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Abstract  
 
Alginates are a family of linear polysaccharides composed of 1 → 4 linked β-D-mannuronic 

acid (M) and α-L-guluronic acid (G) monomers. The two sugar molecules are C5-epimers, 

meaning that they only differ in the stereochemical configuration around carbon number five. 

The polysaccharide is found as a constituent of the cell walls of brown algae (Phaeophyceas) 

and is also synthesised by some red algae (Rhodophyta) and bacteria of the Azotobacter and 

Pseudomonas genera. 

 

All natural alginate is initially synthesized as long chains of mannuronic acid (poly-M). Then, 

some of the M-residues are converted into G-residues by mannuronan C5-epimerases. These 

enzymes have their unique epimerization patterns, giving rise to different amounts and 

distributions of G-residues in the alginate chain. In addition, alginate acetylases and alginate 

lyases can modify the polymer by introducing acetyl groups in the alginate chain or alter the 

polymer length. The relative content and distribution of G-residues, acetyl-groups and the 

length of the polymer determine the physiochemical properties of the final alginate. These 

properties include thermostable hydrogel formation, water binding and biocompatibility, 

which make the biopolymer useful in a variety of industrial and biomedical fields.  

 

A family of seven extracellular calcium-dependent mannuronan C5-epimerases (AlgE1-7) has 

been isolated from the bacterium Azotobacter vinelandii. Among the seven enzymes, AlgE7 

has also been found to display lyase activity. Mannuronan C5-epimerases and alginate lyases 

have been proposed to have a similar reaction mechanism. The dual catalytic activity of 

AlgE7 is therefore thought to originate from the same active site in the enzyme. Mannuronan 

C5-epimerases and alginate lyases can be used to tailor alginate of specific properties in vitro. 

An understanding the action of these enzymes thus allows for more controlled design of 

alginate.  

 

The present work aims to get a better understanding of the bifunctional activity of the A. 

vinelandii mannuronan C5-epimerase and alginate lyase AlgE7. A mutational study was 

performed by design of AlgE7 mutants, introducing point mutations in different residues near 

the active site. A total of 42 different mutants, covering mutations in 18 different residues, 

were included. 31 of the mutants were constructed in previous studies at NTNU and 11 of the 
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mutants were designed in this study using site-directed mutagenesis. A qualitative assessment 

of the lyase activity in all mutants was conducted, before 25 mutants and the wild type were 

selected for further analysis of the epimerase and lyase activity. Finally, one of the mutants 

(R148G) and the AlgE7 wild type were produced and purified using recombinant protein 

expression. These two enzymes were characterized in terms of reaction products and the 

mode of action using 1H-nuclear magnetic resonance (NMR) and time-resolved 13C-NMR. 

 

The result of this work supported previous findings of the AlgE7 epimerase displaying both 

epimerase and lyase activity. Furthermore, the action on both poly-M and alternating poly-

MG substrates was confirmed, whereas no lyase activity was detected on oligomers of 

continuous G-residues (oligo-G). The previously proposed cleavage sites G↓MM, G↓GM, 

M↓MM and M↓GM for AlgE7 when acting on poly-M were also seen in this study. 

However, a clear preference in front of a G- or a M-residue could not be determined.  

 

Among all mutants included in the study mutant R148G stood out as different having a 

strongly reduced lyase activity compared to the wild type, while still displaying epimerase 

activity. Based on this result, residue R148 has been hypothesized to have a role in attracting 

the proton at the catalytic residue Y149, due to its alkaline character. By assuming that 

residue Y149 acts as the proton donor in the third step of the epimerization mechanism it has 

been proposed that residue R148 may disrupt the donation of the proton to mannuronan, and 

thus lead to occasionally cleavage of the alginate chain instead of epimerization. To further 

investigate this theory analysis of pKa values of the residues in the active site have been 

suggested. In addition, mutational studies of residue 148 in the other epimerases are suggested 

to give more insight to the role of this residue concerning lyase activity in AlgE7.  
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Sammendrag 
 
Alginater er en familie av lineære polysakkarider som består av 1 → 4 bundet β-D-

mannuronsyre (M) og α-L-guluronsyre (G). De to sukkermolekylene er C5-epimerer, noe som 

betyr at de har ulik stereokjemiske konfigurasjonen rundt karbon nummer fem. Polysakkaridet 

finnes som en komponent i celleveggen til brunalger (Phaeophyceas) og syntetiseres også av 

noen rødalger (Rhodophyta) og bakterier fra slekten Azotobacter og Pseudomonas. 

 

I naturen blir alginat først syntetisert som lange kjeder av bare mannuronsyre (poly-M). 

Deretter blir noen av M-enhetene konvertert til G-enheter av mannuronan C5-epimeraser. 

Disse enzymene har unike epimeriseringsmønstre, noe som fører til ulike mengder og 

fordelinger av G-enhetene i alginatkjeden. I tillegg kan alginat acetylaser og alginat lyaser 

modifisere polymeren ved å henholdsvis feste på acetylgrupper i alginatkjeden og endre 

kjedelengden til polymeren. Forholdet mellom mengden og fordelingen av G-enheter og 

acetylgrupper, samt kjedelengden til polymeren, danner grunnlaget for de fysiokjemiske 

egenskapene til det ferdige alginatet. Disse egenskapene innebærer blant annet dannelse av 

termostabile hydrogeler, binding av vann og biokompatibilitet, hvilket gjør at biopolymeren 

er nyttig i en rekke industrielle og biomedisinske anvendelser.   

 

En familie av syv ekstracellulære kalsiumavhengige mannuronan C5-epimeraser (AlgE1-7) 

har blitt isolert fra bakterien Azotobacter vinelandii. Blant disse syv enzymene har AlgE7 vist 

seg også å ha lyase aktivitet. En lignende reaksjonsmekanisme har tidligere blitt foreslått for  

mannuronan C5-epimeraser og alginat lyaser. De to katalytiske aktivitetene til AlgE7 er 

derfor antatt å stamme fra et felles aktivt sete i enzymet. Mannuronan C5-epimeraser og 

alginat lyaser kan brukes til å skreddersy alginat med spesifikke egenskaper in vitro. En 

forståelse av funksjonen til disse enzymene muliggjør derfor mer kontrollert design av 

alginat. 

 

Formålet med dette arbeidet er få en bedre forståelse av den bifunksjonelle aktiviteten til 

mannuronan C5-epimerase og alginat lyase AlgE7 fra A. vinelandii. Et mutasjonsstudie ble 

utført ved design av AlgE7 mutanter. Dette ble gjennomført ved å introdusere 

punktmutasjoner i ulike aminosyrer nær det aktive sete. Totalt ble 42 forskjellige mutanter, 

som representerer mutasjoner av 18 forskjellige aminosyrer, inkludert i studiet. 31 av disse 
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mutantene har blitt konstruert i tidligere studier ved NTNU, mens 11 av mutantene ble 

designet i dette studiet ved bruk av sete-spesifikk mutagenese. En kvalitativ analyse av lyase 

aktiviteten til alle mutantene ble først gjennomført. Deretter ble 25 av mutantene og villtypen 

tatt med til videre analyse av både epimerase og lyase aktiviteten. Til slutt ble en av 

mutantene (R148G) og AlgE7 villtypen produsert og renset ved bruk av rekombinant protein 

uttrykk. Disse to enzymene ble karakterisert i form av reaksjonsprodukter og ”mode of 

action” ved å bruke 1H-kjernemagnetisk resonans (NMR) og tidsoppløst 13C-NMR. 

 

Resultatene fra dette arbeidet samsvarer med tidligere studier som viser at AlgE7 både har 

epimerase og lyase aktivitet. Videre ble også enzymenes ”mode of action” på både poly-M og 

alternerende poly-MG-substrat bekreftet. Imidlertid ble det ikke observert lyase aktivitet på 

substratet bestående av oligomerer av kontinuerlige G-enheter (oligo-G). Kuttesetene G↓MM, 

G↓GM, M↓MM og M↓GM for AlgE7 ved reaksjon på poly-M som har blitt foreslått i 

tidligere studier stemmer også overens med resultatene i dette studie. Derimot kunne ikke en 

preferanse for lyase aktivitet foran en G- eller en M-enhet bestemmes.  

 

Av alle mutantene som ble undersøkt i dette studiet skilte mutant R148G seg ut fra de andre 

mutantene ettersom den viste en sterkt redusert lyase aktivitet, samtidig som den fortsatt viste 

epimerase aktivitet. Basert på dette resultatet har det blitt foreslått at aminosyren R148 

påvirker lyase aktivitet ved å tiltrekke seg protonet som er festet til den katalytiske 

aminosyren Y149, på grunn av sin basiske karakter. Ved å videre anta at aminosyren Y149 er 

protondonoren i det tredje trinnet av epimeriseringsmekanismen, har det blitt foreslått at 

aminosyren R148 kan hindre at protonet blir donert til mannuronan og dermed føre til tidvis 

kløyving av alginatkjeden istedenfor epimerisering. For å undersøke denne teorien nærmere, 

har det blitt foreslått en videre analyse av pKa verdiene til aminosyrene i det aktive setet. I 

tillegg er det foreslått at mutasjonsstudier av aminosyre 148 i de andre epimerasene kan gi 

mer innsikt i hvordan denne aminosyren bidrar til lyase aktiviteten i AlgE7. 
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Symbols and abbreviations 
 
α   alpha 

β   beta 

Δ   4-deoxy-L-erythro-hex-4-enepyranosyluronate 

[η]   Intrinsic viscosity 

A20   Absorbance measured at 230 nm 

AA   Amino acid 

Amp   Ampicillin 

bp   Base pair  

DPn   Number average degree of polymerization 

dNTP   Deoxynucleoside triphosphate 

DDT   1,4-dithiothreitol 

E   Young`s modulus 

EDTA   Ethylenediaminetetraacetic acid 

FG   Molar fraction of G-residues 

FM   Molar fraction of M-residues 

FPLC   Fast protein liquid chromatography 

G   α-L-guluronic acid 

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HPEAEC-PAD High-performance anion exchange chromatography  

with pulsed amperometric detection 

HSQC   Heteronuclear single quantum choherence 

IMPACT  Intein mediated purification with an affinity chiting binding tag 

IPTG   Isopropyl-β-D-1-thiogalactopyranoside  

ITC   Isothermal titration calorimetry 

M   β-D-mannuronic acid 

MOPS   3-morpholinopropane-1-sulfonic acid   

MS   Mass spectrometry 

MQ   Milli-Q® water 

MWCO   Molecular weight cut off  

NMR   Nuclear magnetic resonance 

OD600   Optimal density measured at 600 nm 
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LA   Lysogeny broth agar plates 

LB   Lysogeny broth  

PDB   Protein data bank  

PCR   Polymerase chain reaction  

pKa   negative log of the acid dissociation constant (Ka) 

PL   Polysaccharide lyase 

poly-M  Poly-mannuronic acid 

poly-MG  Poly-alternating (MG)n 

ppm   Parts per million  

RO   Reverse osmosis  

rpm   Revolutions per minute 

SDM   Site-directed mutagenesis 

SDS-PAGE  Sodium dodecyl sulphate – polyacryl amide gel electrophoresis 

SEC-MALLS  Size exclusion chromatography – multi-angle laser light scattering 

SLIC   Sequence- and ligation-independent cloning  

SOC   Super optimal broth 

TAE   Tris-acetate-EDTA 

TSP   3-(trimethylsilyl)-propionic-1,1,3,3-d4 acid  

TTHA   Trietylenetetraamine-hexaacetate 
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1 Introduction 
 
1.1 Alginates 
 
Alginates is used as a collective term for a family of natural polysaccharides with a variety of 

present and potential future applications in industrial and biomedical fields (1). The polymer 

is primarily found as a structural component of the cell walls of brown algae (Phaeophyceas), 

but has also been identified in certain red algae (Rhodophyta) and bacteria belonging to the 

Azotobacter and Pseudomonas genera (2–6). The presence and composition of alginate varies 

among different sources, giving rise to polymers with unique chemical and physical 

properties (7). The use of alginate modifying enzymes thus creates an opportunity for 

biomaterial engineering, producing alginate polymers with tailored material properties (1).  

 

 Chemical composition and structure  1.1.1
 
Alginates are linear biopolymers composed of 1 → 4 linked β-D-mannuronic acid (M) and α-

L-guluronic acid (G) monomer residues (Figure 1.1) (1,8–10). The M- and G-residues are C5-

epimers, which means that they only differ in stereochemical configuration of the carboxyl (-

COOH) group at carbon 5 (11). The monomers are organized in patterns composed of 

homopolymeric sequences of M- or G-residues (M-blocks and G-blocks), and 

heteropolymeric sequences of alternating M- and G-residues (MG-blocks) (7,12). This 

arrangement is accounted for by a family of enzymes called mannuronan C5-epimerases, 

which determines the length and distribution of the different block structures in the alginate 

polymer (13).  

Figure 1.1. Molecular structure of the alginate monomers: β-D-mannuronic acid (M) and α-L-guluronic acid (G). 
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The different block structures give rise to different physiochemical properties of the polymer, 

due to the chair conformation of the two sugar monomers. β-D-mannuronic acid (M) and α-L-

guluronic acid (G) adopts a 4C1 and 1C4 conformation, respectively (Figure 1.2) (14–17). This 

gives significant geometric differences in the 1,4-glycosidic linkages between the monomers 

in the alginate chain. In M-blocks the linkages becomes diequatorial (MM), providing a 

ribbon-like structure where each M-residue is rotated about 180 degrees relative to the 

preceding monomer. In G-blocks the linkages are diaxial (GG), which gives a more rigid and 

buckled polymer structure. Diversely, MG-blocks have alternating equatorial-axial (MG) and 

axial-equatorial (GM) linkages, giving a more flexible structure compared to the 

homopolymeric regions. Intermolecular hydrogen bonds between alginate chains further 

facilitate to stabilize the chain structure (14,18).  

 
Figure 1.2. Alginate chain in chair conformation showing chain geometry and block structures. 4C1 

conformation of β-D-mannuronic acid (M) and 1C4 conformation of α-L-guluronic acid (G) linked by 1,4-
glycosidic bonds, results in the different bond geometries: diequatorial (MM), equatorial-axial (MG), axial-
equatorial (GM) and diaxial (GG).  
 

Unlike many other polysaccharides, the sequential composition of the polymer is highly 

heterogenic and varies among different alginate sources, both in the relative content and 

distribution of the M- and G-monomers (19). Alginate is also polydisperse, which means that 

the polymer is composed of molecules with a wide range of molecular weight distributions 

(chain length distributions) (11,20). This feature is important for the physical properties of 

alginate and may be a result of partial degradation of the polymer during isolation and 

purification, biosynthesis or enzymatic modification after biosynthesis (11,21).  

 

Different analytical techniques have been used to determine these parameters. Nuclear 

magnetic resonance (NMR) spectroscopy is currently the preferred method for characterizing 

alginate in terms of determining the frequencies of M and G monomers, as well as the dimer 
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(MM, MG/GM, GG) and trimer (MMM, MMG/GMM, MGM, GMG, GGM/MGG, GGG) 

distributions in the polymer (22–24). Other techniques such as size exclusion chromatography 

multi-angle laser light scattering (SEC-MALLS) and high-performance anion exchange 

chromatography with pulsed amperometric detection (HPAEC-PAD) permits measurements 

of the degree of polydispersity and block lengths in alginate samples (25,26).  

 

 Physical properties  1.1.2
 
Ion binding and gel formation 

One of the most important properties of alginate is the ability to form thermostable hydrogels 

(1). Efficient binding of divalent cations to alginate mediates hydrogel formation by cross-

linking alginate polymers. Binding of divalent cations is highly selective with an increasing 

affinity in the order Mg2+<<Mn2+<Ca2+<Sr2+<Ba2+<Cu2+<Pb2+ (27,28). The affinity for 

divalent cations has also been found to strongly depend on the alginate chain composition, 

with higher selectivity for increasing amount of G-residues in the polymer (29). This property 

is generally described in the so-called “egg-box” model (Figure 1.3) (29–31).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. The “egg-box” model showing alginate gel formation. A) Chelation of divalent Ca2+ ions between 
sequential G-residues of two facing alginate chains, as a result of interaction with hydroxyl (-OH) and carboxyl 
(-COOH) groups in a cross-linking manner. B) Formation of inter-chain junction zones by addition of Ca2+ ions. 
The figure is reproduced from Donati and Paoletti (32). 
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According to the “egg-box” model, inter-chain interactions between divalent ions and G-

blocks results in formation of junction zones between two alginate polymer chains (29–31). 

These junction zones are essential for holding the polysaccharides in a swollen network 

(29,30). The divalent cations are bound in cavities formed by diaxial linkages between 

sequential G-residues of two facing polymers (Figure 1.3.A and 1.4.A). This creates a chelate 

type of binding where the divalent cations interact with hydroxyl (-OH) and carboxylate (-

COO-) groups of two adjacent G-residues and two G-residues in the opposing chain, which 

leads to cross-linking in a structure that resembles an “egg-box” (30,33–35). The formation of 

alginate junction zones is a cooperative mechanism, in that binding of the first ion is 

thermodynamically less favourable than binding of the successive ions (36,37). This process 

requires a certain length of G-blocks to form stable junction zones. In the case of divalent 

calcium ions (Ca2+) a minimum length of eight G-residues have been reported, but the 

minimum length of a G-block required decreases with increasing affinity for the ion (38–40). 
	
MG-blocks can also bind calcium ions (Ca2+), eventually leading to gel formation of alginate 

polymers as mixed GG/MG junctions (Figure 1.4.B) and pure MG/MG junctions (Figure 

1.4.C) (41). However, these gels are usually weaker, more elastic (higher Young´s modulus) 

and has a higher degree of syneresis than G-rich alginate gels (42). Gels prepared from G-rich 

alginate are generally stiffer and more brittle hydrogels, and are more resistant to rupture than 

M-rich alginate gels (42,43). 
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Figure 1.4. The three possible types of junction zones in alginate gels: A) GG/GG junctions, B) MG/MG 

junctions and C) MG/GG junctions. The figure is reproduced from Skjåk-Bræk et al. (36). 

 

Solubility  

The solubility of alginate is highly dependent on the pH of the solvent. The measured pKa 

values for β-D-mannuronic acid (M) and α-L-guluronic acid (G) are 3.38 and 3.65, 

respectively (7). This means that alginate is an anionic polymer at physiological pH, in which 

the carboxyl groups of all monomers are fully deprotonated (11). Alginate is soluble at 

pH>3.5, while an abrupt lowering in pH below the pKa values results in precipitation of 

alginic acid (44). A slower and controlled decrease of pH will lead to formation of an alginic 

acid gel (45). Molecular weight and chain composition also affects solubility, where 

homopolymeric block structures (GG-blocks and MM-blocks) appear to be less soluble at 

acidic conditions compared to MG-blocks (44,46). The increased solubility for alginate rich in 

MG-blocks is likely due to conformational disorder of the glycosidic bonds (47).  
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Other factors limiting solubility of alginate are ionic strength and the content of the gelling 

ions present in the solution (20,21). When dissolving alginate salts in water, the positively 

charged counterions become hydrated and dissociate from the polymer (11). This gives a 

positive contribution to the entropy of mixing. By increasing ionic strength, the entropic gain 

will level off and eventually cause a salting-out effect – the solubility decreases with 

increasing ionic strength (32,48,49). If high salt concentrations are required, alginate should 

therefore be dissolved in pure water before addition of salt (50). Generally, alginate salts of 

monovalent cations are soluble, whereas most divalent metal ions tend to reduce solubility 

and to cause gel formation (32,51). 

 
Stability  

The stability of alginate polymers depends on several parameters such as temperature, pH, 

presence of free radicals and microorganisms (32). The glycosidic linkage between the 

monomers are prone to cleavage in both acidic and alkaline conditions and to oxidation by 

free radicals (32,50). Alginate can also be degraded by alginate lyases isolated from species of 

alginate-producing bacteria and marine algae, and a variety of organisms that uses alginate as 

a carbon and energy source (e.g. marine algae and marine molluscs) (52,53). Alginate lyases 

catalyses the cleavage of the glycosidic linkages by a β-elimination reaction (see section 

1.2.3) (52,54,55). This leads to degradation (depolymerisation) of the alginate polymer, 

causing a decrease in chain length (degree of polymerisation, DP), which in turn affects the 

physical properties of alginate (11). When analysing degraded alginate by NMR, the number 

average degree of polymerization (DPn) can be calculated. This is a measure of the average 

number of monomers per polymer chain (11). 

 

Viscosity and chain extension 

The intrinsic viscosity [η] of a polymer can be explained as the ability of the polymer to cause 

viscosity in a solution (50). It is dependent on the length of the polymer chain, and thus on its 

molecular weight (56). Alginate solutions are usually highly viscous as a consequence of the 

extended shape of the polymer chain (57,58). In general, the relative extension (stiffness) of 

alginate chains rich in G-blocks is higher, due to less flexibility in the molecule caused by 

hindrance to rotate around the diaxial glycosidic linkages (15). The other block types have a 

lower degree of rotational hindrance around the glycosidic linkage, and so the chain extension 

of the different block types has been found to increase in the order MG<MM<GG (15). 



CHAPTER 1. INTRODUCTION 

 7 

In aqueous solution, alginate chains adapt a random coil shape as a result their inflexibility 

and inherent chain extension (11,57,58). However, the total expansion of the alginate polymer 

is also influenced by the ionic strength (11,32). Low ionic strengths cause intermolecular 

charge repulsion, leading to expansion of the polymer chain and hence increased 

hydrodynamic volume (59,60). Other factors affecting viscosity of alginate in solution are pH 

and the monomer sequence (15,57,58).  

 

 Natural sources and biological function 1.1.3
 
Alginate is primarily found in the cell wall of marine brown algae (Phaeophyceas), where it 

constitute up to 40 % of the dry weight (50,61,62). It is located in the intercellular matrix and 

algal cell wall where it forms an insoluble gel with Na+, Mg2+, Ca2+, Sr2+ and Ba2+ ions 

(27,32). This gel is considered to serve as a skeletal material, providing strength and 

flexibility to the algal tissue (61,63). The chemical composition and sequential structure of 

algae alginate varies with different species, tissues, ages of the algae, and seasonal and growth 

conditions (19,56,62). In general, the G/M ratio in different types of algal tissue appears to be 

adapted to the biological requirements of the specific parts of the algae plant (19,21,64). The 

amount of G-blocks is higher in rigid stipe and holdfasts than in flexible fronds (leaves), and 

the G-content has been found to increase with age of the algae (19,64). Alginate have also 

been identified as a calcium binding component in the cell wall of certain red algae 

(Rhodophyta) (3,4). 

 

Bacterial alginate are synthesized as an extracellular polysaccharide by some species of the 

Azotobacter and Pseudomonas genera (5,65–67). In the soil bacterium A. vinelandii, alginate 

have been found to form a capsule around the cell while in vegetative state, as well as being 

an essential part of a protective G-block rich cyst coat during metabolic dormancy (68,69). 

