
 

 
 

Affecting binding of chloride ions to Vibrio 
alkaline phosphatase with site-directed 

mutagenesis 
 
 
 
 
 
 
 
 
 
 

Ingi Jón Francis Williams 
 
 

 
 

  
 

Faculty of Physical Sciences 
University of Iceland  

2020 





 
  



 

 
 
 
 

Affecting binding of chloride ions to Vibrio 
alkaline phosphatase with site-directed 

mutagenesis 
 
 
 
 
 

Ingi Jón Francis Williams 
 
 
 

 
15 ECTS thesis submitted in partial fulfillment of a                             
Baccalaureus Scientiarum degree in biochemistry 

 
 
 
 

Supervisor: 

Jens G. Hjörleifsson 

Co-supervisor: 

Bjarni Ásgeirsson 

 
 
 
 

 
 

 
 

Faculty of Physical Sciences  
School of Engineering and Natural Sciences 

University of Iceland 
Reykjavik, May 2020 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Affecting binding of chlorine ions to Vibrio alkaline phosphatase with site-directed 
mutagenesis. 
15 ECTS thesis submitted in partial fulfillment of a B.Sc. degree in biochemistry 
 
Copyright © 2020  Ingi Jón Francis Williams 
All rights reserved 
 
 
Faculty of Physical Sciences 
School of Engineering and Natural Sciences 
University of Iceland 
Dunhagi 3 
107, Reykjavik 
Iceland 
 
Telephone: 525 4000 
 
 
 
Bibliographic information: 
Ingi Jón Francis Williams, 2020, Affecting binding of chloride ions to Vibrio alkaline 
phosphatase with site-directed mutagenesis, B.Sc. thesis, Faculty of Physical Sciences, 
University of Iceland. 
 
 
Printing: Háskólaprent, Fálkagata 2, 107 Reykjavík 
Reykjavík, Iceland, May 2020 
 





 

Útdráttur 
Í þessari rannsókn var alkalískur fosfatasi úr kuldakæru sjávarörverunni Vibrio splendidus 

(VAP) skoðaður en síðastliðin ár hafa rannsóknir á alkalískum fosfatasa upplýst margt um 

virkni þess og byggingu. Áhersla hefur verið lögð á að rannska víxlverkanir við NaCl, en 

nýlega tókst að greina kristalsbyggingu ensímsins við kristalaðstæður með líffræðilegum 

styrk NaCl í sjó, og þar með gera grein fyrir bindingu klórjóna í tvö bindiset. Í þessu verkefni 

var fengist við að koma fyrir þremur einstökum stökkbreytingum í ensíminu til að riðla 

bindingu klórs og kanna áhrif áhrif þessara stökkbreyttu afbrigða með tilliti til virkni og 

stöðugleika í mismunandi styrk af salti. Afbrigðin þrjú: K422L, Y423F og A221D voru 

rannsökuð og áhrif NaCl á virkni og stöðugleika. Öll afbrigði sýndu háa virkni með auknu 

magni af salti en Y423F reyndist vera óstöðugastur meðal afbrigðanna þegar borin voru 

saman T50% gildi þess við villigerð, á meðan áhrif á K422L voru vægari m.t.t. stöðugleika. 

Á hinn bóginn reyndist A221 hafa lítil áhrif á stöðugleika, með svipuð T50% gildi og villigerð. 

Abstract 
In this study, alkaline phosphatase from the cold adapted marine bacterium Vibrio splendidus 

(VAP), was examined. Research on VAP over the past few years, has indicated a complex 

relationship with NaCl on activity, structure and stability of the enzyme. The focus has been 

on the interactions between NaCl and the enzyme. Recently its crystal structure was solved 

in the presence of NaCl, where two novel binding sites of chloride were discovered. In this 

project site-directed mutagenesis was performed with the intention of disrupting chloride ion 

binding. The three variants: K422L, Y423F and A221D were analysed and  the effect of 

NaCl on activity and stability was examined. All variants showed high activity under 

increasing salt concentration, but among the variants, Y423F was the most unstable when 

comparing its T50% values to the wild-type, while the destabilizing effect on K422L was 

smaller. On the other hand, there was very little effect on the thermal stability of A221D,  

with similar T50% values as the wild-type.
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1 Introduction 
 

1.1 Alkaline phosphatase 
Since their discovery dating back to the 1920s, alkaline phosphatases (APs) have been one 

of the most researched and widely found enzymes in nature, being found in as diverse 

organisms as mammals and bacteria. As extracellular enzymes their function is to catalye 

the hydrolysis or transphosphorylation of phosphsomonoesters under conditions where the 

optimum pH is alkaline, hence the name [1, 2]. Their structure being classified as 

homodimeric, with each monomer consisting of an α/β structure, with α-helices located on 

either side of the β-sheet buried in the center of each monomer. While their structure can 

vary in detail and depending on the organism they are found in, is the active site region 

highly conserved [3]. 

1.2 Vibrio alkaline phosphatase 
Vibrio alkaline phosphatase (VAP) is an AP variant from the Vibrio splendidus, which was 

first isolated by Hauksson et al. (2000). Various bacterial strains, were collected from sea 

water and the strain with the most alkaline phosphatase activity amongst other criteria such 

as the expression and column purification specificicty was sought for. The AP that had met 

the criteria came frome the V. G15-21 strain, which was later confirmed belonging to the 

species V. splendidus [4], thus resulting in the name Vibrio splendidus alkaline phosphatase 

(VAP). 

