mM Mops buffer (pH 8.0) containing 1.0 mM MgCl2; 1.0 mM MgSO4; and 
without MgCl2 and MgSO4. The circular dichroism was measured at 222 nm as a 
function of temperature after 18 hours dialysis. The temperature was increased at the 
rate of 1°C/min from 20°C to 80°C. The denaturation-curves for the wild-type VAP-
St2 show the normalised data where the fraction of unfolded protein is a function of 
temperature. Symbols: ●: 25 mM Mops buffer (pH 8.0) without MgCl2 and MgSO4, ●: 
25 mM Mops buffer (pH 8.0) containing 1.0 mM MgCl2, ●: 25 mM Mops buffer (pH 
8.0) containing 1.0 mM MgSO4. 

 

As can be seen in figure 13 and table 6, the concentration of MgCl2 and MgSO4 affects the 
heat stability of the protein structure. The melting points (Tm) for the wild-type enzyme in 
a buffer containing MgCl2 or MgSO4 were higher than the melting point for the same 
enzyme in a buffer without the MgCl2 and MgSO4 . The results of this project indicate that 
MgCl2 and MgSO4 affect the heat stability of the secondary structures of VAP and 
consequently the global structure as a result. The increased structural stability is most 
likely because of specific binding of the ions to the enzyme. The results will be discussed 
in further detail in chapter 4. 
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3.2 Preparation of mutants 

3.2.1 Mutagenesis 

As mentioned in the introduction and section 1.2.1, the electrostatic potential calculations 
suggested that four mutations (T112A/R113E/H116D/W274K) were necessary in order to 
generate an electrostatic potential in VAP’s active site similar to the electrostatic potential 
in ECAP’s active site. In this research project, many different variations of these mutations 
were introduced into the VAP gene by using a site directed mutagenesis QuikChange kit. 
However, only the relevant results – i.e. for mutations that were selected for further study 
in this research project – will be presented in following sections. Two different variants of 
mutations were selected: T112A/R112E/W274K and T112A/R113G/W274K. The plasmid 
containing the W274K mutation, previously mutated by Bjarni Ásgeirsson, was also 
selected for further study.  
 

3.2.2 Transformation of DH5α!cells 

The transformation of the E. coli DH5α cells with mutated plasmids 
(T112A/R113E/W274K and T112A/R113G/W274K) was successful. Small and white 
coloured colonies grew on the LB-ampicillin agar plates and no contamination was 
observable. The colonies were separated and dispersed all over the agar plates. Figure 14 
shows the growth of the DH5α cells on the LB-ampicillin agar plates. Bjarni Ásgeirsson 
performed the transformation of the DH5α cells with the plasmid containing the W274K 
mutation. 
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Figure 14: The transformation of E. coli DH5α cells with mutated pBAS60 
plasmids. The pBAS60 plasmids contained mutated VAP-St2 gene. A) Transformed 
DH5α cells with pBAS60 (T112A/R113G/W274K), name: 2.12. B) Transformed DH5α 
cells with pBAS60 (T112A/R113G/W274K), name: 5.12. C) Transformed DH5α cells 
with pBAS60 (T112A/R113E/W274K), name: 3.80. 

Two DH5α colonies, i.e. two clones, from each agar plate were cultivated. The pBAS60 
(St-2) plasmids were purified from the DH5α cell cultures.  
 

3.2.3 Plasmid purification and DNA sequencing 

The pBAS60 plasmids containing a mutated VAP-St2 gene were purified by using a 
Nucleo spin Miniprep® Plasmid Quick Pure kit. An electrophoresis was performed on 
purified protein samples to confirm that the samples contained purified plasmids and to 
determine the purity of the samples. As previously mentioned (section 3.1) many different 
variations of mutations were performed. The plasmids containing all these different 
mutations were purified but only the relevant plasmids – i.e. plasmids that were selected 
for further study in this research project – will be discussed in this section. 
 Mutated plasmids were purified from the DH5α cell cultures. The DNA 
electrophoresis showed that all samples contained purified plasmids. The results also 
showed that there was no contamination of RNA or other DNA (see figure 15).  In some 
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wells, two bands appeared, one around 5000 bp and other around 2500 bp. The size of the 
plasmids is 4800 bp which suggests that the bands around 5000 bp contained the plasmids. 
The bands around 2500 bp may have contained supercoiled plasmids. Bjarni Ásgeirsson 
purified the plasmid containing the W274K mutation (data not shown here). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15: DNA electrophoresis of purified plasmids from DH5α cell cultures. 
Purified pBAS60 plasmids contained mutated VAP-St2 gene. Well 4 in row 1: Sample 
containing pBAS60(T112A/R113G/W274K) (name: 2.12-clone 1). Well 10 in row 1: 
Sample containing pBAS60(T112A/R113G/W274K) (name: 5.12-clone 1). Well 9 in 
row 2: Sample containing pBAS60 (T112A/R113E/W274K) (name: 3.80-clone 1). The 
first well in each row contains a 1 kb DNA ladder (GeneRulerTM). 

 

3.2.4 DNA sequencing 

The mutated VAP-genes were verified by Sanger DNA sequencing (Beckman Coulter 
Genomics, UK). The DNA sequence files were analysed and the results showed that the 
desired mutations were present in the pBAS60 plasmids containing the VAP-gene. The 
results confirm that two-amino acids connect the VAP-gene to the Strep-tag (St-2) in all 
plasmids (table 7).  
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Table 7: DNA sequencing results. Sample: The name of the samples that were 
selected for further study in this project. DNA template: The names of the plasmids 
that were used for the mutagenesis and the mutations that already existed in the gene. 
Mutations: Mutations that were performed on these plasmids. Results: Mutations 
present in the plasmids after mutagenesis, verified by Sanger DNA sequencing. 
St2/St9: The results verified that all the plasmids contained the VAP-gene fused to a 
Strep-tag with a two-amino acid connection. 

Sample DNA template Mutations Result  St2/St9 

2.12-clone 1 VAP1I (T112A/R113G) W274K T112A/R113G/W274K St2 

5.12-clone 1 A1 (T112A/R113G) W274K T112A/R113G/W274K St2 

3.80-clone 1 A6 (W274K) T112A/R113E T112A/R113E/W275K St2 
 
Although the QuikChange method is an efficient method, there is a probability that some 
templates or errors will appear during the mutagenesis. The mutated genes were, therefore, 
compared to the wild-type VAP-gene by using BLAST (Basic Local Alignment Search 
Tool) to verify that the desired mutations were present in the pBAS60 plasmids containing 
the VAP-gene. The BLAST search also showed that there were no other mutations present 
in the genes listed in table 7 and there were no DNA insertions or deletions. Detailed 
results for sample 3.80-clone 1 are shown in appendix B. 

 The pBAS60(W274K) plasmid was not sequenced but it was used as a DNA 
template for the site directed mutagenesis. The pBAS60(T112A/R113E/W274K) plasmid 
(name: 3.80) was made from the pBAS60(W274K) plasmid. The DNA sequencing showed 
that the pBAS60 (T112A/R113E/W274K) plasmid contained only the desired mutations. It 
contained no other mutations that could have appeared accidentally, indicating that the 
pBAS60(W274K) contains just the W274K mutation. The enzyme variant containing the 
W274K mutation was also analysed by mass spectrometry (see section 3.4.1) and the 
results indicated that the mutant contained the W274K mutation and had two-amino acid 
connections (St-2) to the Strep-tag at its C-terminus. 
 

3.3 Protein expression 

3.3.1 Transformations of competent LMG194 cells. 

Transformations of competent E. coli LMG194 cells were performed with the pBAS60 
plasmids containing the desired mutations; W274K, T112A/R113E/W274K and 
T112A/R113G/W274K. Figure 16 shows the agar plates containing the LMG194 cells that 
had been transformed with the plasmids containing the desired mutations. The E. coli 
LMG194 colonies are bigger than and not as white as the E. coli DH5α colonies. The 
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E.coli LMG194 colonies grew well and were separated and dispersed over the LB-
ampicillin agar plates. No contamination was observable on the agar plates.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16: The transformation of E. coli LMG194 cells with mutated pBAS60 
plasmids. The pBAS60 plasmids contained mutated VAP-St2 gene. A) LB-ampicillin 
agar plate that contains transformed LMG194 cells with pBAS60(W274K). B) 
Transformed LMG194 cells with pBAS60(T112A/R113G/W274K). C) Transformed 
LMG194 cells with pBAS60(T112A/R113G/W274K). D) Transformed LMG194 cells 
with pBAS60(T112A/R113E/W274K). 

 

3.3.2 Cultivation of competent LMG194 cells  

Two colonies containing the transformed LMG194 cells with the pBAS60(W274K) 
plasmids were taken from each LB-ampicillin agar plate. Each colony was grown in a 
Lamp medium for 2-3 hours. Two hundred µl of glycerol were added to the LMG194 cell 
culture and immediately snap frozen and stored in liquid nitrogen. The same was done with 
transformed cells containing the other plasmids, pBAS60(T112A/R113E/W274K) and 
pBAS60(T112A/R113G/W274K), except with three colonies from each agar plate instead 
of two. 
 A preliminary cell culture, for seeding, was produced from the transformed LMG194 
cells according to the method described in section 2.3.2. Ampicillin and 1-2 ml of the 
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preliminary cell culture were added to five bottles containing 400 ml of sterile Lamp 
medium.  An AHTC activator was added to each bottle as the O.D.600 reached around 0.4. 
The cell culture was cultivated at 18°C on an orbital shaker until the O.D.600 reached 
around 1.7. The cell culture was kept for one night at 5°C. The cultivations of the LMG194 
cells containing the pBAS60(W274K) plasmid and the pBAS60(T112/R113E/W274K) 
plasmid were successful.  

However, the cultivation of the transformed LMG194 cells containing the 
pBAS60(T112A/R113G/W274K) did not work. The first time the cell culture was 
cultivated, the cells grew quickly. The O.D.600 had reached 1.6 when the ACTH activator 
was added. The protein extract was purified by Strep-Tactin ® Sepharose® column but the 
enzyme showed very low activity (see table 9). It was considered likely that this cultivation 
had been damaged, because the activator was added too late. Therefore, it was decided to 
perform the cultivation again. Again, the cell culture showed almost no sign of alkaline 
phosphatase activity. 
 It was decided to cultivate the same cell culture for the third time in a smaller portion 
in order to determine whether the reason for the low activity was that the mutant itself was 
inactive, that the plasmids were damaged, or because the method was not working. It was 
decided to cultivate the W274K enzyme mutant – as a positive control – and the 
T112A/R113E/W274K mutant at the same time.  
 In order to be sure that the cell cultures were pure, it was decided to produce streak 
plates from the cell cultures transformed with the plasmid containing the 
T112A/R113G/W274K and T112A/R113E/W274K mutations. A drop from each cell 
culture was obtained by a sterile plastic loop and added to the edge of a LB-ampicillin agar 
plate. The drop was streaked out over the surface in one direction, making a series of 5 
streaks. Three other streak series were made in other directions by picking up cells from 
the previous series. A new sterile loop was used for each series. The agar plates were 
incubated at 37°C for one night. The next day, successfully isolated colonies had grown on 
the agar plates (see figure 17). One colony from each agar plate was cultivated as described 
in section 2.3.2. 
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Figure 17: LMG194 cells containing two different plasmids streaked over LB-
agar plates. A) LMG194 cells transformed with plasmid containing 
T112A/R113G/W274K mutations. B)  LMG194 cells transformed with plasmid 
containing the T112A/R113E/W274K mutations. 

 
One colony from each agar plate (figure 17) was taken with a sterile loop and added to 25 
ml of Lamp medium. A drop from the W274K LMG194 culture stored in a liquid nitrogen 
tank was also taken with a sterile loop and added to 25 ml of Lamp medium. The cell 
cultures were grown as described before (section 2.3.2).  

Again the VAP(T112A/R113G/W274K) mutant showed almost no activity. 
However, the W274K mutant and the T112A/R113E/W274K mutant were active. These 
results indicated that the method was working. However, the results also indicated that the 
plasmid was damaged, the mutations had had such a bad effect on the enzyme that they 
were not able to fold correctly, or that the mutants had damaged active site.  

A cell culture transformed with another plasmid but containing the same mutations 
(T112A/R113G/W274K-name: 2.12, see table 7) was grown in order to discern the reason 
for this low activity. The cell culture containing the other plasmid 
(T112A/R113G/W274K-name: 5.12) was grown as a negative control and the W274K 
culture was grown as a positive control. All samples were produced at the same time under 
the same conditions (figure 18).  
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Figure 18: LMG194 cells, containing three different plasmids, streaked over LB-
ampicillin agar plates. A) T112A/R113G/W274K-name: 2.12. B) W274K. C) 
T112A/R113G/W274K-name: 5.12. 

 
One colony from each agar plate was cultivated as described before. Activity was 
measured in the positive control, but almost no activity was measured in the negative 
control and the cell culture containing the VAP(T112A/R113G/W274K) mutant. The 
results suggested that the plasmids containing the T112A/R113G/W274K mutations were 
not damaged. Thus, the reason for the low activity is presumably that the mutations have 
had bad effects on the enzyme structure, resulting in its inability to fold correctly or form 
the active site correctly. 
 

3.4 Protein purification 
After incubation for one night at 4°C, the VAP mutants were extracted from the cell 
cultures and purified by a Strep-Tactin® Sepharose® column (see sections 2.4.1 and 2.4.2). 
After the protein extraction, the volume of the protein extract, the protein concentration, 
and the AP activity were measured (methods described in sections 2.5 and 2.6.1). The 
protein extract was loaded onto a Strep-Tactin column. Absorbance at 280 nm and the 
activity under transphosphorylating conditions (405 nm) were measured in every other 
collecting tube. However, after the elution buffer was loaded onto the column, the activity 
under transphosphorylating conditions and the absorbance at 280 nm were measured in 
every collecting tube. The absorbance at 280 nm was not measured in the two collecting 
tubes that contained the eluate with the highest activity in order to prevent the samples 
from contamination. The purification of each mutant will be described separately. 
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3.4.1 Purification of the VAP(W274K) mutant 

The protein extract containing the VAP(W274K) mutant was purified with a Strep-Tactin® 
Sepharose® column. The portions containing the flow-through were combined (100 ml). 
The column was washed with 9 column volume (CV) of washing buffer (TMC buffer + 
0.15 M NaCl). The portions containing the washing buffer were combined (21 ml). The 
column was eluted with the elution buffer (TMC buffer + 15% (v/v) ethylene glycol + 2.5 
mM desthiobiotin) until the activity was negligible (see figure 19).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19: The purification process of the VAP(W274K) mutant by Strep-Tactin® 
Sepharose® column.  Red: The absorbance at 280 nm. Black: The activity at 405 nm 
under transphosphorylating conditions (5 mM pNPP dissolved in 1.0 M 
diethanolamine buffer containing 1.0 mM MgCl2 at pH 9.8 and 25°C). 1: The protein 
extract was loaded onto the column. 2: The column was washed with the washing 
buffer (TMC buffer + 0.15 M NaCl). 3: The column was eluted with the elution buffer 
(TMC buffer + 15%  (v/v) ethylene glycol + 2.5 mM desthiobiotin). Collecting tubes 
29 and 30 showed the highest activity and were combined in one strong sample. 
Collecting tubes 31-33 (the tail of the activity peak) showed lower activity and were 
combined in one weak sample. The purification was performed at 5°C.  

 

The portions that contained the active VAP mutants were divided into two samples, one 
strong (collecting tubes number 29 and 30) and one weak (collecting tubes number 31-33). 
The activity under transphosphorlylating conditions and the protein concentration were 
determined for all the combined samples (see section 2.5 and 2.6.1). Table 8 shows the 
record of the protein purification process for the VAP(W274K) mutant.  

1 2 3 
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Table 8: Protein purification table for the VAP(W274K) mutant by a Strep-
Tactin® Sepharose® column. The protein extract was made from 4×400 ml cell 
culture. The volume was measured for every combined sample. The activity was 
measured at 405 nm under transphosphorylating conditions (5 mM pNPP dissolved in 
1.0 M diethanolamine buffer containing 1.0 mM MgCl2 at pH 9.8 and 25°C). Protein 
concentration was measured at 620 nm by the Zaman and Verwilghen method (a 
modification the Bradford method) and calculated from the standard curve, 
y=0.0097x. The purification was performed at 5°C. 

 
SDS protein electrophoresis was performed to determine the purity of the final samples 
(strong and weak). Samples from the collecting tubes containing the active enzyme were 
also loaded onto the SDS electrophoresis gel in order to see how well the purification had 
worked (figure 20). 
  

Sample 
Volume 

(mL) 
Activity 
(U/mL) 

Protein 
(mg/mL) 

Specific 
activity  
(U/mg) 

Protein 
(mg) 

Activity  
(U) 

Enzyme 
yield 
(%) 

Purification 
factor 
 (X) 

Protein extract 107 257 1.62 159 173 27500 100 --- 
Flow-through 100 4.8 1.16 4 116 481 1.8 0.03 

NaCl 21 5.3 0.38 14 8.0 111 0.4 0.09 
Strong  5.4 1179 0.40 2896 2.2 6318 23 18.2 
Weak 8.3 147 0.04 3973 0.3 1220 4.4 25.0 
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Figure 20: SDS protein electrophoresis of the sample containing the 
VAP(W274K) mutant and samples taken during the purification process by 
Strep-Tactin® Sepharose® column. Well 1: Protein extract. Well 2: Flow-through. 
Well 3: The NaCl sample. Well 4: The strong sample. Well 5: The weak sample. Well 
6: A prestained protein ladder (PageRulerTM). Well 7: The collecting tube number 28. 
Well 8: The collecting tube number 29. Well 9: The collecting tube number 30. Well 
10: The collecting tube number 31. Well 11: The collecting tube number 32. Well 12: 
The collecting tube number 33. 4-20% Tris-glycine precasted gel was used (Thermo 
Scientific). 1×Tris-glycine running buffer was added to both the cathode chamber and 
the anode chamber. Thirty µl of each sample were mixed with 10 µl of 4×LDS sample 
buffer before they were loaded onto the gel. 180 V were applied to the gel. The gel 
was stained by with Coomassie-Brilliant-Blue G-250 dye and destained by a 30 % 
(v/v) methanol solution. 