The latter is a mechanism the bacterium uses to survive under adverse environmental 

conditions such as drought and lack of nutrients (68). Unlike algal alginate and alginate from 

species of Azotobacter, alginate produced by species of the Pseudomonas genera do not 

contain G-blocks (70). They were first isolated from the opportunistic human pathogen 

Pseudomonas aeruginosa, which causes respiratory infections in patients suffering from 

cystic fibrosis (6,71,72). The secreted alginate forms a biofilm that mediates bacterial 

adhesion and colonization of the lung epithelium (73). It also protects against phagocytosis by 

the host immune system and increases resistance to antibiotics (74,75). 
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In contrast to algal alginate, some bacterial alginates are partially acetylated in the O2 and/or 

O3 position on M-residues (70). Presence of these O-acetyl groups changes the physical 

properties of the polysaccharide, giving enhanced solubility, water-binding capacity, viscosity 

and chain expansion (1,76). O-acetylation has been found to inhibit the action of mannuronan 

C5-epimerases, which affects the amount and distribution of G-residues in bacterial alginate 

(77,78). O-acetylation can also make the polymer inaccessible for enzymatic degradation by 

alginate lyases, and are therefore though to be involved in control of chain length (52,76,79).  

 

 Industrial and biomedical applications  1.1.4
 
Alginate was first discovered as alginic acid in 1881 by the English chemist Edward C. C. 

Stanford, and have since been used in a wide range of industrial and biomedical fields 

(1,2,80). Most applications of alginate are based on its unique physiochemical properties, e.g. 

the solution, viscosity, water-binding and gelling properties (32). These properties vary 

among different alginates due to their natural variability in chemical structure and molecular 

weight, and hence determine their use in a diversity of applications (1,32). In addition, 

alginate has been shown to be biodegradable and biocompatible, i.e. the biopolymer does not 

create immunogenic responses in the biological system of the host organism (1,20,81). This 

makes alginate particularly suitable in medical and biotechnological industries (1,81).   

 

In the present day, commercially available alginate is extracted from brown algae and has a 

world annual production of about 38,000 tonnes (82). Applications of algae alginate includes 

use within foods, cosmetics, pharmaceutical and biomedical products (1,21,32). Alginate is 

also utilized as a thickener in textile printing, surface treatment of paper, welding rods and as 

a water-binding agent in the production of ceramics (1,83–86).  

 

Within the food industry, alginate is frequently used as additives. Currently, alginic acid 

(E400), sodium- potassium-, ammonium- and calcium alginate (E401-E404) as well as 

propylene glycol alginate (E405) are approved as food additives in Europe (87,88). Alginate 

is also used as a thickener and stabilizer in beverages, sauces and ice cream, and as a gel 

forming agent in jams, jellies and restructured food products such as onion rings, pimento 

olive fillings and pet foods (50,83). In addition, the gel forming properties of alginate are 

exploited in alginate encapsulation and immobilization technologies within food processing 
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(89). A typical example is immobilization of various types of lactic acid bacteria to produce 

starter cultures for the dairy industry (89,90). 

 

Other important utilizations of alginate are in pharmaceutical products such as in formulations 

for treatment of heartburn and acid reflux (91). An alginate solution containing sodium 

bicarbonate creates an acid gel foam that serves as a protective barrier to prevent regurgitation 

of gastric reflux into the oesophagus (91,92). Alginate is also used to prepare materials for 

wound dressings such as hydrogels, biofilms and foams, in which the alginate-based material 

absorbs exudate and facilitate a physiological moist environment for wound healing (93).  

 

Over the last 50 years, bacterial alginate has been shown to have a great potential in 

biomedical applications where high level of compositional homogeneity and more defined 

physical properties are important (86,94). Studies of alginate biosynthesis in bacteria and the 

associated alginate-modifying enzymes (e.g. epimerases and lyases), has opened the 

possibility of producing alginate with tailor-made properties for use in advanced biomedical 

applications such as drug delivery systems and tissue engineering (86,95).  

 

Methods for drug delivery and tissue engineering are often based on immobilization and 

encapsulation of living cells, proteins or other chemical agents in an alginate gel (96–99). 

This is especially promising for use in cell transplantation, enabling in vivo production of 

therapeutically active biomolecules deficient in the body (98,100,101). The purpose of cell 

encapsulation is to protect the transplanted cells from the host immune system by preventing 

passage of immune cells, antibodies and cytokines into the alginate microcapsule, while 

allowing diffusion of nutrients, oxygen and biomolecules over the semipermeable capsule 

membrane (98). Alginate cell encapsulation also requires accurate surface coating, as alginate 

gels have been shown to be too porous for immunoprotection (102,103). The most studied 

system using alginate microcapsules is encapsulation of human insulin producing islets of 

Langerhans for treatment of diabetes 1, and so far clinical trials have evaluated the procedure 

as safe (104,105). However, there are limitations in regards to long-term efficacy and graft 

function as a consequence of fibrosis on the capsules, which affects the access of oxygen and 

nutrients into the encapsulated islets (105).    
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In recent years, there has been a growing interest in alginate oligomers and their potential use 

as active pharmaceutical drugs (106,107). The term “alginate oligomers” is here considered as 

molecules with molecular weights in the range 2000-5000 g/mol, whereas commercially 

available alginate usually have molecular weights of 30,000 to 4000,000 g/mol (106). 

Alginate oligomers retain most of the physiochemical properties of high molecular weight 

alginates, but lose the ability to form gels with divalent cations (106,108). This allows use of 

high alginate concentrations without a significant increase in viscosity. The oligomers are also 

easy to tailor to a precisely defined chemical composition, as opposed to longer alginate 

chains that typically are polydisperse and may have a mixture of molecular weights (106).  

 

Studies have shown several biological effects of alginate oligomers, e.g. control of multidrug-

resistant bacterial and fungal infections, anti-inflammatory and immunosuppressive agents, 

inhibition of biofilm formation and disruption of already established multidrug-resistant 

biofilms (106,107,109–111). These properties are valuable for many medical applications, 

and one of the most researched utilization is in treatment of chronic lung diseases such as 

cystic fibrosis (CF) (106). Clinical trials have demonstrated that G-block oligomers are able to 

reduce the viscosity in CF-mucus by competing with packed mucins for binding of calcium 

(112,113). It is also shown to potentiate the efficacy of some antibiotics against multidrug-

resistant pathogens up to a 512-fold (109,114). Currently, the AlgiPharma drug candidate 

OligoG CF-5/20 for treatment of CF has completed phase 2b clinical trials (Identifier 

NCT02157922; NCT02453789) and is so far considered to be safe (106,115).  

 

Future research is now also investigating the potential use of alginate oligomers in treatment 

of HIV and hepatitis B virus (116). The new marine polysaccharide drug 911 derived from 

alginate is going through clinical investigations as a new candidate for preventing HIV-virus 

attachment and action of the viral reverse transcriptase (117,118). The drug has also been 

reported to have an inhibitory effect on the DNA polymerase of hepatitis B virus, adding a 

second potential use of 911 (119,120).  
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1.2 Alginate-modifying enzymes  
 
Alginate is initially synthesized as a homopolymer of mannuronic acid (poly-M) by 

polymerization of GDP-mannuronic acid. Poly-M is then modified at the polymer level by 

different alginate-modifying enzymes: alginate acetylases, alginate deacetylaces, C5-

epimerases and alginate lyases (79). This results in alginate polymers with different structural 

and functional properties (79). The action of mannuronan C5-epimerases and alginate lyases 

are further discussed in section 1.2.2-1.2.4.  

 

 Biosynthesis of alginate 1.2.1
 
Biosynthesis of alginate was first studied in the brown algae Fucus garneri, but most of the 

present knowledge about the alginate biosynthetic pathway and its regulatory mechanisms 

comes from studies of the bacteria P. aeruginosa and A. vinelandii (1,121,122). In general, 

these bacteria species share a similar pathway. This is because they have a similar 

biosynthesis gene cluster that encodes several enzymes organized in a multiprotein complex, 

as well as other regulatory proteins (94,123,124). The multiprotein complex facilitates 

efficient coupling of the enzymatic reactions during alginate biosynthesis (124,125). 

However, some differences in regulation and epimerisation have been reported for different 

bacteria species (94,122). The biosynthetic pathway for A. vinelandii is described in the two 

following paragraphs. 

 
Alginate can be synthesized from various carbon sources that are assimilated through 

different pathways, entering the alginate biosynthesis as fructose-6-phosphate (Figure 1.5) 

(126–128). The biosynthetic pathway starts with synthesis of the alginate precursor molecule 

GDP-mannuronic acid (128). This requires conversion of fructose-6-phosphate through a 

four-step pathway, which is catalysed by three cytosolic enzymes (AlgA, AlgC and AlgD) 

(129–133). GDP-mannuronic acid molecules are then polymerized into long chains of M-

residues (poly-M) by an enzyme complex (Alg8-Alg44) anchored in the cytoplasmic 

membrane (127,134,135).  

 

In the periplasmic space, poly-M is subjected to modification at the polymer level by the 

multiprotein complex (79,124). Several of the proteins (AlgI, AlgV, AlgF, AlgX) are 

involved in O-acetylation of bacterial alginate (124,136–139). As described in section 1.1.3, 
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acetylated M-residues cannot be enzymatically modified by mannuronan C5-epimerases (77). 

Nevertheless, a mannuronan C5-epimerase found in Pseudomonas syringae have shown to 

display deacetylase activity and is able to remove acetyl groups from acetylated alginate prior 

to epimerizing the polymer (140). In the periplasm is also a calcium-independent mannuronan 

C5-epimerase (AlgG) that can epimerize single non-acetylated M-residues into G-residues 

(123,124). Alginate lyases (AlgL, AlyA1, AlyA2) facilitate β-elimination cleavage of 

glycosidic bonds – AlgL cleaves M-M and M-G bonds, while AlyA1 and AlyA2 cleave M-G 

and G-M bonds (133,141,142). Alginate lyases found in the periplasmic space are important 

for controlling the molecular weight of alginate chains produced and the degradation of 

polymer chains that failed to be exported out of the cell (26). The alginate chain is secreted 

out of the cell through a membrane bound porin protein (AlgJ), and can further be modified 

by seven secreted calcium-dependent mannuronan C5-epimerases (AlgE1-7) depending on 

the needs of the bacteria (124,143–146). The polymer can also be altered by an extracellular 

alginate lyase (AlyA3), which is able to cleave G-M, M-G, M-M and G-G bonds, but at 

different rates (142).  

 
Figure 1.5. Biosynthesis of alginate in the bacterium Azotobacter vinelandii. Carbon sources are assimilated 
through different pathways (intermediate products shown in yellow), before entering the pathway of alginate 
biosynthesis (intermediate products shown in blue). Different alginate-modifying enzymes are then acting on the 
polymer, generating a specific sequential composition in the final polymer (purple). The figure is based on a 
similar figure for Pseudomonas presented in Hay et al. (94), but shows the enzymes and proteins identified in A. 
vinelandii. 
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 Mannuronan C5-epimerases   1.2.2
 
Mannuronan C5-epimerases are enzymes that catalyse the inversion of the stereochemical 

configuration at carbon number 5 of some the β-D-mannuronic acid (M) residues in poly-M 

alginate, converting them into α-L-guluronic acid (G) (11,147). Mannuronan C5-epimerase 

was first discovered in A. vinelandii in 1969, as the first enzyme reported to have epimerase 

activity on polymer level (148). Mannuronan C5-epimerase activity has later been observed in 

several species of brown algae and bacteria belonging to the Pseudomonas genera (149–155). 

In A. vinelandii, these epimerases are thought to have a crucial role in synthesizing alginate 

with a variety of physical properties, required at different life stages and under varying 

environmental conditions such as cyst formation (144,145,156,157). These enzymes may also 

be used for in vitro epimerization of poly-M, which makes it possible to design alginate with 

tailored properties for use in a variety of biotechnological and medical applications (13,158).  

 

Two types of mannuronan C5-epimerases have been identified in alginate-producing 

organisms: calcium-independent (AlgG-type) and calcium-dependent (AlgE-type, see section 

2.2.3) (79). All alginate-producing bacteria have shown to encode a periplasmic and calcium-

independent mannuronan C5-epimerase (AlgG) that introduces single G-residues in stretches 

of mannuronan (79,124). Previous studies on P. fluorescens have reported that the AlgG 

protein, but not its epimerase activity, is required for alginate biosynthesis (159). It was 

further suggested that the presence of AlgG epimerase as a part of the multiprotein complex 

has a role in protecting newly synthesized alginate polymers from degradation by periplasmic 

alginate lyases (159,160). AlgG-mutants lacking epimerization activity have shown to 

produce pure poly-M alginate, which is commonly used as substrate for in vitro epimerization 

studies on alginate (159,161,162). Algal epimerases encode mannuronan C5-epimerases 

structural related to the AlgG-epimerase found in bacteria. However, these enzymes are 

difficult to extract and have therefore been less studied (152). 

 

 The AlgE epimerase family of Azotobacter vinelandii  1.2.3
 
A family of seven extracellular calcium-dependent mannuronan C5-epimerases (AlgE1-7) 

have been identified in A. vinelandi (162). These enzymes have all been cloned and expressed 

in Escherichia coli (144,145,156). A. vinelandii also encodes a protein (AlgY) homologous to 

the AlgE epimerases, which has no epimerase activity or other known function (156). 
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Modular structure of AlgE epimerases  

The AlgE epimerases are modular enzymes (Table 1.1) consisting of one or two catalytically 

active A-modules (385 amino acids) and one to seven R-modules (155 amino acids) (145). 

The sequence homology of each module type is between 50-100 % (145,156). Studies have 

demonstrated that the A-modules are catalytically active without the associated R-modules, 

showing that this module carries the active site (162,163). However, the enzyme activity is 

significantly increased in presence of at least one R-module (163). R-modules contain four to 

seven repeats of calcium-binding motifs, in which binding of Ca2+ ions is important for their 

structural stability (163–165). Calcium-binding sites have also been identified in A-modules 

and are thought to be involved in structural stability, substrate interaction by neutralization of 

charge and/or gel formation after epimerization (166,167). 

 

Table 1.1. The modular structure of the AlgE mannuronan C5-epimerasess from A. vinelandii and their 
epimerization pattern (which is dependent on the A-modules). The AlgE epimerases consists of one or two 
catalytically active A-modules and one to seven R-modules. Same colour illustrates the sequence homology 
between individual modules. The calcium-binding motifs are shown as vertical lines above the modules. 
Illustrations of the modular structures are reproduced from Ertesvåg et al. (13) 
Enzyme Modular structure Epimerization pattern  
 
 
AlgE1 

 

 
        A1             R1   R2   R3           A2             R4    

 
 
A1: G-blocks (long) 
A2: MG-blocks 

 
 
AlgE2  

 

 
        A1           R1   R2   R3   R4  

 
 
A1: G-blocks (short) 

 
 
AlgE3 

 

 
        A1             R1   R2   R3           A2            R4   R5   R6   R7       

 
 
A1: G-blocks (short) 
A2: MG-blocks 

 
 
AlgE4 

 

 
        A1           R1    

 
 
A1: MG-blocks 

 
 
AlgE5 

 

 
        A1           R1   R2   R3   R4 

 
 
A1: G-blocks (short) 

 
 
AlgE6 

 

 
        A1           R1   R2   R3 

 
 
A1: G-blocks (long) 

 
 
AlgE7* 

 

 
        A1           R1   R2   R3 
 

 
 
A1: Single G-residues 
      and G-blocks  

*  Lyase activity with preference for G-GM and G-MM bonds (168) 
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Molecular structure of AlgE epimerases  

The three-dimensional structure of a full-length AlgE epimerase has not been determined, but 

the structure of the AlgE4 modules has been elucidated (Figure 1.6). The crystal structure of 

the A-module from AlgE4 was determined by X-ray crystallography at 2.1 Å resolution, 

while the structure of the R-module was solved by NMR spectroscopy (164,166). No 

secondary structure of the proline-rich linker region connecting the two modules is solved, but 

studies of the overall structure of AlgE4 have suggested that it is unstructured and flexible 

(164,169).  

 

The AlgE4 A-module shows a single-stranded, right-handed parallel β-helix fold, consisting 

of 12 complete turns (20-40 amino acids) organized in 4 β-sheets (PB1 PB2a, PB2b, PB3), 

with an amphipathic α-helix that caps the N-terminal end (Figure 1.6 A) (166). Protruding 

from the β-helix fold are three flexible turns (T1-3, consisting of 1-9 amino acids) connecting 

the β-strands in adjacent β-sheets. The active site of AlgE4 is situated in a positively charged 

cleft between the T1 and T3 loops at the centre of the A-module. The bottom of this cleft is 

made up by PB1, forming an extended binding groove where the alginate substrate can bind 

(166). The crystal structure of the AlgE6 A-module has later been elucidated at 1.19 Å 

resolution, revealing an almost identical structure (Protein data bank code 5LW3).  

 
Figure 1.6.  Structure of AlgE4. Α)  β-helix structure of the AlgE4 A-module, organized in 4 β-sheets (PB1 
PB2a, PB2b, PB3), with an α-helix (grey) that caps the N-terminal end. The three flexible turns (T1-T3) connect 
the β-strands in adjacent β-sheets. PB1 (purple) shows the substrate-binding groove, with a mannuronan 
trisaccharide (cyan stick model) bound at the active site cleft. B) β-roll structure of the AlgE4 R-module with an 
unstructured C-terminal end (residues 145-167). The figure is based on the structures presented in Rozeboom et 
al. (A) and Aachmann et al. (B) (164,166).  

B) 
N  

C  

N  

C  

PB3  

PB3  

PB2b  

PB2b  
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T3  

T1  
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Similar to the A-module, the N-terminal end of the AlgE4 R-module folds into a right-handed 

parallel β-roll (Figure 1.6 B) (164). The C-terminal end consists of an unstructured stretch of 

22 amino acids (residues 145-167). This region is present at the end of the last R-module in 

all AlgE epimerases, and is thought to function as a secretion signal for transporting the 

enzyme to the out of the cell (144,145,164). Overall, the R-module has an elongated shape 

with a small groove on one side (164). This groove has a positively charged patch that has 

been shown to interact with a negatively charged M-pentamer and poly-M substrate, and to a 

less extent with poly-MG alginate (164,165). However, affinity studies of the three AlgE6 R-

modules detected no interaction with poly-M, poly-MG or poly-G substrates when examined 

independently of the A-module (165). This suggests that R-modules have a role in modulating 

the enzyme activity by facilitating binding and positioning of the substrate (164,165). 

 

An alignment of the amino acid sequence of A-modules of all known mannuronan C5-

epimerases from algae and bacteria shows that they share a Y(G/A)(F/I)DPH(D/E) motif 

(residues 149-155 in AlgE4) located in subsite +1 (152,166,168,170). According to the 

nomenclature of sugar-binding enzymes, the catalytic site is situated within this subsite (171). 

The catalytic residues have been identified as the four essential amino acids Y149, D152, 

H154 and D178, where residue D178 seems to be conserved in AlgE epimerases only (Figure 

1.7) (166). The residue D152 has been shown to be important for both the epimerase and the 

lyase activity in AlgE7 (168). However, the role of each catalytic residue in the reaction 

mechanism (described in later paragraphs) is not fully established. Nevertheless, studies have 

suggested that Y149 act as the catalytic base (AA2) and H154 as the catalytic acid (AA3) 

(166). 
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Figure 1.7. The catalytic residues (yellow) of the AlgE4 active site have been identified as Y149A, D152, H154 
and D178, and are conserved among all seven AlgE epimerases. A bound mannuronan trisaccharide is shown in 
stick representation (cyan). Residue number 307 (pink) is also shown as it has been shown to be important for 
determining the epimerization pattern of AlgE epimerases (172). The structure is adapted from Rozeboom et al. 
and visualized in PyMOL (166,173). 
 

Another interesting discovery is the significance of residue number 307 of either tyrosine (Y) 

or phenylalanine (F), located in a long loop in the A-module (Figure 1.7). In epimerases 

producing G-blocks this residue is a Y, while in epimerases creating MG-blocks it is a F 

(158). Recently, this residue has been demonstrated to be essential for defining the 

epimerisation pattern of AlgE epimerases, possibly by modulating binding of the substrate 

(172). 

 

Epimerization patterns  

The seven AlgE epimerases of A. vinelandii all have their unique catalytic properties, 

resulting in different amounts and distributions of G-residues in the alginate produced (145). 

This gives specific non-random epimerization patterns, which are determined by the A-

modules (Table 1.1) (163). The AlgE A-modules can be divided into two main groups based 

on their sequence homology, shown by similar colours in Table 1.1 (162). AlgE2 and AlgE5 

belong to the first homology group, both creating short G-blocks (145,174). In the second 

homology group are AlgE4 and AlgE6. However, they generate different block structures – 

AlgE4 creates MG-blocks, while AlgE6 creates long G-blocks (13,146,175). Studies using 

hybrid A-modules indicates that only certain parts of the A-module is essential for the 

epimerization pattern (residue 307 is of particular importance, as described in the previous 

Y149 

D152 

D178 H154 

F307 
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paragraph) (172). AlgE1 and AlgE3 are composite enzymes meaning they both contain two 

A-modules, one of each homology group (13,162). AlgE1 and AlgE3 creates G-blocks and 

presumably some MG-blocks between them (13), but when the two A-modules are expressed 

separately, the A1-modules create G-blocks and the A2-modules create MG-blocks (163,176). 

AlgE7 has been identified as a bifunctional lyase/epimerase, generating short G-block 

oligomers (168). The lyase activity is thought to originate from the same active site as the 

epimerase activity, occasionally cleaving the alginate polymer instead of epimerizing it 

(55,168). Studies conducted with AlgE2 and AlgE5 have also shown weak lyase activity (1-3 

chain breaks per 1000 epimerised M-residues), but this is probably caused by failed epimerase 

reaction due to gelling of alginate during G-block formation (162,174).  

 
Reaction mechanism  

A unified three-step reaction mechanism has been proposed for mannuronan C5-epimerases 

and alginate lyases. (Figure 1.8) (55). In the first step, a positively charged amino acid (AA1) 

neutralizes the negatively charged carboxylate group (-COO-) of the M-residue. In the second 

step, a different amino acid residue (AA2) acts as a catalytic base and abstracts the proton at 

C5, forming an enolate anion that is stabilized by resonance. The final step has three possible 

outcomes, depending where the proton is donated. In the epimerase reaction, a catalytic acid 

(AA3) protonate the C5-carbanion from the opposite side of the sugar ring. This results in an 

inversion of the stereochemistry of the residue. In the lyase reaction, the proton is donated to 

the oxygen at C1 in the leaving group. This leads to a β-elimination of the 4-O-glycosidic 

bond, creating a double bond between C4 and C5 at the non-reducing end. This gives an 

unsaturated uronic acid residue (4-deoxy-L-erytho-hex-4-enepyranosyluronate, Δ) (55).  