1.2.1 Structure and active site 

VAP was first considered to be active as a monomer (Hauksson et al. 2000), but was later 

proven to be homodimeric when its crystal structure was solved [3] (Figure 1). Each 

monomer weighs around 55 kDa, consisting of 502 amino acid residues which would make 

this one of the largest known AP. The two domains that make up each monomer, are 
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comprised of the α/β domain which forms a layered α-β-α sandwich and the crown domain. 

The crown domain, being the most variable part in size, compared to other APs, has been 

thought to contribute mainly in dimerization [5], with other contributions regarding activity 

and allosteric regulation [6]. In the case of mammals, a decrease in activity of the tissue non-

specific-AP has been brought on by a mutation in this region, resulting in perinatal 

hypophosphatasia [7]. 

 

 
Figure 1. Crystal structure of VAP (PDB: 3E2D), a ribbon representation showcasing each 

monomer in red and blue respectively, with the catalytic zinc and magnesium ions in the active site 
represented as gold and green spheres. Figure was taken from [3]. 

 

One feature related to the enzymes cold-adaption is credited to disulfide bonds being vacant 

in the folded structure, as compared to the E. coli alkaline phosphatase (ECAP) [8, 9]. When 

disulfide bonds had been been introduced to the active site, via site-directed mutagenesis, 

heat stability increased with the negating effect being a substantial decrease in kcat and Km 

[9].  

The active site within each monomer of APs, found within the crevice, between the two 

subunit domains, has three coordinating metal ions residing in each active site; two zinc ions 

that are bound in metal binding sites M1 and M2, and a single magnesium ion bound at M3 

[10].  These metal ions have been shown to be essential when it comes to catalysis and 

stability of the enzyme, with each having a direct role in the enzymes catalysis [11]. Another 
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noticeable feature are the two, highly preserved residues in all APs that contribute to 

catalysis; R129 and S65, which correspond to residues S102 and R166 in ECAP [2]. 

 

 

 
Figure 2. Active site structure of VAP (PDB: 3E2D) with residues in proximity to metal ligands. 

Water molecules represented as red spheres, with a sulfate ion at the active site, bound as a 
competetive inhibitor. Figure taken at [12]. 

 

Trp274 is a residue in the active site that is unique to VAP and other homologous Aps, 

residing where a Lys residue is otherwise found in ECAP. It binds to a network of water 

molecules and is involved in the coordination of the active site magnesium ion. The same 

water molecule bound by Trp274 also binds to the sulfate ion at the active site. The 

importance of this residue has been linked with substrate binding, as with changes caused 

by site-directed mutagenesis resulted in the Km of the enzyme to increase 2.5-fold [13]. Two 

other functional residues are Lys422 and Tyr423 which belong to the crown domain loop 

that extends over the active site [14, 15].  
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1.2.2 Reaction mechanism 

As mentioned above do APs catalyse the hydrolysis or transphosphorylation of 

phosphomonoesters. This occurs via a ping-pong, bi-bi, double displacement mechanism 

involving the formation of an E-S intermediate as shown in Figure 3 [10]. Upon the 

hydrolysis of the E-P covalent intermediate, the formation of the non-covalent enzyme-

phosphate complex (E·Pi) occurs. pH levels determine the rate limiting step, as the 

hydrolysis of the E-P complex at pH < 6 is the rate limiting step, while for neutral to alkaline 

pH is it the product release where the E·P complex disassociates [16]. 

 

 

Figure 3. Reaction scheme of VAP catalysis. Figure taken from [10]. 

 

The presence of a phosphate acceptor, such as amine alcohol, provides competition for water 

as a nucleophile to increase the reaction rate (k5 and k6), but for efficient 

transphosphorylation, are they needed at nonphysiological concentration, consequently do 

Aps rarely act as transphosphylases in vivo. 

 

1.2.3 Effects of salt on stability and catalysis 

A characteristic of a psycrophilic marine bacterium like Vibrio splendidus is the essential 

adaptation to high levels of salinity, with concentrations of NaCl reaching ~ 500 mM in the 

ocean [17]. In a study by Hjörleifsson and Ásgeirsson [12], a number of salts from the 

Hoffmeister series were examined, and NaCl prooved to be the optimal partner to give a 

stimulating effect on kcat, with the chloride anion specifically aiding both the activation and 

stability of the enzyme. Results from the study indicated that while measuring the activity 

of VAP in the presence of salt at two pH levels, two activity peaks are reached, one at pH 
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8.0 and the other at pH 10.5, with the first peak being dependant on chloride concentration 

but not the latter. This indicated a pH dependant conformational change. To answer for the 

effects caused by NaCl,  three possible explanations were put forward on how the chloride 

ions might increase the catalytic rate at pH 8.0: 1) Chloride competes with the inorganic 

phosphate product for binding and allows the product to be released faster; 2) chloride affects 

conformational changes in the reaction mechanism, by binding to the ES complex, and in 

turn increasing the conformational change necessary for product release, and 3) chloride ions 

bind to a specific site at the active site of VAP, resulting in decreased active site flexibility 

and increased stability [12]. 

1.2.4 Active site binding of chloride 

After the determination of a new crystal structures of VAP with bound chloride ions and 

inhibitors (Markússon, unpublished results), two distinctive chloride ion binding sites came 

to light that were also identified and confirmed, via anomalous diffraction. The two binding 

sites were located on the surface of the α/β-domain, and the active site of monomer A, and 

are shown in Figures 4 and 5. 

At the former binding site, on the surface of the α/β-domain, the chloride ion is in proximity 

of two Tyr residues, Tyr179 and Tyr222 and is furthermore coordinated in a distorted square 

pyramidal geometry by the backbone amides of the same Tyr residues. 
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Figure 4. Coordination of the chloride ion bound on the α/β-domain. The chloride ion (green 
sphere) is coordinated by the backbone amides of Tyr179 and Tyr222 as well as three water 

molecules. Figure taken from Markússon (unpublished results). 