Many bands are visible in the first two wells which contain the protein extract and the 
flow-through. The protein extract contains a lot of other proteins that do not interact with 
the column. The NaCl sample also contains many bands. These bands contained proteins 
that bound to the column by electrostatic interactions. Two visible bands are in well 
number 4 that contained the strong sample. The lower band that appeared around 55 kDa 
may have contained the folded monomer form of the VAP(W274K). The other band that 
appeared around 65 kDa may have contained the denatured monomer form of the 
VAP(W274K) mutant. Well number 5, which contains the weak sample, has no band. The 
reason is probably that the sample was too diluted. No bands are visible in well number 7 
that contains the sample in collecting tube number 28. This suggests that all the proteins 
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that bound to the column with electrostatic interaction had been eluted before the column 
was eluted with the elution buffer. Three different bands appeared in well number 8, which 
contains a sample from the strong eluate in collecting tube 29, the band that appeared 
around 130 kDa contained the dimer. Whereas the bands around 65 kDa and 55kDa may 
have contained the denatured and folded forms of the VAP(W274K) mutant’s monomers. 
 Mass spectrometry analysis was performed to verify that the mutation (W274K) was 
present in the purified VAP(W274K) mutant and to ensure that two-amino acids were 
connecting the Strep-tag to the C-terminus (St-2). A signal of peptide ions with a m/z value 
of 1937.8 appeared in the mass spectrum obtained by GluC digestion. The signal indicated 
that the mutation (W274K) was present in the mutant. The signal of molecular ions with 
the m/z value of 1684.6 appeared in the mass spectrum obtained by trypsin digestion. This 
signal indicated that the mutant had two-amino acid connection to the Strep-tag at its C-
terminus (see, results and mass spectrum in appendix B). 

 

3.4.2 Purification of the VAP(T112A/R113G/W274K) mutant 

The protein extract containing the VAP(T112A/R113G/W274K) mutant was purified with 
a Strep-Tactin® Sepharose® column. The portions containing the flow-through were 
combined (97 ml). The column was washed with 11 CV of the washing buffer (TMC 
buffer + 0.15 M NaCl). The portions containing the washing buffer were combined (35 
ml). The column was eluted with the elution buffer (TMC buffer + 15% ethylene glycol + 
2.5 mM desthiobiotin) until the activity was negligible (Figure 19).  
 As mentioned in section, 3.2.2 the activity of the portions containing the active 
mutant were low. The maximum activity was 3.5 U/ml for the 
VAP(T112A/R113G/W274K) mutant whereas the maximum activity for the 
VAP(W274K) mutant was 1124 U/ml, i.e. 320 times higher. The activity peak that 
appeared after the column was eluted with the elution buffer indicated that the sample 
contained a mutant connected to a Strep-tag. If the sample contained no Strep-tag fused 
mutants, an activity peak would not have appeared at that point. Figure 21 shows the 
purification process for the VAP(T112A/R113G/W274K) mutant. Note that the activity 
scale is much lower in figure 21 than in figure 19, although the figures appear very similar 
in shape. 
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Figure 21: The purification process of the VAP(T112A/R113G/W274K) mutant 
by Strep-Tactin® Sepharose® column.  Red: The absorbance at 280 nm. Black: The 
activity at 405 nm under transphosphorylating conditions (5 mM pNPP dissolved in 
1.0 M diethanolamine buffer containing 1.0 mM MgCl2 at pH 9.8 and 25°C). 1: The 
protein extract was loaded onto the column. 2: The column was washed with the 
washing buffer (TMC buffer + 0.15 M NaCl). 3: The column was eluted with the 
elution buffer (TMC buffer + 15% ethylene glycol + 2.5 mM desthiobiotin). Collecting 
tubes 46, 47 and 48 showed the highest activity and were combined in one sample. 
The purification was performed at 5°C. 

The portions that contained the active VAP mutants – collecting tubes 46, 47 and 48 – 
were combined in one sample. The activity under transphosphorlylating conditions and the 
protein concentration were determined for all the combined samples (see section 2.5 and 
2.6). Table 9 shows the record of the protein purification for the 
VAP(T112A/R113G/W274K) mutant.  

Table 9: Protein purification table for the VAP(T112A/R113G/W274K) mutant 
by Strep-Tactin® Sepharose® column. The protein extract was made from 5×400 ml 
cell culture. The volume was measured for every combined sample. The activity was 
measured at 405 nm under transphosphorylating conditions (5 mM pNPP dissolved in 
1.0 M diethanolamine buffer containing 1.0 mM MgCl2 at pH 9.8 and 25°C). Protein 
concentration was measured at 620 nm by the Zaman and Verwilghen method (a 
modification the Bradford method) and calculated from the standard curve, y = 
0.0097x. The purification was performed at 5 °C. 

Sample 
Volume 

(mL) 
Activity 
(U/mL) 

Protein 
(mg/mL) 

Specific 
activity  
(U/mg) 

Protein 
(mg) 

Activity  
(U) 

Enzyme 
yield 
(%) 

Purification 
factor 
 (X) 

Protein extract 98 0.23 1.13 0.2 111 22 100 --- 
Flow-through 97 0.07 0.81 0.1 78 7 31 0.4 

NaCl 35 0.03 0.07 0.4 2.3 1 5 2.1 
Protein sample 8.5 5.41 0.03 164 0.3 46 200 808 
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SDS protein electrophoresis was performed to confirm the purity of the final sample and to 
see if the sample contained some mutants. Because the activity of the 
VAP(T112A/R113G/W274K) mutant was very low, it was decided to load the strong 
sample containing the VAP(W274K) mutant onto the gel in order to see where the protein 
bands would appear. Samples from the combined samples (flow-through and NaCl) and 
samples from the collecting tubes containing active enzyme were also loaded onto the SDS 
electrophoresis gel (figure 22).  
 

 

 

 

 

 

 

 

 

 

Figure 22: SDS protein electrophoresis of the sample containing the 
VAP(T112A/R113G/W274K) mutant and samples taken during the purification 
process by Strep-Tactin® Sepharose® column. Well 1: Protein extract. Well 2: Flow-
through. Well 3: The NaCl sample.  Well 4: The sample containing the active mutant. 
Well 5: A prestained protein ladder (PageRulerTM). Well 6: The strong sample 
containing the VAP(W274K) mutant. Well 7: The collecting tube number 45. Well 8: 
The collecting tube number 46. Well 9: The collecting tube number 47. Well 10: The 
collecting tube number 48. Well 11: The collecting tube number 49. Well 12: The 
collecting tube number 44. 4-20% Tris-glycine precasted gel was used (Thermo 
Scientific). 1×Tris-glycine running buffer was added to both the cathode chamber and 
the anode chamber. 30 µl of each sample were mixed with 10 µl of 4×LDS sample 
buffer before they were loaded onto the gel. 180 V were applied to the gel. The gel 
was stained by with Coomassie-Brilliant-Blue G-250 dye and destained with a 30% 
(v/v) methanol solution.  
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Many bands are visible in the first two wells (number 1 and 2 in figure 22) which 
contained the protein extract and the flow-through. This indicates that the protein extract 
contains a lot of proteins that do not interact with the column. No protein bands are visible 
in well number 4 where the eluate containing the activate VAP(T112A/R113G/W274K) 
mutant was loaded. The activity of this sample was very low, so the reason for the absence 
of visible protein bands might be that the sample contained few protein molecules as can 
been seen in table 9. 
 Mass spectrometry analysis was performed to verify that the mutations 
(T112A/R113G/W274K) were present in the purified VAP(T112A/R113G/W274K) 
mutant. When the results were compared to protein databases no significant match with the 
mutant were found. However, significant matches with chaperones were found. 
Chaperones assist the folding of proteins, and the presence of chaperones indicates that the 
protein sample contained lot of unfolded proteins. 
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3.4.3 Purification of the VAP(T112A/R113E/W274K) mutant 

The protein extract containing the VAP(W274K) mutant was purified with a Strep-Tactin ® 
Sepharose® column. The portions containing the flow-through were combined (93 ml). An 
extra step was performed where the column was washed with 6 CV of TMC buffer. The 
portions that contained the eluted TMC buffer were combined (22 ml). The column was 
washed with the washing buffer (TMC buffer + 0.15 M NaCl) until the absorbance at 280 
nm was negligible. The portions containing the washing buffer were combined (78 ml). 
The column was eluted with the elution buffer (TMC buffer + 15% ethylene glycol + 2.5 
mM desthiobiotin) until the activity was negligible. Figure 23 shows the purification 
process for the VAP (T112A/R113E/W274K) mutant. 

 

 

 

 

 

 

 

 

 

Figure 23: The purification process of the VAP(T112A/R113E/W274K) mutant 
by Strep-Tactin® Sepharose® column.  Red: The absorbance at 280 nm. Black: The 
activity at 405 nm under transphosphorylating conditions (5 mM pNPP dissolved in 
1.0 M diethanolamine buffer containing 1.0 mM MgCl2 at pH 9.8 and 25°C). 1: The 
protein extract was loaded onto the column. 2: The column was washed with the TMC 
buffer. 3: The column was washed with the washing buffer (TMC buffer + 0.15 M 
NaCl). 4: The column was eluted with the elution buffer (TMC buffer + 15% ethylene 
glycol + 2.5 mM desthiobiotin). Collecting tubes 41 and 42 showed the highest 
activity and were combined in one strong sample. Collecting tubes 40, 43 and 44 
showed lower activity and were combined in one weak sample. The purification was 
performed at 5°C. 

 

The portions that contained the active VAP mutants were divided into two samples, one 
strong (collecting tubes number 41 and 42) and one weak (collecting tubes number 40, 43 

1   2  3 4 
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and 44). The activity was measured under transphosphorlylating conditions and the protein 
concentration was determined for all the combined samples (see section 2.5 and 2.6). Table 
10 shows the record of the protein purification for the VAP(T112A/R113E/W274K) 
mutant. 

Table 10 : Protein purification table for the VAP(T112A/R113E/W274K) mutant 
with a Strep-Tactin® Sepharose® column and an MonoQ ion exchange column. 
The Strep-Tactin column: The protein extract was made from 5×400 ml cell culture. 
The volume was measured for every combined sample. The activity was measured at 
405 nm under transphosphorylating conditions (5 mM pNPP dissolved in 1.0 M 
diethanolamine buffer containing 1.0 mM MgCl2 at pH 9.8 and 25°C). Protein 
concentration was measured at 620 nm by the Zaman and Verwilghen method (a 
modification of the Bradford method) and calculated from the standard curve, y = 
0.0097x. MonoQ column: One ml of the strong sample was loaded onto the MonoQ 
column and eluted continuously with a 0-0.8 NaCl gradient. The eluted samples were 
collected in 1 ml portions and the three portions with the highest activity were 
combined. The values for the MonoQ purification process were compared to the 
values obtained for one ml of the strong sample. Both purifications were performed at 
5°C. 

 

SDS protein electrophoresis was performed to determine the purity of the final samples 
(strong and weak). Samples from the collecting tubes containing the active enzyme were 
also loaded onto the SDS electrophoresis gel in order to see how well the purification had 
worked (figure 24). 

 

 

 

 

 

 

Sample 
Volume 

(mL) 
Activity 
(U/mL) 

Protein 
(mg/mL) 

Specific 
activity  
(U/mg) 

Protein 
(mg) 

Activity  
(U) 

Enzyme 
yield 
(%) 

Purification 
factor 
 (X) 

Protein extract 98 130 1.42 91 139 12671 100 --- 
Flow-through 93 1.6 117 1.4 109 149 1.2 0.02 
TMC buffer 22 4.8 0.62 7.7 14 105 0.8 0.08 

NaCl 78 11 0.003 3168 0.3 850 6.7 34.7 
Strong  5.4 1785 0.46 3883 2.5 9641 76 42.6 
Weak 8 231 0.03 7647 0.2 1850 15 83.4 

MonoQ 3 452 0.12 3705 0.4 1357 76 95.2 
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Figure 24: SDS protein electrophoresis of the sample containing the 
VAP(T112A/R113E/W274K) mutant and samples taken during the purification 
process with Strep-Tactin® Sepharose® column. Well 1: Protein extract. Well 2: 
Flow-through. Well 3: The NaCl sample.  Well 4: A prestained protein ladder 
(PageRulerTM). Well 5: The strong sample. Well 6: The weak sample. Well 7: The 
collecting tube number 39. Well 8: The collecting tube number 40. Well 9: The 
collecting tube number 41. Well 10: The collecting tube number 42. Well 11: The 
collecting tube number 43. Well 12: The collecting tube number 44. 4-20 % Tris-
glycine precasted gel was used (Thermo Scientific). 1×Tris-glycine running buffer was 
added to both the cathode chamber and the anode chamber. Thirty µl of each sample 
were mixed with 10 µl of 4×LDS sample buffer before they were loaded onto the gel. 
180 V were applied to the gel. The gel was stained with Coomassie-Brilliant-Blue G-
250 dye and destained with a 30% (v/v) methanol solution. 

 

As before, many bands appeared in the first two wells that contained the protein extract 
and the flow-through. Unlike previously observed, the samples containing the active 
mutant were not pure enough. As is seen in well number 5, which contains the strong 
sample, too many impurities were visible below the protein band at 55 kDa, e.g. two 
clearly detectable bands appeared at 25 kDa. Before the column was eluted with the elution 
buffer (TMC buffer + 15% ethylene glycol + 2.5 mM desthiobiotin) no impurity was 
visible (see well number 7). This indicates that the impurities might have been attached to 
the mutant by noncovalent interactions and were therefore eluted at the same time as the 
mutant. 
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It was considered necessary to perform another purification step with a MonoQ ion 
exchange column (see section, 2.4.3). 1 ml of the strong sample was loaded onto the 
MonoQ column and the column was eluted continuously with 0-0.8 M NaCl gradient at 
5°C. The eluate was collected in 1 ml portions. The absorbance at 280 nm and the 
percentage of buffer B was recorded continuously (figure 25).  

 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Figure 25: The purification process of the VAP(T112A/R113E/W274K) mutant 
by MonoQ ion exchange column.  Red: The percentage of buffer B (TMC buffer 
containing 0.8 M NaCl and 15% (v/v) ethylene glycol). Black: The absorbance at 280 
nm. The three collection tubes (each contained 1 ml) that showed the highest 
absorbance at 280 nm were combined (20-22). The purification was performed at 5°C. 
 

The activity of the eluted peak was measured under transphosphorylating conditions. 
Before the portions that contained the highest activity were combined, SDS protein 
electrophoresis was performed to determine the purity of the samples with the highest 
enzyme activity. The strong sample containing the impurity was loaded onto well number 
2 (Figure 26). 
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Figure 26: SDS protein electrophoresis of the sample containing the 
VAP(T112A/R113E/W274K) mutant and samples taken during the purification 
process with a MonoQ ion exchange column. Well 1: The strong sample after 
purification by a Strep-Tactin® Sepharose® column. Well 2: The strong sample after 
purification by a Strep-Tactin® Sepharose® column. Well 3: A prestained protein 
ladder (PageRulerTM). Well 4: The collecting tube number 18. Well 5: The collecting 
tube number 19. Well 6: The collecting tube number 20. Well 7: The collecting tube 
number 21. Well 8: The collecting tube number 22. Well 9: The collecting tube 
number 23. Well 10: The collecting tube number 24. 4-20% Tris-glycine precasted gel 
was used (Thermo Scientific). 1×Tris-glycine running buffer was added to both the 
cathode chamber and the anode chamber. 30 µl of each sample were mixed with 10 µl 
of 4×LDS sample buffer before they were loaded onto the gel. 180 V were applied to 
the gel. The gel was stained with Coomassie-Brilliant-Blue G-250 dye and destained 
with a 30% (v/v) methanol solution. 

 

After an additional purification step with the MonoQ column, the sample was pure enough 
for further study. The band that appeared around 65 kDa may have contained the denatured 
monomer form of the VAP(T112A/R113E/W274K) mutant. The band that appeared 
around 130 kDa almost certainly contained the dimer form of the 
VAP(T112A/R113E/W274K) mutant. 
 Mass spectrometry analysis was performed to verify that the mutations 
(T112A/R113E/W274K) were present in the purified VAP(T112A/R113E/W274K) mutant 
and to ensure that two-amino acids connected the Strep-tag to the C-terminus (St-2). A 
signal of peptide ions with a m/z value of 2585.15, 1693.8 and 1685.7 appeared in the mass 
spectrum obtained by trypsin digestion. The signals with the m/z value of 2585.15 and 
1693.8 indicated that the mutations T112A/R113E and W274K, respectively, were present 
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in the mutant. The signal of molecular ions with the m/z value of 1685.7 indicated that the 
mutant had a two-amino acid connection to the Strep-tag at its C-terminus (see results and 
mass spectrum in appendix B). 
 