Studies have shown that the second step of the reaction can be reversible (175). This yields a 

third possible outcome, where re-protonation of the C5-carbainion by the catalytic base 

(AA2) or solvent from the same side it was abstracted results in the initial M-residue 

(55,175).   
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Figure 1.8. A unified three-step reaction mechanism proposed for mannuronan C5-epimerases and alginate 
lyases: AA1 refers to the amino acid residue on the enzymes that neutralizes the negative charged carboxylate 
ion (COO-), and amino acid residue AA2 abstracts the proton at C5. In the lyase reaction, the proton is donated 
to the oxygen at C-1 in the leaving group (R1-OH), which gives β-elimination of the 4-O-glycosidic bond. In the 
epimerase reaction, a proton from amino acid residue AA3 is donated to the opposite side, which changes 
stereochemistry and conformation of the hexose from β-D-mannuronic acid (M) to α-L-guluronic acid (G) (55). 
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Mode of action 

There are four main epimerase features that can be said to define the alginate product (177): 

1. Product specificity, which determines whether the enzyme generates a G-block or MG-

block pattern (Table 1.1). 2. Enzyme processivity, which controls generation of single G-

residues or long blocks. 3. Substrate selectivity, which is defined by individual binding 

constants for different sequences. 4. Reaction rate for each enzyme. 
 

As described earlier, mannuronan C5-epimerases generate distinctive epimerization patterns 

(Table 1.1). After epimerisation of the first G-residue, epimerases are able to progressively 

epimerize the neighbouring or the second neighbouring M-residue without dissociating from 

the substrate, generating successive block structures along the alginate chain (175,178). 

Another outcome is that the enzyme randomly dissociates from the substrate after 

epimerization of some residues, before initiates a new binding event with the substrate 

(175,178). These modes of actions can be described as the enzyme processivity – the average 

number of residues epimerized per binding event between the substrate and enzyme 

(179,180). A processive enzyme must be able to recognize and bind the substrate in more than 

one site (162,181). This holds true for AlgE epimerases, in which several residues 

surrounding the active site have been found to accommodate binding of the alginate substrate 

(164,166,178). In alginate, the formation of long G-blocks could be due to a high degree of 

processivity. However, the distinct epimerization patterns may also arise from the epimerase 

preferring a specific substrate depending on the distribution of pre-existing G-residues. This 

mode of action is also known as the “preferred attack” mechanism, where the enzyme 

substrate specificity depends on the affinity of a specific monomer sequence (162).  

 

Different approaches such as time-resolved NMR spectroscopy, mass spectrometry (MS) and 

chromatography techniques have been used to determine if the AlgE epimerases have a 

processive or preferred attack mode of action (178,181–184). For the smallest epimerase 

AlgE4, studies have supported a processive mode of action where the enzyme epimerizes 

every other M-residue, creating a pattern of alternating M- and G-residues (poly-MG) 

(175,178,181). The β-1,4 linkage in poly-M substrate implies that each M-residues is rotated 

about 180° with respect to its neighbouring residues. This allow allows the enzyme to slide 

along the polymer in a processive manner without rotating the substrate (178). The minimum 

substrate required for activity of AlgE4 has been found to be six residues (M6), where the 

third residue from the non-reducing end is the first to be epimerized (178). For longer chains, 
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AlgE4 acts in the direction of the non-reducing end, epimerizing an average of 10 residues per 

binding event (178).  

 

A processive mode of action has also been proposed for AlgE1 and AlgE6, which both 

predominantly generates G-blocks (184,185). Kinetic experiments have, however, shown a 

higher reaction rate for these enzymes when acting on substrate with pre-existing G-residues, 

and they seem to favour G-block containing substrates over poly-MG and poly-M (184). 

AlgE1 and AlgE6 also have the capacity to epimerize M-residues flanked by G-residues and 

thus merge G-blocks. These results support an initial preferred attack mechanism, but whether 

the enzymes continue along the substrate in a processive and/or preferred mode of action is 

not fully understood (184). Nevertheless, it is likely that both enzymes are processive when 

acting on poly-MG substrate, similar to the processive mode of AlgE4 (184). AlgE1 and 

AlgE6 require a minimum substrate of ten and eight residues, respectively, when acting on 

poly-MG. On poly-M substrates, the minimum substrate is an octamer for AlgE1 and a 

heptamer for AlgE6. At these minimum chain lengths, epimerization is initiated at the third 

(on poly-M) and fourth (on poly-MG) M-residue from the non-reducing end (184).  

 

The similar epimerization patterns seen for AlgE1 and AlgE3 suggest that they share similar 

properties. However, comparison of the measured initial activity required to obtain high 

degrees of epimerization shows that a lower initial activity is required for AlgE3 than for 

AlgE1 (13). For the AlgE2, AlgE5 and AlgE7 epimerases, a preferred attack mechanism or a 

combination of both mechanisms has been suggested (162,168,174,184). Although AlgE2 and 

AlgE5 have similar epimerization patterns and a high degree of sequence identity (95 %), 

their substrate specificity differ (145,174,184). Kinetic data of AlgE5 indicates that this 

epimerase has a preference for poly-MG substrate, while epimerization experiments with 

AlgE2 shows that it is unable to epimerize poly-MG substrates and to merge G-block 

sequences (174,181,184). The mode of action for AlgE7 is described in section 1.3.  

 

The reaction rate of AlgE epimerases is characteristic for each enzyme, and is especially 

important when several epimerases are acting on the alginate simultaneously, competing for 

the substrate (145,177). For AlgE2 and AlgE4 the reaction rate has been found to increase 

with increasing chain length of poly-M substrate for lengths in the range DPn 10-2000 (181). 

The enzyme efficiency of all epimerases is also shown to depend on calcium concentration, 
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the type of alginate substrate, pH and temperature, and the optimum conditions vary for the 

different epimerases (13,174,175,184). 

 

 Alginate lyases 1.2.4
 
Alginate lyases are enzymes that catalyse the degradation of alginate by cleaving the 

glycosidic linkages between the monomers by a β-elimination reaction (see section 1.2.3) 

(52,54,55). As briefly mentioned in section 1.1.2, their occurrence in nature is widely 

distributed, isolated from organisms that use alginate as a carbon source, as well as a variety 

of alginate-producing bacteria and some bacteriophages (52,53). The biological function of 

alginate lyases in alginate-producing bacteria may be to control the length of newly 

synthesized alginate (52,125). They also appear to have a role in degradation of the cyst coat 

during germination in A. vinelandii and cell detachment from the alginate biofilm produced 

by P. aeruginosa (52,186,187). In bacteriophages, lyases are important for destroying the 

acetylated poly-M-rich extracellular polysaccharide layer surrounding the bacteria, thereby 

helping the phage to penetrate this layer (52,188,189).  

 

An alginate molecule may contain four different types of bonds: M-M, M-G, G-M and G-G. 

Most alginate lyases are able to cleavage more than one of these bonds, but at different 

reaction rates (52,190). Indeed, alginate lyases can be classified in two groups based on their 

substrate specificities: G-block specific (EC 4.2.2.11) and M-block specific (EC.4.2.2.3) 

lyases. However, this classification does not differentiate between lyases that also are able to 

cleave M-G or G-M bonds. O-acetylation of M-residues further complicates the study of 

alginate lyases, as not all alginate lyases are able to act on acetylated substrates (52). Alginate 

lyase can also be classified according to their mode of action as endolytic or exolytic enzymes 

(52,79). Most studied lyases act endolytically, cleaving glycosidic bonds inside long alginate 

chains, and releasing unsaturated oligosaccharides (2-5 monomers) as main products 

(79,191). However, some exolytic alginate lyases have been reported, removing single 

residues from the end of the alginate polymers (192,193). 

 

A third type of classification is based on the sequence similarities of the enzymes (194). 

Alginate lyases are found in the polysaccharide lyase (PL) families PL5, PL6, PL7, PL14, 

PL15, PL17 and PL18 of the carbohydrate-active enzyme (CAZy) database. In addition, some 

lyases are grouped as unclassified polysaccharide lyases (79,194). Families PL5, PL15 and 
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PL17 have been found to have an (α/α)n toroid fold structure, while PL7, PL14, and PL18 are 

folded as β-jelly rolls (195,196). However, enzymes belonging to the PL6 family show a 

similar right-handed β-helix fold as identified in AlgE epimerases (195,197,198). For many of 

the studied alginate lyases, the key amino acids tyrosine and/or histidine facilitate the catalytic 

β-elimination reaction, whereas alginate lyases of the PL6 family follow another scheme 

(79,196). They have been found to use Ca2+ ions as a neutralizing agent, a lysine as the 

catalytic base (AA2) and an arginine as the catalytic acid (AA3) (196,197). Thus, the PL6 

family have different catalytic residues than found for the AlgE epimerases, despite their 

similar structures.  

 

Most applications of alginate lyases lie in basic and applied research. A convenient 

application is their use in measurement of alginate concentration or epimerase activity, where 

the absorbance at 230 nm or the resulting unsaturated Δ residue is measured (158,199,200). 

Studies of block structures in alginate utilize different cleavage specificities of lyases by 

degrading parts of the polymer (25,201,202). This makes it possible to analyse the remaining 

block structures using NMR or HPAEC-PAD (25,201,202). Alginate lyases might also be 

applied for tailoring alginate polymers with defined lengths in vitro (190).  

 

 

1.3 The AlgE7 epimerase of Azotobacter vinelandii 
 
The AlgE7 epimerase was first identified in 1999, as a member of the A. vinelandii AlgE 

epimerase family (156). Surprisingly, the AlgE7 enzyme was found to display both epimerase 

and lyase activity. As previously mentioned in section 1.2.3, weak lyase activity has also been 

identified in AlgE2 and AlgE5 (162,174). However, AlgE7 is the only epimerase reported to 

have lyase activity at rates comparable to other alginate lyases (52,168). The biological 

significance of the dual catalytic activity in AlgE7 is not fully established, but a study of an 

AlgE7 knock-out mutant showed that the enzyme is not required for cyst germination (142). 

The same study also suggests that AlgE7 mediated the release of synthesized alginate 

associated at the cell surface. Still, it is possible that enzyme also contributes in cyst 

formation in A. vinelandii, generating a smaller fraction of alginate oligomers (156).  
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Structure and catalytic residues  

The molecular structure of AlgE7 has not yet been determined, but high degree of sequence 

homology with the A-modules of structurally characterized AlgE4 and AlgE6 indicates a 

similar right-handed parallel β-helix structure for the AlgE7 A-module (156,166). In the same 

amino acid sequence alignment study, it was observed that the AlgE7 and AlgY proteins 

deviated the most from the rest of the AlgE1-6 A-modules (156). The three AlgE7 R-modules 

were also significantly homologous to the R-modules of AlgE1-E6. However, the R1 and R2 

modules of AlgE7 seem to be less homologous than all the other R-modules identified in 

AlgE epimerases.  

 

As explained in section 1.2.3, the active site for the epimerase activity in all AlgE epimerases 

contains the four catalytic residues Y149, D152, H154 and D178 (166). Studies of the lyase 

activity in AlgE7 also suggest that the same catalytic residues are responsible for cleavage of 

the alginate substrate (168). A common active site for both activities of AlgE7 coincides with 

the proposed reaction mechanism for epimerases and lyases, as this mechanism only differ in 

the last reaction step (55,168). However, as described in section 1.2.4, a similar parallel β-

helix fold is seen in several lyases, such as members of the PL6 family (195,197,198). This 

might suggest that the lyase activity of AlgE7 is located at a different site than the epimerase 

activity. Nevertheless, current research strongly indicates a common site for both activities 

(168). 

 

Substrate specificity and mode of action 

NMR spectroscopy analyses have shown that the AlgE7 enzyme creates an epimerization 

pattern of both single G-residues and G-blocks, whereas the AlgE7 lyase activity generates 

unsaturated uronic acid residues neighbouring an M-residue (ΔM) and G- and M residues 

with reducing ends (Gred and Mred) (156,168). Moreover, Gred residues were found in a larger 

amount than Mred residues. Based on these findings, four potential cleavage sites have been 

proposed for the AlgE7 enzyme: G↓MM, G↓GM, M↓MM and M↓GM, with clear preference 

for the two first mentioned (168). AlgE7 thus seems to favour cleavage at the end of G-

blocks.  

 

When acting on poly-M substrate, the initial reaction rate has been found to be higher for the 

epimerase reaction than for the lyase reaction, up to a point where the substrate is highly 
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degraded (DPn < 11), after which lyase activity predominates (168). This indicates that AlgE7 

is able to bind small oligomers, but that longer chain lengths are required for epimerase 

activity. AlgE7 has also shown capable of epimerizing poly-MG substrate. NMR analysis of 

this reaction product also identified G↓MG as a more favorable cleavage site in MG-alginate, 

but cleavage in this site was much less efficient. Epimerization data on different alginate 

substrates has also indicated that AlgE7 prefers epimerization of M-residues neighboring pre-

existing G-residues (preferred attack mechanism), and that the initial degradation is higher in 

alginate already containing some G-residues than in pure mannuronan substrate. The latter 

may be explained by a need for a specific monomer sequence in order to stimulate lyase 

activity. Regardless, it is fair to say that there is a complex relationship between substrate 

composition and lyase activity.  

 

Similar to the epimerase activity in all AlgE enzymes, Ca2+ ions were also found to be an 

absolute requirement for the lyase activity in AlgE7 (168). Experiments of the AlgE7 lyase 

activity have shown that acetylation of the alginate substrate inhibits the lyase activity. The 

same was also seen with increased ionic strength (NaCl). In addition, the highest AlgE7 lyase 

activity was around pH 6.9-7.3 in the presence of 2.5 mM Ca2+ and temperatures close to 37 

°C. The optimum conditions for the epimerase activity have not been determined (168). 

1.4 Aim of the research project  
 
The main objective of this project has been to get a better understanding of the molecular 

mechanisms that contributes to the bifunctional activity of the mannuronan C5-epimerase and 

alginate lyase AlgE7. With that, the project also aims to get more insight into both the 

epimerase and lyase mechanism. This was achieved by studying and mutating amino acid 

residues surrounding the active site of AlgE7 that differ in relation to the other six AlgE 

epimerases.  

 

Mannuronan C5-epimerases enable enzymatic modification of alginate in vitro, and an 

understanding of the action of AlgE7 can therefore be useful in specific design of alginate for 

biotechnological applications. A mechanistic understanding of AlgE7 may provide the ability 

to control which of the two activities that will occur or to abort the lyase activity. This 

research may also contribute to a better understanding of other enzymes with dual catalytic 

activity. 
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2 Material and Methods  
 
2.1  Materials 
 

 Instruments  2.1.1
 
Table 2.1. The instruments used in this study, listed with their product model number and the manufacturer.  

Instrument Product model  Manufacturer 
Analytical valance AB204-S 

MT-5 
Mettler Toledo 
Mettler Toledo 

Block heater QBD2  Grant Instruments 
Centrifuge, rotor Centrifuge 5430R (F-35-8-30) 

MiniSpin® (F-45-12-11) 
Sorvall LYNX 6000 (F14-6x250y) 

Eppendorf AG 
Eppendorf AG 
Thermo Fisher Scientific 

Electrophoresis PowerPac BasicTM 300V Bio-Rad 
FPLC ÄKTA FPLC 

- P-920 (pump)  
- UPC-900 (detector)  
- INV-907 (injector)  
- FRAC-950 (fraction collector) 

GE Healthcare Life Sciences 
 
 
 
  

Freeze-dryer Beta 1-8 LDplus Martin Christ GmbH 
Gel imager ChemiDocTM XRS+ Bio-Rad 
Incubator Multitron CH-4103 Incubator Shaker Infors AG 
Microcentrifuge Galaxy MiniStar C1413-VWR230 VWR 
Magnetic stirrer MR-3001-384 Heidolph Instruments GmbH 
NMR Ascend 400 MHz, AVIIIHD,5 mm SmartProbe 

Ascend 800 MHz, AVIIIHD,  
5 mm cryogenic TCI probe 

Bruker Biospin 
Bruker Biospin 

PCR Mastercycler® Gradient Eppendorf AG 
pH meter Orion StarTM A111  Thermo Fisher Scientific 
Pipettes 10 µL, 100 µL, 1000 µL 

1000 µL, 12000 µL, 
Eppendorf Research 
Sartorius 

Sonicator Sonifer-250 Branson Ultrasonic 
Spectrophotometer NanoDropTM One 

Unicam Helios Epsilon 
Thermo Fisher Scientific 
Thermo fisher Scientific 

Sterile bench SAFE 2020 Thermo Fisher Scientific 
Vortex Classic Vortex Mixer Fisher Scientific Ltd 
Water bath GD-100 Grant InstrumentsTM 
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 Chemicals 2.1.2
 
Table 2.2 The chemicals used in this study, listed with their chemical abstracts service (CAS) registry number 
and the manufacturer. 

Chemical CAS number   Manufacturer 
1.4-dithiothreitol (DTT) 3483-12-3 VWR Chemicals 
3-morpholinopropane-1-sulfonic acid (MOPS) 1132-61-2 Fisher BioReagents 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 7365-45-9 PanReac AppliCem 
Acetic acid 64-19-7 Sigma-Aldrich 
Agar bacteriological (Agar No.1) 9002-18-0 Oxoid Ltd 
Ampicillin 69-52-3 PanReac AppliCem 
Bromophenol 115-39-9 Merck KGaA 
Calcium chloride (CaCl2) 10043-52-4  Sigma-Aldrich 
D(+)-Glucose anhydrous 50-99-7 VWR Chemicals 
Deuterium oxide (D2O, 99.9%) 7789-20-0 Sigma-Aldrich 
DNA gel loading dye (6X)  - Thermo Fisher Scientific 
EDTA-free protease inhibitor - cOmpleteTM 
Ethanol (EtOH) absolute ≥ 99.8 % 64-17-5 VWR Chemicals BDH 
Etylenediaminetetraacetic acid (EDTA) 6381-92-6 VWR Chemicals BDH 
GelRed® - Biotium Inc 
GeneRuler 1 kb DNA ladder  SM0311 Sigma-Aldrich 
Glycerol bidistilled 99.5 % (C3H8O3) 56-81-5 VWR Chemicals BDH 
InstantBlueTM protein stain - Expedeon 
Isopropyl-B-D-1-thiogalactopyranoside (IPTG) 367-93-1 Sigma-Aldrich 
Magnesium chloride (MgCl2)  7791-18-6  VWR Chemicals BHD 
Magnesium chloride hexsahydrate (MgCl2·6H2O) 7791-8-6 VWR Chemicals BDH 
Nitrogen (N2, (l)) 7727-37-9  Praxair Norge AS 
Potassium chloride (KCl) 7447-40-7 Merck KGaA 
Precision plus proteinTM all blue standards - Bio-Rad 
RunBlue 20x SDS run buffer - Expedeon 
Sodium chloride (NaCl) 7647-14-5 VWR Chemicals BDH 
Sodium dodecyl sulphate (SDS) 151-21-3 Sigma-Aldrich 
Sodium hydroxide (NaOH) 1310-73-2 Merck KGaA 
Tris(2-carboxyethyl) phosphine (TCEP)   
 

51805-45-9 Sigma-Aldrich 
Trietylenetetranitrilehexaacetic acid (TTHA) 869-52-3 Sigma-Aldrich  
Trimethylsilylpropanoic acid (TSP) 5683-30-7 Sigma-Aldrich 
Tris(hydroxymethyl)aminomethane hydrochlorid (Tris-HCl) 1185-53-1  Sigma-Aldrich 
Trizma® tris base 77-86-1 Sigma-Aldrich 
Triton X-100 9002-93-1 Sigma-Aldrich 
Tryptone 91079-40-2 Oxoid Ltd 
Yeast extract 8013-01-2 Oxoid Ltd 
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 Kits   2.1.3
 
Table 2.3. The kits used in this study, listed with the components included and the manufacturer.   

Kit Components Manufacturer 
Monarch® Miniprep Kit Protocol Plasmid miniprep column tubes  

Plasmid miniprep collection tubes  
Plasmid resuspension buffer  
Plasmid lysis buffer 
Plasmid neutralization buffer 
Plasmid wash buffer 1  
Plasmid wash buffer 2 
 

New England BioLabs Inc 

Q5® Site-Directed Mutagenesis Kit 
 

Q5 hot start high-fidelity master mix (2X) 
KLD reaction buffer (2X) 
KLD enzyme mix (10X) 
 

New England BioLabs Inc 

DNA Clean & ConcentratorTM-5 kit Zymo-Spin collection tube 
Zymo-Spin column 
DNA binding buffer 
DNA wash buffer 
DNA elution buffer 

Zymo Research 

 
 

 Disposable equipment  2.1.4
 
Table 2.4. List of disposable and other equipment used in this study. 

Disposable equipment  Description (product number) Manufacturer 
Centrifuge tubes 13 mL (62.515.006) 

15 mL (62.554.502) 
50 mL (62.547.254) 

Sarstedt AG & Co. KG 
Sarstedt AG & Co. KG 
Sarstedt AG & Co. KG 

Column packing material Chitin resin (S6651S) New England BioLabs Inc 
Cryotubes 2 mL (126263) Cryo.STM 
Dialysis membrane tubings MWCO 6-8 kD Spectra/Por® 
Lens cleaning tissue, grade 451 0.0 4 mm (111-5003) VWR International 
Microcentrifuge tubes 1.5 mL (72.690.001) Sarstedt AG & CoKG 
NMR sample tubes 5 mm OD (WG-1000-7) Wilmad LabGlass 
PCR tubes 0.2 mL (732-0548) VWR International LLC 
Petri dishes 55 x 14 mm (391-0611)  

90 × 16 mm (391-0459) 
140 × 21 mm (391-1501) 

VWR International LLC 
VWR International LLC 
VWR International LLC 

SDS-PAGE gels 12 % polyacrylamide ClearePAGETM 
Serological pipettes 5 mL (612-3704) 

10 mL (612-3700) 
25 mL (612-3698) 

VWR International LLC 
VWR International LLC 
VWR International LLC 

Spin columns (Amicon Ultra) 0.5 mL, membrane Ultracel® low-binding 
regenerated cellulose, MWCO 3kDa 

Merck Norge 

Sterile filters 0.22 µm (83.1826.001) 
0.22 µm, 50 mL receiver bottle (564-0020) 

Sarstedt AG & Co. KG 
Thermo Fischer Scientific 

 0.22 µm, 1000 mL receiver bottle Merck Millipore 
Syringes 5 ml (309050) 

10 mL (309110) 
BD Medical Technology 
BD Medical Technology 
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 Primers   2.1.5
 

  

All primers used for PCR (Table 2.5 and 2.6) and sequencing (Table 2.7) was ordered from 

Sigma-Aldrich. Primers used for site-directed mutagenesis (SDM) by PCR were designed 

with 5´ends annealing back-to-back using the NEBaseChanger (Table 2.5). Primers used for 

SLIC by PCR were designed with the assembly tool NEBuilder (Table 2.6). In some cases, 

the proposed primers from NEBaseChanger and NEBuilder were manually edited to remove 

the primers ability to anneal to multiple sites in the template or to create hairpin structures.  