 
Figure 5. Active site binding of chloride. One chloride ion was found bound in the active site of 

monomer A (crystallized with 0.9 M NaCl). The chloride is coordinated by Lys422, Tyr423, Arg129 
and two water molecules. The chloride is depicted as dark green sphere, zinc ions grey spheres, the 
active site magnesium as a light green sphere. Figure taken from Markússon (unpublished results). 

 

At the other binding site, the chloride ion was shown to be penta coordinated by three spheres 

of ligands, the first one consisted of Lys422, Tyr423, two water molecules and Nε of the 
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guanidinium group belonging to the substrate binding Arg129. The second and third 

coordination spheres are comprised of Glu81, Tyr441 and Tyr325 via hydrogen bonding 

from the water molecules. 

 

1.3 The aim of the project 
The experiments conducted in this project served to aid with this groups overall larger 

project, which for the last two decades has been researching the enzyme Vibrio alkaline 

phosphatase. For the past few years, there have been interesting discoveries with regards to 

VAP, namely the confirmation of the presence of chloride at the binding site and its function 

with regards to stability and activation of the enzyme. Only recently had the enzyme been 

successfully crystallized with added ligands and with it came more information regarding 

the chloride binding. The aim of this project was to disrupt chloride binding to the enzyme 

with site-directed mutagenesis. To analyze the effects of three, single mutations present in 

the resulting VAP variants (A221D, Y423F, K422L), each mutation with the intent of having 

disrupted key structural components that could have served in chloride binding. Lys422 

takes an active role in binding to the chloride ion and K422L should prevent the binding at 

that site. The hydroxyl sidechain of Tyr423 also takes part in chloride binding, and this effect 

might be prevented by having the hydroxyl group removed with Y423F. At last, preventing 

the chloride binding to the outer binding site was attempted with the mutation A221D, but 

chloride is bound to this site by the main chain in the loop region, making disruption difficult 

by side-chain replacement. Assessing the effects of these mutations involved activity assays 

and thermal stability measurements.  
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2 Methods and materials 

2.1 VAP variant mutagenesis and expression 
Site-directed mutagenesis was performed for each VAP variant using the Q5®-site directed 

mutagenesis kit (New England Biolabs) according the manufacturers protocol and was 

performed by Jens Guðmundur Hjörleifsson. E. coli Lemo21(DE3) cells were transformed 

with each plasmid containing the unique variant (A221D, K422L, Y423F). Two tubes of the 

E. coli Lemo21(DE3) cells, kept at -80°C (frozen at log phase), were thawed and put in 

sterile Eppendorf® tubes, then centrifuged at 2000g for 5 minutes, with the supernatant 

discarded afterwards. Cells in each vial were resuspended in 150 µL of cold HTB solution 

(10 mM HEPES, 15 mM CaCl2, 55 mM MgCl2, 250 mM KCl, pH 6.7) and kept on ice for 

10-15 min, before pipetting 100 µL of  each cell solution to new tubes and adding 1 µL of 

the respective plasmid, and again incubated on ice for ten minutes. The cells were then 

heatshocked at 42°C for 90 seconds and incubated on ice once again for roughly 2 minutes 

before adding 1.0 mL of LB broth to each tube and incubated for one hour at 37°C. 100-200 

µL from each sample was spread onto seperate LB-agar plates that contained ampicilin (100 

µg/mL) and chloramphenicol (30 µg/mL). The plates were then incubated overnight at 37°C. 

From each plate a single colony was incoculated into an LB broth starter culture (20 mL), 

containing ampicilin (100 µg/mL) and chloramphenicol (30 µg/mL) and shaken overnight 

at 300 rpm in Erlenmeyer flasks at 37°C. The starter cultures were back diluted 1:100 into 

2x1L of the same LB broth with the addition of L-rahmnose (0.50 mM) and shaken at 180 

rpm at 37°C in 5L Erlenmeyer flasks with periodic measurements of OD600 until they had 

reached the optimum value of 0.4-0.6, and then induced with isopropyl β-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 400 µM. Cells were then incubated 

at 18°C overnight at 180 rpm before being harvested by centrifugation. After being 

centrifuged, the cells were resuspended in 100 mL of 1:10 lysis buffer [20 mM Tris, 10 mM 

MgCl2, 0.1% (w/v) Triton X-100, 0.1 mg/mL hen egg white lysozyme, (pH 8.0)] and gently 

agitated at 4°C for 4 hours, and then frozen with liquid N2. To prepare the samples for 

purification, the frozen lysates were thawed and DNAase added to digest genomic DNA. 

The lysates were then centrifuged. 
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2.2 Protein purification 
The purification procedure was performed in a single step on a StrepTactin® affinity column. 

The protocol has been described elsewhere [12].  The clear lysates were directly loaded onto 

the column with non-specifically bound proteins washed off with 25 mM Tris, 10 mM 

MgCl2, 150 mM NaCl, pH 8.0 (salt-wash buffer). The column was equilibrated with binding 

buffer (25 mM Tris, 10 mM MgCl2, pH 8.0) (TMC buffer) before the bound VAP variants 

were eluded with the elution buffer (25 mM Tris, 10 mM MgCl2, 2.5 mM desthiobiotin, 15% 

(w/v) ethylene glycol, pH 8.0). The active peaks were collected and samples from the 

procedure stored for SDS-PAGE analysis. Protein samples from each variant purification 

were aliquoted to ~30 x 1 mL tubes, frozen with liquid N2 and stored at -20°C and generally 

not allowed to go through more than one freeze-thaw cycle. 