3.5 Kinetics 
The kinetic constants Km and kcat were determined for the two VAP mutants (W274K and 
T112A/R113E/W274K). The kinetic constants were also determined for the wild-type 
enzyme previously purified by Bjarni Ásgeirsson. The kinetic measurements were 
performed at 10°C and pH 9.8 (pNPP in a 0.1 M Caps buffer containing 15% (v/v) 
ethylene glycol and 1.0 mM MgCl2). See detailed information in section 2.7. 
 The Michaelis-Menten constant, Km, is generally taken as a measure of an enzyme’s 
affinity for its substrate. The Km value is equal to the substrate concentration when the 
initial velocity (v0) is half of the maximum velocity (Vmax). The turnover number, kcat, is 
the number of substrate molecules that one saturated enzyme is able to catalyse in one 
second. The turnover number is a first order rate constant for the rate limiting step of the 
enzyme’s reaction at saturation, i.e. at its maximum velocity. When the enzyme is 
saturated, the substrate concentration is much greater than the Km value (Km << [S]) 
(Nelson and Cox, 2008). However, under physiological conditions the substrate 
concentration is often much less than the Km value ([S] << Km). The enzyme is, therefore, 
not saturated and most of the active sites are unoccupied. At conditions where the enzyme 
is not saturated, the kcat/Km ratio is used to compare the catalytic efficiency of different 
enzymes or enzyme variants (Berg et al., 2002). The kcat/Km ratio was, therefore, also 
calculated for the two mutants and the wild-type. Table 11 shows the value of the 
measured kinetic constants and the standard error of the mean. The Km was measured nine 
times for the wild-type. The Km was measured twelve times for each mutant. All the data is 
shown in appendix B. 
 

Table 11: The kinetic constants, Km and kcat, and the kcat/Km ratio, measured for 
the wild-type and the two mutants (W274K and T112A/R113E/W274K). The 
kinetic constants were measured at 10°C and pH 9.8 (pNPP in a 0.1 M Caps buffer 
containing 15% (v/v) ethylene glycol and 1.0 mM MgCl2). The mean and the standard 
error of the mean are listed in the table. 

Enzyme variant Km (µM) kcat (s-1) kcat/Km (s-1mM-1) 

Wild-type (N=9) 51 ± 3 120 ± 4 2411 ± 140 

W274K (N=12) 604 ± 34 114 ± 6 194 ± 15 

T112A/R113E/W274K (N=12) 823 ± 54 390 ± 16 489 ± 25 
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A two way t-test was performed to evaluate if there was a significant difference between 
the wild-type’s values and the mutants’ values. The results showed a significant difference 
between the Km value of the wild-type and the W274K mutant (p=3.6·10-9). There was also 
a significant difference between the wild-type and the T112A/R113E/W274K mutant 
(p=1.7·10-8). The results of the t-test did not show a significant difference between the kcat 
value of the wild-type and the kcat value of W274K mutant (p=0.43). However, there was a 
significant difference between the kcat value of the wild-type and the 
T112A/R113E/W274K mutant (p=1.2·10-9). The t-tests showed a significant difference 
between the kcat/Km values of the wild-type and both mutants, W274K and 
T112A/R113E/W274K (p=2.1·10-7 and p=4.8·10-7 respectively). The kinetic results will be 
discussed in greater detail in section 4.6. 

 

3.6 Heat stability of the active site (T50%) 
The T50% value is a common measurement of the heat stability of enzymes’ active site 
assuming that the active site is the most heat sensitive and flexible part of psychrophilic 
enzyme structures (Struvay and Feller, 2012). It signifies the temperature that is required to 
reduce the initial activity of an enzyme to half in 30 minutes. The T50% value was used to 
compare the heat stability of the active site conformation between different enzyme 
variants. The T50% values were determined for the wild-type VAP and the two VAP 
mutants (W274K and T112A/R113E/W274K) in a TMC buffer (20 mM Tris, 10 mM 
MgCl2, pH 8.0). The enzyme variants were incubated at different temperatures in the TMC 
buffer and the activity was measured under transphosphorylating conditions (5 mM pNPP 
dissolved in 1.0 M diethanolamine buffer containing 1.0 mM MgCl2 at pH 9.8 and 25°C) 
after different incubation times (see detailed description in section 2.8.1). The incubation 
time was measured from the moment when the 50 µl of protein sample were added to the 
incubated TMC buffer (t=0). The experiment took from 20 to 90 minutes for each 
temperature, depending on the rate of thermal inactivation. When the thermal inactivation 
was slow, it took much longer to establish a statistically significant function of the heat 
inactivation. Therefore, it was considered more accurate to measure the thermal 
inactivation for up to 90 minutes at the lower temperatures, where the thermal inactivation 
was slow. Conversely, the experiment took less time for the higher temperatures, where the 
thermal inactivation was rapid. The T50% values and the activation energies (Ea) for the 
thermal inactivation of the wild-type VAP and the two VAP mutants (W274K and 
T112A/R113E/W274K) are listed in table 12.   
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Table 12: T50% and Ea values for the wild-type VAP and the two VAP mutants 
(W274K and T112A/R113E/W274K). The enzyme variants were incubated at 
different temperatures in a TMC buffer (20 mM Tris, 10 mM MgCl2, pH 8.0). The 
activity was measured under transphosphorylating conditions after different 
incubation times (5 mM pNPP dissolved in 1.0 M diethanolamine buffer containing 
1.0 mM MgCl2 at pH 9.8 and 25°C). The T50% values and the activation energy for 
thermal inactivation are shown in the table. The mean and the standard error of the 
mean are shown in the table. 

 

 

 

 

 

 

Of the three enzyme variants, the active site of the wild-type VAP was the most heat 
sensitive, with a T50% value of 23.3°C. This heat instability of the wild-type VAP has also 
been shown in former studies and these results confirm that the wild-type VAP has a T50% 
value around room temperature (Hauksson et al., 2000; Gudjónsdóttir and Ásgeirsson, 
2008). The T50% values for both mutants were higher than the T50% value for the wild-type 
enzyme. The T50% value for the triple mutant was 28.7°C and the T50% value for the 
W274K mutant was highest, at 36.6°C. Statistical analysis confirmed a significant 
difference between the wild-type value and both mutants (W274K: p=1.0·10-4; 
T112A/R113E/W274K: p=0.012).  The activation energy for the thermal inactivation of the 
wild-type VAP was significantly lower than the activation energy of the W274K mutant 
(p=0.015). The activation energy for the wild-type VAP was higher than the activation 
energy of the T112A/R113E/W274K, however, there was not a significant difference 
(p=0.21). 
 An example of the heat inactivation of the wild-type VAP and the two VAP mutants 
are shown in figure 27, where the dashed lines indicate the temperature that is needed to 
reduce the enzyme’s activity to half in 30 minutes. The results will be discussed in section 
4.7. 
 
 

Enzyme variant T50% (°C) Ea (kJ/mol) 

Wild-type VAP (N=3) 23.3 ± 0.8 126 ± 13 

W274K (N=3) 36.3 ± 0.1 261 ± 30 

T112A/R113E/W274K (N=3) 28.7 ± 0.4 84 ± 25 
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Figure 27: An example of the heat inactivation of the wild-type VAP and the two 
VAP mutants (W274K and T112A/R113E/W274K). The enzyme variants were 
incubated at different temperatures in a TMC buffer (20 mM Tris, 10 mM MgCl2, pH 
8.0). The activity was measured under transphosphorylating conditions after different 
incubation times (5 mM pNPP dissolved in 1.0 M diethanolamine buffer containing 
1.0 mM MgCl2 at pH 9.8 and 25°C). A) The natural logarithm of the kinetic constants 
for each enzyme variant is plotted as a function of temperature (1/T, K-1) according to 
the Arrhenius equation B) The common logarithm of the half-life (log(t1/2)) is plotted 
as a function of temperature (°C). Symbols: ●: Wild-type VAP, ●: VAP(W274K) 
mutant, ●: VAP(T112A/R113E/W274K) mutant. The dashed line indicates the 
temperature that is needed to reduce the enzyme’s activity to half in 30 minutes. 

!

3.7 The global structural heat stability  
The Tm values were measured for the wild-type VAP and the VAP mutants (W274K and 
T112A/R113E/W274K) with CD spectrometry. The Tm values were compared to detect the 
effects of the mutations on the secondary structural heat stability and thus the global 
stability as a result. The sample was dialysed overnight at 5°C in a 25 mM Mops buffer 
(pH 8.0) containing 1.0 mM MgSO4. Four hundred µl of dialysed sample were placed in a 
0.2 cm cuvette. The circular dichroism was measured at 222 nm as a function of 
temperature. The temperature was increased from 20°C to 80°C at a rate of 1°C/min. The 
data were normalised as a function of unfolded protein and analysed in the data analysis 
application, Kaleidagraph, in order to obtain the Tm value. In table 13, the Tm values for the 
enzyme variants are listed. All the data is shown in appendix B but figure 28 shows an 
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example of a calculated denaturation-curve (fraction of unfolded protein as a function of 
temperature) for each enzyme variant.  
 

Table 13: Measured Tm values for the wild-type VAP and the two VAP mutants 
(W274K and T112A/R113E/W274K). The circular dichroism was measured at 222 
nm as a function of temperature. The temperature was increased at the rate of 
1°C/min from 20°C to 80°C. The experiment was performed with a 25 mM Mops 
buffer containing 1.0 mM MgSO4 at pH 8.0. The mean and the standard error of the 
mean are listed in the table. 

Enzyme variant Tm (°C) 

Wild-type (N=9) 53.3 ± 0.3 

W274K (N=7) 49.8 ± 0.5 

T112A/R113E/W274K (N=6) 49.4 ± 0.8 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 28: The global structural heat stability of the wild-type VAP and the two 
VAP mutants (W274K and T112A/R113E/W274K). The circular dichroism was 
measured at 222 nm as a function of temperature. The temperature was increased at 
the rate of 1°C/min from 20°C to 80°C. The experiment was performed with 25 mM 
Mops buffer containing 1.0 mM MgSO4 at pH 8.0. The calculated denaturation-curves 
for the three enzyme variants are fitted to the normalised data where the fraction of 
unfolded protein is a function of temperature. Symbols: ●: wild-type VAP, ●: 
VAP(W274K) mutant, ●: VAP(T112A/R113E/W274K). 
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The wild-type VAP had the highest Tm value, at 53.3°C, whereas the Tm values for the 
W274K mutant and the triple mutant (T112A/R113E/W274K) were almost the same, 
49.8°C and 49.4°C respectively. Statistical analysis showed a significant difference 
between the Tm value of the wild-type and the VAP(W274K) mutant (p=6.1·10-5). There 
was also a significant difference between the Tm value of the wild-type VAP and the triple 
mutant (p=0.0034). The results will be discussed in section 4.9. 
 

3.8 Promiscuous activity 
The sulfatase activity of the mutants (W274K and T112A/R113E/W274K) was measured 
at pH 9.8, pH 8.0 and pH 7.0. The activity was compared to the sulfatase activity of a 
sulfatase from Helix pomatia (positive control, final concentration: 0.035 mg/ml), the 
sulfatase activity of ECAP (positive control, final concentration: 0.050 mg/ml) and the 
wild-type enzyme (negative control). The sulfatase activity of the H116D mutant and the 
T112A/R113G (studied by Edda Sigríður Freysteinsdóttir) was also measured, see table 
14.  

Table 14: Sulfatase activity at pH 7.0, pH 8.0 and pH 9.8. 1) The sulfatase activity 
was measured with 5 mM p-nitrophenyl sulfate (pNPS) in a 1.0 M diethanolamine 
buffer containing 1.0 mM MgCl2 at pH 9.8 and 25°C. 2) The sulfatase activity was 
measured with 5 mM  pNPS in a 50 mM Mops buffer at pH 8.0 and 25°C. 3) The 
sulfatase activity was measured with 10 mM pNPS in a 50 mM Mops buffer at pH 7.0 
and 25°C. The activity was measured at 405 nm for 3 minutes. The activity (U/ml) was 
calculated with the spectrometer’s rate programme according to Beer’s law 
(extinction coefficient = 18.5 M-1cm-1). Each sample was done in triplicate. 

 Activity (U/ml) 
pH 9.8 

Activity (U/ml) 
pH 8.0 

Activity (U/ml) 
pH 7.0 

Sulfatase - positive control  0.044  3.601 3.759 

ECAP-wt - positive control 0.002 ≈ 0 0.001 ≈ 0 0.002 ≈ 0 

VAP-wt - negative control 0 .000 ≈ 0 0.000 ≈ 0 0.001 ≈ 0 

W274K 0.001 ≈ 0  0.000 ≈ 0 0.000 ≈ 0 

T112A/R113E/W274K 0.000 ≈ 0 0.000 ≈ 0 0.001 ≈ 0 

H116D 0.001 ≈ 0 0.001 ≈ 0 0.002 ≈ 0 

T112A/R113G 0.000 ≈ 0 0.001  ≈ 0 0.002 ≈ 0 
 
As can been seen in table 14, the promiscuous sulfatase activity of ECAP and VAP was 
negligible compared to the native activity of the sulfatase. The sulfatase assay did not 
prove to be a sufficient method for detecting the promiscuous activity. The reaction time (3 
minutes) was presumably too short for detecting promiscuous activity. It was, therefore, 
deemed necessary to keep the samples overnight at pH 7.0 and pH 8.0. The samples were 
kept at 5°C because the wild-type VAP is very heat sensitive at room temperature. The 
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difference in absorbance at 405 nm after 24 hours was used as a preliminary measurement 
of promiscuous activity.  
 After 24 hours the absorbance at 405 nm was measured and a slight detectable 
difference in absorbance was obtained. The preliminary results supported the conclusion 
that the promiscuous activity of the wild-type VAP is negligible compared to ECAP. The 
preliminary results also indicated that the promiscuous activity of the W274K and 
T112A/R113G mutant was more than the promiscuous activity of the wild-type VAP at pH 
7.0 and pH 8.0 at 5°C (figure 29).  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 29: The sulfatase promiscuous activity of ECAP, wild-type VAP and the 
VAP mutants measured at pH 7.0 and pH 8.0 at 5°C. The enzyme samples were 
incubated at 5°C. The difference in absorbance at 405 nm after 24 hours was used as 
a measurement of promiscuous activity.  Left: the enzymes were incubated in 50 mM 
Mops buffer containing 10 mM pNPS at pH 7.0. The difference in absorbance at 405 
nm is the mean of 2×24hours. Right: The enzymes were incubated in 50 mM Mops 
buffer containing 5 mM pNPS at pH 8.0. Each sample was done in triplicate. The data 
were obtained from a single experiment. 

The samples in the 50 mM Mops buffer at pH 8.0 were also kept at room temperature for 
three nights (72 hours). As previously mentioned the wild-type VAP is very heat sensitive 
at room temperature. Therefore, it was not surprising that its absorbance at 405 nm had not 
increased. However, the preliminary results showed a clearly detectable increase in 
absorbance at 405 nm both for the ECAP and the T112A/R113E/W274K mutant compared 
to the other mutants (see figure 30).   
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Figure 30: The sulfatase promiscuous activity of ECAP, wild-type VAP and the 
VAP mutants measured at pH 8.0 and room temperature. The enzyme samples 
were kept at room temperature for 3 nights in 50 mM Mops buffer containing 5 mM 
pNPS at pH 8.0. The difference in absorbance at 405 nm after 24 hours was used as a 
measure of promiscuous activity. The data were obtained from a single experiment. 

The absorbance of ECAP at 405 nm increased, both at 5°C and at room temperature, 
compared to other samples. However, the results for the mutants at 5°C and at room 
temperature are not in accordance. As can been seen in figure 29 and 30, the difference in 
absorbance for the T112A/R113E/W274K at room temperature was much greater (and, 
thus, more reliable) (∆A/24 hours=0.040) than the difference in absorbance for the W274K 
and T112A/R113G mutants at 5°C (∆A/24 hours=0.002-0.008). The preliminary results for 
the triple mutant are promising and provide a starting point for further experiments.  
 The β-lactamase activity of both mutants, W274K and T112A/R113E/W274K, was 
measured according to section 2.6.3. The results showed that the mutants were not able to 
catalyse the hydrolysis of imipenem. The mutants had therefore not gained β-lactamase 
activity. The reaction time (3 minutes) might have been too short for detecting 
promiscuous activity. The β-lactamase activity will, therefore, be measured over longer 
time later on. 
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4 Discussion 
4.1 Effects of St2/St9 on the kinetic constants 
The effects of the length of the amino acid connection between the Strep-tag and the C-
terminus on the kinetic behaviour of VAP were determined. Contrary to what has been 
claimed (Schmidt and Skerra, 2007), the results indicated that the Strep-tag and the length 
of the amino acid connection affect the kinetic behaviour of the enzyme. The enzyme’s 
affinity for its substrate is higher for VAP-St2 (lower Km) than for VAP-St9. The turnover 
number for VAP-St2 is also lower than for VAP-St9. A possible reason for the increased 
turnover number could be that the Strep-tag at the C-terminus sticks more out from the 
enzyme structure in VAP-St9 than in VAP-St2. The longer amino acid connection could, 
therefore, affect the dynamic of the structure, making it more flexible. The increased 
flexibility of the enzyme structure would presumably facilitate the release of product from 
the active site. This increased flexibility and more facile release of inorganic phosphate 
could, therefore, also decrease the affinity of the enzyme for its substrate, resulting in a 
higher Km value.  
 