 
Table 2.5. PCR primers pairs used for SDM, designed using NEBaseChanger. The oligonucleotide sequence 
(5´→3), primer length (bp), GC content (%) and melting and annealing temperatures (C°) are listed as stated by 
NEBase Changer. Uppercase and lowercase letters in the oligonucleotide sequence illustrates the specific primer 
target and the point mutation respectively.  

Mutation Direction Oligonucleotide sequence (5´→3) Length 
(bp) 

GC 
(%) 

Tm 
(C°) 

Ta 
(C°) 

R90A Forward 
Reverse 

CGGCATCATCgcCTCGGCCAAC 
GTGAGCTTTTCGTCCCAC 

22 
18 

68 
56 

61 
63 62 

E117L Forward 
Reverse 

CACCGAAGGCttGGTCGACGGC 
TTGTCCTGGTTACCGTCGATG 

22 
21 

68 
52 

65 
67 66 

E117K Forward 
Reverse 

CACCGAAGGCaAGGTCGACGGC 
TTGTCCTGGTTACCGTCGATG 

22 
21 

68 
52 

65 
67 

66 
 

Y122A Forward 
Reverse 

CGACGGCTTCgcTACCGGCTATATTCC 
ACCTCGCCTTCGGTGTTG 

27 
18 

59 
61 

63 
69 

64 
 

F122Y* Forward 
Reverse 

GACGGCTTCTatACCGGCTATATTC 
TACCTTGCCTTCGGTGTT 

25 
18 

48 
50 

63 
64 64 

H154A Forward 
Reverse 

CTTCGATCCCgcCGAGCAGACCATCAAC 
GCGTAGCCTGATACCTCG 

28 
18 

61 
61 

64 
69 65 

D173A Forward 
Reverse 

AACGGCAAGGcCGGGTTCGTC 
GTCGTGGGCGACGCTGTC 

21 
18 

67 
72 

69 
72 70 

R195A Forward 
Reverse 

CAACAACGGCgcCCACGGCTTC 
TACGAGACGTTGTTCTCG 

22 
18 

68 
50 

62 
61 62 

H196A Forward 
Reverse 

CAACGGCCGCgcCGGCTTCAAC 
TTGTACGAGACGTTGTTC 

22 
18 

73 
44 

64 
59 63 

R231L Forward  
Reverse 

GGCTCGGAAGACCtGGACTTCGTCTACAAC 
GCGCTGGACCACCAGGCCGTTG 

30 
22 

57 
73 

75 
79 72 

Y307L Forward  
Reverse 

GTGGAATCCTtCGACGACCGC 
GATGACTTCCGCGTTGGC 

21 
18 

62 
61 

72 
67 68 

* Used to remove a mutation in the algE7 gene carried by the pTB111 plasmid (Table 2.9) 
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Table 2.6. Primers used for SLIC cloning, designed using NEBuilder. The oligonucleotide sequence (5´→3), 
primer length (bp), GC content (%) and meting temperature (C°) are listed as stated by NEBuilder®. Uppercase 
and lowercase letters in the oligonucleotide sequence illustrates the annealing and the 5´extension segments 
respectively. 

Primer name Direction Oligonucleotide sequence (5´→3) Length 
(bp) 

GC 
(%) 

Tm 
(C°) 

pTYB1 backbone 
primers 

Forward 
Reverse 

CTCGAGGGCTCTTCCTGCT 
ATGTATATCTCCTTCTTAAAGTTAAACAAAA 

19 
31 

63 
23 

62 
52 

algE7 insert  
primers 

Forward 
  
Reverse 

ttttgtttaactttaagaaggagatatacatATGGAATACAACGTTAAG
GATTTTG  
aagcaggaagagccctcgagGGCAGCCTGCGAGCTGCTG 

56 
 
39 

27 
 
67 

61 
 
80 

 
 
Table 2.7. Primers used for sequencing. The oligonucleotide sequence (5´→3), primer length (bp), GC content 
(%) and meting temperature (C°) are listed as stated by Sigma-Aldrich.  

Primer name Direction Oligonucleotide sequence (5´→3) Length 
(bp) 

GC 
(%) 

Tm 
(C°) 

T7 promoter primer 
pTYB intein primer 

Forward 
Reverse 

TAATACGACTCACTATAGGG 
ACCCATGACCTTATTACCAACCTC 

20 
24 

40 
46 

58 
65 

pBG27 seq.primer Forward  
Reverse 

TGTGGAATTGTGAGCGGATAAC 
TTCGAGGTTGGTGAAGATGAAGTC 

22 
24 

45 
46 

66 
67 

 

 

 Bacteria strains and plasmids  2.1.6
 
Bacteria strains (Table 2.8) and plasmids (Table 2.9) used in this study. 
 
Table 2.8. Escherichia coli strains used for cloning and protein expression.  

Escherichia coli strain Description Reference 
NEB® 5-aplpha competent 
T7 express competent (ER2566) 

Cloning 
Protein expression  

New England BioLabs Inc 
New England BioLabs Inc 
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Table 2.9. Plasmids used for cloning and protein expression. All plasmids carry an ampicillin resistant gene 
(AmpR). Plasmid maps of pTYB1 and pBG27 are shown in Appendix B. 

Numbering Plasmids Description Reference or producer 
- pTYB1 Cloning and protein expression vector, T7 promoter,  

lac repressor, C-terminal Sec intein tag /chitin binding 
domain, ori M13, AmpR 
 
IMPACT-CN fusion vector pTYB1 derivative 
containing the algE7 gene  

New England BioLabs Inc 

1 pBG27* Cloning and protein expression vector, trc promotor,  
lac repressor, AmpR 
 
pTrc99a derivative containing the algE7 gene 
 

Published in Svanem et al. 1999 (146) 

2 pKK1 pBG27 with algE7-R90A This study 
3 pKK2 pBG27 with algE7-E117L This study 
4 pRS16 pBG27 with algE7-E117K Unpublished, Rannveig Skrede  
5 pRS38 pBG27 with algE7-D119A Unpublished, Rannveig Skrede 
6 pRS39 pBG27 with algE7-D119E Unpublished, Rannveig Skrede 
7 pRS40 pBG27 with algE7-D119N Unpublished, Rannveig Skrede 
8 pKK3 pBG27 with algE7-Y122A This study 
9 pRS17 pBG27 with algE7-Y122F Unpublished, Rannveig Skrede 

10 pTB95* pBG27 with algE7-R148G Unpublished, Tonje Bjerkan 
11 pJR4 pBG27 with algE7-R148K I Unpublished, Jan Riedl 
12 pJR3 pBG27 with algE7-Y149A Unpublished, Jan Riedl 
13 pRS18 pBG27 with algE7-Y149F Unpublished, Rannveig Skrede 
14 pRS19 pBG27 with algE7-D152E Unpublished, Rannveig Skrede 
15 pRS20 pBG27 with algE7-D152N Unpublished, Rannveig Skrede 
16 pRS36 pBG27 with algE7-P153A Unpublished, Rannveig Skrede 
17 pKK4 pBG27 with algE7-H154A This study 
18 pRS22 pBG27 with algE7-H154F Unpublished, Rannveig Skrede 
18 pRS21 pBG27 with algE7-H154Y Unpublished, Rannveig Skrede 
20 pJR1 pBG27 with algE7-K172L Unpublished, Jan Riedl 
21 pJR2 pBG27 with algE7-K172R Unpublished, Jan Riedl 
22 pKK5 pBG27 with algE7-D173A This study 
23 pRS23 pBG27 with algE7-D178E Unpublished, Rannveig Skrede 
24 pRS24 pBG27 with algE7-D178N Unpublished, Rannveig Skrede 
25 pRS25 pBG27 with algE7-D178R Unpublished, Rannveig Skrede 
26 pKK6 pBG27 with algE7-R195A This study 
27 pRS26 pBG27 with algE7-R195L Unpublished, Rannveig Skrede 
28 pKK7 pBG27 with algE7-H196A This study 
29 pRS37 pBG27 with algE7-V201L Unpublished, Rannveig Skrede 
30 pKK8 pBG27 with algE7-R231L This study 
31 pRS27 pBG27 with algE7-K255E Unpublished, Rannveig Skrede 
32 pRS28 pBG27 with algE7-K255L Unpublished, Rannveig Skrede 
33 pKK9 pBG27 with algE7-Y307F This study 
34 pKK10 pBG27 with algE7-E117K-R148G This study 
35 pKK11 pBG27 with algE7-E117K-R148G-K172L This study 
36 pJR5 pBG27 with algE7-R148K-K172L Unpublished, Jan Riedl 
37 pJR6 pBG27 with algE7-R148K-K172R Unpublished, Jan Riedl 
38 pTB113 pBG27 with algE7-E117K-Y122F-R148G Unpublished, Tonje Bjerkan 
39 pTB118 pBG27 with algE7-E117K-Y122F-K172L Unpublished, Tonje Bjerkan 
40 pTB119 pBG27 with algE7-E117K-Y122F-K172R Unpublished, Tonje Bjerkan 
41 pTB111* pBG27 with algE7-E117K-Y122F-R148G-K172L Unpublished, Tonje Bjerkan 
42 pTB112 pBG27 with algE7-E117K-Y122F-R148G-K172R Unpublished, Tonje Bjerkan 
43 pTB116 pBG27 with algE7-E117K-Y122F-Y149A Unpublished, Tonje Bjerkan 

* Plasmids used as DNA templates for site-directed mutagenesis by PCR in this study 
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 Alginate substrates   2.1.7
 

Substrates for the epimerase and lyase reaction by AlgE7 that were used in this study are 

listed in Table 2.10. 

 
Table 2.10. Alginate substrates used for the epimerase/lyase reaction. Origin, fraction of M-residues (FM), DPn 
and the producer of the substrates are listed. n.d=not determined 

Alginate substrate Origin FM DPn Producer 
Poly-mannuronan (poly-M) AlgG-deficient mutant of Pseudonomas 

fluorescens  
1.00 ∼ 370 SINTEF Industry, 

Trondheim (183) 
Poly-MG Mannuronan epimerized by AlgE4 epimerase 

(produced in E. coli)  
0.54 n.d Wenche I. Strand, 

NTNU, Trondheim 
(178,183) 

13C1-enriched poly-M AlgG-deficinent mutant of P. fluorescens 1.00 ∼ 70 SINTEF Industry, 
Trondheim (159) 

13C1-enriched poly-MG 13C1-enriched poly-M epimerized by AlgE4 
epimerase (produced in E. coli) 

0.52 n.d Wenche I. Strand, 
NTNU, Trondheim (25) 

13C1-enriched G-oligomers 13C1-enriched poly-M epimerized by AlgE1 
epimerase and hydrolysed to oligomers 

0.02 ∼ 22 SINTEF Industry 

 

 

 Media, buffers and solutions   2.1.8
All media, buffer and solutions were sterilized by autoclaving (120 °C, 20 minutes) or sterile 

filtration (0.22 µm filter) before use. The pH of buffers and solutions were checked with a pH 

meter and adjusted to the desired pH when necessary.  

 

Growth media  

All growth media were prepared in reverse osmosis (RO) water. The lysogeny broth agar 

(LA) medium was used to make agar plates. After autoclaving and partial cooling of the LA 

medium, the media was poured into sterile Petri dishes and solidified to agar by cooling. 

 

Lysogeny broth (LB) medium 

10 g/L tryptone  

5 g/L yeast extract  

5 g/L NaCl 

Autoclaved, stored at room temperature  

 

Lysogeny broth agar (LA) medium 

10 g/L tryptone  

5 g/L yeast extract  

5 g/L NaCl 

15 g/L agar bacteriological 

Autoclaved, stored at 4 °C
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Super optimal broth (SOC) medium 

20 g/L tryptone  

5 g/L yeast extract  

3.6 g/L D-glukose  

0.186 g/L KCl  

0.5 g/L NaCl 

0.952 g/L MgCl2  

Adjusted to pH 7 with NaOH 

Sterile filtrated, stored at -20 °C

Buffer and agarose solution used in agarose gel electrophoresis  
The 50x Tris-acetate-EDTA (TAE) buffer was prepared in RO water. 

0.8 % (w/v) agarose was dissolved in 1xTAE buffer. The agarose solution was then heated 

prior to adding 20 µL Gel Red®. 

 

50X Tris-acetate-EDTA (TAE) buffer 

24.2 g/L tris-base 

57.1 mL/L acetic acid 

100 mL 0.5 M EDTA, pH 8 

Autoclaved, stored in room temperature 

 

Buffers for protein production and purification 
The buffers used in the protein purification IMPACTTM-CN protocol were prepared in Mili-

Q® (MQ) water. The cleavage buffer was first prepared without 1,4-dithiotheritol (DTT). 

DTT was kept on ice and added to the cleavage buffer just before use.  

 

Lysis buffer 

20 mM HEPES  

5 mM CaCl2  

500 mM NaCl 

Adjusted to pH 6.9 with NaOH 

0.05 % (v/v) Triton X-100 

Sterile filtrated, stored at 4 °C 

IPTG solution  

0.5 M IPTG 

Sterile filtrated, stored at -20 °C 
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Column buffer 

20 mM HEPES  

5 mM CaCl2  

500 mM NaCl 

Adjusted to pH 6.9 with NaOH  

Sterile filtrated, stored at room temperature 

 

Regeneration buffer  

300 mM NaOH 

Sterile filtrated, stored at room temperature 

Cleavage buffer 

100 mL column buffer 

50 mM DTT 

Sterile filtrated, stored at room temperature 

 

Dialysis buffer 

5mM HEPES 

5mM CaCl2 

Adjusted to pH 6.9 with NaOH  

Sterile filtrated, stored at room temperature

Buffers for SDS-PAGE  
Buffers used for SDS-PAGE was prepared in MQ water. 

SDS sample buffer 

150 mM tris pH 6.8 

1.2 % (w/v) SDS 

25 % (w/v) glycerol 

15 % (v/v) TCEP 

0.0269 mM bromophenol blue 

Sterile filtrated, stored at -20 °C 

SDS running buffer 

0.5 % (v/v) RunBlue 20x SDS Run Buffer 

Stored at room temperature 

 

 

 

 

Buffer for epimerase and lyase reaction 
1H-NMR epimerization buffer (5x) 
25 mM HEPES  

12.5 mM CaCl2 

Adjusted to pH 6.9 with NaOH 

Sterile filtrated, stored at room temperature 

Prepared in MQ-water 
 
 
 
 
 
 

Time resolved 13C-NMR 
10 mM MOPS 

75 mM NaCl 

2.5 mM CaCl2  

Adjusted to pH 6.9 with NaOH 

Prepared in (d-99.9%) D2O
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 Bioinformatics software and online tools  2.1.9
 
Table 2.11. List of bioinformatics software and online tools used for bioinformatics analyses or other means. 

Bioinformatics tools Reference  Usage 
Benchling Benchling Inc. Verification of designed PCR oligonucleotides, 

analysis of sequencing results, making plasmid 
maps 

Clustal Omega EMBL-EBI, Cambridge Alignments of AlgE1-7 A modules 
NEBaseChanger 1.2.9 New England BioLabs Inc. Design of PCR oligonucleotides for SDM 
NEBuilder 2.2.7 New England BioLabs Inc. Design of PCR oligonucleotides for SLIC 
ProtParam ExPASy Theoretical protein parameters: number of amino 

acids, molecular mass, extinction coefficient 
PyMOL 2.3.2 Schrôdinger LLC Visualizing 3D protein structure and substrate, 

structural alignment of protein models 
SWISS-MODEL Biozentrum, Uiversity of Basel Homology modelling of a 3D protein structure  
Topspin 4.0.7 Bruker BioSpin Analysing 1H-NMR and 13C-NMR spectra 
WHATIF web server CMBI, Radboud University Mutation of residues in the amino acid sequence 
YASARA Energy 
Minimization Server  

YASARA Biosciences 
 

Performing energy minimization of homology 
models 

Other software Reference Usage 
ChemDraw Pro 17.0 PerkinElmer Informatics Draw chemical structures and reaction 

mechanisms 
ImageLab 6.0.1 BioRad Laboratories Visualizing gels  
PowerPoint® 14.5.8 Microsoft ® Making figures 
Unicorn 5.01 GE Healthcare Life Sciences Conduction FPLC experiments 
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2.2 Methods  
 
The overall methodology for this project consists of an experimental set-up that can be 

divided into three main parts: cloning, protein production and characterization (Figure 2.1). 

All AlgE7 mutants followed the blue and orange pathway shown in the flowchart. In order to 

purify the AlgE7 proteins by affinity chromatography using the IMPACTTM-CN system, the 

algE7 gene had to be transferred to a vector containing a Sec VMA intein tag/chitin-binding 

domain (Appendix B). This is shown by the purple pathway, which only was performed for 

some AlgE7 mutants.   

 

 
Figure 2.1. Flowchart showing the overall methodology for this study, consisting of thee main experimental 
parts: cloning, protein production and characterization. Site-directed mutagenesis was used to create some 
AlgE7 mutants, and in addition several AlgE7 mutants were cultivated from DH5-α glycerol stocks made in 
other studies, followed by plasmid isolation, sequencing, glycerol stock and transformation (blue pathway). 
Recombinant protein production and characterization: Lyase-activity assay and 1H-NMR spectroscopy were 
performed for almost all AlgE7 mutants (orange pathway). Sequence- and ligation independent cloning was 
used transfer some AlgE7 mutants into a vector containing Sec VMA intein tag/chitin-binding domain, needed 
for protein purification using affinity chromatography. This was followed by protein production: recombinant 
protein expression, protein purification and freeze-drying, and characterization: 1H-NMR spectroscopy and 
Time-resolved NMR spectroscopy (purple pathway).  
 
 

CLONING	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

CHARACTERISATION	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Site-directed	
mutagenesis	

o  Primer	design	

o  PCR	
o  Transformation	

DH5-α E.coli	

Cultivation	of	
AlgE7	mutants	

Plasmid	isolation	

Sequencing	

Glycerol	stock	

Transformation	T7	
express	competent	E.coli	

SLIC	–	Sequence-	and	ligation	
independent	cloning	

o  Primer	design	

o  PCR	
o  Agarose	gel	electrophoresis	
o  SLIC	–	reaction		
o  Transformation	DH5-α E.coli	
o  Plasmid	isolation		

o  Sequencing		
o  Transformation	T7	express	

competent	E.coli	

PROTEIN	PRODUCTION	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Rekombinant	protein	
expression	

Protein	purification	
o  Sonication	
o  FPLC	
o  SDS-PAGE	
o  Dialysis	

Freeze-drying	

Lyase-activity	assay	
o  Absorbance	measurements	

at	230	nm	(A230)		

Rekombinant	protein	expression	
o  Cultivation	and	induction	of	protein	
o  SDS-PAGE	

1H-NMR	spectroscopy	
o  Epimerase	and	lyase	

reaction	on	poly-M	alginate	

o  Freeze-drying	
o  1H-NMR	(400	MHz)	

1H-NMR	spectroscopy	
o  Epimerase	and	lyase	

reaction	on	alginate		

o  Freeze-drying	
o  1H-NMR	(400	MHz)	

Time-resolved	NMR	
spectroscopy	

o  13C-NMR	(800	MHz)	

o  HSQC	(800	MHz)	



CHAPTER 2. MATERIALS AND METHODS 
 

 38 

 Site-directed mutagenesis (SDM) by Polymerase chain 2.2.1
reaction (PCR)  

 
Site-directed mutagenesis (SDM) is a technique for creating specific targeted changes in the 

nucleotide sequence of double-stranded plasmid DNA (point mutations: substitution, insertion 

or deletion). This method is widely used in molecular biology for engineering of genes and 

novel proteins. It is also used as a tool to study the function of specific nucleotides in DNA 

sequences or amino acids in proteins (203,204). 

 

One strategy for SDM is based on polymerase chain reaction (PCR) – a technique for 

exponential amplification of specific sequences in a DNA molecule (Figure 2.2) (205,206). 

SDM by PCR utilizes custom designed oligonucleotide primers for in vitro replication. PCR 

primers comprise short nucleotide sequences complementary to opposite strands of the target 

DNA in the template. In order to limit non-specific primer hybridization and formation of 

internal hairpin structures (loops), PCR primers should be designed with a length of 18-30 

nucleotides (bp) and relative low guanine and cytosine (GC) content (40-60 %). This ensures 

a sufficiently lower annealing temperature than the extension temperature. Primer pairs are 

usually designed to overlap or anneal with their 5´ends back-to-back. In the case of 

substitution, the forward primer carries a point mutation that creates a change in the 

nucleotide sequence, which subsequently leads to a change at the amino acid level (arginine: 

CGC → glycine: GGC). This results in all new copies of amplified target DNA carrying the 

substitution (204,205,207,208). 

 

When performing PCR, a master mix of all reaction components is added to a thermocycler. 

Components required in the PCR master mix are a pair of PCR primers, a double-stranded 

template DNA, a thermostable Taq DNA polymerase I (originating from the bacterium 

Thermus aquatius), four types of deoxyribonucleoside triphosphates (dNTP) and a buffer 

containing the co-factor Mg2+ and optimal pH for Taq DNA polymerase I. The cyclic process 

can be divided into three steps, which usually are repeated 25-30 times (205,209):  

 

1. Denaturation – separation of double-stranded DNA by heating, usually 95-98 °C 

2. Annealing – hybridization of oligonucleotide primers to the target DNA, usually 45-65 °C 

3. DNA synthesis – Taq DNA polymerase I replicate the target DNA from the dNTPs in a 

    5´ to 3´ direction, thereby extending the primers, usually 70-72 °C 
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Figure 2.2: In vitro amplification of DNA using polymerase chain reaction (PCR). The cyclic three-step process 
is shown: denaturation of dsDNA into two ssDNA, annealing of oligonucleotide primers to the template DNA 
and DNA synthesis of the target sequence by thermosable Taq DNA polymerase I. The case of substitution is 
also shown, where the forward primer (orange) carries a point mutation (X). When a strand that carries the 
substitution is used as template, the substitution will be created in both strands (red arrow) (207,208).  
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The PCR products resulting from each cycle are linear, double-stranded and blunt-ended 

DNA molecules. These products are further treated with an enzyme mix containing a kinase, a 

ligase and endonuclease DpnI. The kinase phosphorylates the 5´-ends of linear DNA 

molecules, which then are recircularized by the ligase through an intermolecular blunt-end 

ligation. Simultaneously, the endonuclease DpnI will recognise and digest methylated DNA, 

and thus remove template DNA (methylated) from the recircularized PCR products (not 

methylated) (207). 

 

Procedure for Site-directed mutagenesis (SDM) by Polymerase chain reaction (PCR)  

PCR oligonucleotide primers were designed using NEBase Changer and checked for non-

specific hybridization, hairpin structures and mismatches in Benchling (Table 2.5). Site-

directed mutagenesis (SDM) was performed according to the NEB Q5® Site-Directed 

Mutagenesis Kit protocol (207). The reagents for PCR (12.5 µL Q5 hot start high-fidelity, 

1.25 µL forward primer (10 µM), 1.25 µL revers primer (10 µM), 1 µL DNA template (Table 

2.9) and 9 µL nuclease-free water) were assembled in a PCR tube, mixed on a vortex and 

transferred to a PCR thermocycler. PCR was run using the thermocycling conditions as stated 

in the protocol (Table 2.12). The amplified PCR product was then subjected for enzymatic 

treatment by mixing 1 µl PCR product, 5 µL KLD reaction buffer, 1 µL KLD enzyme mix 

and 3 µL nuclease-free water in a new PCR tube. The samples were incubated at room 

temperature for 5 minutes before transformation. 