 

2.3 Protein quantification 

2.3.1 Absorbance at 280 nm 

Samples of pure protein were used in A280 measurements to determine their concentrations. 

Depending on their estimated concentrations, were the samples diluted ~100 fold (or more) 

and their absorbance at 280 nm measured. From then on, the concentrations could be 

calculated with the Beer’s law equation, given the absorbance values and calculated 

extinction coefficients. 

For another accurate assessment of protein concentration,  a NanoDrop™ (Thermo Scientific) 

spectrophotometer was used. Its function is the same as the absorbance at 280 method, but 

its unique technology allows for a much smaller sample (~0.5 µL) to be measured. This 

method was used to assess the protein concentrations more accurately in order to obtain an 

accurate dilution for CD spectroscopy samples. 

 

2.3.2 Bradford assay – Zaman-Verwilghen variation 

Concentrations of protein in samples from the purification process were determined by using 

a variation of the Bradford assay, specifically the Zaman and Verwilghen’s method [18, 19]. 
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Fifty µL of the soluble portion sample was mixed with 200 µL of water and 2.75 mL of 

Coomassie Brilliant Blue G250 dye solution. Whilst 100 mL of both the salt washing buffer 

and purified protein samples were mixed with 150 µL of water and 2.75 mL dye. Samples 

were vortexed and left for 10-15 minutes before having their absorbance at 620 nm 

measured. Using a BSA concentration curve the sample concentration was determined by 

fitting the absorbance data to the curve. A mixture of water and the Coomassie Blue G250 

dye was used as a blank.  

 

2.4 Standard activity assay 
Throughout the course of the experiment, activity assays were conducted at 25°C, by mixing 

10 µL of enzyme with 990 µL of substrate solution [5 mM p-nitrophenyl phosphate (pNPP), 

1.0 M diethanolamine, 1 mM MgCl2, (pH 9.8)] with the substrate being pNPP. Assays were 

performed monitoring the formation of para-nitrophenol (pNP) at 405 nm on an Evolution 

220 spectrophotometer (Thermo Scientific) for 30 seconds. 

2.5 Activity measurements with salt (NaCl) 
To observe the effects of salt (NaCl) on the activity of the enzyme variants, two batches of 

substrate solutions were made with NaCl concentration ranging from 0 – 1.0 M. Each batch 

was made to have the same range in NaCl concentrations but had different pH values. Tris 

and Caps buffers were used for pH values of 8.0 and 10.0 respectively. Enzymes were 

generally diluted 100 fold and kept on ice. Activity measurements were conducted the same 

way as in chapter 2.4, with 10 µL of the enzyme solution mixed with 990 µL of substrate 

buffer solution.  

Data points were plotted to a graph using a hyperbolic fit (Figure 7) but the wild-type data 

was provided by Jens Hjörleifsson (Figure 2A in [12]), showing the relative activity of wild 

type VAP under the same conditions as tested here.  
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2.6 SDS-Polyacrylamide gel electrophoreses 
(SDS-PAGE) 

Only the soluble portion and salt washing buffer samples were assesed for purity by SDS-

PAGE as other samples from the procedure had mistakenly not been kept at -20°C. A 

NuPAGE® precast 12 x 1.0 mm well with 4-12% Bis-Tris gradient gel (Invitrogen) was used. 

For the protein and salt washing buffer samples, 4 µL of which were mixed with 5 µL of 

NuPAGE® LDS Sample Buffer, 1 µL of DTT and 10 µL of water. While for the soluble 

portion samples, 1 µL was mixed with 5 µL of buffer, 1 µL DTT and 13 µL of water. Each 

of these solutions were centrifuged after mixing and placed on a heating block to undergo 

heat-shock for roughly 2 minutes, then put on ice to prevent reformation of disulfide bonds. 

Once the gel was put into a cassette, it was filled with NuPAGE® MES SDS Running Buffer 

and the the 20 µL solutions were injected into the wells with a Hamilton syringe, along with 

a PageRuler® Prestained protein ladder (Thermo Scientific, USA) for reference. After being 

run for roughly 1.5 hours and the lower bands had reached the bottom of the gel was the gel 

removed from the cassette, washed with water and placed into a container to be submerged 

in a staining solution of 0.25% Coomassie Blue R250 and 30% methanol and left overnight 

whilst being gently agitated. After staining the gel was it left to destain in a 30% solution of 

methanol for 24 hours. The gel was then photographed with a Bio-Rad GelDoc™ EZ Imager, 

with Bio-Rad Image Lab™ used for processing. 

 

2.7 Thermal stability measurements 

2.7.1 CD spectroscopy to determine Tm 

Prior to Tm measurements using CD spectroscopy, the protein samples were thawed and 

placed in cellulose-dialysis tubing. Samples were pipetted into each tubing and sealed 

coloured clamps, to ease with sample identification (in case of multiple samples being 

dialised). MOPS and borate dialysis buffers were both used. Each sample was left overnight 

at 4°C to undergo dialysis in 2L of dialysis buffer (either Mops or borate). Samples were 

collected from the dialysis bags, and subsequently diluted further to an absorbance value (at 

280 nm) of ~0.3, using the dialysis buffer. 
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In a previous study by Hjörleifsson [13], MOPS was used for dialysis. However, the spectra 

became too noisy below the 210 nm range to accurately assess n→ n* carbonyl CD signals. 

This was also the case in this project. Therefore , borate buffer became the dialysis buffer of 

choice, both with the addition of 0.5 M NaCl and without. However it should be noted that 

borate is a competative inhibitor of alkaline phosphatase and is stabilizing. 