4.2 Effects of ethylene glycol on the kinetic 
constants and inactivation 

The effects of ethylene glycol on the kinetic behaviour of VAP were determined. The Km 
and kcat values for the wild-type VAP were both determined in a TMC buffer containing 
15% (v/v) ethylene glycol and in the same buffer without ethylene glycol. The kinetic 
studies indicated that ethylene glycol significantly affects the kinetic behaviour of VAP-
St2. The kcat value and the Km value for VAP-St2 were higher in the buffer containing 
ethylene glycol. The ethylene glycol also affected the stability of the VAP, resulting in an 
increased activity as a function of time (see figure 12). However, the enzyme activity 
decreased as a function of time in a buffer without ethylene glycol. The explanation for this 
change in the presence of ethylene glycol is complex, because ethylene glycol can affect 
the behaviour of enzymes in many ways. Possible explanations will be discussed here. 
 Firstly, the molar concentration of ethylene glycol in the buffer containing 15% 
ethylene glycol was 2.7 M. In such a high concentration, ethylene glycol can act as a 
phosphate acceptor (Wilson et al., 1964). The reason for the increased kcat value in the 
presence of ethylene glycol could, therefore, be that VAP is able to catalyse the 
transphosphorylation of p-nitrophenylphosphate to p-nitrophenol and ethylene glycol 
phosphate. The formation of ethylene glycol phosphate could facilitate the release of the 
product from the active site and lead to a higher kcat value. The enzyme’s affinity for its 
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substrate decreased (higher Km) in the presence of ethylene glycol. Such an increase in Km 
value of AP in the presence of a phosphate acceptor has also been shown before (Sun et al., 
1999).   
 Secondly, possible effects of ethylene glycol on the dimer stability will be discussed. 
Over 50% of all proteins made from more than one polypeptide chain are dimers. The 
reason for the high proportion of dimers is not clear but researches have shown that the 
enzyme activity and stability is often enhanced through dimerisation (Mei et al., 2005; 
Ásgeirsson and Guðjónsdóttir, 2006). VAP is an example of an enzyme where the 
dimerisation is necessary for the catalytic activity (Gudjónsdóttir and Ásgeirsson, 2008). 
Recent studies by Papaleo et al. (2013) suggest that in VAP the two monomers have 
asymmetric flexible patterns in a solution. Their results, therefore, support the conclusion 
that the enzyme’s activity is dependent upon the formation of a dimer. The effects of 
ethylene glycol on the monomers’ interaction could be a possible reason for the increased 
activity of VAP as a function of time in a buffer containing ethylene glycol. 
 High concentrations of cosolvents, like polyols, are thought to have stabilising 
effects on protein structure because of protein preferential hydration (Arakawa and 
Timasheff, 1982; Ohtake et al., 2011). Ethylene glycol is a polyhydric alcohol similar to 
glycerol, which is known to have solvophobic effects (Timasheff and Arakawa, 1989; 
Timasheff, 1992). Because of solvophobic effects, the ethylene glycol may be excluded 
from the protein surface. The solvophobic effect is similar to the hydrophobic effect. The 
contact between the cosolvent and the hydrophobic surfaces of proteins is 
thermodynamically more unfavourable than the contact between the hydrophobic surface 
of proteins and water molecules. The cosolvent is, therefore, excluded from the protein 
surface, resulting in a formation of a water layer around the protein surface, known as 
preferential hydration. The formation of this water layer around the protein surface is 
thermodynamically unfavourable. The hydrophobic protein surface area is, therefore, 
minimised in order to reduce the volume of the water layer (Timasheff and Arakawa, 1989; 
Timasheff, 1992).  
 Previous studies have shown that VAP’s monomers are connected with eleven 
intermolecular hydrogen bonds and six salt bridges (Helland et al., 2009; Papaleo et al., 
2013). However, the hydrophobic character between the two monomers has not yet been 
determined. Former research by Ásgeirsson et al. (2000) showed that the monomers’ 
interface of alkaline phosphatase from Atlantic cod has considerable hydrophobic 
character. The cod AP is cold-adapted similar to VAP and, therefore, it is likely that the 
interface between the VAP’s monomers also has a hydrophobic character. The surface 
hydrophobicity of VAP is shown in figure 31 and is compared to the surface 
hydrophobicity of the monomer’s interface. The figure also indicates that the 
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hydrophobicity of the monomers’ interface has more hydrophobic character than the 
surface of the dimer. 
 
 
 
 
 
 
 
 
 
 
 

Figure 31: The surface hydrophobicity of the dimer and the monomer. The 
figures are made in the UCSF Chimera program according to the hydrophobicity 
scale of Kyte and Doolittle. The most hydrophilic surface is coloured blue and the 
most hydrophobic surface is coloured red. The interface of the monomer is more red 
and white than the surface of the dimer. This indicates that the monomers’ interface 
has considerable more hydrophobic character than then surface of the dimer (white 
and red areas). 

 

Because of preferential hydration, the exposure of the hydrophobic monomers’ interfaces 
is presumably more thermodynamically unfavourable in a buffer containing ethylene 
glycol than in a buffer without ethylene glycol. The dimer-monomers’ equilibrium might 
therefore be pushed further toward the dimer state, resulting in an increased stability of the 
dimer. The number of dimers and active enzymes, therefore, increases with time. 
 As discussed, it is likely that the ethylene glycol affected the stability of VAP when 
stored on ice for a long time. However, it is less likely that the solvophobic effect of 
ethylene glycol affected Km and kcat values, because the enzyme was only placed in the 
ethylene glycol buffer for 30 seconds during the measurement. It is much more likely that 
the change in kinetic behaviour is primarily because of a transphosphorylation of ethylene 
glycol.  
 

4.3 Effects of MgCl2 on the kinetic constants 
Each active site of VAP contains one magnesium ion. The magnesium ions are considered 
important for both the catalytic activity and stability of the AP (Stec et al., 2000; 
Gudjónsdóttir and Ásgeirsson, 2008; Helland et al., 2009). The specific activity of wild-
type AP from E.coli is, for example, dependent upon the magnesium concentration (Sun et 
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al., 1999). Previous studies of VAP showed that the activity of the enzyme decreased 
rapidly as a function of time in a buffer containing no magnesium ions. However, in the 
same buffer containing 10 mM magnesium the activity remained constant as a function of 
time. These results indicated that the magnesium ion is not tightly bound to the enzyme 
and that the stability of VAP is dependent upon the magnesium concentration. Therefore, it 
was considered essential to include magnesium in buffers (Gudjónsdóttir and Ásgeirsson, 
2008; Helland et al., 2009). As the magnesium ion is not tightly bound to the enzyme, it is 
likely that the concentration of magnesium also affects the kinetic behaviour of the 
enzyme. The effects of MgCl2 on the kinetic constants, Km and kcat, were, therefore, 
examined in this project and the kinetic studies confirmed that the concentration of MgCl2 
affects the kinetic behaviour of the enzyme. The kcat and Km values were significantly 
higher and the catalytic efficiency (kcat/Km) was lower for the wild-type enzyme in a buffer 
containing 10 mM MgCl2.  
 A possible reason for this change in kinetic behaviour could be the magnesium 
concentration rather than chloride. In a buffer containing a higher concentration of 
magnesium, it is less likely that the active site will lack a magnesium ion. According to the 
reaction mechanism described for E. coli AP, the magnesium ion interacts with a water 
molecule which facilitates the release of the inorganic phosphate from the non-covalent 
enzyme-phosphate complex (figure 4). The crystal structure of VAP showed water 
molecules around the magnesium ion in the active site. Therefore, it is possible that the 
magnesium ion in VAP’s active site also assists the release of the inorganic phosphate 
indirectly through a water molecule, giving a proton to reduce the negative charge of the 
product or the serine residue (higher kcat value). Another reason might be that the increased 
magnesium concentration enhanced the release of the inorganic phosphate (higher kcat 
value), by accompanying the phosphate out from the active site. 

As for effects on Km, a high concentration of magnesium ions could shield the 
negative charges of the phosphate-monoester substrate. The substrate affinity, of both the 
zinc ion in the active site and the positively charged residues, for the negatively charged 
substrates could decrease, resulting in a higher Km value. A high concentration of MgCl2 
will, therefore, not necessarily result in higher catalytic efficiency. As seen here, the 
catalytic efficiency (kcat/Km) of the enzyme in the buffer containing a higher concentration 
of MgCl2 was less than in the buffer containing a lower concentration of MgCl2.  
 Here we have discussed possible explanations for the effects that magnesium ions 
have on the kinetic behaviour of VAP. However, the chloride ions may also affect the 
kinetics of VAP. For example, Roig et al. (1993) found that small ions affected the 
catalytic activity of a human placental alkaline phosphatase. Former research on VAP has 
also shown that it is sensitive to various salts in low concentration (Ásgeirsson et al., 
2007). The results of this project also indicate that chloride ions may have specific effects 
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on VAP, e.g. MgCl2 seems to increase the structural heat stability of VAP (see section 4.4). 
The increased concentration of chloride ions is, therefore, likely a part of the reason for the 
changed kinetic behaviour of VAP in the buffer containing a higher concentration of 
MgCl2. It should be kept in mind that strong charges play a prominent role in binding the 
substrate and products, so any difference in ion concentration could affect the enzyme’s 
activity. 
 

4.4 Effects of MgCl2 and MgSO4 on global 
structural heat stability 

The effects of 1.0 mM MgCl2 and 1.0 mM MgSO4 on VAP’s global structural heat 
stability were determined. The melting points (Tm) for the wild-type enzyme in a buffer 
containing MgCl2 or MgSO4 were higher than the melting point for the same enzyme in a 
buffer without these salts (see table 6). This is in accordance with the results of former 
research, where an increased Tm value was obtained for the wild-type VAP in a buffer 
containing 10 mM MgSO4 (Ásgeirsson et al., 2007). The results of this project, thus, 
confirm that MgSO4 affects the heat stability of the secondary structures – and 
consequently the global structure – even when the concentration is only 1.0 mM MgSO4.  

Because the concentration of the sulfate is only 1.0 mM, it is unlikely that the 
increased global structural heat stability is caused by kosmotropic effects. With such a low 
sulfate concentration, the increased global structural stability is most likely because of 
specific binding of the sulfate ions to the enzyme. As can been seen in VAP’s crystal 
structure (figure 5), it includes eleven sulfates, which supports the idea that specific 
binding takes place.  
 The reason for the increased thermal stability of the enzyme in the buffer containing 
1.0 MgCl2, could also be that the magnesium ions and/or the chloride ions bind specifically 
to the enzymes. The Mops buffer was adjusted to pH 8.0 by titration with NaOH and, 
therefore, there were no other chloride ions or magnesium ions added to the buffer. If 
magnesium ions or chloride ions have an effect on the structural stability, it would have to 
be very specific at such a low concentration (1.0 mM). Because the magnesium ion binds 
specifically to the active site of VAP and because the activity of VAP is stable in a buffer 
containing magnesium ions (Gudjónsdóttir and Ásgeirsson, 2008), it may be expected that 
the thermal stability is mainly because of the magnesium ions rather than the chloride ions. 
However, previous research by Ásgeirsson et al. (2007) showed that anions (low 
concentration of Cl-, NO3

-, SO4
2-) had much more effect on VAP’s active site stability (t1/2) 

than cations. As can been seen in figure 13, the shape of the melting curve of the wild-type 
VAP in the buffer containing MgCl2 (red) is much steeper than the other two. The reason 
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might be that the chloride ions stabilise the secondary structure locally, so the protein 
structure begins to unfold at a higher temperature and increases the structure’s unfolding 
cooperativity.   
 

4.5 Mutagenesis, expression and purification 
The mutagenesis was successful and the DNA electrophoresis verified that there was no 
contamination of RNA or other DNA in the samples containing the purified plasmids. The 
DNA sequencing confirmed the existence of the mutations and that there were no 
nonspecific mutations in the VAP gene. The expression and purification of the W274K 
mutant and the T112A/R113E/W274K were successful. The mass spectrometry analysis 
confirmed the existence of the mutations in both mutants. However, the expression of the 
T112A/R113G/W274K mutant was unsuccessful. Two different plasmids containing the 
T112A/R113G/W274K mutations were cultivated four times and the mass spectrometry 
analysis showed only significant matches with chaperones. The results indicate that the 
mutation had an adverse effect on the protein structure, resulting in its inability to fold 
correctly. The T112A/R113G mutant, studied by Edda Sigríður Freysteinsdóttir, was active 
and the W274K mutant studied in this project was also active. However, when these three 
mutations were combined, the activity was almost negligible. It should be noted that both 
the T112A/R113E/W274K and the T112A/R113G mutants were successfully expressed, 
suggesting that the fault lies with the combination of W274K and R113G. 
   The arginine amino acid at position 113 is large and positively charged. The arginine 
was mutated to glycine, which is a small, nonpolar and flexible amino acid. Figure 32 
compares the active site of the T112A/R113G/W274K mutant to the wild-type active site. 
The three mutated amino acids are coloured and all the polar bonds that the three amino 
acids form are indicated with black dashed lines.  
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Figure 32: Comparison of the active site of the T112A/R113G/W274K mutant 
and the wild-type enzyme. The figure shows the difference between the 
T112A/R11G/W274K mutant and the wild-type enzyme. The mutated amino acids are 
coloured. T112A (red), R113G (yellow) and W274K (blue). The zinc ions are cyan and 
the magnesium ion is purple. The polar bonds that these three amino acids form are 
coloured black. These three amino acids form only four polar bonds in the mutant 
while they form eleven polar bonds in the wild-type enzyme. The figure was created in 
the application PyMOL. 

 
As seen in the figure 32, these three mutated amino acids form only four polar bonds in the 
T112A/R113G/W274K mutant while they form eleven polar bonds in the wild-type VAP. 
The decreased number of polar bonds and the flexibility of the glycine amino acid would 
presumably decrease the stability of the enzyme. This decreased stability could explain 
why the mutant was unable to fold correctly. The production of a positive charge into the 
vicinity of the metal ions may also cause instabilisation due to repulsion. In the 
T112A/R113E/W274K mutant the negative charge of the glutamic acid might neutralise 
the positive charge of the lysine. However in the T112A/R113G/W274K mutant there is 
not a negative charge in the vicinity and therefore the lysine might have caused some 
instabilisation due to repulsion.  

 

4.6 Kinetics  
The catalytic efficiency of the wild-type enzyme was 2411 s-1mM-1 which is much higher 
than the catalytic efficiency of the W274K and the T112A/R113E/W274K mutants, 194    
s-1mM-1 and 489 s-1mM-1, respectively. The Km values of both mutants were significantly 
higher than for the wild-type enzyme. As the Km value is generally taken as a measure of 
an enzyme’s affinity for its substrate, the results indicate that the affinity for the substrate 
is much lower for the mutants than for the wild-type enzyme. The kcat value was 
significantly higher for the triple mutant than for the wild-type enzyme. However, there 

T112A/R113G/W274K Wild-type VAP 
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was not a significant difference between the kcat value of the W274K mutant and the wild-
type enzyme.  
 As previously mentioned the amino acid composition around the active site of ECAP 
and VAP is highly conserved. The main difference in the amino acid sequence in the two 
active sites are the two amino acids – H116 and W274 – which are near the binding site of 
the magnesium ion in VAP’s active site instead of D153 and K328 in ECAP’s active site. 
The Km value for wild-type ECAP is lower than the Km value for wild-type VAP 
(Gudjónsdóttir and Ásgeirsson, 2008). If the tryptophan residue would be mutated to 
lysine, as was done in this project, one might expect that the enzyme’s affinity for its 
negatively charged substrate would increase. However, the Km value appeared to be about 
twelve times higher for the W274K mutant than for the wild-type enzyme (see table 11). 
The results are in accordance with the results of former research on VAP (Gudjónsdóttir 
and Ásgeirsson, 2008; Heidarsson et al., 2009), where a higher Km value was obtained for 
the W274K mutant than for the wild-type enzyme.  
 The orientation of the amino acid at position 274 in VAP is probably different from 
the orientation of the amino acid at position 328 in ECAP (Gudjónsdóttir and Ásgeirsson, 
2008). The tryptophan amino acid is capable of forming non-covalent interactions, e.g. 
dipole-dipole interactions and a hydrogen bond (hydrogen bond donor). Dipole-dipole 
bonds depend upon the orientation of the dipoles and the strength of the hydrogen bonds 
depends upon the orientation of the hydrogen bond donors and acceptors. The orientation 
of the W274 amino acid may, therefore, be important for its interaction with the 
magnesium ion, which plays an indirect role in the catalytic activity of APs. When W274K 
was mutated to lysine, the interaction between the amino acid at position 274 may have 
been unfavourable toward the magnesium ion, resulting in a decreased substrate binding 
affinity.  
 Previous researches by Koutsioulis et al. (2010) and Murphy et al. (1993) suggested 
that the metal ion in the M3 metal binding site can be tetrahedral or octahedral coordinated 
to its ligands. With only one amino acid substitution, the metal ion binding site can change 
between tetrahedral and octahedral. As previously mentioned the amino acid at position 
274 is near the magnesium binding site. Another possible reason for the changed kinetic 
behaviour of the W274K mutant could be that the mutation causes change in the 
magnesium ion coordination. 

If the departure of the inorganic phosphate is the rate-determining step of VAP at 
alkaline pH, one would have expected the mutation (because of the increase in the Km 
value) to facilitate the release of inorganic phosphate from the non-covalent enzyme-
phosphate complex, resulting in a higher kcat value. However, there was not a significant 
difference between the kcat value of the W274K mutant and the wild-type enzyme. The 
results, therefore, support the conclusion of Gudjónsdóttir and Ásgeirsson (2008) that the 
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rate-determining step of the W274K mutant and perhaps also the wild-type VAP may be 
different from the rate-limiting step of wild-type ECAP (Sun et al., 1999).  
 The T112A/R113E/W274K mutant had both a significantly higher Km value (823 
µM) and kcat value (390 s-1) than the wild-type enzyme (51 µM and 120 s-1). Considering 
that the Km value of the W274K mutant was 604 µM, it is reasonable to assume that the 
high Km value of the T112A/R113E/W274K mutant is mainly a result of the W274K 
mutation. 