 
Table 2.12. Thermocycling conditions used for polymerase chain reaction (PCR) for exponential DNA 
amplification, as described in the NEB 5Q® Site-Directed Mutagenesis Kit protocol (207). 

Reaction step Temperature (°C) Time (sec) 
Initial denaturation 98 30 

25 cycles 
98 
68-72* 
72 

10 
30 
210-300** 

Final extension 
Hold 

72 
4 

120 
 

*Calculated using the NEB Tm calculator from New England BioLabs Inc. 
**30 sec/kb. Plasmid size: 6.866kb and 10.009kb (Appendix B).  
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 Transformation of E. coli DH5-α  2.2.2
Transformation is a process where competent cells take up foreign genetic material from the 

environment and pass it on in following generations, either by incorporation in the cell 

genome or by existing as a plasmid in the cell cytoplasm. Competent cells are in a state where 

they can take up and utilize extracellular DNA from their surroundings. Competence can be 

achieved by artificial transformation in the laboratory, e.g. by chemical treating the cells with 

divalent cations before exposing them to a brief increase in temperature (heat-shock). This is 

thought to create pores in the plasma membrane, which transiently increase the membrane 

permeability by opening gated membrane channel proteins, allowing uptake of extracellular 

DNA into the cell (207,210–213).  

 

Procedure for transformation and inoculation of E. coli DH5-α  

A 1,5 mL tube of 50 µl NEB® 5-alpha competent E. coli cells was thawed on ice. 5 µL KLD 

mix was added to the cells, gently mixed by flicking the tube and incubated on ice for 30 

minutes. The cells were heat-shocked (42°C) in a water bath for 30 seconds and instantly 

transferred back on ice for 5 minutes. 950 µL of room tempered SOC medium was added to 

the tube, before the tube was incubated at 37°C with shaking (250 rpm) for 60 minutes. 100 

µL of culture was plated onto ampicillin LA selection plates and incubated at 37°C over 

night. It was also made a concentrated culture, by centrifuging the cells into a pellet, pouring 

off the medium and resuspending in 100 µL LB medium. The concentrated culture was then 

plated in the same manner as the original culture. The plated cultures were checked the next 

day, and 2-4 colonies from each LA plate were transferred to 13 mL tubes together with 6 mL 

of LB medium and 6 µL ampicillin (100 mg/mL). The cultures were incubated (37°C) with 

shaking (250 rpm) over night, for subsequent plasmid isolation.  

 

 Cultivation of AlgE7 mutants 2.2.3
The AlgE7 wild type and 31 different AlgE7 mutants in the pBG27 plasmids (Table 2.9) were 

collected from DH5-α glycerol stocks stored at - 80 °C. A sample from each glycerol stock 

were plated onto ampicillin LA selection plates using a toothpick, and incubated at 37°C over 

night. One colony from each plate was picked and transferred to liquid cultures for incubation 

at 37°C with shaking (250 rpm) over night, before plasmid isolation. This was done in the 

same manner as described in section 2.2.2. 
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 Plasmid isolation  2.2.4
Plasmid isolation was performed by alkaline lysis of cells, where cells break open and release 

their content, from which plasmid DNA can be separated from other cell components (214). 
Cells grown in a liquid media (broth culture) were harvested by centrifugation and 

resuspended in a solution containing Tris-HCl and EDTA. Upon cell lysis, these components 

inhibits cellular enzymes that can damage DNA and binds metal ions essential for preserving 

the cell wall structure (208). An alkaline lysis solution containing the detergent sodium 

dodecylsulfate (SDS) and sodium hydroxide (NaOH) results in dissolution of the 

phospholipid membrane and denaturation of most cell proteins and double-stranded DNA 

(dsDNA) into single strands (ssDNA). Unlike genomic ssDNA, plasmid ssDNA will not 

tangle with other denatured molecules because their intertwined strands keep them 

supercoiled. The neutralization solution ensures reannealing of plasmid ssDNA into dsDNA 

that dissolves in the solution. Genomic ssDNA is too large for reannealing and will form a 

complex with SDS, lipids and denatured proteins, resulting in a precipitate removed by 

centrifugation. In the Monarch® Miniprep Kit, RNase is also added to the neutralization 

buffer, which acts by degrading cellular RNA. Further isolation and purification of plasmid 

DNA was done by column chromatography. Plasmid DNA from the cell extract binds the 

silica matrix in the column. Washing solutions was then added to remove salts, RNA and 

residual cellular debris, which allows elution of purified plasmid DNA with nuclease-free 

water (208,215). 
 

Procedure for plasmid isolation 

Plasmid DNA was isolated from DH5-α and T7 Express Competent E. coli cells using the 

Monarch® Miniprep Kit (215). This procedure contains six main steps: cell resuspension of 

the cell pellet, cell lysis, neutralization of lysate, binding of plasmid DNA, washing and 

elution of plasmid DNA. Details are specified in the protocol (215)  

 

 Measuring plasmid concentration  2.2.5
The concentration and quality of purified plasmid DNA was determined by using a 

spectrophotometer (NanoDropTM One). 2 µl DNA sample was placed on the pedestal and the 

absorbance was measured at 260 nm, reporting nucleic acid concentration (ng/µL) and two 



CHAPTER 2. MATERIALS AND METHODS 
 

 43 

absorbance ratios (A260/A280 and A260/A230). The latter was used to determine the quality 

of purified plasmid DNA, where ratios less than 1.8 indicates contamination (208). 

 

 Sequencing  2.2.6
DNA sequencing is a technique for determining the nucleotide sequence of a DNA molecule. 

In Sanger sequencing, multiple copies of the template DNA are produced in vitro by DNA 

replication. Each new DNA stand is terminated with a specific chain-termination nucleotide 

(dideoxyribonucleotide (dNTP) – missing the 3´ reactive hydroxyl and thus prevents further 

elongation of the chain), which is incorporated at random by DNA polymerase. This result in 

fragments of varying lengths, separated based on size on a polyacrylamide gel. The dNTPs 

can be labelled with fluorescent tags, used to identify the nucleotides at each position in the 

sequence (208,216).  

 

Procedure for preparation of sequencing samples 

8 µL purified plasmid DNA (40-60 ng/µL) and 2 µL sequencing primer (10µM) (Table 2.7) 

were assembled in a 1.5 mL tube and sent to Eurofins GATC Biotech GmbH for automated 

Sanger sequencing with their LightRun service. The sequencing results were analysed using 

Benchling.   

 

 Glycerol stock  2.2.7
Glycerol stocks are used for long-term storage of bacteria and plasmids. Glycerol is added to 

the bacteria cultures in order to disrupt hydrogen bonding between water molecules, thereby 

reducing the formation of ice crystals that can damage the cells during freezing (217). 

 

Procedure for glycerol stocks 

DH5-α and T7 Express Competent E. coli cells were transformed with 1 µL verified plasmid 

DNA. One colony from each LA plate was inoculated in 1 mL LB medium and 1 µL 

ampicillin (100 mg/mL) over night (37°C, 250 rpm). The next day, 1 mL overnight culture 

and 1 mL glycerol (50%) was added to cryotubes and stored at - 80 °C.  
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 Transformation of E. coli T7 express competent  2.2.8
Transformation and inoculation of T7 express competent E. coli cells was performed in the 

same manner as described for NEB® 5-alpha competent E. coli cells in section 2.2.2. 

Differences to this description are that T7 Express competent E. coli cells were transformed 

with 1 µL of verified plasmid DNA (40-60 ng), and the cells were heat-shocked for 15 

seconds.  

 

 Sequence- and ligation-independent cloning (SLIC)  2.2.9
Sequence- and ligation-independent cloning (SLIC) is a method for assembling two or 

multiple DNA fragments in a single reaction based on in vitro homologous recombination and 

single-strand annealing. This method relies on an exonuclease (T4 DNA polymerase), which 

generates ssDNA 5´overhangs in vector and insert fragments, followed by homologous 

recombination in vitro (218). 

 

One approach to SLIC is based on PCR amplification (se section 2.2.1) of the vector 

backbone and the gene of interest, generating linear dsDNA fragments (219) (Figure 2.3). The 

oligonucleotide primers used for amplification of the insert fragments must be custom 

designed with 5´extensions (20 base pairs or longer) that are complementary to the ends of the 

linearized vector backbone. Amplified linear products of the vector backbone and insert are 

then assembled and treated with 3´exonucleae T4 DNA polymerase to generate 5´overhangs. 

In order to stop the action of T4 DNA polymerase, the reaction mixture is placed on ice, 

which allows annealing of the vector and insert at complementary sequences. This creates a 

recombined intermediate that is be transformed into competent E. coli cells, where the cell 

endogenous repair system fills in missing nucleotides and thus generates covalently closed 

double-stranded recombinant plasmids in vivo (218,219).    
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Figure 2.3. Production of recombinant plasmid using in vitro homologous recombination and single-strand 
annealing (SLIC). PCR is first used to amplify the vector backbone and gene insert (with 5´extensions), 
generating linearized PCR products. Amplified products are assembled and treated with T4 DNA polymerase, 
resulting in complementary 5´overhangs annealing together, before transformation of the recombination 
intermediate into E. coli. The figure is reproduced from Jeong et al. (219), and shows the procedure used in this 
study. 
 

Procedure for sequence and sequence independent cloning (SLIC) by PCR 

Prior to the SLIC reaction, the pTYB1 vector backbone and algE7 gene insert were amplified 

by PCR. The insert PCR reaction was conducted for the five AlgE7 point mutants: E117K, 

Y122F, R148G, K172L and K172R in the pBG27 plasmids (Table 2.9). 
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PCR oligonucleotide primers (Table 2.6) were designed using the NEBuilder assembly tool 

and checked for non-specific hybridization, hairpin structures and mismatches in Benching. 

12.5 µL Premix TaqTM DNA Polymerase (Takara TaqTM Version 2.0) (220), 1.25 µL forward 

primer 1.25 µL forward primer (10 µM), 1.25 µL revers primer (10 µM), 1 µL DNA template 

and 10 µL DNA template nuclease-free water were assembled in a PCR tube, mixed on a 

vortex and transferred to a PCR thermocycler. PCR was run using the thermocycling 

conditions as stated by Takara Bio Inc for using Premix TaqTM, and by adding a final 

extension step (Table 2.13).  

 
Table 2.13. Thermocycling conditions used for polymerase chain reaction (PCR) for exponential DNA 
amplification, as described in the protocol for using Premix TaqTM (Takara TaqTM Version 2.2)(220). In addition, 
a final extension step was added to this protocol.  

Reaction step Temperature (°C) Time (sec) 
Initial denaturation 98 30 

30 cycles 
98 
55 
72 

10 
5 
13-38* 

Final extension 
Hold 

72 
4 

120 
 

*5 sec/kb. Vector backbone: 7.442kb. Insert: 2.567kb  
 

 

Following amplification, the PCR product was subjected for enzymatic treatment by adding 

1µL DpnI and 2 µL Cutsmart buffer and incubating the PCR tube at 37 °C over night. Gel 

electrophoresis was used to verify amplification of the linear PCR product (section 2.2.10). 

The PCR product was purified using the DNA Clean & ConcentratorTM-5 kit and 

concentration of the purified DNA was measured as described in section 2.2.5 (221).  

 

The SLIC reaction was performed according to the SLIC protocol proposed in Jeong et al. 

(219), using a vector to insert molar ratio of 1:2. 1 µL purified backbone PCR product, 1 µL 

purified insert PCR product, 2 µL 10x NEB 2.1 buffer, 1 µL T4 DNA polymerase (NEB, 

3u/µL) and 15 µL nuclease-free water were assembled in a new PCR tube. The sample was 

incubated at room temperature for 5 minutes and on ice for another 10 minutes. 10 µL SLIC 

reaction product was then transformed into DH5-α E. coli cells, followed by plasmid 

isolation, sequencing and transformation of T7 express competent E. coli cells (procedures 

described in sections 2.2.2, 2.2.4-2.2.8).  



CHAPTER 2. MATERIALS AND METHODS 
 

 47 

 Agarose gel electrophoresis  2.2.10
Gel electrophoresis is a biochemical method for separating molecules of different charge and 

size by passing an electric current through a gel made of agarose or polyacrylamide. The gel 

solidifies into a molecular matrix though hydrogen bonding and hydrophobic interactions. 

This creates pores that allow passage of molecules through the gel when applying an electric 

field. Charged molecules are deposited at one electrode and migrate in the field toward the 

oppositely charged electrode. The rate of migration for each molecule depends on its charge, 

size and shape, the type of gel and the electrophoretic effect – movement of counterions 

reduce the electrophoretic mobility of the molecules to be separated (208,213).  

 

For separation of DNA molecules, an agarose gel is usually used and negatively charged 

DNA fragments is separated based on size. Large fragments move slower and a shorter 

distance than small fragments, due to more friction between the larger DNA fragments and 

the gel matrix. DNA is a colourless molecule that has to be stained with a nucleic acid stain 

for visualization. Stained DNA fragments separated on the gel are visualized under ultraviolet 

(UV) light and identified by comparing to a DNA ladder, consisting of DNA fragments of 

knows sizes (208,213). 

 
Procedure for agarose gel electrophoresis  

0.8 % agarose with Gel red® was solved in 1xTAE buffer and poured in a casting tray with a 

well comb to solidify for 20 minutes. The gel was placed in a gelbox filled with 1xTAE 

buffer. 1µL of 6x DNA gel loading dye (0.7 % v/v) was added to 3 µL of PCR product, 

before 4µL sample and 0.75 µL GeneRuler 1kb DNA were loaded into separate wells. The 

gels were run at 90 V for 45 minutes. DNA fragments were photographed in a gel imager and 

visualized in ImageLab.  

 

 Recombinant protein expression in E. coli T7 express competent  2.2.11
A transcriptional control system is often used to regulate expression of cloned genes. One 

common strategy is using the lac (lactose) operon, which regulates transcription of enzymes 

for digestion of lactose. Lactose is used as an alternative carbon source to glucose in E. coli, 

and in order to save energy the lac operon is turned off when glucose is present in the cell. 

The lac operon is controlled by the regulator gene lacI, encoding a repressor protein that binds 

to the operator (lacO), which in turn inhibits RNA polymerase from binding to the lac 
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promoter and transcribing the associated genes. When glucose levels are low and lactose is 

present in the cell, the lactose metabolite allolactose allosterically binds the lac repressor. This 

causes it to dissociate from lacO, allowing transcription of genes under lac operon control. 

IPTG is a molecule that mimics allolactose, and is often used to induce expression of T7 RNA 

polymerase, which is required for transcription of the target gene (213,222).  

 
 
Procedure for recombinant protein expression  

Expression and purification of recombinant proteins were performed according to the NEB 

IMPACTTM (intein mediated purification with an affinity chitin-binding tag)-CN system 

(223).  

 
A preculture of T7 Express Competent E. coli cells with sequence verified recombinant 

plasmid was made in a 250 mL Erlenmeyer flask by inoculating 25 mL LB medium 

containing ampicillin (100 µg/mL), and incubating at 37 °C with shaking (250 rpm) over 

night. The next day, 500 mL 2xLB medium was inoculated with 5 mL overnight culture and 

500 µL ampicillin in a 2 L baffled flask, and incubated at 37 °C with shaking (250 rpm) for 2 

hours. After 2 hours of incubation, OD600 was measured with a spectrophotometer and 

incubation was continued until OD600 reached 0.8-1.0. The culture was placed on ice for 5 

minutes, induced by adding 500 µL IPTG (0.5M) and incubated (16 °C) with shaking (250 

rpm) for 16-20 hours. The culture was transferred to two 250 mL sterile centrifuge tubes and 

centrifuged (4 °C, 5500 g) for 5 minutes. The supernatant was discarded, and the pellet was 

immediately used for protein purification or stored at -20 °C for later use.  

 

 Sonication 2.2.12
Sonication is a method of disrupting cell membranes and macromolecules by applying 

ultrasonic pressure waves to agitate particles in a sample. A metal probe is commonly used to 

produce the pulse, which is also called a sonicator. The effect of heating during sonication can 

be reduced by using short pulses (10-30 seconds) with 30-60 seconds of break in between as 

well as keeping the sample on ice bath (20,224,225).  

 

Procedure for sonication  

The pellet from the recombinant protein expression procedure (section 2.2.11) was transferred 

to a 50 mL tube, placed on ice and resuspended in 25 mL protein purification lysis buffer with 
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¼ EDTA-free protease inhibitor tablet. The resuspended cells were kept on ice bath and 

sonicated in 3 cycles of 3 minutes each, using a 12 mm flat tip immersed in the cell 

suspension. The sonication was performed with the following conditions: 40 % amplitude, 50 

% duty cycle for 20 seconds, 30 seconds break and changing the ice between each cycle. The 

lysate was centrifuged (23 000 g) for 30-45 minutes to remove cell debris, before the 

supernatant was sterile filtrated (0.22 µm) and subjected to protein purification.  

 

 Fast protein liquid chromatography (FPLC)  2.2.13
Column chromatography is a technique for separating a mixture of components through a 

column, based on the components affinity toward a porous stationary phase and a fluid mobile 

phase. For purification and analysis of proteins, fast protein liquid chromatography (FPLC) is 

widely used (20,226). One approach to FPLC is using a column matrix covered with a ligand 

that specifically binds to an affinity tag fused to the protein of interest, thus separating the 

protein from the mixture. The NEB IMPACTTM-CN system utilizes an inducible self-

cleavable splicing element (intein) combined with a chitin-binding domain (CBD) as the 

affinity tag (Figure 2.4). On the chitin resin column, the CBD will bind and immobilize the 

proteins containing the CBD-intein tag to the column, allowing other proteins and cellular 

debris to be washed out. Addition of thiol reagents such as 1,4-dithiotheritol (DTT) is then 

used to induce on-column cleavage, releasing the target protein from the CBD-intein tag. This 

allows elution of the target protein from the column (223). 

 

 
Figure 2.4. Illustration of affinity purification of proteins, as described in the IMPACTTM-CN system protocol 
with C-terminal fusion. The C-terminal of the target gene is fused to the N-terminal of an inducible self-
cleavable splicing element (intein) containing a chitin-binding domain (CBD). The CBD binds to the chitin resin 
column, separating the target protein from other proteins and cellular debris, which is washed out. Induction of 
on-column cleavage by adding 1,4-dithiotheritol (DTT), releases the target protein from affinity CBD-intein tag, 
allowing elution of the target protein from the to be eluted from the column (223). 
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Procedure for affinity purification and on-column cleavage  

The chitin column was prepared by letting the chitin beads (resin) set for 30 minutes and 

washing with 10 column volumes of column buffer (2 mL/min). Water cooling was turned on, 

before loading the clarified cell extract onto the column (1 mL/min). The column was washed 

with 10 column volumes of column buffer (2 mL/min) and further with 3 column volumes of 

freshly prepared cleavage buffer (2 mL/min), placed on ice. After flushing with the cleavage 

buffer, water cooling and column flow was turned off, and the column was left in room 

temperature for 16-40 hours. The target protein was eluted from the column in six 5 mL 

fractions using the column buffer (2 mL/min).  

 

After elution of protein, the chitin column was regenerated with regeneration buffer (2 

mL/min) for 30 minutes. The resin was then allowed to soak for 30 minutes by turning of the 

column flow. The column was further washed with regeneration buffer (2 mL/min) for 60 

minutes, then with MQ® water (2 mL/min) for 60-100 min and finally with 20 % Ethanol (2 

mL/min) for 45 minutes. The column was stored at 4 °C. FPLC experiments were conducted 

by using the Unicorn 5.01 software.  

 

 Sodium dodecyl sulphate-polyacrylamide gel 2.2.14
electrophoresis (SDS-PAGE)  

 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) is a gel 

electrophoresis technique for separating proteins based on molecular weights. It is used to 

verify a target protein and evaluate sample purity after protein purification. Polyacrylamide 

gels have smaller pore size compared to agarose gels and are therefore better suited to 

separate proteins, which usually are too small to be separated in an agarose gel. Samples for 

PAGE are prepared with the anionic detergent SDS that binds to and denatures proteins, 

giving them a uniform negative charge proportional to their length. For complete 

denaturation, samples are also treated with reducing agents such as β-mercaptoethanol and 

tris(2-carboxyethyl) phosphine (TCEP), which breaks disulfide bonds in the protein structure 

(20,216,226).  
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Procedure for Sodium deodecyl sulphate-polyacrylamid gel electrophoresis  

(SDS-PAGE) 

Samples for SDS-PAGE were collected at different stages during the protein expression and 

purification procedure (purple pathway, Figure 2.1). The following samples were obtained: 

 

- Uninduced sample: 1 mL culture was transferred to a 1.5 mL tube prior to protein 

induction (Section 2.2.11), centrifuged (16 000 g) for 10 minutes, before resuspending the 

pellet in 50 µL SDS sample buffer. 

- Induced sample: 1 mL culture was transferred to a 1.5 mL tube after protein induction 

(Section 2.2.11), centrifuged (16 000 g) for 10 minutes, before resuspending the pellet in 

50 µL SDS sample buffer. 

- Cell lysate sample: 10 µL sterile filtrated (0.22µm) cell lysate (Section 2.2.12) was 

transferred to a 1.5 mL tube mixed with 10 µL SDS sample buffer.  

- Cell debris sample: A small piece of cell pellet (Section 2.2.12) was transferred to a 1.5 

mL tube and resuspended in 50 µL SDS sample buffer.  

- Eluted FPLC fractions: 10 µL of each eluted protein fraction (Section 2.2.13) were 

transferred to a 1.5 mL tube and mixed with 10 µL SDS sample buffer.  

 
Prior to running the gel, all samples were heated on a block heater (95 °C) for 10 minutes and 

centrifuged (16 000 g) for 10 minutes. The samples was then loaded to a ready-made 

polyacrylamide gel (12 %, ClearPAGETM) in the specified amount and order: 

 

- Gel well number 1-4: 10 µL of uninduced sample (no.1), induced sample (no.2), cell 

lysate sample (no.3) and cell debris sample (no.4). 

- Gel well number 5: 5 µL of Precision plus proteinTM all blue standards  

- Gel well number 6-12: 10 µL of each purified protein fractions applied in the eluted order 

 

The gel was run in SDS running buffer at 130 V for 85 minutes, gently rinsed in RO water 

and transferred to a large Petri dish. Then, the gel was stained with InstantBlueTM and placed 

on an orbital shaker for 1 hour. The purified protein was photographed in a gel imager and 

visualized in ImageLab.  
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 Dialysis  2.2.15
Dialysis is a laboratory technique for separating molecules in a solution by diffusion over a 

semipermeable membrane driven by a concentration gradient. The technique is often used to 

remove small unwanted molecules such as dyes, reducing agents and salts from a solution of 

macromolecules. Dialysis membrane tubes have a specific molecular weight cut off 

(MWCO), allowing passage of molecules bellow the cut-off size limit, while retaining larger 

molecules. This causes smaller molecules to equilibrate between the buffer solution and the 

dialysis membrane tubing containing the macromolecules. The dialysis process is more 

efficient by using a high buffer to sample volume ratio and changing the dialysate at least 

twice (20,222,225).  