 

2.7.2 Thermal inactivation (T50%)  

For thermal inactivation measurements, the protein samples were thawed and diluted 1000 

fold with TMC buffer to which 0.5 M NaCl was later added to compare with values without 

salt activation. For the five different temperatures used throughout the experiment the buffer 

solution was allowed to acclimate to each temperature in a temperature controlled water bath 

for 2-3 minutes. Five µL of enzyme were mixed with 5 mL of pre-heated buffer (the 1000x 

fold dilution as stated previously). Ten µL of  enzyme solution was then added to 990 µL of 

standard assay buffer (5 mM pNPP, 1 M diethanolamine, 1 mM MgCl2, pH 9.8 at 25°C), 

and placed in a UV-VIS spectrometer to measure the activity at regular intervals (at least 5 

measurements) until the activity had decreased down to ~30% of the initial activity. From 

an Arrhenius plot (ln k vs 1/T), the activation energy (Ea) was obtained. T50% was calculated 

from the Arrhenius equation, with the k for 50% loss of activity after 30 min was used in 

case (k = ln 2/30 min x 60 s/min) to give T50% = (Ea x 1000)/R(ln A – ln k). 

 

 

2.7.3 Thermal denaturation midpoint (Tm) determination  

Once protein samples had undergone dialysis and further dilution to A280 ~ 0.3, they were 

ready for CD (circular dichroism) measurements, performed on a Jasco J-1100 CD 

spectrophotometer (Tokyo, Japan) equipped with a PTC-517 peltier-thermostatted cell 

holder, samples were placed in a 1 mm cuvette and CD spectra was obtained from 190 nm 

to 250 nm from each variant in the dialysis buffer (10mM borate, 10 mM MgCl2, pH 8.0) 

with and without the addition of 100 mM NaCl. Buffer was subracted from all spectra.To 

determine Tm values, the CD signal (mdeg) of the sample was measured at fixed wavelengths 
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of both 199 nm and 222 nm, with a temperature gradient of 1°C/min from 25 °C to 80°C. 

Between sample measurements, the cuvette was washed with the dialysis buffer. 

Datapoints from Tm measurements, giving X and Y coordinates of temperature and 

absorbance (mdeg) respectively, were fitted to  sigmoidal variable slopes using GraphPad 

Prism to estimate the Tm value. 
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3 Results and discussions 

3.1 Purification of VAP variants 
Variants were purified as described in chapter 2.2. The purification procedures, judging by 

the purification tables (see tables 1, 2 and 3) were generally succesful, with yields reaching 

68%. The yields were likely governed by the maximum binding capacity of the column being 

reached, since the total protein amount was similar for all three variants. 

Table 1. Purification table of A221D. 

(A221D) 
Sample 

Volume 
(mL) 

Concentration 
(mg/mL) 

Activity 
(U/mL) 

Total 
protein 
(mg) 

Units 
(U) 

Specific 
activity 
(U/mg) 

Purification 
(fold) 

% 
Yield 

Soluble 
portion 

90 4.10 2310 369 207900 563 1.0 100% 

Strep-Tactin 30 0.37 4712 11 141372 12736 23 68% 

 

Table 2. Purification table of K422L. 

(K422L) 
Sample 

Volume 
(mL) 

Concentration 
(mg/mL) 

Activity 
(U/mL) 

Total 
protein 
(mg) 

Units 
(U) 

Specific 
activity 
(U/mg) 

Purification 
(fold) 

% 
Yield 

Soluble 
portion 

90 4.89 4315 440 388350 883 1.0 100% 

Strep-Tactin 27 0.50 9012 13 243324 17761 20 62% 

 

Table 3. Purification table of Y423F 

 

(Y423F) 
Sample 

Volume 
(ml) 

Concentration 
(mg/mL) 

Activity 
(U/mL) 

Total 
protein 
(mg) 

Units 
(U) 

Specific 
activity 
(U/mg) 

Purification 
(fold) 

% 
Yield 

Soluble 
portion 

90 3.45 6963 310 626670 2018 1.0 100% 

Strep-Tactin 30 0.29 13000 8 390000 44828 22 62% 
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After purifications had been conducted in a single step, with a Strep-Tactin affinity column, 

the samples were not treated to further purification as in previous expirements with the 

enzyme, where the bound desthiobiotin was removed on a Q Sepharose column. 

Overall, the yield of each purification is satisfactory with an average yield of 64%. However 

when going through the data relevant for determining concentrations, were the Y423F values 

that stuck out, as they varied the most between methods, with A280 measurements giving a 

higher concentration than compared to the Bradford assay. A reason for this might be due to 

the Bradford assay method relying on the use of a curve of BSA binding to the Commassie 

dye, but negating the possibility of the VAP variants not binding as effectively, thus resulting 

in an underestimated value. This might account for the relatively high value for specific 

activity, when in fact it could be lower. 

 

The SDS-PAGE results for the purification of the enzyme variants can bee seen in Figure 6. 

The lanes for Strep-Tactin elution of the purified variants were lanes 4, 7 and 10 for Y423F, 

A221D and K422L, respectively. A single intense protein band can bee seen for all variants 

indicating >95% purity. The lanes with samples from the soluble portions and the salt-

washing buffer had many faint bands (along with the corresponding variant protein band) 

and barely noticeable bands, respectively. This indicates that the purification process was a 

success, with no significant amounts of contaminants noticeable for the purified variants. 

Dimers could be seen on the lanes with purified VAP which is often the case when the lane 

is overloaded. 
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Figure 6. SDS-PAGE of purified VAP variant samples with respective soluble and salt-wash buffer 
samples. Lane 1: PageRulerTM Prestained Protein Ladder. Lanes 2,5,8: Soluble portion samples 

(Y423F/A221D/K422D). Lanes 3,6,9: Salt-wash buffer samples (Y423F/A221D/K422L). Lanes 
4,7,10: VAP variants: Y423F,A221D,K422L, respectively. 