However, unlike the W274K mutant, the kcat value of the T112A/R113E/W274K was 
significantly higher than the kcat value of the wild-type enzyme. As can be seen in figure 
33, there are fewer polar bonds in the triple mutant than in the wild-type enzyme. The 
decreased number of polar bonds could cause increased flexibility around the active site 
and facilitate the release of the product from the active site of the enzyme. This increased 
flexibility could also explain why the triple mutant has a higher Km value than the W274K 
mutant. 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 33: Comparison of the active of the T112A/R113E/W274K mutant and the 
wild-type enzyme. The figure shows the polar bonds that amino acids at position 112 
and 113 form in the T112A/R113E/W274K mutant and the wild-type enzyme. A) The 
mutated amino acids are coloured, T112A (red) and R113E (yellow) B) Wild-type 
VAP, T112 (red) and R113 (yellow). The polar bonds, that the amino acids at position 
112 and 113 form are black. These two amino acids form only seven polar bonds in 
the mutant while they form eleven polar bonds in the wild-type enzyme. The figure was 
created in the application PyMOL. 

 

4.7 The heat stability of the active site (T50%) 
The heat stability of the active site of the wild-type VAP was lower than for the two 
mutants (W274K and T112A/R113E/W274K), with a T50% value of 23.3°C. The results, 
therefore, confirm that the wild-type enzyme is very heat sensitive with a T50% value 

A) T112A/R113E/W274K B) Wild-type VAP 
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around room temperature (Hauksson et al., 2000; Gudjónsdóttir and Ásgeirsson, 2008). 
The T50% value for the triple mutant was 28.7°C and the T50% value for the W274K mutant 
was highest, at 36.3°C.  
 E. coli is a mesophilic bacterium and ECAP is, therefore, much more heat tolerant 
than VAP, which is a psychrophilic enzyme (Gudjónsdóttir and Ásgeirsson, 2008). Four 
mutations were considered necessary to produce an electrostatic potential in VAP’s active 
site, similar to the electrostatic potential of ECAP’s active site. Electrostatic potential in 
and around the active site of enzymes are thought to have important effects on the catalytic 
activity. Change in the electrostatic potential is thought to be essential for the adaptation of 
enzymes to new temperatures (Struvay and Feller, 2012). The electrostatic potential in and 
around the active site of the mutants was changed compared to the wild-type VAP. 
Although it is difficult to determine exactly how much the electrostatic potential has 
changed, it is reasonable to assume that the electrostatic potential in the mutants has 
become more similar to that of ECAP (see figure 11). Therefore, it is not surprising that the 
active sites of the mutants have more heat stability than the active site of the wild-type 
enzyme. 
 The results indicate that the active sites of both mutants are more stable than the 
active site of the wild-type enzyme. This increased stability could be reflected in less 
flexibility of the active site. The catalytic efficiency of both mutants was lower than in the 
wild-type enzyme. The results, therefore, indicate that the increased rigidity of the active 
site causes decreased catalytic efficiency. Former studies on VAP have also shown that 
catalytic activity seems to decrease as resistance toward urea inactivation increases 
(Heidarson et al., 2009). 
 As can been seen in table 12 and figure 27, the activation energy for the thermal 
inactivation of the active sites was not the same for the mutants and the wild-type enzyme. 
The activation energy for the wild-type VAP was significantly lower than the activation 
energy of the W274K mutant. The activation energy of the wild-type VAP was higher, but 
not significantly higher, than for the T112A/R113E/W274K mutant. 
 

4.8 The effect of heat on global structural 
stability 

The Tm values were determined for the wild-type enzyme and the two mutants. The Tm 
value for the wild-type enzyme (53.3°C) was significantly higher than the Tm values for the 
W274K and T112A/R113E/W274K mutants, 49.8°C and 49.4°C respectively. The changes 
in the Tm values of the mutants were not in accordance with the changes in the T50% values. 
The T50% value for the wild-type was lower than that of both mutants. This independence 
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of the local structure of the active site from the global structure has been witnessed in 
former studies on VAP (Gudjónsdóttir and Ásgeirsson, 2008). The results obtained in this 
project, therefore, confirm that changes in T50% values and Tm values do not need to be 
linked. The mutations were performed in order to change the electrostatic potential in the 
active site of the enzyme. The mutations are, therefore, very regional and, thus, it is not 
surprising that the mutations have more effect on the heat stability of the active site than on 
the global structural stability of the enzyme.  
 It should be noted, that unlike the results of this project, a former study on VAP has 
found the Tm value for the W274K mutant to be higher than that of the wild-type mutant 
(Gudjónsdóttir and Ásgeirsson, 2008). As has been shown in this project, the Strep-tag 
affects the kinetic behaviour of the enzyme. The Strep-tag could probably also have some 
effects on the structural stability of the protein. The explanation for the difference between 
these two experiments could, therefore, be that in this project the proteins were fused to a 
Strep-tag but in the other study they were not fused to a Strep-tag. 
 As can been seen from all the melting curves obtained for the W274K mutant, it is 
quite different in shape to the melting curves obtained for the wild-type and the triple 
mutant (see appendix B (figures 110-116) and figure 28). The thermal unfolding curve for 
the W274K mutant is not as sharp as the other two and a visible plateau has appeared 
between 45-50°C. This plateau indicates the presence of a stable unfolding intermediate. 
By mutating the tryptophan at position 274 to lysine, some new interaction might have 
come into existence. This new interaction could have enhanced the heat stability of the 
new intermediate. A higher temperature is needed to break the new stabilising interactions 
and, therefore, a plateau appears in the thermal unfolding curve, leading to a two-step 
unfolding curve.  
 

4.9 Promiscuous activity 
As previously mentioned, the promiscuous activity of enzymes is usually several 
magnitudes lower than the native activity. For example, the sulfatase promiscuous activity 
of ECAP is only 10-2 M-1s-1 while the native phosphatase activity is 3.0·107 M-1s-1 (O’Brien 
and Herschlag, 1998). Therefore, it is quite difficult to detect the promiscuous activity of 
enzymes. In this project, the sulfatase activity of the mutants was measured at pH 7.0, pH 
8.0 and pH 9.8 according to the sulfatase assay described in section 2.6.2. The activity was 
compared to the sulfatase activity of the wild-type VAP (negative control), the wild-type 
ECAP and the sulfatase activity of a sulfatase (positive control), measured under the same 
conditions. As can been seen in table 14, the promiscuous activity of the mutants was 
negligible compared to the promiscuous activity of the sulfatase.  As the measured 
promiscuous activity of the wild-type ECAP was not even detectable, it indicates that the 
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method itself was not working. The likely reason is that the reaction time (3 minutes) was 
too short for detecting promiscuous activity. Therefore, it is essential to find a more 
accurate and sensitive way to measure the promiscuous activity. To begin with, the wild-
type ECAP, wild-type VAP and the mutants (W274K, T112A/R113E/W274K, H116D and 
T112A/R113G) were incubated for one night at 5°C, because the wild-type VAP is very 
heat sensitive at room temperature. After 24 hours the activity at 405 nm was measured 
and our primarily result confirmed the conclusion that the promiscuous activity of VAP is 
negligible compared to the wild-type ECAP. The results also indicate that the promiscuous 
activity of the W274K and T112A/R113G mutants are higher than for the other mutants. 
However, as can be seen in figure 29 the difference in absorbance over 24 hours was quite 
low. Therefore, it was decided to keep the sample at room temperature over three nights. 
After 72 hours, a clearly detectable difference in promiscuous activity was observed. The 
activity for the wild-type ECAP and the T112A/R113E/W274K mutants was much higher 
than for the other mutants (see figure 30). The results of this preliminary experiment 
suggest that the promiscuity of the wild-type ECAP was higher than for the wild-type VAP 
and some of the mutants. Our preliminary results also indicated that the mutations had re-
awakened sulfatase promiscuous activity in VAP. The preliminary results are, therefore, 
promising and provide a starting point for further experiments. 
 One of the hypotheses of this project was that the re-awakening of sulfatase activity 
would also re-awaken a β-lactamase activity in VAP. However, the mutants did not show a 
detectable β-lactamase activity. As noted before, the promiscuous activity is very low 
compared to the native activity, therefore, it is necessary to measure the samples again over 
a longer time. 
 As previously explained, it was considered necessary to perform four mutations in 
order to re-awaken the sulfatase promiscuous activity in VAP. However, the mutants that 
were measured did not contain all four mutations. Although it is suggested that four 
mutations are necessary to obtain sulfatase activity, that does not mean that each mutation 
will provide a part of the promiscuity obtained with four mutations in an additive manner. 
For example, Weinreich et al. (2006) studied increased bacterial resistance towards 
antibiotics due to five point mutations in β-lactamase. Some combinations of these five 
mutations did not show increased drug resistance and some even had negative effects on 
the drug resistance. However, when the five mutations were combined the drug resistance 
increased. These results are in accordance to our preliminary results, which indicate that 
some mutants had gained promiscuous sulfatase activity while other mutants show no signs 
of promiscuous activity. 

It should also be noted that none of the mutants contained both the W274K and the 
H116D mutations. As previously mentioned, the two amino acids at position 274 and 116 
near the binding site of the magnesium ion are not the same in VAP and ECAP. Therefore, 
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the combination of the two mutations, H116D and W274K, might even cause a more 
detectable promiscuous activity in VAP. 

 

4.10 Conclusion  
The results obtained in this project indicate that the catalytic behaviour and the heat 
stability of the enzyme are affected by several different variables. One of these variables is 
the solvents used and it would be interesting to study their effects on the catalytic activity 
of the enzyme in more detail. Former studies indicate that the interactions between the 
monomers of VAP are important for the catalytic activity. Further studies on the effects of 
different solvents on VAP’s stability and activity could provide a better understanding of 
the monomers’ interactions.   
 Further studies on catalytic promiscuity and dormant activity could increase our 
understanding of enzyme evolution in general and provide a better explanation of the 
evolutionary relationship within protein superfamilies. Moreover, studies such as this also 
shed light on whether it is possible to use computational calculations of electrostatic 
potential in order to predict which mutations are needed to produce new enzyme activity in 
existing enzymes. 
 It would be interesting to measure the inhibition of wild-type VAP and the mutants 
by sulfate monoesters, in order to see if the accommodation of sulfate esters had changed. 

The possibility of re-awakening promiscuity is very promising. For example, the re-
awakening of β-lactamase activity in VAP could provide some indications of how β-
lactamase might be inhibited. This could, then, be used to prevent the hydrolysis of β-
lactam compounds by bacteria resistant to β-lactam antibiotics.  
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Appendix A 
 

LB-ampicillin agar plates 

 Ingredients 

3 g Agar-Agar Polvo 

200 ml 18 mΩ water 

4 tablets LB-Broth tablets  
(1.1 g per tablet, Sigma-Aldrich) 

20 mg  ampicillin 
 

Agar-Agar Polvo and water were mixed together. The mixture was boiled by heating it for 
2 minutes at maximum heat in a microwave oven. The LB-Broth tablets were added to the 
mixture and dissolved. The mixture was heated for 1 minute at maximum heat in a 
microwave oven. Because the ampicillin is sensitive to heat, the mixture was cooled down 
before the ampicillin (100 µg/ml) was added. The mixture was placed on petri disks which 
were carefully shaken to get the bubbles to the edge. The recipe is approximately for 15 
agar plates. 
 

Lamp medium 

 Ingredients 

4 tablets LB-Broth tablets 
(1.1 g per tablet, Sigma-Aldrich) 

200 ml 18 mΩ water 

20 mg ampicillin 
 

Two hundred ml of water were boiled by heating it for 2 minutes at maximum heat in a 
microwave oven. The LB-Broth tablets were added to the mixture and dissolved. The 
mixture was heated for 1 minute at maximum heat in a microwave oven. The mixture was 
cooled before the ampicillin (100 µg/ml) was added.  
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4 L of sterile LB (Luria-Bertani)-medium 

 Ingredients 

40 g Tryptone Plus 

20 g BactoTM Yeast Extract 

40 g NaCl 

4 L Water 
  

Tryptone Plus, BactoTM Yeast Extract and NaCl was mixed together and dissolved in 4 L 
of cold tab water. The pH value was adjusted between 7.5-8.0. The mixture was divided 
into nine erlenmeyer bottles (ca. 400 ml to each bottle) and autoclaved. 

 

Sterile SOC medium 

 Ingredients 

2 tablets LB-Broth tablets 
(1.1 g per tablet, Sigma-Aldrich) 

98 ml 18 mΩ water 

2 ml 20 % Glucose (1 M) 
 

The water (98 ml) was boiled by heating it for two minutes at maximum heat in a 
microwave oven. The LB-Broth tablets were added to the mixture and dissolved. The 
mixture was heated for one minute at maximum heat in a microwave oven. Two ml of 20% 
glucose were added (20 mM). 
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Buffers 
TMC buffer 
20 mM Tris 
10 mM MgCl2 
pH 8.0 
 
Regeneration buffer for Strep-Tactin column 
10 × Buffer R with HABA dissolved in TMC buffer 
 
Washing buffer 
TMC buffer containing 0.15 M NaCl 
 
Elution buffer 
TMC buffer containing 15 % (v/v) ethylene glycol and 2.5 mM desthiobiotin 
 
Buffer A 
TMC buffer containing 15% (v/v) ethylene glycol  
 
Buffer B 
TMC buffer containing 15% (v/v) ethylene glycol and 0.8 M NaCl 
 
Buffer for activity measurments (alkaline phosphatase) 
5 mM p-nitrophenyl phosphate (pNPP) 
1.0 M diethanolamine buffer  
1.0 mM MgCl2  
pH 9.8 at 25°C 
 
Buffer for CD measurments 
25 mM Mops buffer  containing 1 mM MgSO4 at pH 8.0 
 
Buffer for kinetic measurements  
0.1 M Caps buffer 
1.0 mM MgCl2.  
The buffer was adjusted to pH 9.32 at room temperature (pH 9.8 at 10°C). 
15% (v/v) ethylene glycol 
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Appendix B 
Determination of protein concentration 
The protein concentration of the purified protein samples was estimated by the Zaman and 
Verwilghen method (1979) (see section 2.5).  

 

 

 

 

 

 

 

 

 

Figure 34: The protein standard curve. An 80 mg/ml protein standard containing 
human serum albumin and gamma-globulin was used to produce the standard curve. 
The standard curve was made from six samples that contained from 10 µg to 60 µg of 
protein. The protein standard was diluted with water to the total volume of 250 µl. 
Each sample was then diluted with 2.75 ml of the Coomassie-Brilliant-Blue G-250 
dye. The blank contained 250 µl of water and 2.75 ml of the Coomassie-Brilliant-Blue 
G-250 dye. The absorbance was measured after ten minutes at 620 nm. Each sample 
was done in triplicate. The absorbance at 620 nm was plotted against the amount (µg) 
of protein in each sample. y=0.0097x, R2=0.99. 

 

DNA sequencing – Data 

Mutated VAP-genes were sequenced by Sanger DNA sequencing (Beckman Coulter 
Genomics, UK). The sequences were compared to the wild-type gene by using BLAST in 
order to verify that the mutations were present in the gene. The BLAST search was also 
used to see if some other mutations had appeared accidentally. The mutated amino acids 
are shown in red colour, the two amino acids that connect the gene to the Strep-tag are 
shown in green colour and the Strep-tag is shown in blue colour. Here is an example from 
the DNA sequencing and analysing for T112A/R113E/W274K. 
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T112A/R113E/W274K 
Forward translation 

 
EGDIQMKPIVTAVVTSTLSFNVLSAEIKNVILMIGDGMGPQQVGLLETYANQAPNSIYKGNKTAIY
QLAQEGVIGSSLTHPEDAIVVDSACSATMLATGIYSSSEVIGIDSQGNHVETVLEKAKKAGKATGL
VSDAELTHATPASFAAHQPHRSLENQIASDMLATGADVMLSGGLRHWIPKSTNDKGETYKQLEKLT
QGDVYLKSKRKDDRNLLTEAEKDGYQLAFNRNMLDDAKGDKLLGLFAYSGMDDGIAYSNKKKSGER
TQPSLKEMTQKALNILSKDEDGFFLMVEGGQIDKAGHSNDAGTMLHELLKFDEAIQTVYEWAKDRE
DTIVIVTADHETGSFGFSYSSNDLPKPQKRSGEAFADRDYAPNFNFGAFDIPEGFNNPEAKLLRA 
 
 

Query  73    ATGAAACCAATTGTTACCGCAGTGGTAACCTCTACACTCTCATTCAACGTACTTTCAGCA  132 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  124   ATGAAACCAATTGTTACCGCAGTGGTAACCTCTACACTCTCATTCAACGTACTTTCAGCA  183 
 
Query  133   GAAATCAAAAATGTCATTCTGATGATCGGCGACGGCATGGGACCTCAGCAAGTTGGCTTA  192 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  184   GAAATCAAAAATGTCATTCTGATGATCGGCGACGGCATGGGACCTCAGCAAGTTGGCTTA  243 
 
Query  193   TTGGAAACCTACGCAAACCAAGCGCCAAATTCCATCTATAAAGGGAACAAAACGGCCATT  252 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  244   TTGGAAACCTACGCAAACCAAGCGCCAAATTCCATCTATAAAGGGAACAAAACGGCCATT  303 
 
Query  253   TATCAACTTGCCCAAGAAGGGGTTATTGGTTCATCCCTAACGCATCCGGAAGACGCAATC  312 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  304   TATCAACTTGCCCAAGAAGGGGTTATTGGTTCATCCCTAACGCATCCGGAAGACGCAATC  363 
 
Query  313   GTAGTGGATTCAGCTTGCTCTGCGACCATGCTTGCAACGGGTATTTACAGCAGTTCAGAA  372 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  364   GTAGTGGATTCAGCTTGCTCTGCGACCATGCTTGCAACGGGTATTTACAGCAGTTCAGAA  423 
 