 

Procedure for dialysis 

Assessment of the SDS-PAGE was used to combine the purified protein fractions that had 

approximately same amount of protein. This resulted in three dialyse tubes for each protein 

sample. 

 

Dialysis membrane tubing (Spectra/Por®, MWCO 6-8 kDa) was placed in RO water for 30 

minutes. The membrane was rinsed on the inside and the outside with RO water, and closed in 

one end by tying a knot and attaching a dialysis tubing closure clip. The purified protein 

sample was then transferred to the tubing by using a pipette, before closing the other end in 

the same manner as the first. The sealed tubing was immersed in a dialysis buffer with a 

buffer to sample volume ratio of 1:100. The buffer was changed six times. The dialysed 

sample was then transferred to a 50 mL tube and subjected for freeze-drying.        

                                                                                                          

 Freeze-drying  2.2.16
Freeze-drying (lyophilisation) is a dehydration process in which frozen solvent and water 

molecules are removed from a material by sublimation. Sublimation denotes the phase change 

of a substance from a solid state to gas, without passing through an intermediate liquid phase 

(Figure 2.5.A). Freeze-drying is an effective method used for preserving variety of heat-

sensitive materials such as foods, pharmaceuticals and other biotechnological products. The 

materials are first crystallized at low temperature under atmospheric pressure, before they are 

transferred to a freeze-dryer chamber and maintained in a frozen state under vacuum 

conditions. When the pressure inside the drying chamber is lowered to a value corresponding 
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to the vapour pressure curve (sublimation curve) (Figure 2.5.B), the sublimation process takes 

place and vapour released condenses on the ice condenser coils. Finally, residual water 

molecules adsorbed to the material is removed at a higher temperature and the lowest possible 

pressure through a process called desorption (227–229).  

 

Figure 2.5. Phase diagram for water showing the three phases (solid, liquid and vapour) and under which 
conditions the phases coexist at equilibrium (A). The fusion curve (green), evaporation curve (blue) and the 
sublimation curve (orange) signify the pressure of at equilibrium for solid and liquid, liquid and vapour, and 
solid and vapour, respectively. Under freeze-drying, the pressure is lowered to a value corresponding to the 
sublimation curve, enabling sublimation to take place. The figure is reproduced from Christ (228). 
 

Procedure for freeze-drying  

The 50 mL tube containing the dialysed protein sample or the 1.5 mL tube containing the 

alginate product after epimerase and lyase reaction (section 2.2.19) was frozen in liquid 

nitrogen. The lid of the tube was removed and the opening was covered with parafilm, in 

which small holes were made with a needle. The sample tube was then placed in a Fast-

Freeze® flask, which was attached to the drying chamber on the freeze-dryer and freeze-dried 

for 1-3 days. 

 

 AlgE7 lyase-activity assay   2.2.17
As mentioned in sections 1.2.3-1.3, alginate lyase activity generates unsaturated uronic acid 

residues (ΔM in AlgE7) upon cleavages of glycosidic linkages in polymer chain (13,55). The 

unsaturated residue has a strong absorbance peak at 230 nm (A230) and measurements of this 

parameter have therefore been used as a measure of the lyase activity in all AlgE7 mutants in 

made in this and previous studies (Table 2.9) (199).  
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Procedure for protein expression, SDS-PAGE and AlgE7 lyase-activity assay  
The following experimental procedures were conducted by Randi Aune at SINTEF -

Department of Biotechnology and Nanomedicine.  

 

Preculture of T7 Express Competent E. coli glycerol stocks (75 µL) were made in greiner 96-

FB-well plates by inoculating the cells in 75 µL LB-medium containing ampicillin (100 

µg/mL), and incubated at 30 °C, 850 rpm) and 75 % relative humidity over night. The next 

day, 510 µL reduced Hi-Ye medium containing ampicillin (100 µg/mL) was inoculated with 

10 µL overnight culture on new 96-DB-wellplates, and incubated at 30 °C, 850 rpm and 80 % 

relative humidity. After 6-8 hours of incubation, 260 µL Glycerol-Ye-induction medium was 

added to the each well in the 96-FB-wellplates, before incubation at 16 °C and 850 rpm for 16 

hours. 10µL of culture was transferred to new 96-FB-wellplates for measuring OD600 (the 

culture was diluted with 90 µL 0.9% NaCl), before the microplates were centrifuged (3500 g) 

for 10 minutes. The supernatant was discarded, and 700 µL B-per II solution containing 

benzonase (2 µL/mL) was added to each well. The microplates were sealed using aluminium 

Costar sealing tape and the plates were shaken (3000 rpm) for 1 minute before incubation in 

room temperature for 1 hour. After incubation, the microplates were shaken (3000 rpm) for 1 

minute and centrifuged (3200 g) for 10 minutes. The resulting B-per II enzyme extracts were 

transferred to new 96-FB-well plates. 

 

In order to verify protein production in the B-per II enzyme extract, SDS-PAGE was 

performed using a similar procedure as described in section 2.2.14. Exceptions to this 

procedure was that Precision Plus ProteinTM Dual Color standard were used as molecular 

weight standard and the gels were run at 150 V for 1 hour.  

 

The AlgE7 lyase-activity assay was set up by adding 180 µL Tris-HCL buffer (50 mM) 

containing 2.5 mM CaCl2 (concentration in well), 50 µL poly-M alginate (1 mg/mL) and 

20µL B-per II enzyme extract to each well on a Costar UV-transparent microplate. The plates 

were shaken at 800 rpm for 1 minute and placed on a Spectrax ABS Plus microplate reader. 

The absorbance at 230 nm (A230) was measured every 5 minute for 18 hours. The measured 

absorbance was used to evaluate the degree of lyase activity in the different AlgE7 mutants. 

 



CHAPTER 2. MATERIALS AND METHODS 
 

 55 

 Proton nuclear magnetic resonance (1H-NMR) spectroscopy   2.2.18
Nuclear magnetic resonance (NMR) spectroscopy is a method that measures nuclei absorption 

of electromagnetic radiation in the radiofrequency region when the molecules are placed in a 

strong magnetic field. This is a widely used analytical tool for elucidating the chemical 

composition and molecular structure of organic molecules (230). 

 

All atomic nuclei carry a charge due to positively charged protons and will generate a 

magnetic dipole if the charge “spins” around the nuclear axis. The resulting nuclear spin is 

called the angular momentum of the atomic nucleus and is characterized by a nuclear spin 

quantum number (I). This number depends on both the atomic mass and the atomic number of 

the nuclei, and can take up values of 0, !
!
, 1, !

!
 etc. When atomic nuclei with ½ spin (e.g 1H 

and 13C) are placed in a magnetic field, the nuclei can take on two spin states. The gap 

between these spin states are called ΔE, and by applying radiofrequency radiation pulse that 

equals ΔE the nuclei will absorb energy. This changes the nuclei from a lower to a higher 

energy level, which in turn causes emittance of electromagnetic radiation when the excited 

nuclei return to its ground state. This emitted energy can be detected by a NMR instrument 

(230,231). 

 

Atomic nuclei are shielded by local electrons within a molecule. This causes each nucleus in a 

molecule to have a characteristic resonance frequency, described by its chemical shift (δ). The 

chemical shift (δ) is defined as the resonance frequency of an atomic nucleus in relation to a 

reference compound (δ=0). It is a dimensionless unit independent of the strength of the 

magnetic field, which is expressed in parts per million (ppm) (230,231). 

 

Usually, high molecular weight alginate samples are depolymerized by acid hydrolysis to an 

average chain length (DPn) of 30-50 monomers before NMR analysis. This is done in order to 

reduce the viscosity in solution, providing a sufficient resolution in the NMR spectrum 

(22,24,232). In this study, alginate samples epimerized by AlgE7 was analysed. The AlgE7 

enzyme also has lyase activity, causing cleavage of the alginate chain (146,168).  Therefore, 

the alginate samples were not degraded prior NMR analysis in this study.   
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Proton nuclear magnetic resonance (1H-NMR) spectroscopy can be used to determine the 

monomer frequencies in the alginate polymer, that is the molecular fractions of M (FM) and G 

(FG) residues (22). The molecular fractions of the four diads (FMM, FMG, FGM and FGG) and the 

eight triads (FMMM, FMMG, FGGM, FMGM, FGMG FGGM, FMGG and FGGG) can also be calculated 

from 1H-NMR (22–24). In addition, the molar fractions of residues comprising reducing ends 

(FGred, FMred) and unsaturated non-reducing ends (FΔ), resulting from cleavage of the alginate 

chain can be calculated. An example of a 1H-NMR spectrum of alginate epimerized and 

degraded by AlgE7 is given in Figure 2.6 (168).  

 

 
Figure 2.6. 1H-NMR spectrum of alginate (FM=0.95 and FG=0.0) epimerized and cleaved by AlgE7. The 
spectrum shows the anomeric region of alginate in 300 MHz. The G, M, Gred, Mred and Δ denote internal G 
residues, internal M residues, G and M residues at the reducing end and the unsaturated non-reducing end (4-
deoxy-L-erytho-hex-4-enepyranosyluronate), respectively. The numbers represents the position of the proton in 
the sugar ring (H-1 and H-5 proton) and neighbouring G and M residues are shown with no underline (146).  

 
In this study, the molar fractions (F) were estimated by integration of the signals intensities (I) 

in the anomeric region (Figure 2.6), and calculated according to the “maximum-averaging 

method” using the following relations: 

 

I(G) = 0.5((G1+GGG5+MGG5) + 0.5(GGM5+MGM5+MG1)   (2.1) 

I(M) = 0.5(GGM5+MGM5+MG1) + MM1       

 

I(GG) = 0.5(G1+GGG5+MGG5 – 0.5(GGM5+MGM5+MG1)  (2.2) 

I(GM) = 0.5(GGM5+MGM5+MG1) 
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I(MM) =  MM1 

I(GGM) = 0.05(GGM5+MGM5+MG1) x GGM5/(GGM5+MGM5) (2.3) 

I(MGM) = 0.05(GGM5+MGM5+MG1) x MGM5/(GGM5+MGM5) 

I(GGG) = I(GG) – I(GGM) 

 

I(Δ) = Δ−1-M signal        (2.4) 

I(Gred) = Gredβ + (Gredβ x 0.2) 

I(Mred) = Mredβ + (Mredβ x 2.2)  

 

I(total) = I(G) + I(M) + I(Δ) + I(Mred) + I(Gred)    (2.5) 

I(Gtotal) = I(G) + I(Gred) 

I(Mtotal) = I(M) + I(Mred)   

 

From this, molar fractions of the parameters can be calculated as:  

 

   F(the specific parameter) = I(the specific parameter)/ I(total)  (2.5) 

   Example: FM = I(M)/ I(total) 

 

Reducing end signals can further be used to calculate the number average degree of 

polymerization (DPn), that is the average number of monomer residues per alginate chain in 

the alginate sample analysed. DPn can be calculated by equation 2.6:  

 

 𝐷𝑃! =
!(!"!#$)

! !"#$ !!(!"#$)
        (2.6) 

 

Procedure for epimerase and lyase reaction using enzyme extract (orange pathway) 

0.5 mg poly-M alginate substrate (Table 2.1.7) and 360 µL RO water was added to 1.5 mL 

tubes, and placed on a tube rotator until the substrate was dissolved. Then, 100 µL epimerase 

and lyase reaction buffer 5x containing 25 mM HEPES and 12.5 mM CaCl2 were added to the 

tubes, before 40 µL B-Per II enzyme extract of unknown concentration was added. The tubes 

were placed on a tube rotator and incubated at room temperature for 24 hours. The enzyme 

reaction in were terminated by adding 120 µL EDTA (50 mM) to the 1.5 mL tubes, before 

heating samples on a block heater (95 °C) for 15 minutes. The samples were then frozen in 

liquid nitrogen and freeze-dried, before subsequent 1H-NMR spectroscopy.  
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Procedure for epimerase and lyase reaction using purified enzyme (purple pathway) 

The epimerase and lyase reaction on alginate substrate using purified enzyme was performed 

in almost the same manner as described in the previous paragraph. Differences to this 

description are that the samples were prepared in a 15 mL tube with 10 mg alginate substrate, 

3.2 mL RO water, 800 µL epimerase and lyase reaction buffer, and purified enzyme with a 

substrate to enzyme ratio of 1:300 (w/w). These samples were incubated at 25 °C with 

shaking (170 rpm) for 6, 12, 24, 36, 48 and 60 hours, by transferring 0.5 mL sample from the 

15 mL tube to a 1.5 mL tube at each time point.  

 

Procedure for 1H-NMR spectroscopy 

Samples for characterization by NMR spectroscopy were prepared by dissolving the freeze-

dried samples in 500 µL D2O (99.9%). 2.5 µL TSP (1%) and 20 µL TTHA (0.3M, pH7) was 

added, before transferring the samples to NMR sample tubes. The samples were analysed 

using a 400 MHz NMR spectrometer equipped with a 5 mm SmartProbe at 83 °C. Spectra 

were obtained using the following acquisition parameters: pulse program = zg30, number of 

scans = 64, spectral width = 10 ppm, water signal (reference to TSP) = 4.24 ppm. The spectra 

were analysed in Topspin 4.0.7 and the data were processed using the equation 2.1-2.6 

presented above.  

 

 Time resolved 13C-NMR spectroscopy  2.2.19
Time-resolved 13C-NMR spectroscopy is an application of NMR to carbon, measured 

continuously over time. This allows chemical compounds to be monitored during a reaction 

that changes the chemical composition and molecular structure. The same principle as 

described for 1H-NMR applies for 13C-NMR, and instead of detecting proton nuclei, 

resonances from the 13C isotope carbon are detected by the NMR instrument. The natural 

abundance for 13C is ∼1.1 %. In addition, the nuclei have a lower gyromagnetic ration. This 

results in the 13C to be less compared to 1H-NMR. This can be improved by using 13C-

enriched substrates (233).  

 

When studying C5-mannuronan epimerases, this method can be used to obtain detailed 

information about the mode of action on alginate substrates. Using 13C1-labelled substrate 

simplifies the NMR spectrum, as it is only the anomeric signal that is followed in the reaction. 

In the recorded spectra for time-resolved 13C-NMR, signals for the triads MMM, MMG, 
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GGM, MGM, GMG GGM, MGG and GGG can be identified. For the action of AlgE7 

enzyme on alginate substrates, signals for reducing ends of M and G residues and unsaturated 

non-reducing ends can also be identified (158,183,233). 

 

The HSQC (heteronuclear single quantum coherence) spectrum is two-dimentional (2D) with 

one axis for proton (1H) and the other for a heteronucleus – an atomic nucleus other than a 

proton such as 13C. The spectrum contains a signal for each proton attached to the carbon 

being considered. The HSQC can help resolve overlapping signals in the 1D spectrum (of 

proton or carbon) in a 2D plan, and thus facilitate a more complete assignment of all signals 

obtained (233). 
 
 
Alginate substrates  

The alginate substrates used for time-resolved NMR analysis are listed in Table 2.10 and the 

concentration of substrates used was as follows:  
13C1-enriched poly-M = 11.25 mg/mL 
13C1-enriched poly-MG = 11.6 mg/mL 
13C1-enriched oligo-G = 11.4 mg/mL 

 
Procedure for Time-resolved NMR spectroscopy of epimerized alginate samples 

The following experimental procedure was conducted by Professor Finn L. Aachmann at 

NTNU – Department of Biotecnology and Food Science.  

 

Time-resolved NMR spectra were recorded on BRUKER Ascend 800 MHz AVIIIHD 

equipped with 5 mm cryogenic TCI probe at NV NMR center. The time-resolved NMR 

recording the epimerization reaction was performed at 25 °C.  

 

For the time-resolved NMR analysis of epimerization reactions, a stock solution of 250-3000 

µL of 13C1-enriched alginate polymers in 5 mM MOPS, pH 6.9 with 75 mM NaCl in 99.9 % 

D2O was prepared. Purified enzyme fractions from ion exchange chromatography were 

subject to buffer exchange and concentrated (final concentration around 0.3 mg/mL) up by 

spin columns with MWCO 3 kDa. Samples were washed with 5 mM MOPS, pH 6.9 with 75 

mM NaCl and 27.5 mM CaCl2 in 99.9% D2O. The enzyme concentrations were determined 

by Nanodrop. 160 µL of 13C1-enriched polymer stock solution (in 3 mm NMR tube) was 

preheated in the NMR instrument and 1D proton and carbon spectra were recorded to ensure 
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that the sample had not undergone any degradation or contamination prior to the time-

resolved NMR experiment. 16 µL of enzyme solution was added to preheated substrate and 

mixed by inverting the sample four times. The sample was then immediately inserted into the 

preheated NMR instrument and the experiment was started.  

 

The recorded spectrum is a pseudo-2D type experiment recording a 1D carbon NMR 

spectrum every 5 minutes, with a total of 200 time points (total experiment time 16h 40m). 

The recorded 1D carbon spectrum (using inverse gated proton decoupling) contains 16K data 

points and has a spectral width of 200 ppm, 48 scans with a 30° flip angle, and relaxation 

delay of 2.1 s (total recording time of 121s). The spectra were recorded, processed and 

analyzed using TopSpin 3.6pl7 software (Bruker BioSpin). 
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3 Results 
 
3.1 Bioinformatics analysis  
 
32 single amino acid point mutants and 10 combined amino acid mutants were included in 

this study (Table 2.9), of which 9 single mutations and 2 combination mutants were 

constructed in this study. The mutant candidates designed in this study were selected based on 

structural analysis of a 3D homology model of AlgE7 and an multiple sequence alignment of 

the A-modules identified in the all AlgE epimerases.  

 

 Structural study of AlgE7  3.1.1
As described in section 1.3, the structure of the AlgE7 enzyme has not yet been solved. In 

order to identify amino acid residues surrounding the active site, a homology model of the 

AlgE7 A-module was made using the SWISS-MODEL server (234,235) (Figure 3.1.). This 

server created two homology models using AlgE4 A-module (Protein Data Bank code 2PYG) 

and AlgE6 A-module (Protein Data Bank code 5LW3) as templates. The model based on the 

A-module of AlgE4 was chosen, because this model had slightly higher sequence identity 

(65.16%) than the model based on A-module of AlgE6 (62.94%). The model shows a similar 

right-handed parallel β-helix structure as identified for the AlgE4 and AlgE6 A-modules. 

When visualized in PyMOL, the catalytic residues were identified and (Y149, D152, H154 

and D178), which are highlighted in the structure in Figure 3.1. 
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Figure 3.1. Homology model of the AlgE7 A-module made using the SVISS-MODEL server (234,235), using 
the AlgE4 A-module (Protein Data Bank code 2PYG) as template. A) Surface view of the homology structure 
with the position of the catalytic residues: Y149, D152, H154, D178 (yellow). B) Secondary motifs of the 
homology structure: the spiral represents an α-helix and flat arrows represent β-sheets connected by loops. The 
structure was visualized in PyMOL. 
 

 

The homology model of the AlgE7 A-module was further tested using the YASARA Energy 

Minimization Server (236). This server performs an energy minimization using the YASARA 

force field that has a stable energy minimum close to native structures, and thus moves the 

amino acid residues in the model into more stable conformations (236). By structurally 

aligning the homology model with the energy minimized model in PyMOL, it was observed 

very small changes of the whole model and the position of the catalytic residues (Figure 3.2.). 

The homology model was therefore thought to be a reliable model for studying residues 

surrounding the active site. 
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Figure 3.2. A) Energy minimized model of the AlgE7 A-module made using the YASARA Energy 
Minimization Server (236), shown with secondary motifs. B) Structural alignment of the homology model of 
AlgE7 (grey) and the energy minimized model (pink). C) Alignment of the catalytic residues (stick model). The 
structures was visualized and aligned in PyMOL. 
 

As described in the following sections, mutant R148G was the only protein that was purified 

in addition to the AlgE7 wild type. This mutant has therefore also been tested with energy 

minimization. This was done by introducing the mutation in the original homology model 

using the WHAT IF web server, followed by energy minimization of the mutated model 

(236,237). The resulting energy minimization model was structurally aligned to the mutated 

homology model in PyMOL. Very similar changes were seen as for the wild type model 

shown in Figure 3.2. No change in position of the mutated residue R148G were seen in the 

alignment of the mutated and the energy minimalized model (Figure 3.3.A). By studying the 

same residue in the alignment of the homology and energy minimized model for the wild 

type, a larger change in position for this residue was seen (Figure 3.3.B). 

A) 

B) C) Catalytic residues 

Y149 

D152              

D178 
H154 
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Figure 3.3. Structural alignment of the homology model of AlgE7 (grey) and the energy minimized model 
(pink) for mutant R148G (A) and AlgE7 wild type (B) showing the position of residue 148 and catalytic residues 
(yellow). The energy minimized structures was made using the YASARA Energy Minimization Server (236), 
and visualized and aligned with the homology models in PyMOL.  
 

 

 Multiple sequence alignment 3.1.2
In order to identify differences in amino acid residues surrounding the active site in the 

homology model made for AlgE7, a multiple sequence alignment of the nine different A-

modules identified in AlgE epimerases was performed using Clustal Omega (238). The 

alignment is shown from residue 90 to 313 (residue 33-255 for AlgE1A2 and AlgE3A2) in 

Figure 3.4. This part of the sequence was found to be most interesting when studying the 

homology model of AlgE7, as this area comprises the residues surrounding the proposed 

binding cleft and catalytic residues. Residues that were chosen for mutation in this study (se 

section 3.1.3) and the residues that was mutated in previous studies (Table 2.9) are 

highlighted in colour codes, as described in Figure 3.4.  

A) B) 

Wild type alignment  Mutant R148G alignment  

Y149 Y149 

D152 
D152 

D178 
D178 

H154 
H154 

G148 
R148 
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Figure 3.4: Multiple sequence alignment of the different A-nodules identified in AlgE epimerases (AlgE1A1, 
AlgE1A2, AlgE2A, AlgE3A1, AlgE3A2, AlgE4A, AlgE5A, AlgE6A and AlgE7A). The alignment is shown for 
residues spanning from number 90 to 313 (residue 33-255 for AlgE1A2 an AlgE3A2). All residues that have 
been mutated in this study or mutated in previous studies (and included in this study), are highlighted in colours. 
Orange: residues that are conserved or consensus among all the A-modules, blue: residues that stands out as 
different from all other A-modules, green: catalytic residues, red: residue 307 that either comprises a tyrosine 
(Y) or a phenylalanine (F). The alignment was made using Clustal Omega (238),and the order of the modules is 
assigned based on sequence homology.  
 