 

3.2 Effect of NaCl on activity 
The activity of each variant was measured in the presence of  varying concentrations of salt 

(NaCl) in  substrate solutions (Figure 7). As with the previous studies of the wild type, 

activity increased with concentration of NaCl, as well as being  pH dependant, which was in 

accordance with the previous research done by Hjörleifsson and Ásgeirsson [12]. 
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Figure 7. Salt-activity assay. VAP variants relative activity is plotted against increasing 
concentration of NaCl (table S1 for further information).  
  

Interestingly enough, but not surprisingly does the same apply for the variants. With the 

samples being measured in similar circumstances (increasing salt concentrations, and two 

separate pH values) does their activity also follow the same trend. In this instance, however 

judging by the relative activity, the variants show greater increase in activity when compared 

to wild type activity. With K422L reaching almost 6x greater relative activity at pH 8, 

compared to it’s activity at a pH of 10. This experiment showed that even with the mutations 

meant to curb chloride ion binding, is it evident that the enzyme still achieves an immense 

increase in activity in the presence of 1.0 M NaCl. 

 

 

3.3 Thermal stability measurements 
 

The thermal midpoints (Tm) of the three variants were measured using a CD 

spectrophotometer and the data processed as mentioned in chapter 2.7.3. Before such 

measurements, was their spectra analyzed (see Figure 8) to visually assess their structural 
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differences (secondary structures) and if the mutations had caused an overall effect on the 

secondary structures, compared with the wild type. 

 

 

Figure 8. CD spectra of VAP variants between 190 nm and 250 nm. Measured in borate buffer 
with the addition of 0.1 M NaCl. 

 

By looking at the combined spectra of all three variants, is it clear that their overall secondary 

structures are very similar if not the same. Since there is only a single mutation in each 

variant, with minor structural changes, it can be expected that the mutations to such a degree 

won’t have a substantial impact on the overall secondary structure. The small variation 

between the depth of each curve noticeable between 210 nm and 230 nm, could account for 

minor protein concentration differences, as each curve follows the same trend.  

Data from the thermal midpoint (Tm) experiments was processed and for each sample were 

melting curves plotted. Variants measured in borate buffer with 0.1 M NaCl (Figure 9) were 

shown to have very similar Tm values respective to the wavelength (Table 4). 
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Figure 9. Normalized melting curves for enzyme variants (A) A221D, (B) K422L and (C) Y423F. 
Measured in 10 mM borate, 0.1 M NaCl, pH 8.0. 

 

The data points for melting curves measured at the 199 nm range are more noisy than the 

222 nm measurements, due to the signal being lower at 199 nm as well as the detector gain 

(HT) being higher than at 222 nm. The outlier in this case would be Y423F, as it’s 199 nm 

reading gives a better uniform trend of datapoints than the other variants. 

Table 4. Thermal midpoints (Tm) of VAP  variants in 10 mM borate, 0.1 NaCl, pH 8.0 

Enzyme Tm (°C), at 199 nm Tm (°C), at 222 nm 
A221D 40.2 57.5 
K422L 43.6 57.6 
Y423F 44.0 57.1 

 

 

Measurements at 222 nm showed similar Tm values for the variants, each at around 57 °C, 

being slightly higher (~2 °C) than the reported value for the wild type. However, the latter 

was measured without 0.1 M NaCl [20]. Similar to the salt activity assays, the VAP variants 

showed the same trend towards an increase in activity with regards to salt concentrations but 

reaching a higher threshold than the wild type VAP. 
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Thermal midpoint measurement for variant samples in a borate buffer (pH 8.0) without the 

addition of  salt are shown in Figure 10 and Tm values in Table 5 

 

 

Figure 10. Normalized melting curves of variant samples in 10 mM borate, 10 mM MgCl2, pH 8.0: 
(A) A221D, (B) K422L, (C) Y423F and (D) spectra analyses limited from 200-250 nm. 
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Spectra analyses of the samples in borate buffer (without NaCl), was mistakenly restricted 

to a range of 200 nm to 250. As a result, the missing range from 190 nm is not available. 

Despite the missing spectral part, the absorbance of the enzyme variants seem similarly 

consistent in borate buffer as the previous measurements with the addition of NaCl. 

However, the depth of the curves in figure 10 – C,  reached to a relatively lower degree of 

mdeg, and seem to have a minor shift, when comparing to the spectra analysis of samples in 

borate buffer with salt.  

The differences in overall secondary structures can’t be fully assessed due to the restraint on 

spectra analysis. But it may be stated, that the secondary structures of the variants remained 

unchanged as noted by the CD measurements, either with or without salt added. 

 

Table 5. Tm values of samples measured in 10mM borate buffer, pH 8.0 without salt. 

Enzyme Tm (°C) at 199 nm Tm (°C) at 222 nm 
A221D 54.86 53.14 
K422L 50.0 52.77 
Y423F 50.29 52.21 

 

 

Thermal midpoint values without salt added were lower on average, compared to Tm values 

for samples with salt. Variant A221D had the highest Tm value of the 199 nm melting curves, 

but by viewing it’s melting curve (Figure 10, label A) is it evident that the sigmoidal curve 

fitted, goes through datapoints that are the least uniform out of the other 199 nm 

measurements. As with other cases of fitted curves to a dataset of such variability, should 

the resulting Tm interpreted with caution. The measurements taken at 222 nm, revealed that 

similar Tm values for the variants, and being slightly higher (~ 2 °C)  than the reported wild-

type value [20]. 
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For the thermal inactivation measurements, the T50% values (Table 6) were extracted from 

the Arrhenius plots (Figure 11). 