Query  373   GTGATCGGTATCGATTCCCAGGGTAACCATGTTGAGACAGTACTTGAGAAAGCaaaaaaa  432 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  424   GTGATCGGTATCGATTCCCAGGGTAACCATGTTGAGACAGTACTTGAGAAAGCAAAAAAA  483 
 
Query  433   GCAGGCAAAGCGACCGGCTTAGTTTCCGACGCAGAGTTAACTCACGCGACCCCTGCTTCT  492 
             |||||||||||||||||||||||||||||| ||   |||||||||||||||||||||||| 
Sbjct  484   GCAGGCAAAGCGACCGGCTTAGTTTCCGACACACGCTTAACTCACGCGACCCCTGCTTCT  543 
 
Query  493   TTCGCCGCTCACCAACCTCACCGTTCTTTAGAGAATCAAATTGCATCTGACATGTTAGCA  552 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  544   TTCGCCGCTCACCAACCTCACCGTTCTTTAGAGAATCAAATTGCATCTGACATGTTAGCA  603 
 
Query  553   ACGGGCGCTGATGTGATGCTCTCTGGAGGACTGCGTCATTGGATTCCTAAATCGACCAAC  612 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  604   ACGGGCGCTGATGTGATGCTCTCTGGAGGACTGCGTCATTGGATTCCTAAATCGACCAAC  663 
 
Query  613   GACAAAGGTGAAACCTATAAGCAACTTGAGAAACTGACTCAAGGTGATGTTTACCTCAAA  672 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  664   GACAAAGGTGAAACCTATAAGCAACTTGAGAAACTGACTCAAGGTGATGTTTACCTCAAA  723 
 
Query  673   TCAAAGCGTAAAGACGACCGTAACCTGCTGACTGAAGCAGAGAAAGACGGCTACCAACTG  732 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  724   TCAAAGCGTAAAGACGACCGTAACCTGCTGACTGAAGCAGAGAAAGACGGCTACCAACTG  783 
 
Query  733   GCGTTTAATCGCAACATGCTAGACGACGCTAAGGGCGATAAACTACTTGGCCTATTCGCT  792 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  784   GCGTTTAATCGCAACATGCTAGACGACGCTAAGGGCGATAAACTACTTGGCCTATTCGCT  843 
 
Query  793   TACTCGGGCATGGATGATGGCATCGCTTACAGCAACAAGAAAAAGAGTGGCGAACGAACT  852 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  844   TACTCGGGCATGGATGATGGCATCGCTTACAGCAACAAGAAAAAGAGTGGCGAACGAACT  903 
 
Query  853   CAGCCAAGCCTGAAAGAGATGACACAAAAAGCGCTCAACATCCTATCCAAAGATGAAGAT  912 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  904   CAGCCAAGCCTGAAAGAGATGACACAAAAAGCGCTCAACATCCTATCCAAAGATGAAGAT  963 
 
Query  913   GGCTTTTTCCTAATGGTCGAAGGTGGCCAAATCGACAAAGCGGGACACAGTAACGATGCA  972 
             ||||||||||||||||||||||||||||||||||||   ||||||||||||||||||||| 
Sbjct  964   GGCTTTTTCCTAATGGTCGAAGGTGGCCAAATCGACTGGGCGGGACACAGTAACGATGCA  1023 
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Query  973   GGCACCATGCTGCATGAACTGCTCAAGTTTGATGAAGCGATCCAAACGGTGTATGAATGG  1032 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1024  GGCACCATGCTGCATGAACTGCTCAAGTTTGATGAAGCGATCCAAACGGTGTATGAATGG  1083 
 
Query  1033  GCAAAAGATCGTGAAGACACGATCGTGATTGTGACCGCAGACCACGAAACAGGCTCTTTC  1092 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1084  GCAAAAGATCGTGAAGACACGATCGTGATTGTGACCGCAGACCACGAAACAGGCTCTTTC  1143 
 
Query  1093  GGTTTCAGCTACTCTTCTAACGACCTACCAAAACCACAGAAGCGTTCTGGCGAAGCCTTC  1152 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1144  GGTTTCAGCTACTCTTCTAACGACCTACCAAAACCACAGAAGCGTTCTGGCGAAGCCTTC  1203 
 
Query  1153  GCCGATCGTGACTATGCACCCAACTTTAACTTTGGCGCATTCGACATTCCTGAAGGGTTT  1212 
             ||||||||||||||||||||||||||||||||||||||||||||||||| ||| || ||| 
Sbjct  1204  GCCGATCGTGACTATGCACCCAACTTTAACTTTGGCGCATTCGACATTCTTGATGG-TTT  1262 
 
Query  1213  A-ACAACCCAGAAGCAAAGCTACTACGGGCATGACCAGCGAATTCCAAAAATTGGGATAA  1271 
             | |||||| ||||||||||||||||||| ||||| ||||||||| || || |||| |||| 
Sbjct  1263  ATACAACC-AGAAGCAAAGCTACTACGG-CATGATCAGCGAATTTCAGAAGTTGG-ATAA  1319 
 
Query  1272  -TCCCTTGCAAAC-CCTGGAAAACTGG  1296 
              || || |||||| |||| |||||||| 
Sbjct  1320  ATCGCT-GCAAACACCTGAAAAACTGG  1345 
 

Reverse translation 

CYLKSKRKDDRNLLTEAEKDGYQLAFNRNMLDDAKGDKLLGLFAYSGMDDGIAYSNKKKSGERTQP
SLKEMTQKALNILSKDEDGFFLMVEGGQIDKAGHSNDAGTMLHELLKFDEAIQTVYEWAKDREDTI
VIVTADHETGSFGFSYSSNDLPKPQKRSGEAFADRDYAPNFNFGAFDILDGLYNQKQSYYGMISEF
QKLDKSLQTPEKLAEIVNKNSEFPITAEQAKNVLASKPNPYRLAQHKYLSAEEVPAINDFDAFFPY
NDRGNLLAREQATGQNIVWGTGTHTHTPVNVFAWGPAEKILPVSKIMHHSELGEYIKQQVNSAWSP
QFEKStopStopAStopPVKStopKMAHIVRH 

 
Query  3     GTTCTTG-GAGAACCAAAAAACCCGGCAAAGCGCCCGGGTTAGTTCCGGACGCAGAGTTA  61 
             || |||| || | | |||||| | ||||||||| |||| |||||| | ||| ||   |||  
Sbjct  463   GTACTTGAGAAAGCAAAAAAAGCAGGCAAAGCGACCGGCTTAGTTTCCGACACACGCTTA  522  
  
Query  62    A-TCTCCCGGACCCTGGTTCTTTTCGCCGTTCACAAACCTCACCGGTTTTTTAG-GAATC  119 
             | || | ||  ||||| |||||| ||||| |||| |||||||||| || ||||| |||||  
Sbjct  523   ACTCACGCGACCCCTGCTTCTTT-CGCCGCTCACCAACCTCACCG-TTCTTTAGAGAATC  580  
  
Query  120   AAATT-CATTTGACATGT-AGCAACGGGCGCTGATGTGATGCTCTCTGGAGGACTGCGTC  177 
             ||||| ||| |||||||| |||||||||||||||||||||||||||||||||||||||||  
Sbjct  581   AAATTGCATCTGACATGTTAGCAACGGGCGCTGATGTGATGCTCTCTGGAGGACTGCGTC  640 
   
Query  178   ATTGGATTCCTAAATCGACCAACGACAAAGGTGAAACCTATAAGCAACTTGAGAAACTGA  237 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  641   ATTGGATTCCTAAATCGACCAACGACAAAGGTGAAACCTATAAGCAACTTGAGAAACTGA  700  
  
Query  238   CTCAAGGTGATGTT-ACCTCAAATCAAAGCGTAAAGACGACCGTAACCTGCTGACTGAAG  296 
             |||||||||||||| |||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  701   CTCAAGGTGATGTTTACCTCAAATCAAAGCGTAAAGACGACCGTAACCTGCTGACTGAAG  760 

   
Query  297   CAGAGAAAGACGGCTACCAACTGGCGTTTAATCGCAACATGCTAGACGACGCTAAGGGCG  356 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  761   CAGAGAAAGACGGCTACCAACTGGCGTTTAATCGCAACATGCTAGACGACGCTAAGGGCG  820  
  
Query  357   ATAAACTACTTGGCCTATTCGCTTACTCGGGCATGGATGATGGCATCGCTTACAGCAACA  416 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  821   ATAAACTACTTGGCCTATTCGCTTACTCGGGCATGGATGATGGCATCGCTTACAGCAACA  880  
  
Query  417   AGAAAAAGAGTGGCGAACGAACTCAGCCAAGCCTGAAAGAGATGACACAAAAAGCGCTCA  476 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  881   AGAAAAAGAGTGGCGAACGAACTCAGCCAAGCCTGAAAGAGATGACACAAAAAGCGCTCA  940  
  
Query  477   ACATCCTATCCAAAGATGAAGATGGCTTTTTCCTAATGGTCGAAGGTGGCCAAATCGACA  536 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||   
Sbjct  941   ACATCCTATCCAAAGATGAAGATGGCTTTTTCCTAATGGTCGAAGGTGGCCAAATCGACT  1000  
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Query  537   AAGCGGGACACAGTAACGATGCAGGCACCATGCTGCATGAACTGCTCAAGTTTGATGAAG  596 
               ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  1001  GGGCGGGACACAGTAACGATGCAGGCACCATGCTGCATGAACTGCTCAAGTTTGATGAAG  1060 
   
Query  597   CGATCCAAACGGTGTATGAATGGGCAAAAGATCGTGAAGACACGATCGTGATTGTGACCG  656 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  1061  CGATCCAAACGGTGTATGAATGGGCAAAAGATCGTGAAGACACGATCGTGATTGTGACCG  1120 
   
Query  657   CAGACCACGAAACAGGCTCTTTCGGTTTCAGCTACTCTTCTAACGACCTACCAAAACCAC  716 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  1121  CAGACCACGAAACAGGCTCTTTCGGTTTCAGCTACTCTTCTAACGACCTACCAAAACCAC  1180 
   
Query  717   AGAAGCGTTCTGGCGAAGCCTTCGCCGATCGTGACTATGCACCCAACTTTAACTTTGGCG  776 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  1181  AGAAGCGTTCTGGCGAAGCCTTCGCCGATCGTGACTATGCACCCAACTTTAACTTTGGCG  1240 
   
Query  777   CATTCGACATTCTTGATGGTTTATACAACCAGAAGCAAAGCTACTACGGCATGATCAGCG  836 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  1241  CATTCGACATTCTTGATGGTTTATACAACCAGAAGCAAAGCTACTACGGCATGATCAGCG  1300 
   
Query  837   AATTTCAGAAGTTGGATAAATCGCTGCAAACACCTGAAAAACTGGCTGAGATCGTCAACA  896 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  1301  AATTTCAGAAGTTGGATAAATCGCTGCAAACACCTGAAAAACTGGCTGAGATCGTCAACA  1360  
  
Query  897   AGAACAGTGAGTTCCCTATCACTGCTGAACAAGCGAAAAACGTATTAGCCAGTAAGCCGA  956 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  1361  AGAACAGTGAGTTCCCTATCACTGCTGAACAAGCGAAAAACGTATTAGCCAGTAAGCCGA  1420  
  
Query  957   ACCCATATCGACTGGCTCAGCACAAATACTTGTCGGCAGAAGAAGTACCTGCTATCAACG  1016 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  1421  ACCCATATCGACTGGCTCAGCACAAATACTTGTCGGCAGAAGAAGTACCTGCTATCAACG  1480 
   
Query  1017  ATTTCGATGCTTTCTTCCCATATAACGACCGTGGCAACTTGCTTGCTCGCGAACAAGCAA  1076 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  1481  ATTTCGATGCTTTCTTCCCATATAACGACCGTGGCAACTTGCTTGCTCGCGAACAAGCAA  1540 
   
Query  1077  CAGGTCAAAACATCGTTTGGGGTACAGGTACACATACTCACACACCAGTGAACGTGTTTG  1136 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  1541  CAGGTCAAAACATCGTTTGGGGTACAGGTACACATACTCACACACCAGTGAACGTGTTTG  1600 
   
Query  1137  CTTGGGGCCCTGCCGAGAAGATATTGCCAGTTTCGAAAATCATGCACCACTCAGAACTGG  1196 
             ||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||  
Sbjct  1601  CTTGGGGCCCTGCCGAGAAGATATTGCCAGTTTCGAAAATCATGCACCACTCAGAACTGG  1660 
   
Query  1197  GTGAGTACATTAAACAACAAGTAAAC  1222               
             ||||||||||||||||||||||||||  
Sbjct  1661  GTGAGTACATTAAACAACAAGTAAAC  1686    
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Mass spectrometry – Data 
The mass spectrometry analysis was performed according to section 2.4.5. 

 

 

Figure 35: Mass spectrometry analysis of the VAP(W274K) mutant digested with 
trypsin. The signal of molecular ions with the m/z value of 1684.6 appeared in the 
mass spectrum. This signal indicated that the mutant had a two-amino acid connection 
to the Strep-tag at its C-terminus 

 

 
Figure 36: Mass spectrometry analysis of the VAP(W274K) mutant digested with 
GluC. The signal of molecular ions with the m/z value of 1937.8 appeared in the mass 
spectrum. The signal indicated that the mutation (W274K) was present in the mutant. 
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Figure 37: Mass spectrometry analysis of the VAP(T112A/R113E/W274K) 
mutant digested with trypsin. The signal of molecular ions with the m/z value of 
2585.15, 1693.8 and 1685.7 appeared in the mass spectrum. The signals with the m/z 
value of 2585.15 and 1693.8 indicated that the mutations T112A/R113E and W274K, 
respectively, were present in the mutant. The signal of molecular ions with the m/z 
value of 1685.7 indicated that the mutant had a two-amino acid connection to the 
Strep-tag at its C-terminus. 

 

Kinetics – Data 

The data analysis application, Kaleidagraph, was used to calculate the kinetic constants Km 
and Vmax with a non-linear fit to the Michaelis-Menten equation 
(m1*m0/(m2+m0);m1=10;m2=0.1;). The kcat value was calculated from the Vmax value, 
according to following equation, where [E] is the concentration of protein sample 
measured at 280 nm.  

!!"# =
!!"#!(!"/!"#)

! !" · 60!!"#/!"# 

 

Kinetics – wild-type-St2 – 1.0 mM MgCl2, 15% ethylene glycol 

Nine different experiments were performed for wild-type VAP-St2 in a 0.1 M Caps buffer 
containing 1.0 mM MgCl2 and 15% (v/v) ethylene glycol at 10°C and pH 9.8. Each value 
was obtained from one measurement. The mean and the standard error of the mean were 
calculated for each kinetic constant: Km = 51 µM ± 3 µM, kcat=120 s-1  ± 4 s-1  and 
kcat/Km=2411 s-1mM-1 ± 140 s-1mM-1. 
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Figure 38: Non-linear fit to the Michaelis-
Menten equation, wild-type. The experiment 
was performed at 10°C and pH 9.8. pNPP in a 
0.1 M Caps buffer containing 1.0 mM MgCl2 
and 15% (v/v) ethylene glycol. Km: 55.6 µM, 
kcat: 139 s-1, kcat/Km: 2505 s-1mM-1, Vmax: 2.6 
mM/min. 

 
Figure 39: Non-linear fit to the Michaelis-
Menten equation, wild-type. The experiment 
was performed at 10°C and pH 9.8. pNPP in a 
0.1 M Caps buffer containing 1.0 mM MgCl2 
and 15% (v/v) ethylene glycol. Km: 68.8 µM, 
kcat: 131 s-1, kcat/Km: 1903 s-1µM-1, Vmax: 2.4 
mM/min. 

 
Figure 40: Non-linear fit to the Michaelis-
Menten equation, wild-type. The experiment 
was performed at 10°C and pH 9.8. pNPP in a 
0.1 M Caps buffer containing 1.0 mM MgCl2 
and 15% (v/v) ethylene glycol. Km: 50.7 µM, 
kcat: 109 s-1, kcat/Km: 2256 s-1mM-1, Vmax: 2.0 
mM/min. 

 
Figure 41: Non-linear fit to the Michaelis-
Menten equation, wild-type. The experiment 
was performed at 10°C and pH 9.8. pNPP in a 
0.1 M Caps buffer containing 1.0 mM MgCl2 
and 15% (v/v) ethylene glycol. Km: 45.9 µM, 
kcat: 133 s-1, kcat/Km: 2901 s-1mM-1, Vmax: 1.6 
mM/min. 
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Figure 42: Non-linear fit to the Michaelis-
Menten equation, wil-type. The experiment 
was performed at 10°C and pH 9.8. pNPP in a 
0.1 M Caps buffer containing 1.0 mM MgCl2 
and 15% (v/v) ethylene glycol. Km: 39.3 µM, 
kcat: 111 s-1, kcat/Km: 2829 s-1mM-1, Vmax: 1.3 
mM/min. 

 
Figure 43: Non-linear fit to the Michaelis-
Menten equation, wild-type. The experiment 
was performed at 10°C and pH 9.8. pNPP in a 
0.1 M Caps buffer containing 1.0 mM MgCl2 
and 15% (v/v) ethylene glycol. Km: 54.5 µM, 
kcat: 102 s-1, kcat/Km: 1876 s-1mM-1, Vmax: 1.2 
mM/min. 

 
Figure 44: Non-linear fit to the Michaelis-
Menten equation, wild-type. The experiment 
was performed at 10°C and pH 9.8. pNPP in a 
0.1 M Caps buffer containing 1.0 mM MgCl2 
and 15% (v/v) ethylene glycol. Km: 42.2 µM, 
kcat: 121 s-1, kcat/Km: 2869 s-1mM-1, Vmax: 1.5 
mM/min. 