 Design of mutants 3.1.3
The residue differences in AlgE7 that were identified by the multiple sequence alignments 

were further examined by visual inspection of the homology model structure. In addition, 

charged residues projection toward the active site was studied. On the basis of this analysis 

and the mutants made in previous studies (Table 2.9), 11 new mutants were constructed by 

site-directed mutagenesis. All mutants included in this study are listed in Table 3.1, and the 

position of the residues that where mutated is shown in the energy minimized model of AlgE7 

in Figure 3.5.  
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Table 3.1. Mutants constructed in this study describing the residue(s) involved, the amino acid mutation(s) made 
and the reason for the mutation(s). The table covers 5 pages. * Mutants constructed in this study. 
Residue(s)  Description of residue Amino acid mutation Proposed effect of mutation 

R90 
 

Positively charged residue 
projecting toward the active 
site 
 

Arginine (R) → Alanine (A)* Alanine scanning - removing 
the positively charged side 
chain may change binding of 
the negatively charged 
substrate in the binding 
groove, and hence affect 
enzyme activity 
 

E117 Negatively charged residue 
projecting toward the active  
site, conserved as lysine (K) in 
all other AlgE enzymes 
  

Glutamic acid (E) → Leucine (L)*  
 
 
 
 
 
Glutamic acid (E) → Lysine (K) 
 

L: Removing the negative 
charge changes the 
electrostatic interactions with 
neighbouring residues, this 
may affect the positioning of 
the negatively charged 
substrate in the active site.  
 
K: Changing into the 
positively charged K may 
lead to stronger binding of 
and altered positioning of the 
negatively charged substrate.  
 
For both mutations made at 
residue E117:  Since K is 
conserved in the other 
epimerases at this residue 
these substitutions are 
thought to reduce the lyase 
activity.  
 

D119 Negatively charged residue 
projecting toward the active 
site, conserved residue in all 
AlgE enzymes  
 

Aspartic acid (D) → Alanine (A) 
 
 
Aspartic acid (D) → Glutamic acid (E) 
 
 
 
Aspartic acid (D) → Asparagine (N) 

A: Alanine scanning - 
removing the negatively 
charged side chain may 
change positioning of the 
negatively charges substrate 
in the binding groove, and 
hence affect enzyme activity 
 
E: Changing into the 
negatively charged E that has 
a different geometry than D, 
change the electrostatic 
interactions. This may alter 
positioning and binding of 
the negatively charged 
substrate, and hence affect 
enzyme activity 
 
N: Removing the negative 
charge changes the 
electrostatic interactions with 
neighbouring residues, this 
may affect the positioning of 
the negatively charged 
substrate in the binding 
groove, and hence affect the 
enzyme activity 
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Residue(s)  Description of residue Amino acid mutation Proposed effect of mutation 
Y122 Residue is close to catalytic 

residue H154 and D152, 
conserved as phenylalanine (F) 
in all other AlgE enzymes 
 

Tyrosine (Y) → Alanine (A)* 
 
 
Tyrosine (Y) → Phenylalanine (F) 
 

A: Alanine scanning –
 removing the aromatic side 
chain may remove possible 
interaction with the substrate, 
and hence affect the enzyme 
activity. 
 
F: Removing the polar OH-
group may remove possible 
interaction with the catalytic 
residue H154. Since F is 
conserved at this residue in 
the other epimerases this 
substitution is thought to 
reduce the lyase activity. 
 

R148 Positively charged residue, 
close to catalytic residue Y149, 
conserved as glycine (G) in all 
other AlgE enzymes 
 

Arginine (R) → Glycine (G)  
 
 
Arginine (R) → Lysine (K) 
 

G: Removing the positively 
charged side chain changes 
electrostatic interactions with 
the catalytic residues and also 
the interaction with the 
negatively charged substrate.  
 
K: Changing into the 
positively charged K that has 
a different geometry than R, 
changes the electrostatic 
interactions. This may alter 
the interaction with the 
catalytic residues and binding 
of the negatively charged 
substrate.  
 
For both mutations made at 
residue R148:  Since G is 
conserved in the other 
epimerases at this residue 
these substitutions are 
thought to reduce the lyase 
activity. 
 

Y149 Catalytic residue Tyrosine (Y) → Alanine (A) 
 
Tyrosine (Y) → Phenylalanine (F) 

A: Alanine scanning – 
removing the aromatic side 
chain aborts the function of 
catalytic residue 
 
F: Removing the polar OH-
group removes the ability to 
act as a proton donor or 
acceptor in catalysis 
 

D152 Catalytic residue, negatively 
charged 

Aspartic acid (D) → Glutamic acid (E) 
 
 
 
Aspartic acid (D) → Asparagine (N) 

E: Changing positioning of 
the negative charge may lead 
to loss of catalytic function 
 
N: Removing negative charge 
removes the catalytic 
function of the residue 
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Residue(s)  Description of residue Amino acid mutation Proposed effect of mutation 
P153 Residue positioned between 

two catalytic residues H152 
and H154, conserved residue in 
all AlgE epimerases 
 

Proline (P) → Alanine (A) Alanine scanning – loss of 
structural integrity by altering 
positioning of the catalytic 
residue H152 and H154. This 
is thought to reduce enzyme 
activity 
 

H154 Catalytic residue, positively 
charged  

Histidine (H) → Alanine (A)* 
 
 
Histidine (H) → Phenylalanine (F) 
 
 
 
 
Histidine (H) → Tyrosine (Y) 

A: Alanine scanning - 
removing the aromatic and 
positively charged side chain 
aborts the function of 
catalytic residue 
 
F: Removing the nitrogen 
donor/acceptor atoms in the 
aromatic and positively 
charged side chain removes 
the ability to act as a proton 
donor or acceptor in catalysis. 
 
Y: As the role of Y149 and 
H154 as hydrogen donor or 
acceptor in catalysis is not 
fully established, exchanging 
H into Y may affect catalysis 
 
 

K172 Positively charged residue, 
close to catalytic residue Y149, 
conserved as leucine (L) in all 
other AlgE enzymes 
 

Lysine (K) → Leucine (L) 
 
Lysine (K) → Arginine (R) 

L: Removing the positive 
charge may change the 
electrostatic interactions with 
the catalytic residues and also 
the interaction with the 
negatively charged substrate. 
 
R: Changing into the 
positively charged R that has 
a different geometry than K, 
changes the electrostatic 
interactions. This may alter 
the interaction with the 
catalytic residues and binding 
of the negatively charged 
substrate. 
 
For both mutations made at 
residue K172:  Since L is 
conserved in the other 
epimerases at this residue 
these substitutions are 
thought to reduce the lyase 
activity. 
 

D173 Negatively charged residue 
close to catalytic residue Y149, 
conserved residue in all AlgE 
epimerases 
 

Aspartic acid (D) → Alanine (A)* Alanine scanning – removing 
the negatively charged side 
chain may change binding of 
the negatively charges 
substrate in the binding 
groove, and hence affect 
enzyme activity  
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Residue(s)  Description of residue Amino acid mutation Proposed effect of mutation 
D178 Catalytic residue, negatively 

charged  
Aspartic acid (D) → Glutamic acid (E) 
 
 
 
Aspartic acid (D) → Asparagine (N) 
 
 
Aspartic acid (D) → Arginine (R) 
 
 

E: Changing positioning of 
the negative charge may lead 
to loss of catalytic function 
 
N: Removing negative charge 
removes the catalytic 
function of the residue 
 
R: Changing to a positive 
charge removes the catalytic 
function of the residue 
 

R195 Positively charged residue 
projecting toward the active 
site, conserved residue in all 
AlgE epimerases 

Arginine (R) → Alanine (A)* 
 
 
Arginine (R) → Leucine (L) 

A: Alanine scanning - 
removing the positively 
charged side chain may 
affects substrate binding, and 
hence reduce enzyme activity 
 
L: Removing the positive 
charge may lead to weaker 
binding of the negatively 
charged substrate in the 
active site and hence reduce 
the enzyme activity. 
 

H196 Positively charged residue 
projecting toward the active 
site, conserved residue in all 
AlgE epimerases 
 

Histidine (H) → Alanine (A)* Alanine scanning – removing 
the aromatic and positively 
charged side chain may affect 
substrate binding, and hence 
reduce enzyme activity 
  

V201 Projecting into the binding 
groove, conserved residue in all 
AlgE epimerases 
 

Valine (V) → Leucine (L) Changing the residue into the 
slightly larger L may change 
interaction with the substrate, 
and hence affect enzyme 
activity  
 

R231 Positively charged residue 
projecting toward substrate 
binding groove, Hydrophobic 
amino acid (Leucine or Valine) 
in all other AlgE enzymes 
 

Arginine (R) → Leucine (L)* Changing the residue into a 
hydrophobic L may affect the 
positioning of negatively 
substrate. Since L/V is 
conserved in the other 
epimerases at this residue this 
substitution is thought to 
reduce the lyase activity. 
 

K255 Positively charged residue, 
projecting toward the substrate 
binding groove, conserved 
residue in all AlgE epimerases 
 

Lysine (K) → Glutamic acid (E) 
 
 
 
 
Lysine (K) → Leucine (L) 

E: Changing to a negatively 
charged E might affect 
binding of the negatively 
charged substrate and hence 
the enzyme activity 
 
L: Removing the positive 
charge might affect binding 
of the negatively charge 
substrate, and hence the 
enzyme activity 
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Residue(s)  Description of residue Amino acid mutation Proposed effect of mutation 
Y307 Residue shown to be essential 

for defining the epimerization 
pattern in AlgE enzymes (172),  
Y in G-block formers and F in 
MG-block formers 
 

Tyrosine (Y) → Phenylalanine (F)* Mutation changes the 
epimerization pattern to 
create MG-blocks (172). 

E117 
R148 

See descriptions above 
 
 

Glutamic acid (E) → Lysine (K) 
Arginine (R) → Glycine (G) 

Changing the residues into 
the amino acid conserved in 
other AlgE enzymes is 
thought to affect the lyase 
activity. The same applies to 
all combination mutants that 
contains mutants E117K, 
Y122F, R148G and K172L 
 

E117 
R148 
K172 

See descriptions above 
 

Glutamic acid (E) → Lysine (K) 
Arginine (R) → Glycine (G) 
Lysine (K) → Leucine (L) 

 
 
 
 

R148 
K172 

See descriptions above 
 
 

Arginine (R) → Glycine (G) 
Lysine (K) → Leucine (L) or  
                        Arginine (R) 
 

For mutant K172R in 
combinations: Changing into 
the positively charged R that 
has a different geometry than 
K, can alter the electrostatic 
interactions. This may change 
the interaction with the 
catalytic residues and binding 
of the negatively charged 
substrate.  
 

E117 
Y122 
R148 

 

See descriptions above 
 

Glutamic acid (E) → Lysine (K) 
Tyrosine (Y) → Phenylalanine (F) 
Arginine (R) → Glycine (G) 

 

E117 
Y122 
K172 

 

See descriptions above Glutamic acid (E) → Lysine (K) 
Tyrosine (Y) → Phenylalanine (F) 
Lysine (K) → Leucine (L) or  
                        Arginine (R) 
 

 
 

E117 
Y122 
R148 
K127 

See descriptions above Glutamic acid (E) → Lysine (K) 
Tyrosine (Y) → Phenylalanine (F) 
Arginine (R) → Glycine (G) 
Lysine (K) → Leucine (L) or  
                        Arginine (R) 
 

 

E117 
Y122 
Y149 

See descriptions above Glutamic acid (E) → Lysine (K) 
Tyrosine (Y) → Phenylalanine (F) 
Tyrosine (Y) → Alanine (A) 

The combination mutant 
includes mutation of a 
catalytic residue, the 
mutation of residue Y149 
into A is thought to abort the 
function of catalytic residue 
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Figure 3.5. Visual inspection of residues surrounding the active site in the energy minimized homology model 
of AlgE7 A-module. A) Surface view of the homology structure with the position of the catalytic residues 
(yellow) and the residues selected for mutation in this study (green). B) Secondary motif of the homology 
structure showing the catalytic residues (yellow), the other residues mutated (green) and a mannuronan 
trisaccharide substrate (light blue) as stick models. The substrate is obtained from the crystal structure of AlgE4 
(PDB: 2PYG) and is shown for visual reference. C) Closer view of the all residues mutated. To the left: catalytic 
residues (Y149, D152, H154 and D178) in yellow sticks and the residue R90, E117, D119, Y122, R148, K172, 
D173, R195, H196, V201, R231, K255 and Y307 shown in green sticks. Darker green colour is used to 
distinguish the amino acid residues that are close to each other. To the right: residue P153 (green) and the 
catalytic residues (yellow). The structure was visualized in PyMOL. 
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 Protein parameters  3.1.4
Theoretical protein parameters were calculated from the AlgE7 amino acid sequence 

(UniProtKB: Q9ZFG9) using the ExPASy ProtParam server (Table 3.2) (239). The molecular 

mass (MW) and molar extinction coefficient ε (M-1cm-1) were used to identity protein bands 

in SDS-PAGE gels and to calculate protein concentrations in purified protein samples, 

respectively (Section 3.3.). The parameters were also calculated for mutant R148G, as this 

was the only mutant purified in this study.  
 
Table 3.2. Theoretical protein parameters: number of amino acids, molecular weight (Da) and molar extinction 
coefficient (M-1cm-1) for AlgE7 wild type and mutant R148G. The parameters were calculated using the ExPASy 
ProtParam server. 

Protein  Amino acids MW (Da) ε (M-1cm-1) 
AlgE7 856 90364.14 61660 
R148G 856 90265.00 61660 

 

 

3.2 Cloning 
 
The experimental procedures used in the cloning and expression part are described in sections 

2.2.1-2.2.11. Point mutations for 11 of the AlgE7 mutants were introduced to the algE7 gene 

in the derivative expression vector pBG27, constructed by Svanem et al.1999 (156) 

(Appendix B, Figure B.1), using the NEB Q5® Site-Directed Mutagenesis Kit. In addition, 

the AlgE7 wild type and 31 AlgE7 mutants in similar plasmids (Table 2.9) were cultivated 

from DH5-α E. coli glycerol stocks.  

 

 Cloning and expression of AlgE7 mutants 3.2.1
 

Transformation and cultivation of E. coli DH5-α cells  

PCR primers for SDM were designed using NEBaseChanger and checked for non-specific 

hybridization, hairpin structures and mismatches in Benchling. The linear PCR product was 

ligated and transformed into NEB® 5-alpha competent E. coli cells, before the culture was 

plated onto selection plates and incubated over night. The next day, white colonies were 

observed and counted, e.g. the number of colony-forming units (CFU) per mL for mutant 

D173A was ∼	2.0 x 103 CFU/mL.  
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For the AlgE7 mutants cultivated from DH5-α E. coli glycerol stocks, a sample from each 

glycerol stock was plated onto selection plates using a toothpick and incubated overnight. 

  

Verification of AlgE7 point mutations 

After transformation of E. coli DH5-α cells and cultivation of AlgE7 mutants from E. coli 

DH5-α glycerol stocks, colonies of each mutant were inoculated in 6 mL LB medium and the 

plasmid was purified using the Monarch® Miniprep Kit protocol. The purified plasmid (40-

60 ng/mL) was sent to Eurofins GATC Biotech GmbH for sequencing. Benchling was used to 

confirm the mutations in the sequencing results.  

 

Transformation of E. coli T7 Express competent cells  

The verified plasmids were transformed into T7 express competent E. coli cells for later 

protein production. The cells were plated onto selection plates and incubated over night. The 

next day, white colonies were observed and counted, e.g. the number of colony-forming units 

(CFU) per mL for mutant D173A was ~ 3.0 x 103 CFU/mL. 

 

 SLIC cloning  3.2.2
As described in section 2.2.9, the five single point mutants E117K, Y122F, R148G, K172L 

and K172R, introduced to the algE7 gene in the pBG27 vector (Appendix B, Figure B.1), 

were transferred to the pTYB1 vector (Appendix B, Figure B.2) by SLIC cloning. This was 

done in order to purify the proteins by affinity chromatography. However, it was only time to 

purify mutant R148G during the work of this thesis. 

 

Verification of amplicons 

PCR primers for SLIC cloning were designed using NEBuilder assembly tool. Amplification 

of the linear PCR products, pTYB1 vector backbone (7442 bp) and algE7 gene insert (2567 

bp), were confirmed by agarose gel electrophoresis (Figure 3.6). In the lane containing the 

algE7 gene insert for mutant R148G, less amplified PCR product was observed compared to 

the other mutants. This is because a small amount of sample was lost when applied on the gel, 

resulting in less PCR product loaded into the well. 
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Figure 3.6. Verification of amplified PCR products, visualized on 0.8% agarose gels. Gel 1: linear PCR product 
(7442 bp) of the pTYB1 vector backbone (BB) (4 µL). Gel 2: linear PCR products (2567 bp) of the algE7 gene 
insert, shown for the point mutants Y122F, R148G, K172L and K172R. Gel 3: same as in gel 2, shown for point 
mutant E117K. L: Thermo ScientificTM Gene Ruler 1kb DNA Ladder (0.75 µL). Side labels identify the number 
of base pairs (bp) of specific fragments in the DNA ladder. 
 

 

 

3.3 Protein production 
 
Protein production of the AlgE7 wild type and all AlgE7 mutants in the pBG27 vector were 

performed by Randi Aune at SINTEF – Department of Biotechnology and Nanomedicine, as 

described in section 2.2.17. Protein production and affinity purification was carried out for the 

AlgE7 wild type and mutant R148G in the pTYB1 vector using the NEB IMPACTTM-CN 

system, as described in section 2.2.11-2.2.15.  

 

 Protein production of AlgE7 mutants carried on the pBG27 vector 3.3.1
As described in section 2.2.14, SDS-PAGE was used to verify production of the AlgE7 

protein in the B-Per II enzyme extracts from induced cells. The AlgE7 wild type and all 

AlgE7 mutants analysed showed multiple bands, including a strong band at ∼100 kDa. This 

band probably represents the AlgE7 protein, which has a molecular weight of ∼90 kDa 

(Figure 3.7).  
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Figure 3.7. Images of Coomassie Brilliant Blue stained SDS-PAGE gels showing AlgE7 protein expression (100 
kDa) in the B-Per II enzyme extracts. Arrow labels identify the molecular weights (kDa) according to the 
Precision Plus ProteinTM Dual Color standard (Bio-Rad). 1: enzyme extract containing the AlgE7 wild type (10 
µL) shown in gel 1, 2-43: enzyme extracts containing AlgE7 mutant number 2-43 (10 µL) shown in gel 1-4, L: 
molecular weight standard (5 µL). Numbering of the mutants is shown in Table 2.9, Section 2.1.6 
 

In order to verify that the band seen at ∼100 kDa in the cell extracts corresponds to the AlgE7 

protein, a gel with enzyme extracts of AlgE7 wild type and five AlgE7 mutants (mutant 

number 2, 3, 5, 8 and 10) were run together with samples of protein extracts from induced T7 

express competent E. coli, not containing the pBG27 vector or containing the vector pTrc99a 

(Figure 3.8). The latter is an “empty vector” not containing the algE7 gene. In lanes 

containing the T7 express competent E. coli without the pBG27 vector and in lanes containing 

the vector pTrc99a, no protein band was seen at ∼100 kDa.  
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Figure 3.8. Image Coomassie Brilliant Blue stained SDS-PAGE gel showing no protein band at 100 kDa for 
protein extracts from induced T7 express competent E. coli without the pBG27 vector (T7 E. coli, 10 µL) and 
with an empty vector (pTrc99a, 10 µL). 1: enzyme extract containing the AlgE7 wild type (10 µL), 2, 3, 5, 8 
and 10: enzyme extracts containing AlgE7 mutant number 2, 3, 5, 8 and 10 (10 µL), L: molecular weight 
standard (5 µL). Arrow labels identify the molecular weights (kDa) according to the Precision Plus ProteinTM 
Dual Color standard (Bio-Rad). Numbering of the mutants is shown in Table 2.9, Section 2.1.6 
 
 

 Protein production and purification of AlgE7wt and R148G   3.3.2
 

Fast protein liquid chromatography (FPLC) 

In order to purify the AlgE7 protein, clarified cell extract was subjected to affinity 

purification and on-column cleavage. A chromatogram from purification of the AlgE7 wild 

type is presented in Figure 3.9, showing the maximum UV absorption of 305 mAU as a 

function of volume (mL) eluted from the column. The fractions A1-A7 are indicated along the 

x-axis and the highest amount of protein was eluted in fraction 3 and 4. The chromatogram 

for purification of AlgE7 mutant R148G showed a similar elution profile, but as only half of 

the culture was purified it had a lower UV absorption than for the wild type. This 

chromatogram was not recorded.  
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Figure 3.9. FPLC-chromatogram showing the elution profile (UV absorption at 305 mAU) of the AlgE7 wild 
type (blue). The AlgE7 protein was purified on a chitin resin column and eluted with a column buffer into seven 
5 mL fractions. The seven fractions are indicated in red along the x-axis.  
 
 
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

After purification of the AlgE7 wild type and mutant R148G, the protein was analysed using 

SDS-PAGE, as described in section 2.2.14. This was done in order to verify protein 

expression and to assess the purity of the eluted FPLC fractions.  

 

In lanes containing protein, a strong band was observed at ∼100 kDa (Figure 3.10). This band 

shows that the AlgE7 protein was purified. The largest amount of protein was visible in 

fraction 3 and 4 for both the AlgE7 wild type and mutant R148G. For the fractions with 

purified R148G, less amount of protein was visible in the SDS-PAGE gel than for the wild 

type. This can be best seen in lanes containing fraction 3 and 4. The reason for this is that 

R148G was purified from half of the culture (250 mL) after harvesting the pellet, cell lysis 

and sonication, whereas the wild type was purified using the whole culture (500 mL). It was 

also observed multiple faint bands in the lanes containing purified protein. In lanes containing 

cell extract from induced cells and sterile filtrated supernatant of lysed cells a strong band was 

observed at ∼150 kDa. This band may correspond to AlgE7 protein bound to the intein tag, 

which has a molecular weight of ∼50 kDa.  
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Figure 3.10. Image Coomassie Brilliant Blue stained SDS-PAGE gels showing expression and purification of 
AlgE7 wild type and mutant R148G, using the IMPACTTM-CN system. Arrow labels show the molecular weight 
(kDa) according to the Precision Plus ProteinTM All blue Standards (BioRad). Labelling of the lanes is described 
as follow; U: extract from uninduced cells (10 µl), I: extract from induced cells at 16 °C 16-20 hours (10 µl), D: 
cell debris (10 µl), S: sterile filtrated supernatant of lysed cells (10 µl), L: molecular weight standard (5 µl), 1-7: 
eluted FPLC fractions containing the purified protein (20 µl).  
 
 

Estimation of protein concentration  

After assessing the SDS-PAGE gel, fraction 3 and 4, 2 and 5 and 1 and 6 were combined and 

transferred to three dialysis tubes. After dialysis, the protein concentrations in the combined 

FPLC-factions from purification of mutant R148G were determined by measuring the 

absorbance at 230 nm with NanoDropTM One (Table 3.3). From these concentrations the yield 

of purified protein for mutant R148G was calculated to be 4.2 mg. This calculation was not 

conducted for the wild type, but based on the SDS-PAGE gels (Figure 3.10) it is assumed that 

the yield of purified AlgE7 wild type was higher than for mutant R148G.  