 

 

Figure 11. Arrhenius plots for variants in 10 mM borate, pH 8.0. (A) Without NaCl, (B) With 
NaCl. 

 

Table 6. T50% values from thermal inactivation expirements. Thermal inactivation of VAP was 
followed at several temperatures by measuring the hydrolysis of p-nitrophenyl phosphate at 25°C at 
chosen timepoints during each incubation. From Arrhenius equation, T50% was calculated as the 
temperature needed to cause 50% inactivation after 30 min. Activity was measured with and without 
NaCl (0.1M) 

Enzyme	 T50%	(°C)	 T50%	+	NaCl	
Wild	type	 25.8	±	1.4	 53.5	±	1.1	
A221D	 26.0	 50.5	
K422L	 24.2	 41.5	
Y423F	 9.3	 35.7	
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4 Conclusion 
 

As stated previously, the purpose of the project was to carry on with further research on the 

accumilative effects of destabilizing mutations on chloride binding to VAP with regards to 

enzymatic activity and thermal stability. For the salt-dependence activity assay, the three 

variants produced similar but results compared with wild-type, as their activity plateued at 

pH > 10 independent of added NaCl, but reached a maximum at pH 8.0 only with added salt. 

This coincides with results stated in a previous publication by Jens Hjörleifsson [12] for the 

wild-type VAP. Comparison of the results from thermal stability measurements between the 

variants is summarized in table 7. The most interesting variant in this respet was Y423F, 

with a drastically lower T50% value than the other two variants, that displayed with similar 

T50% temperature dependancies. Y423F experienced an immense change in thermal stability 

from 9.3 °C to 35.7 °C with the addition of NaCl, yet much lower thermal stability than the 

recorded wild-type value at 0.5 NaCl [20]. Only one other enzyme variant of VAP has shown 

this drastic decrease in T50%, R336L with T50% of 12.8 °C (Hjörleifsson et al. unpublished 

results). However, that variant had the same T50% as the wild-type with 0.5 NaCl present. 

Here is it clear that the Y423F and K422L enzyme variant stability cannot be rescued as 

efficiently with the addition of salt as the wild-type. 

Table 7. Main results from the thermal stability measurements. With thermal midpoint and 
inactivation data reflecting the effects of NaCl on thermal stability of VAP. 

Enzyme Tm (°C) at 199 

nm 

Tm at 199 nm 

+ NaCl 

Tm (°C) at 222 

nm 

Tm at 222 nm 

+ NaCl 

T50%    

(°C) 

T50% 

+NaCl 

A221D 54.8 40.2 53.1 57.5 26.0 50.5 

K422L 50.0 43.6 52.7 57.6 24.2 41.5 

Y423F 50.2 44.0 52.2 57.1 9.3 35.7 
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T50% measurements taken in the absence of salt, revealed that the residue replacement in the 

variants generally had no destabilizing effects (with very similar values compared with the 

wild type). However, Y423F was just an anomaly, indicating that the mutation caused 

enough of a change within the Y423F scaffolding to change weak interactions within the 

protein to such an extent that the structure became compromised and thus unstable. The low 

T50% value for Y423F obtained in a single experiment could be an outlier value that must be 

confirmed by repeated measurements. If confirmed by similar values, then clearly the point 

at which the site-directed mutagenesis was performed (hydroxyl sidechain of Tyr423, 

binding to chloride) could serve a role in thermal stability. With regards to A221D, the 

thermal stability measurements showed that the mutation itself had minor effects, with T50% 

of 26.0 °C  and with salt 50 °C, very similar to the reported wild-type values of 25.8°C and 

53.5°C (with salt). K422L was slightly lower in stability (T50% even lower with salt 

compared to wild-type), and Y423F significantly lower in both cases. This may indicate that 

the A221D mutation may have unsuccesful, or that the intended effect was overestimated as 

the difference between its T50% (with salt) compared to wild-type is  ~3 °C, while the T50% 

for Y423F is nearly 20°C lower. However the catalytic activity in the presence of 1.0 M 

NaCl of the variants was in all cases greater than the wild-type VAP activity (Figure 7). This 

may be related to their lower overall stability and indicative of greater dynamic flexibility 

within the structure that could aid in product relase, which is the rate-limiting step in the 

catalytic cycle. 

As these results describing the effects of NaCl salt ions on thermal stability of VAP variants 

indicate, it is clear that the more variants need to be examined with other functional structure 

swaps within the active site area to confirm the critical chloride binding site(s). Possibly, as 

more than one chloride binding site is present in the crystal structure, they could be 

independently affecting either the thermal stability or the catalytic efficiency to a different 

degree in different variants. Perhaps a variant that could cope with more than one mutation 

at the chlorine binding site could provide better details into the thermal stability with regards 

to NaCl.  

 

 



26 

 

 



27 

 

References 
 

1. Siller, A.F. and M.P. Whyte, Alkaline Phosphatase: Discovery and Naming of Our 
Favorite Enzyme. Journal of Bone and Mineral Research, 2018. 33(2): 362-364. 

2. Millán, J.L. and M.P. Whyte, Alkaline phosphatase and hypophosphatasia. Calcified 
tissue international, 2016. 98(4): 398-416. 

3. Helland, R., R.L. Larsen, and B. Ásgeirsson, The 1.4 Å crystal structure of the large 
and cold-active Vibrio sp. alkaline phosphatase. Biochimica et Biophysica Acta 
(BBA)-Proteins and Proteomics, 2009. 1794(2): 297-308. 