 
Figure 45: Non-linear fit to the Michaelis-
Menten equation, wild-type. The experiment 
was performed at 10°C and pH 9.8. pNPP in a 
0.1 M Caps buffer containing 1.0 mM MgCl2 
and 15% (v/v) ethylene glycol. Km 44.8 µM, 
kcat: 117 s-1, kcat/Km: 2605 s-1mM-1, Vmax: 1.5 
mM/min. 
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Figure 46: Non-linear fit to the Michaelis-
Menten equation, wild-type. The experiment 
was performed at 10°C and pH 9.8. pNPP in a 
0.1 M Caps buffer containing 1.0 mM MgCl2 
and 15% (v/v) ethylene glycol. Km: 58.0 µM, 
kcat: 119 s-1, kcat/Km: 2049 s-1mM-1, Vmax: 1.5 
mM/min. 

 

 

Kinetics – wild-type-St2 – 10 mM MgCl2, 15% ethylene glycol 

Three different experiments were performed for the wild-type VAP-St2 in a 0.1 M Caps 
buffer containing 10 mM MgCl2 and 15% (v/v) ethylene glycol at 10°C and pH 9.8. Each 
value was obtained from one measurement. The mean and the standard error of the mean 
were calculated for each kinetic constant: Km = 80 µM ± 1 µM, kcat=151 s-1 ± 9 s-1 and 
kcat/Km=1904 s-1mM-1 ± 322 s-1mM-1.  
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Figure 47: Non-linear fit to the Michaelis-
Menten equation, wild-type VAP-St2, 10 
mM MgCl2. The experiment was performed 
at 10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 10 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 78.6 µM, kcat: 170 
s1, kcat/Km: 2157 s-1mM-1, Vmax: 2.0 mM/min. 

 
 
Figure 48: Non-linear fit to the Michaelis-
Menten equation, wild-type VAP-St2, 10 
mM MgCl2. The experiment was performed at 
10°C and pH 9.8. pNPP in a 0.1 M Caps buffer 
containing 10 mM MgCl2 and 15% (v/v) 
ethylene glycol. Km: 80.9 µM, kcat: 146 s1, 
kcat/Km: 1799 s-1mM-1, Vmax: 1.7 mM/min. 

 

Figure 49: Non-linear fit to the Michaelis-
Menten equation, wild-type VAP-St2, 10 
mM MgCl2. The experiment was performed 
at 10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 10 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 79.3 µM, kcat: 140 
s1, kcat/Km: 1756 s-1mM-1, Vmax: 1.6 mM/min. 
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Kinetics – wild-type-St2/St9 – 1.0 mM MgCl2, no ethylene glycol 

Three different experiments were performed for wild-type VAP-St2 in a 0.1 M Caps buffer 
containing 1.0 mM MgCl2 without ethylene glycol at 10°C and pH 9.8. Each value was 
obtained from one measurement. The mean and the standard error of the mean were 
calculated for each kinetic constant: Km = 24 µM ± 2 µM, kcat=64 s-1 ± 5 s-1 and 
kcat/Km=2763 s-1mM-1 ± 322   s-1mM-1. The same was done for VAP-St9: Km = 43 µM ± 2 
µM, kcat=188 s-1 ± 5 s-1 and kcat/Km=4424 s-1mM-1 ± 149 s-1mM-1. 
 

 
Figure 50: Non-linear fit to the Michaelis-
Menten equation, wild-type VAP-St2, no 
ethylene glycol. The experiment was 
performed at 10°C and pH 9.8. pNPP in a 0.1 
M Caps buffer containing 1.0 mM MgCl2 
without ethylene glycol. Km: 26.9 µM, kcat: 72 
s1, kcat/Km: 2666 s-1mM-1, Vmax: 1.3 mM/min. 

 
Figure 51: Non-linear fit to the Michaelis-
Menten equation, wild-type VAP-St2, no 
ethylene glycol. The experiment was 
performed at 10°C and pH 9.8. pNPP in a 0.1 
M Caps buffer containing 1.0 mM MgCl2 
without ethylene glycol. Km: 19.3 µM, kcat: 65 
s1, kcat/Km: 3363 s-1mM-1, Vmax: 1.2 mM/min. 
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Figure 52: Non-linear fit to the Michaelis-
Menten equation, wild-type VAP-St2, no 
ethylene glycol. The experiment was 
performed at 10°C and pH 9.8. pNPP in a 0.1 
M Caps buffer containing 1.0 mM MgCl2 
without ethylene glycol. Km: 19.3 µM, kcat: 65 
s1, kcat/Km: 3363 s-1mM-1, Vmax: 1.2 mM/min. 

 
Figure 53: Non-linear fit to the Michaelis-
Menten equation, wild-type VAP-St9, no 
ethylene glycol. The experiment was 
performed at 10°C and pH 9.8. pNPP in a 0.1 
M Caps buffer containing 1.0 mM MgCl2 
without ethylene glycol. Km: 41.1 µM, kcat: 193 
s1, kcat/Km: 4691 s-1mM-1, Vmax: 3.2 mM/min. 

 
Figure 54: Non-linear fit to the Michaelis-
Menten equation, wild-type VAP-St9, no 
ethylene glycol. The experiment was 
performed at 10°C and pH 9.8. pNPP in a 0.1 
M Caps buffer containing 1.0 mM MgCl2 
without ethylene glycol. Km: 46.4 µM, kcat: 194 
s1, kcat/Km: 4176 s-1mM-,1 Vmax: 3.2 mM/min. 

 
Figure 55: Non-linear fit to the Michaelis-
Menten equation, wild-type VAP-St9, no 
ethylene glycol. The experiment was 
performed at 10°C and pH 9.8. pNPP in a 0.1 
M Caps buffer containing 1.0 mM MgCl2 
without ethylene glycol. Km: 40.3 µM, kcat: 177 
s1, kcat/Km: 4405 s-1mM-1, Vmax: 3.0 mM/min. 
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Kinetics – wild-type-St9 – 1.0 mM MgCl2, 15% ethylene glycol 

Three different experiments were performed for wild-type VAP-St9 in a 0.1 M Caps buffer 
containing 1.0 mM MgCl2 and 15% (v/v) ethylene glycol at 10°C and pH 9.8. Each value 
was obtained from one measurement. The mean and the standard error of the mean were 
calculated for each kinetic constant: Km = 61 µM ± 2 µM, kcat = 199 s-1 ± 7 s-1 and 
kcat/Km=3245 s-1mM-1 ± 113 s-1mM-1.  

 

 
Figure 56: Non-linear fit to the Michaelis-
Menten equation, wild-type VAP-St9, 15% 
ethylene glycol. The experiment was 
performed at 10°C and pH 9.8. pNPP in a 0.1 
M Caps buffer containing 1.0 mM MgCl2 and 
15% (v/v) ethylene glycol. Km: 58.7 µM, kcat: 
202 s1, kcat/Km: 3443 s-1mM-1, Vmax: 3.5 
mM/min. 

 
Figure 57: Non-linear fit to the Michaelis-
Menten equation, wild-type VAP-St9, 15% 
ethylene glycol. The experiment was 
performed at 10°C and pH 9.8. pNPP in a 0.1 
M Caps buffer containing 1.0 mM MgCl2 and 
15% (v/v) ethylene glycol. Km: 64.3 µM, kcat: 
208 s1, kcat/Km: 3241 s-1mM-1, Vmax: 3.4 
mM/min. 
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Figure 58: Non-linear fit to the Michaelis-
Menten equation, wild-type VAP-St9, 15% 
ethylene glycol. The experiment was 
performed at 10°C and pH 9.8. pNPP in a 0.1 
M Caps buffer containing 1.0 mM MgCl2 and 
15% (v/v) ethylene glycol. Km: 60.9 µM, kcat: 
186 s1, kcat/Km: 3052 s-1mM-1, Vmax: 3.1 
mM/min. 

 

Kinetics – VAP(W274K) – 1.0 mM MgCl2, 15% ethylene glycol 

Twelve different experiments were performed for the W274K mutant in a 0.1 M Caps 
buffer containing 1.0 mM MgCl2 and 15% (v/v) ethylene glycol at 10°C and pH 9.8. Each 
value was obtained with one measurement. The mean and the standard error of the mean 
were calculated for each kinetic constant: Km = 604 µM ± 34 µM, kcat=114 s-1 ± 6 s-1 and 
kcat/Km=194 s-1mM-1 ± 15 s-1mM-1. 
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Figure 59: Non-linear fit to the Michaelis-
Menten equation, W274K mutant. The 
experiment was performed at 10°C and pH 
9.8. pNPP in a 0.1 M Caps buffer containing 
1.0 mM MgCl2 and 15% (v/v) ethylene glycol. 
Km: 750 µM, kcat: 110 s-1, kcat/Km: 147 s-1mM-1, 
Vmax: 1.9 mM/min. 
!

 
Figure 60: Non-linear fit to the Michaelis-
Menten equation, W274K mutant. The 
experiment was performed at 10°C and pH 
9.8. pNPP in a 0.1 M Caps buffer containing 
1.0 mM MgCl2 and 15% (v/v) ethylene glycol. 
Km: 674 µM, kcat: 92 s-1, kcat/Km: 136 s-1mM-1, 
Vmax: 1.6 mM/min. 

 
Figure 61: Non-linear fit to the Michaelis-
Menten equation, W274K mutant. The 
experiment was performed at 10°C and pH 
9.8. pNPP in a 0.1 M Caps buffer containing 
1.0 mM MgCl2 and 15% (v/v) ethylene glycol. 
Km: 708 µM, kcat: 88 s-1, kcat/Km: 124 s-1mM-1, 
Vmax: 1.5 mM/min. 

 
Figure 62: Non-linear fit to the Michaelis-
Menten equation, W274K mutant. The 
experiment was performed at 10°C and pH 
9.8. pNPP in a 0.1 M Caps buffer containing 
1.0 mM MgCl2 and 15% (v/v) ethylene glycol. 
Km: 566 µM, kcat: 100 s-1, kcat/Km: 179 s-1mM-1 
Vmax: 1.8 mM/min. 
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Figure 63: Non-linear fit to the Michaelis-
Menten equation, W274K mutant. The 
experiment was performed at 10°C and pH 
9.8. pNPP in a 0.1 M Caps buffer containing 
1.0 mM MgCl2 and 15% (v/v) ethylene glycol. 
Km: 439 µM, kcat: 84 s-1, kcat/Km: 196 s-1mM-1, 
Vmax: 1.5 mM/min. 

 
Figure 64: Non-linear fit to the Michaelis-
Menten equation, W274K mutant. The 
experiment was performed at 10°C and pH 
9.8. pNPP in a 0.1 M Caps buffer containing 
1.0 mM MgCl2 and 15% (v/v) ethylene glycol. 
Km: 641 µM, kcat: 97 s-1, kcat/Km: 152 s-1mM-1, 
Vmax: 1.7 mM/min. 

 
Figure 65: Non-linear fit to the Michaelis-
Menten equation, W274K mutant. The 
experiment was performed at 10°C and pH 
9.8. pNPP in a 0.1 M Caps buffer containing 
1.0 mM MgCl2 and 15% (v/v) ethylene glycol. 
Km: 658 µM, kcat: 137 s-1, kcat/Km: 208 s-1mM-1, 
Vmax: 2.4 mM/min. 

 
Figure 66: Non-linear fit to the Michaelis-
Menten equation, W274K mutant. The 
experiment was performed at 10°C and pH 
9.8. pNPP in a 0.1 M Caps buffer containing 
1.0 mM MgCl2 and 15% (v/v) ethylene glycol. 
Km: 481 µM, kcat: 122 s-1, kcat/Km: 253 s-1mM-1, 
Vmax: 2.1 mM/min. 
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Figure 67: Non-linear fit to the Michaelis-
Menten equation, W274K mutant. The 
experiment was performed at 10°C and pH 
9.8. pNPP in a 0.1 M Caps buffer containing 
1.0 mM MgCl2 and 15% (v/v) ethylene glycol. 
Km: 435 µM, kcat: 116 s-1, kcat/Km: 266 s-1mM-1, 
Vmax: 2.0 mM/min. 

 
Figure 68: Non-linear fit to the Michaelis-
Menten equation, W274K mutant. The 
experiment was performed at 10°C and pH 
9.8. pNPP in a 0.1 M Caps buffer containing 
1.0 mM MgCl2 and 15% (v/v) ethylene glycol. 
Km: 561 µM, kcat: 146 s-1, kcat/Km: 261 s-1mM-1, 
Vmax: 1.9 mM/min. 

 
Figure 69: Non-linear fit to the Michaelis-
Menten equation, W274K mutant. The 
experiment was performed at 10°C and pH 
9.8. pNPP in a 0.1 M Caps buffer containing 
1.0 mM MgCl2 and 15% (v/v) ethylene glycol. 
Km: 579 µM, kcat: 138 s-1, kcat/Km: 239 s-1mM-1, 
Vmax: 1.8 mM/min. 

 
Figure 70: Non-linear fit to the Michaelis-
Menten equation, W274K mutant. The 
experiment was performed at 10°C and pH 
9.8. pNPP in a 0.1 M Caps buffer containing 
1.0 mM MgCl2 and 15% (v/v) ethylene glycol. 
Km: 777 µM, kcat: 136 s-1, kcat/Km: 175 s-1mM-1, 
Vmax: 1.8 mM/min. 
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Kinetics – VAP(T112A/R113E/W274K) – 1.0 mM MgCl2, 15% 
ethylene glycol 

Twelve different experiments were performed for the T112A/R113E/W274K mutant in a 
0.1 M Caps buffer containing 1.0 mM MgCl2 and 15% (v/v) ethylene glycol at 10°C and 
pH 9.8. Each value consist of one measurement. The mean and the standard error of the 
mean were calculated for each kinetic constant: Km = 823 µM ± 54 µM, kcat=390 s-1 ± 16 s-1 
and kcat/Km =489 s-1mM-1 ± 25 s-1mM-1. 

 
Figure 71: Non-linear fit to the Michaelis-
Menten equation, T112A/R113E/W274K 
mutant. The experiment was performed at 
10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 1.0 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 969 µM, kcat: 392 s-1, 
kcat/Km: 405 s-1mM-1, Vmax: 5.8 mM/min. 

 
Figure 72: Non-linear fit to the Michaelis-
Menten equation, T112A/R113E/W274K 
mutant. The experiment was performed at 
10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 1.0 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 888 µM, kcat: 369 s-1, 
kcat/Km: 416 s-1mM-1, Vmax: 5.4 mM/min. 
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Figure 73: Non-linear fit to the Michaelis-
Menten equation, T112A/R113E/W274K 
mutant. The experiment was performed at 
10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 1.0 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 1010 µM, kcat: 371   
s-1, kcat/Km: 367 s-1mM-1, Vmax: 5.4 mM/min. 

 
Figure 75: Non-linear fit to the Michaelis-
Menten equation, T112A/R113E/W274K 
mutant. The experiment was performed at 
10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 1.0 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 879 µM, kcat: 394 s-1, 
kcat/Km: 449 s-1mM-1, Vmax: 3.5 mM/min. 

 
Figure 74: Non-linear fit to the Michaelis-
Menten equation, T112A/R113E/W274K 
mutant. The experiment was performed at 
10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 1.0 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 713 µM, kcat: 366 s-1, 
kcat/Km: 513 s-1mM-1, Vmax: 3.2 mM/min. 

 
Figure 76: Non-linear fit to the Michaelis-
Menten equation, T112A/R113E/W274K 
mutant. The experiment was performed at 
10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 1.0 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 852 µM, kcat: 393 s-1, 
kcat/Km: 461 s-1mM-1, Vmax: 3.5 mM/min. 
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Figure 77: Non-linear fit to the Michaelis-
Menten equation, T112A/R113E/W274K 
mutant. The experiment was performed at 
10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 1.0 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 696 mM, kcat: 330 s-1, 
kcat/Km: 474 s-1mM-1, Vmax: 3.2 mM/min. 

 
Figure 78: Non-linear fit to the Michaelis-
Menten equation, T112A/R113E/W274K 
mutant. The experiment was performed at 
10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 1.0 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 500 µM, kcat: 314 s-1, 
kcat/Km: 627 s-1mM-1, Vmax: 3.1 mM/min. 

 Figure 79: Non-linear fit to the Michaelis-
Menten equation, T112A/R113E/W274K 
mutant. The experiment was performed at 
10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 1.0 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 545 µM, kcat: 348 s-1, 
kcat/Km: 663 s-1mM-1, Vmax: 3.5 mM/min. 

 Figure 80: Non-linear fit to the Michaelis-
Menten equation, T112A/R113E/W274K 
mutant. The experiment was performed at 
10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 1.0 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 809 µM, kcat: 430 s-1, 
kcat/Km: 530 s-1mM-1, Vmax: 3.8 mM/min. 
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Figure 81: Non-linear fit to the Michaelis-
Menten equation, T112A/R113E/W274K 
mutant. The experiment was performed at 
10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 1.0 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 914 µM, kcat: 473 s-1, 
kcat/Km: 518 s-1mM-1, Vmax: 4.0 mM/min. 

 
Figure 82: Non-linear fit to the Michaelis-
Menten equation, T112A/R113E/W274K 
mutant. The experiment was performed at 
10°C and pH 9.8. pNPP in a 0.1 M Caps 
buffer containing 1.0 mM MgCl2 and 15% 
(v/v) ethylene glycol. Km: 1110 µM, kcat:  508 
s-1, kcat/Km: 456 s-1mM-1, Vmax: 3.5 mM/min. 

 

Heat stability of the active site – Data 
The heat stability of the active site was measured according to section 2.8.1. Three 
experiments were performed for the wild-type VAP. Three experiments were also 
performed for each VAP mutant (W274K and T112A/R113E/W274K). 
 

Heat stability of the active site – wild-type VAP 

Table 15: T50% values for the wild-type VAP. The enzyme was incubated at 
different temperatures in a TMC buffer (20 mM Tris, 10 mM MgCl2, pH 8.0). The 
activity was measured under transphosphorylating conditions after different 
incubation times (5 mM pNPP dissolved in 1.0 M diethanolamine buffer containing 
1.0 mM MgCl2 at pH 9.8). The mean and the standard error of the mean are shown in 
the table. 

 T50% (°C) Ea (kJ/mol) 

1 (100609) 21.8 143 
2 (100609) 23.3 135 
3 (100624) 24.7 100 

Mean 23.3 126 

SEM 0.8 13 
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Figure 83: Heat inactivation of the wild-type VAP 
(100609) in 20 mM Tris buffer containing 10 mM 
MgSO4 at pH 8.0. This experiment (no.1) was performed 
at five different temperatures: ● 15°C, ● 19°C, ● 22°C, ● 
25°C, ● 28°C. The remaining activity was measured after 
different incubating times under transphosphorylating 
conditions (5 mM pNPP dissolved in 1.0 M 
diethanolamine buffer containing 1.0 mM MgCl2 at pH 
9.8). Calculated T50% value is 21.8°C. 

 
Figure 84: An Arrhenius graph for the heat 
inactivation of wild-type VAP (100609) in 20 mM Tris 
buffer containing 10 mM MgSO4 at pH 8.0. This 
experiment was performed at five different temperatures: 
15°C, 19°C, 22°C, 25°C and 28°C. Trend line:             
y=-17.2x+50.3 R2: 0.953. T50%=295 K/21.8°C. 

 
Figure 85: Thermal inactivation of the wild-type VAP 
(100609) in 20 mM Tris buffer containing 10 mM 
MgSO4 at pH 8.0. This experiment (no.2) was performed 
at six different temperatures: ● 18°C, ● 20°C, ● 22°C, ● 
24°C, ● 26°C, ● 28°C. The activity was measured after 
different incubating times under transphosphorylating 
conditions (5 mM pNPP dissolved in 1.0 M 
diethanolamine buffer containing 1.0 mM MgCl2 at pH 
9.8). Calculated T50% value is 23.3°C. 

Figure 86: An Arrhenius graph for the heat 
inactivation of wild-type VAP (100609) in 20 mM Tris 
buffer containing 10 mM MgSO4 at pH 8.0. This 
experiment was performed at six different temperatures: 
18°C, 20°C, 22°C, 24°C, 26°C and 28°C. Trend line:  
y=-16.2x + 46.8 R2: 0.992. T50%=296 K/23.3°C. 
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Figure 87: Thermal inactivation of the wild-type VAP 
(100624) in 20 mM Tris buffer containing 10 mM 
MgSO4 at pH 8.0. This experiment (no.3) was performed 
at five different temperatures: ● 18°C, ● 20°C, ● 22°C, ● 
24°C, ● 26°C, ● 28°C. The activity was measured after 
different incubating times under transphosphorylating 
conditions conditions (5 mM pNPP dissolved in 1.0 M 
diethanolamine buffer containing 1.0 mM MgCl2 at pH 
9.8). Calculated T50% value is 24.7°C. 
 
 
 

Figure 88: An Arrhenius graph for the heat 
inactivation of wild-type VAP (100624) in 20 mM Tris 
buffer containing 10 mM MgSO4 at pH 8.0. This 
experiment was performed at six different temperatures: 
18°C, 20°C, 22°C, 24°C, 26°C and 28°C. Trend line:  
y=-12.1x + 32.7 R2: 0.895. T50%=298 K/24.7°C. 

 

Heat stability of the active site – VAP(W274K) mutant 

 

Table 16: T50% values for the VAP(W274K) mutant. The enzyme was incubated at 
different temperatures in a TMC buffer (20 mM Tris, 10 mM MgCl2, pH 8.0). The 
activity was measured under transphosphorylating conditions after different 
incubation times (5 mM pNPP dissolved in 1.0 M diethanolamine buffer containing 
1.0 mM MgCl2 at pH 9.8). The mean and the standard error of the mean are shown in 
the table. 

 
T50% (°C) Ea (kJ/mol) 

1 36.2 320 
2 36.2 241 
3 36.4 221 

Mean 36.3 261 
SEM 0.1 30 
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Figure 89: Thermal inactivation of the VAP(W274K) 
mutant in 20 mM Tris buffer containing 10 mM 
MgSO4 at pH 8.0. This experiment (no. 1) was 
performed at six different temperatures: ● 32°C, ● 34°C, 
● 36°C, ● 37°C, ● 38°C, ● 40°C. The activity was 
measured after different incubating times under 
transphosphorylating conditions (5 mM pNPP dissolved 
in 1.0 M diethanolamine buffer containing 1.0 mM MgCl2 
at pH 9.8). Calculated T50% value is 36.2°C. 

 
Figure 90: An Arrhenius graph for the heat 
inactivation of the VAP(W274K) mutant in 20 mM 
Tris buffer containing 10 mM MgSO4 at pH 8.0. This 
experiment was performed at six different temperatures: 
32°C, 34°C, 36°C, 37°C, 38°C and 40°C. Trend line:  
y=-37.4x+112.9 R2: 0.931. T50%=309 K/36.2°C. 

 
Figure 91: Thermal inactivation of the VAP(W274K) 
mutant in 20 mM Tris buffer containing 10 mM 
MgSO4 at pH 8.0. This experiment (no. 2) was 
performed at six different temperatures: ● 32°C, ● 34°C, 
● 36°C, ● 37°C, ● 38°C. The activity was measured after 
different incubating times under transphosphorylating 
conditions (5 mM pNPP dissolved in 1.0 M 
diethanolamine buffer containing 1.0 mM MgCl2 at pH 
9.8). Calculated T50% value is 36.2°C. 

 
Figure 92: An Arrhenius graph for the heat 
inactivation of the VAP(W274K) mutant in 20 mM 
Tris buffer containing 10 mM MgSO4 at pH 8.0. This 
experiment was performed at five different temperatures: 
32°C, 34°C, 36°C, 37°C and 38°C. Trend line:             
y=-29.0x+85.9 R2: 0.934. T50%=309 K/36.2°C. 
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Figure 93: Thermal inactivation of the VAP(W274K) 
mutant in 20 mM Tris buffer containing 10 mM 
MgSO4 at pH 8.0. This experiment (no. 3) was 
performed at six different temperatures: ● 32°C, ● 34°C, 
● 36°C, ● 37°C, ● 38°C. The activity was measured after 
different incubating times under transphosphorylating 
conditions (5 mM pNPP dissolved in 1.0 M 
diethanolamine buffer containing 1.0 mM MgCl2 at pH 
9.8). Calculated T50% value is 36.4°C. 

 
Figure 94: An Arrhenius graph for the heat 
inactivation of the VAP(W274K) mutant in 20 mM 
Tris buffer containing 10 mM MgSO4 at pH 8.0. This 
experiment was performed at five different temperatures: 
32°C, 34°C, 36°C, 37°C and 38°C. Trend line:            
y=-26.6x+78.0 R2: 0.919. T50%=310 K/36.4°C. 

 

Heat stability of the active site – VAP(T112A/R113E/W274K) 
mutant 

Table 17: T50% values for the VAP(T112A/R113E/W274K) mutant. The enzyme 
was incubated at different temperatures in a TMC buffer (20 mM Tris, 10 mM MgCl2, 
pH 8.0). The activity was measured under transphosphorylating conditions after 
different incubation times (5 mM pNPP dissolved in 1.0 M diethanolamine buffer 
containing 1.0 mM MgCl2 at pH 9.8). The mean and the standard error of the mean 
are shown in the table. 

 
T50% (°C) Ea (kJ/mol) 

1 28.7 133 
2 29.4 52 
3 28.1 68 

Mean 28.7 84 
SEM 0.4 25 
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Figure 95: Thermal inactivation of the 
VAP(T112A/R113E/W274K) mutant in 20 mM Tris 
buffer containing 10 mM MgSO4 at pH 8.0. This 
experiment (no. 1) was performed at five different 
temperatures: ● 24°C, ● 26°C, ● 28°C, ● 32°C, ● 34°C. 
The activity was measured after different incubating 
times under transphosphorylating conditions (5 mM 
pNPP dissolved in 1.0 M diethanolamine buffer 
containing 1.0 mM MgCl2 at pH 9.8). Calculated T50% 
value is 29.4°C. 

Figure 96: An Arrhenius graph for the heat 
inactivation of the VAP(W274K) mutant in 20 mM 
Tris buffer containing 10 mM MgSO4 at pH 8.0. This 
experiment was performed at five different temperatures: 
24°C, 26°C, 28°C, 32°C and 34°C. Trend line:            
y=-6.19x+12.6 R2: 0.842. T50%=303 K/29.4°C. 

Figure 97: Thermal inactivation of the 
VAP(T112A/R113E/W274K) mutant in 20 mM Tris 
buffer containing 10 mM MgSO4 at pH 8.0. This 
experiment (no. 1) was performed at five different 
temperatures: ● 24°C, ● 26°C, ● 27°C, ● 28°C, ● 32°C. 
The activity was measured after different incubating 
times under transphosphorylating conditions (5 mM 
pNPP dissolved in 1.0 M diethanolamine buffer 
containing 1.0 mM MgCl2 at pH 9.8). Calculated T50% 
value is 28.7°C. 

Figure 98: An Arrhenius graph for the heat 
inactivation of the VAP(W274K) mutant in 20 mM 
Tris buffer containing 10 mM MgSO4 at pH 8.0. This 
experiment was performed at five different temperatures: 
24°C, 26°C, 27°C, 28°C and 32°C. Trend line:             
y=-16.0x+45.0, R2: 0.867. T50%=302 K/28.7°C. 
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Figure 99: Thermal inactivation of the 
VAP(T112A/R113E/W274K) mutant in 20 mM Tris 
buffer containing 10 mM MgSO4 at pH 8.0. This 
experiment (no. 1) was performed at five different 
temperatures: ● 26°C, ● 27°C, ● 28°C, ● 29°C, ● 31°C. 
The activity was measured after different incubating 
times under transphosphorylating conditions (5 mM 
pNPP dissolved in 1.0 M diethanolamine buffer 
containing 1.0 mM MgCl2 at pH 9.8). Calculated T50% 
value is 28.1°C. 

Figure 100: An Arrhenius graph for the heat 
inactivation of the VAP(W274K) mutant in 20 mM 
Tris buffer containing 10 mM MgSO4 at pH 8.0. This 
experiment was performed at five different temperatures: 
26°C, 27°C, 28°C, 29°C and 31°C. Trend line:             
y=-8.2x 19.4, R2: 0.973. T50%=301 K/28.1°C. 

 

Effect of heat on global structural stability (CD) 
– Data 
The circular dichroism was measured at 222 nm in order to detect the global structural heat 
stability. The protein samples were dialysed against 25 mM Mops buffer (pH 8.0) 
containing 1 mM MgSO4.  400 µl of sample was placed in a 0.2 cm cuvette. The 
temperature was increased from 20°C – 80°C at a rate of 1°C/min. The data was 
normalised as a function of unfolded protein. The data analysis application, Kaleidagraph, 
was used to calculate the Tm value from the normalised data (m1+m2/(1+exp(-(m0-
m3)/m4));m1=0.1;m2=0.5;m3=50;m4=0.5). Next three sections show the calculated 
denaturation-curves for the wild-type VAP and the two mutants (W274K and 
T112A/R113E/W274K). 
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CD – wild-type VAP 

Table 18: Tm values for the wild-type VAP. Nine different experiments were carried 
out for the wild-type enzyme in 25 mM Mops buffer (pH 8.0) containing 1 mM MgSO4. 
The circular dichroism was measured at 222 nm as a function of temperature, 20°C-
80°C. The temperature was increased at the rate of 1°C/min. 

 Tm (°C) 
1 54.2 
2 54.2 
3 53.5 
4 54.1 
5 53.6 
6 53.5 
7 53.0 
8 51.7 
9 51.9 

Mean 53.3 
SEM 0.3 

 
Figure 101: Structural stability of wild-type 
VAP in 25 mM Mops buffer (pH 8.0) 
containing 1.0 mM MgSO4. Tm: 54.2°C. 
(purified 100609). 

 
Figure 102: Structural stability of wild-type 
VAP in 25 mM Mops buffer (pH 8.0) 
containing 1.0 mM MgSO4. Tm: 54.2°C. 
(purified 100609). 
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Figure 103: Structural stability of wild-type 
VAP in 25 mM Mops buffer (pH 8.0) 
containing 1.0 mM MgSO4. Tm: 53.5°C. 
(purified 100609). 

 
Figure 104: Structural stability of wild-type 
VAP in 25 mM Mops buffer (pH 8.0) 
containing 1.0 mM MgSO4. Tm: 54.1°C. 
(purified 100609). 

 
Figure 105: Structural stability of wild-type 
VAP in 25 mM Mops buffer (pH 8.0) 
containing 1.0 mM MgSO4. Tm: 53.5°C. 
(purified 100609). 
 
 
 

 
Figure 106: Structural stability of wild-type 
VAP in 25 mM Mops buffer (pH 8.0) 
containing 1.0 mM MgSO4. Tm: 53.5°C. 
(purified 100609). 
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Figure 107: Structural stability of wild-type 
VAP in 25 mM Mops buffer (pH 8.0) 
containing 1.0 mM MgSO4. Tm: 53.0°C. 
(purified 100609). 

 
Figure 108: Structural stability of wild-type 
VAP in 25 mM Mops buffer (pH 8.0) 
containing 1.0 mM MgSO4. Tm: 51.7°C. 
(purified 100624). 

 
Figure 109: Structural stability of wild-type 
VAP in 25 mM Mops buffer (pH 8.0) 
containing 1.0 mM MgSO4. Tm: 51.9°C. 
(purified 100624). 
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CD – VAP(W274K) mutant 

Table 19: Tm values for the VAP(W274K) mutant. Seven different experiments 
were carried out for the VAP(W274K) mutant in 25 mM Mops buffer (pH 8.0) 
containing 1 mM MgSO4. The circular dichroism was measured at 222 nm as a 
function of temperature, 20°C-80°C. The temperature was increased at the rate of 
1°C/min. 

 
Tm (°C) 

1 48.2 
2 49.3 
3 50.0 
4 49.0 
5 51.3 
6 49.5 
7 51.6 

mean 49.8 
SEM 0.5 

 

!
Figure 110: Structural stability of the 
VAP(W274K) mutant in 25 mM Mops 
buffer (pH 8.0) containing 1.0 mM MgSO4.  
Tm: 48.2°C. 
 
 

!
Figure 111: Structural stability of the 
VAP(W274K) mutant in 25 mM Mops 
buffer (pH 8.0) containing 1.0 mM MgSO4. 
Tm: 49.3°C.!
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!
Figure 112: Structural stability of the 
VAP(W274K) mutant in 25 mM Mops 
buffer (pH 8.0) containing 1.0 mM MgSO4.  
Tm: 50.0°C.!

!
Figure 113: Structural stability of the 
VAP(W274K) mutant in 25 mM Mops 
buffer (pH 8.0) containing 1.0 mM MgSO4.  
Tm: 49.0°C.!

!
Figure 114: Structural stability of the 
VAP(W274K) mutant in 25 mM Mops 
buffer (pH 8.0) containing 1.0 mM MgSO4.  
Tm: 51.3°C. 
 
!

 
Figure 115: Structural stability of the 
VAP(W274K) mutant in 25 mM Mops 
buffer (pH 8.0) containing 1.0 mM MgSO4.  
Tm: 49.5°C.!
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!
Figure 116: Structural stability of the 
VAP(W274K) mutant in 25 mM Mops 
buffer (pH 8.0) containing 1.0 mM MgSO4.  
Tm: 51.6°C.!

!

 

 

 

CD – VAP(T112A/R113E/W274K) mutant 

 

Table 20: Tm values for the VAP(T112A/R113E/W274K) mutant. Six different 
experiments were carried out for the VAP(T112A/R113E/W274K) mutant in 25 mM 
Mops buffer (pH 8.0) containing 1 mM MgSO4. The circular dichroism was measured 
at 222 nm as a function of temperature, 20°C-80°C. The temperature was increased at 
the rate of 1°C/min 

 
Tm (°C) 

1 52.5 
2 47.6 
3 47.6 
4 50.6 
5 50.0 
6 48.1 

mean 49.4 
SEM 0.8 
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!
Figure 117: Structural stability of the VAP 
(T112A/R113E/W274K ) mutant in 25 mM 
Mops buffer (pH 8.0) containing 1.0 mM 
MgSO4. Tm: 52.5°C.!

!
Figure 118: Structural stability of the VAP 
(T112A/R113E/W274K ) mutant in 25 mM 
Mops buffer (pH 8.0) containing 1.0 mM 
MgSO4. Tm: 47.6°C.!

!
 
Figure 119: Structural stability of the VAP 
(T112A/R113E/W274K ) mutant in 25 mM 
Mops buffer (pH 8.0) containing 1.0 mM 
MgSO4. Tm: 47.6°C.!

!
 
Figure 120: Structural stability of the VAP 
(T112A/R113E/W274K ) mutant in 25 mM 
Mops buffer (pH 8.0) containing 1.0 mM 
MgSO4. Tm: 50.6°C. 
 
 
 
 
 
!
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!
Figure 121: Structural stability of the VAP 
(T112A/R113E/W274K ) mutant in 25 mM 
Mops buffer (pH 8.0) containing 1.0 mM 
MgSO4. Tm: 50.0°C.!

!
Figure 122: Structural stability of the VAP 
(T112A/R113E/W274K ) mutant in 25 mM 
Mops buffer (pH 8.0) containing 1.0 mM 
MgSO4. Tm: 48.1°C.!

 