4. Hauksson, J.B., Ó.S. Andrésson, and B. Ásgeirsson, Heat-labile bacterial alkaline 
phosphatase from a marine Vibrio sp. Enzyme Microb Tech, 2000. 27(1-2): 66-73. 

5. Ghosh, K., et al., Crystal structure of rat intestinal alkaline phosphatase–role of 
crown domain in mammalian alkaline phosphatases. Journal of structural biology, 
2013. 184(2): 182-192. 

6. Bossi, M., M. Hoylaerts, and J. Millan, Modifications in a flexible surface loop 
modulate the isozyme-specific properties of mammalian alkaline phosphatases. 
Journal of Biological Chemistry, 1993. 268(34): 25409-25416. 

7. Numa, N., et al., Molecular basis of perinatal hypophosphatasia with tissue-
nonspecific alkaline phosphatase bearing a conservative replacement of valine by 
alanine at position 406: Structural importance of the crown domain. The FEBS 
journal, 2008. 275(11):  2727-2737. 

8. Stec, B., et al., Kinetic and X-ray structural studies of three mutant E. coli alkaline 
phosphatases: insights into the catalytic mechanism without the nucleophile Ser102. 
Journal of molecular biology, 1998. 277(3): 647-662. 

9. Ásgeirsson, B., B.V. Adalbjörnsson, and G.A. Gylfason, Engineered disulfide bonds 
increase active-site local stability and reduce catalytic activity of a cold-adapted 
alkaline phosphatase. Biochimica et Biophysica Acta (BBA)-Proteins and 
Proteomics, 2007. 1774(6): 679-687. 

10. Hjörleifsson, J.G., (2018), Ionic effects on subunit interactions in a cold-active 
alkaline phosphatase from the marine bacterium Vibrio splendidus. Ph.D. thesis, 
University of Iceland. 

11. Gudjónsdóttir, K. and B. Ásgeirsson, Effects of replacing active site residues in a 
cold-active alkaline phosphatase with those found in its mesophilic counterpart from 
Escherichia coli. The FEBS journal, 2008. 275(1): pp. 117-127. 

12. Hjörleifsson, J.G. and B. Ásgeirsson, pH-dependent binding of chloride to a marine 
alkaline phosphatase affects the catalysis, active site stability, and dimer 
equilibrium. Biochemistry, 2017. 56(38): p. 5075-5089. 

13. Hjörleifsson, J.G. and B. Ásgeirsson, Cold-active alkaline phosphatase is 
irreversibly transformed into an inactive dimer by low urea concentrations. 
Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics, 2016. 1864(7): pp. 
755-765. 



28 

14. Papaleo, E., et al., Dynamics fingerprint and inherent asymmetric flexibility of a cold-
adapted homodimeric enzyme. A case study of the Vibrio alkaline phosphatase. 
Biochimica et Biophysica Acta (BBA)-General Subjects, 2013. 1830(4): 2970-2980. 

15. Markússon, S., (2019), Optimization of Vibrio alkaline phosphatase crystallization 
conditions for the analysis of active site ligand binding. B.Sc. thesis, Faculty of 
Physical Sciences, University of Iceland. 

16. Kim, E.E. and H.W. Wyckoff, Reaction mechanism of alkaline phosphatase based 
on crystal structures: two-metal ion catalysis. Journal of molecular biology, 1991. 
218(2): 449-464. 

17. Vidal, M., et al., Alkaline phosphatase activities in the central Atlantic Ocean 
indicate large areas with phosphorus deficiency. Marine Ecology Progress Series, 
2003. 262: 43-53. 

18. Bradford, M.M., A rapid and sensitive method for the quantitation of microgram 
quantities of protein utilizing the principle of protein-dye binding. Analytical 
biochemistry, 1976. 72(1-2): 248-254. 

19. Zaman, Z. and R.L. Verwilghen, Quantitation of proteins solubilized in sodium 
dodecyl sulfate-mercaptoethanol-Tris electrophoresis buffer. Analytical 
biochemistry, 1979. 100(1): 64-69. 

20. Hjörleifsson, J.G. and B. Ásgeirsson, Chloride promotes refolding of active Vibrio 
alkaline phosphatase through an inactive dimeric intermediate with an altered 
interface. FEBS Open Bio, 2019. 9(1): 169-184. 

 

 

 



29 

Appendix – supporting information 
 
For preparing the substrate solutions with increasing concentration of NaCl, and for two 
seperate pH values.  Table S1 was set up to ease with the procedure. 

Table S1.	Substrate solutions with increasing salt concentrations used for salt-activity assays. 
Buffers (Tris and Caps) were used for the batches of each substrate solutions for a pH value of 
both 8.0 and 10.0. 

Sample	#	 [NaCl]	M	 4	M	NaCl	(µl)	 10xBuffer	(µl)	 50	mM	pNPP	(µl)	 H2O	(µl)	
1	 0	 0	 3000	 3000	 24000	
2	 0,05	 375	 3000	 3000	 23625	
3	 0,1	 750	 3000	 3000	 23250	
4	 0,15	 1125	 3000	 3000	 22875	
5	 0,2	 1500	 3000	 3000	 22500	
6	 0,3	 2250	 3000	 3000	 21750	
7	 0,4	 3000	 3000	 3000	 21000	
8	 0,5	 3750	 3000	 3000	 20250	
9	 0,75	 5625	 3000	 3000	 18375	

10	 1	 7500	 3000	 3000	 16500	
 

 

This resulted in two batches of identical substrate concentration, and varying salt 
concentrations with only the buffer being unique in each batch. These seperate batches were 
used in the so-called “salt-activity assays” which pinned the focus of this project, to 
determine the effects on activity of the VAP variants under different salt (NaCl) 
concentrations, mindful of the pH dependancy. 

 

 

 