 
Table 3.3. Protein concentration (mg/mL) of purified mutant AlgE7-R148G, in the combined FPLC-fractions 

after dialysis. After dialysis, each combined FPLC-fraction had a volume of 13 mL 

 

 

 
 
 
 
 
  

Enzyme Concentration (mg/mL) 
 

A1+A6 A2+A5 A3+A4 A7 
AlgE7-R148G 0.015 0.07 0.24 Discarded 
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3.4 Characterization  
 
The lyase activity of AlgE7 wild type and all AlgE7 mutants was measured by absorbance at 

230 nm using a microplate reader. The lyase and epimerase activities of AlgE7 wild type and 

25 of the mutants were then analysed using 1H-NMR spectroscopy. Finally, 1H-NMR and 

time-resolved 13C-NMR was used to characterize the chemical composition of poly-M and 

poly-MG substrates after incubation with AlgE7 wild type and mutant R148G. Methods for 

sample preparation and the experimental procedures used for the AlgE7-lyase activity assay, 
1H-NMR and time-resolved 13C-NMR are described in sections 2.2.17, 2.2.18 and 2.2.19, 

respectively. 

 

 AlgE7 lyase-activity assay 3.4.1
The data from the activity assay showed that lyase activity (A230) was detected for the AlgE7 

wild type and 16 of the mutants. To sort the data, absorbance plots of two parallels for all 

AlgE7 mutants were made, showing measured lyase activity (A230) over time (Appendix C). 

There were large variations between the parallels in the data, making it difficult to assess the 

lyase activity in the samples and to compare them. In order to determine which of the AlgE7 

mutants displaying lyase activity, a qualitative assessment have been used.  

 

A visual inspection of the absorbance plots indicates that the AlgE7 mutants can be organized 

in three groups of lyase activity: active lyase, less active lyase and inactive lyase. Absorbance 

plots of two parallels for the AlgE7 wild type, three AlgE7 mutants (R90A, E117L and 

H196A) representing the different groups of lyase activity, and a blank sample are presented 

in Figure 3.11. 
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Figure 3.11. AlgE7 lyase activity of AlgE7 wild type (red), the mutants R90A (orange), E117L (blue) and 
H196A (green) and a blank sample (grey) measured by absorbance at 230 nm (A230) every 5 minutes for 18 
hours. The AlgE7 lyase activity was assessed using poly-M alginate (1mg/mL) and B-Per II enzyme extract. 
Two parallels for each mutant are shown. Missing points is a result of failed measurements. 
 

 

In order to classify the AlgE7 mutants in the three groups mentioned above, the initial activity 

for all samples was investigated. At the beginning of the reaction, there is a significantly 

larger amount of substrate relative to enzyme concentration. This means that there is an 

unlimited amount of substrate in the initial reaction. Consequently, it can be assumed that the 

initial rate of reaction product formation is independent of the substrate concentration. This 

gives a constant reaction rate for the initial activity, i. e., the initial measured lyase activity 

follows a zero-order reaction, meaning that there is a linear relationship between measured 

absorbance (A230) and time (h). Equations explaining the zero-order enzyme kinetics are 

shown in Appendix D.  
 

Assuming a zero-order reaction, the slope of a linear regression curve for the initial activity 

can be used as a qualitative measure of the lyase activity. The slope will only depend on the 

ability of the enzyme to act on the substrate, and can therefore be used to compare the lyase 

activity for different AlgE7 mutants. Linear regressions of the first 4 hours of measured lyase 

activity (A230) were performed for all samples. The slope values obtained were used to 

classify the AlgE7 mutants in the three groups: active lyase (slope > 0.07), less active lyase 
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(slope: 0.07-0.01) and inactive lyase (slope < 0.01). As an example, the linear regression of 

AlgE7 wild type (active lyase), the AlgE7 mutants R90A (inactive lyase), E117L (active 

lyase) and H196A (less active lyase), and a blank sample is shown in Figure 3.12.  
 
 

 
Figure 3.12. Linear regression of the initial AlgE7 lyase activity (first 4 hours) of AlgE7 wild type (red), the 
mutants R90A (orange), E117L (blue) and H196A (green), and a blank sample (grey). The lyase activity was 
measured by absorbance at 230 nm (A230) every 5 minutes, using poly-M alginate (1mg/mL) and B-Per II 
enzyme extract. Missing points is a result of failed measurements. The linear regression line and its formula are 
shown for both parallels. The lyase activity is divided into three groups based on the slope of the linear 
regression line: active lyase (slope > 0.7), less active lyase (slope: 0.07-0.01), inactive lyase (slope < 0.01). 
Therefore, the grouping of the samples shown is: active lyase – Wt AlgE7 and E117L, less active lyase – 
H196A, inactive lyase – R90A and blank.  
 

A qualitative representation of AlgE7 lyase activity for all AlgE7 mutants is presented in 

Table 3.4. The classification of lyase activity is based on the slope the linear regression lines 

of the two parallels, as explained in the previous paragraph. The results of linear regression 

showed that the two parallels for each mutant belong to the same group (Table 3.4). 

Exceptions are the two combination mutants (mutant number C.39 and C.40), which have 

slopes classified in two different groups (inactive/less active). This may indicate very weak 

lyase activity, as shown by the colour code in the table.  
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For several of the mutants, there was a drop in the absorbance measurements during the first 

hour (Figure 3.11, Appendix C). For mutant number 16 (P153A) this drop is causing the 

mutant to be grouped as an inactive lyase, but the absorbance measured beyond 4-5 hours 

shows a slow increase that may indicate low lyase activity (Appendix C, Figure C.3). This 

was not seen for any of the other mutants.  

 
 
Table 3.4. Results of the AlgE7-lyase assay using poly-M (1mg/mL) and the B-Per II enzyme extract containing 
the AlgE7 enzyme (unknown concentration). The AlgE7 lyase assay was performed for the AlgE7 wild type and 
42 AlgE7 mutants. The lyase activity is divided into three groups based on the slope of a linear regression line of 
the first 4 hours. The slope of the linear regression line and a qualitative representation of measured lyase 
activity are shown in the table. The qualitative representation is presented by an orange colour code – dark 
orange represents active lyase (slope > 0.7), lighter orange colour represents less active lyase (slope: 0.7-0.01) 
and no colour represents inactive lyase (slope < 0.01). 
 
Numbering 
 

AlgE7 mutant  Slope Lyase activity  
Parallel 1 Parallel 2 

1 AlgE7wt 0.13 0.13  
2 R90A -0.05 -0.02  
3 E117L 0.11 0.13  
4 E117K 0.12 0.08  
5 D119A -0.05 -0.03  
6 D119E 0.05 0.03  
7 D119N -0.04 -0.03  
8 Y122A -0.04 -0.03  
9 Y122F 0.10 0.07  
10 R148G -0.03 -0.02  
11 R148K 0.01 0.01  
12 Y149A -0.03 -0.03  
13 Y149F -0.02 -0.03  
14 D152E -0.03 -0.01  
15 D152N -0.04 -0.02  
16 P153A -0.03 -0.05 * 
17 H154A -0.04 -0.05  
18 H154F -0.01 -0.07  
19 H154Y -0.01 -0.06  
20 K172L 0.08 0.13  
21 K172R 0.17 0.18  
22 D173A -0.05 -0.08  
23 D178E -0.02 -0.03  
24 D178N -0.05 -0.01  
25 D178R -0.01 -0.01  
26 R195A -0.01 -0.01  
27 R195L -0.04 -0.02  
28 H196A 0.06 0.05  
29 V201L 0.01 0.03  
30 R231L 0.08 0.08  
31 K255E 0.02 0.03  
32 K255L 0.02 0.03  
33 Y307F 0.12 0.10  
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Numbering 
 

AlgE7 mutant  Slope Lyase activity  
Parallel 1 Parallel 2 

C.34 E117K + R148G -0.01 -0.09  
C.35 E117K + R148G + K172L -0.02 -0.07  
C.36 R148G + K172L -0.05 -0.06  
C.37 R148G + K172R -0.04 -0.02  
C.38 E117K + Y122F + R148G -0.05 -0.02  
C.39 E117K + Y122F + K172L -0.01 0.01 ♣ 

C.40 E117K + Y122F + K172R -0.01 0.01 ♣ 

C.41 E117K + Y122F + R148G + K172L -0.06 -0.02  
C.42 E117K + Y122F + R148G + K172R -0.07 -0.02  
C.43 E117K + Y122F + Y149F -0.1 -0.04  
* A slow increase in absorbance (A230) can be observed after 4-5 hours (Appendix C, Figure C.3). This may 
indicate weak lyase activity, shown by the colour code.  
♣ The slope of parallel 1 and 2 are classified in different levels of lyase activity, inactive and less active, 
respectively. This may indicate very weak lyase activity, as shown by the colour code. 
 
 

 Proton nuclear magnetic resonance (1H-NMR) spectroscopy 3.4.2

 
1H-NMR of epimerized and degraded poly-M using B-Per II enzyme extract 

The AlgE7 wild type and 25 of the mutants were selected for 1H-NMR based on analysis of 

the AlgE7 lyase-activity assay. Because it was used enzyme extracts and not purified enzymes 

for epimerization and degradation of poly-M, these 1H-NMR results have been assessed 

qualitatively.  

 

In the 1H-NMR spectra, signals of both lyase and epimerase activity on poly-M substrate were 

identified for half of the AlgE7 mutants, while for 5 of the mutants no signals were detected 

for either activities. For mutant number 10 (R148G), signals for only epimerase activity were 

identified. This was also found for several of the combination mutants containing R148G 

(mutant number C.36-38, C.41 and C.42). As an example, the recorded 1H-NMR spectra 

showing the three different outcomes of analysed poly-M samples after reaction with the 

AlgE7 mutants are presented in Figure 3.13. The figure shows the spectra of the AlgE7 wild 

type and the following mutants: R90A (inactive lyase and epimerase), E117K (active lyase 

and epimerase) and R148G (active epimerase). 1H-NMR spectra for all 25 mutants are shown 

in Appendix E. 

 

All spectra contain a doublet at approximately 4.5 ppm. This signal refers to non-alginate 

protons that have not been identified, and for simplicity this signal is labelled “unknown”. 
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Figure 3.13. 1H-NMR spectra (400 MHz) showing the anomeric region of poly-M after epimerization and 
degradation by AlgE7 wild type and three AlgE7 point mutants (R90A, E117K and R148G) for 24 hours. The 
spectra were recorded at 83 °C and samples contained 1 mg/mL alginate dissolved in D2O. The concentration of 
enzyme extract is not known. Missing signals from internal G-residues (G-1) and G-block signals (GG-5M, G-
G5) in the AlgE7 wild type spectrum is labelled in red. The signal labelled “unknown” refers to non-alginate 
protons that have not been identified.    
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The signals from internal G-residues (G-1) and G-block signals (GG-5 and GGM-5) could not 

be observed in the 1H-NMR spectrum recorded for AlgE7 wild type epimerized and degraded 

poly-M sample (Figure 3.13). These signals were also not observed for mutant number 3 

(E117L) and 21 (K172R) (Appendix E, Figure E.1 and E.3). 

 

By integrating the 1H-NMR spectra of all samples, sequential parameters of epimerized and 

degraded poly-M samples were calculated using the equations from section 2.2.18 (Appendix 

F, Table F.1). In order to compare the AlgE7 mutants, the molar fractions FGtotal , FΔ and 

FMtotal were further used as a measure of epimerase activity, lyase activity and remaining 

fraction of substrate monomers, respectively. These three molar fractions are presented in bar 

charts for all AlgE7 mutants (Figure 3.14). The mutants are sorted in three diagrams based on 

similar results: mutants showing similar activity as the AlgE7 wild type (Figure 3.14.A), 

mutants showing a lower lyase activity (Figure 3.14.B) and mutants showing only epimerase 

activity or no activity (Figure 3.14.C).  
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Figure 3.14. Molar fractions of residues epimerized (FGtotal), bonds cleaved (FΔ) and residues not epimerized 
(FMtotal) in poly-M alginate after reaction with the AlgE7 mutants. The molar fractions are calculated from 1H-
NMR data and two parallels are shown for each mutant. A) Epimerase (blue) and lyase (red) active mutants: 
AlgE7 wild type and the point mutant E117L, E117K, Y122F, K172L, K172R, H196A, R131L and Y307F. B) 
Epimerase (blue) and lower lyase (red) active mutants: point mutant D119E and R148K, and the AlgE7 
combination mutants E117K+Y122F+K172L (C.39), E117K+Y122F+K172R (C.40), E117K+R148G (C.34) 
and E117K+R148G+K172L (C.35). C) Epimerase (red) active mutants: point mutants R148G, E117K+K172L 
(C.36), E117K+ K172R (C.37), E117K+Y122F+R148G (No.38), E117K+Y122F+R148G+K172L (C.41) and 
E117K+Y122F+R148G+K172R (C.42). Inactive (green) mutants: R90, D119A, D119N, Y122A and D173A. 
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1H-NMR of epimerized and degraded alginate substrates using purified enzymes  

The action of AlgE7 wild type and mutant R148G on alginate substrates were monitored by 
1H-NMR over time after incubating poly-M (Figure 3.15) and poly-MG (Figure 3.16) alginate 

samples with the enzymes for 6, 12, 24, 48 and 60 hours.  

 

In the recorded 1H-NMR spectra, signals of both lyase and epimerase activity on poly-M 

substrate were identified for AlgE7 wild type, whereas signals for only the epimerase activity 

were identified for mutant R148G (Figure 3.15). Traces of lyase signals (Δ-1-M and Δ-4-M) 

were visible after 24 hours, but they were too low to integrate. When acting on poly-MG, 

lower signals of both lyase and epimerase activity were identified for AlgE7 wild type, while 

no signals for either activity were detected for mutant R148G (Figure 3.15).  

 

The signals in the 1H-NMR spectra were integrated and the sequential parameters for the 

epimerized and degraded alginate samples were calculated according to the equations in 

section 2.2.18 (Appendix F, Table F.2). By plotting the resulting molar fractions of residues 

epimerized (FGtotal), bonds cleaved (FΔ) and DPn, against time, a more quantitative relationship 

of the epimerase and lyase activity could be obtained. This is shown for both enzymes acting 

on poly-M (Figure 3.15) and poly-MG (Figure 3.16). The plots show that for samples where 

both activities are detected (AlgE7 wild type), the epimerase activity is higher than the lyase 

activity.  
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Figure 3.15 Epimerized and degraded poly-M alginate samples after incubation with AlgE7 wild type (left) and 
mutant R148G (right) for 6, 12, 24, 48 and 60 hours. Enzyme to substrate ratio 1:300 w:w. At the top: the 1H-NMR 
spectra (400 MHz) of the anomeric region of alginate are shown. The spectra were recorded at 83 °C and the samples 
contained 1 mg/mL poly-M alginate (FM=1.0) dissolved in D2O. At the bottom: the molar fractions of residues 
epimerized (FGtotal), bonds cleaved (FΔ) and DPn (only shown for AlgE7wt) plotted as a function of incubation time 
with the enzyme. The three molar fractions were calculated by integration of the spectra shown in the figure.  
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Figure 3.16. Epimerized and degraded poly-MG alginate samples after incubation with AlgE7 wild type (left) and 
mutant R148G (right) for 6, 12, 24, 48 and 60 hours. Enzyme to substrate ratio 1:300 w:w. At the top: the 1H-NMR 
spectra (400 MHz) of the anomeric region of alginate are shown. The spectra were recorded at 83 °C and the samples 
contained 1 mg/mL poly-MG alginate (FM=0.54) dissolved in D2O. At the bottom: the molar fractions of residues 
epimerized (FGtotal), bonds cleaved (FΔ) and DPn (only shown for AlgE7wt) plotted as a function of incubation time 
with the enzyme. The three molar fractions were calculated by integration of the spectra shown in the figure.  
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 Time-resolved 13C-NMR spectroscopy  3.4.3
The bifunctional activity of AlgE7 wild type and mutant R148G in terms of epimerase and 

lyase activity could not directly be probed from the 1H-NMR time course. Therefore, time-

resolved NMR spectra were recorded on 13C1-enriched alginate substrates (Table 2.10) to 

provide detailed information of the mode of action. Further, the analysis of the data is 

simplified using 13C1-enriched alginate, where only the anomeric signal for the sugar 

residues is followed.  

 

For 13C1-labeled poly-M substrate a decrease in the content of M-blocks (MMM) and an 

increasing signal from MGM and GMG as well as initial GGG formation were observed for 

both enzymes, confirming their epimerase activities (Figure 3.17 A, B). For AlgE7 wild type 

increasing signal from unsaturated residues next to an M residue (ΔM) were observed and a 

subsequent decrease in MGM and GGG signals, confirming lyase activity. This is also 

supported by an increase in the reducing end signal for M and G, which indicate that AlgE7 

wild type prefer to cleave G↓MM, G↓GM, M↓MM and M↓GM. For mutant R148G the lyase 

activity are nearly abolished as only a weak increase are detected for the reducing end signal 

of M and G.  

 

In addition, the end products from the reaction were analysed using a 2D 13C HSQC spectra. 

In the HSQC spectrum the correlation between the carbon and the proton directly attached to 

it are observed in 2D plan enhancing the resolution. For AlgE7 wild type signals for GGG, 

GGM and MGM are not observed in the HSQC spectrum compared to mutant R148G (Figure 

3.17.C). Further, the AlgE7 wild type has clearly a strong lyase activity, as also intense 

signals for unsaturated residues ΔM and reducing ends are present compared to weaker 

signals for mutant R148G. This confirmed that mutant R148G has very reduced overall lyase 

activity, while there are no indication of change in substrate performance compared to AlgE7 

wild type.  
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Figure 3.17. Time-resolved 13C-NMR spectra (800 MHz) showing the C1 signals of 13C1-labeled poly-
M measured over time while incubated with AlgE7 wild type (A) or mutant R148G (B). The spectra were 
recorded at 25 °C, and the enzyme reactions were performed in 10 mM MOPS, pH 6.9 with 75 mM NaCl, 2.5 
mM CaCl2 in 99.9% D2O. C) 2D HSQC spectra of the end products from the time-resolved reactions of poly-M 
for the AlgE7 wild type (right) and mutant R148G (left), recorded at 800 MHz and 25°C. The spectra show the 
correlation between the C1 carbon (vertically) and the proton (horizontally) directly attached. A, B and C) The 
position of the triads in the spectra is indicated, and the M and G monomer generating the signal is underlined. 
Signals marked with symbols indicate unsaturated end from the β-elimination reaction (Δ), and α- or β-reducing 
end. 
  

C) 

A) 

B) 
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In the time-resolved spectra using 13C1-labeled poly-MG substrate, a decrease in the content 

of MG-blocks (MGM) and an increase in signal for GMG, GGM and GGG were observed for 

both AlgE7 wild type and mutant R148G (Figure 3.18.A, B). This shows that the enzymes are 

able to epimerise alternating alginate substrate by filling in G-residues to form G-blocks. For 

AlgE7 wild type, increasing weak signals for the reducing end of M and G, and unsaturated 

residues next to an M as well as G were observed in the HSQC spectrum (Figure 3.18.C). 

This confirms presence of lyase activity and indicates that AlgE7 wild type able to cleave 

G↓MG and M↓GG (generating ΔG), in addition to G↓GM and M↓GM (generating ΔM).  

 

For mutant R148G almost no lyase activity was detected in the time-resolved spectra, as only 

a weak increase for the reducing end signal Gβ was observed (Figure 3.18.B). However, in 

HSQC spectrum signals for unsaturated residues ΔM were present for mutant R148G. This 

confirmed that mutant R148G display a very low lyase activity (Figure 3.18.C).  
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Figure 3.18. Time-resolved 13C-NMR spectra (800 MHz) showing the C-1 signals of 13C1-labeled poly-
MG measured over time while incubated with AlgE7 wild type (A) or mutant R148G (B). The spectra were 
recorded at 25 °C, and the enzyme reactions were performed in 10 mM MOPS, pH 6.9 with 75 mM NaCl, 2.5 
mM CaCl2 in 99.9% D2O. C) 2D HSQC spectra of the end products from the time-resolved reactions of poly-
MG for the AlgE7 wild type (right) and mutant R148G (left), recorded at 800 MHz and 25°C. The spectra show 
the correlation between the C1 carbon (vertically) and the proton (horizontally) directly attached. A, B and C) 
The position of the triads in the spectra is indicated, and the M and G monomer generating the signal is 
underlined. Signals marked with symbols indicate unsaturated end from the β-elimination reaction (Δ), and α- or 
β-reducing end. The NER-1 signal represents the C1 signal from the non-reducing end.  

C) 

B) 

A) 
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For 13C1-labeled oligo-G substrate, no change were observed in terms of decrease in GGG 

and increase in reducing ends for either AlgE7 wild type or mutant R148G (Figure 3.19). This 

shows that the enzymes are not able to cleave pure G-blocks.  

 

 
Figure 3.19. Time-resolved NMR spectra (800 MHz) showing the C1 signals of 13C1-labeled oligo-G measured 
over time while incubated with AlgE7 wild type (left) or mutant R148G (right). The spectra were recorded at 25 
°C, and the enzyme reactions were performed in 10 mM MOPS, pH 6.9 with 75 mM NaCl, 2.5 mM CaCl2 in 
99.9% D2O. The position of the triad GGG and the reducing end are labelled in the spectra. 
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4 Discussion  
 
In the beginning of this study, the AlgE7 wild type and 42 mutants were produced and tested 

in a lyase-activity assay. Based on these results, 25 mutants were selected for a qualitative 1H-

NMR analysis of the lyase and the epimerase activity on poly-M substrate. Finally, one 

mutant (R148G) and the wild type were selected for characterization of the enzyme reaction 

products and mode of action on different alginate substrates, using 1H-NMR and time-

resolved 13C-NMR spectroscopy. 

 

4.1 Cloning and protein production 
 
All AlgE7 mutants investigated in this study were successfully cloned in E. coli DH5-α, of 

which 11 mutants were designed by using site-directed mutagenesis before subsequent 

transformation (Table 3.1, Table 2.9). The 31 other mutants and the wild type were cultivated 

from pre-existing glycerol stocks. Sanger sequencing of the isolated plasmid DNA verified 

the correct gene sequence for all mutants, and verified plasmids were successfully 

transformed into T7 express competent E. coli. The methods used for transformation of both 

DH5-α and T7 competent E. coli cells were proven to be efficient as about 2.0-3.0 x 103 

CFU/mL were obtained for each mutant.  

 

In the first part of the cloning process, AlgE7 point mutations were introduced in the pBG27 

vector (Appendix B, Figure B.1). This vector contains the necessary gene sequences for 

ampicillin selection of transformed cells and induction of protein expression. In order to 

produce pure protein with one step purification, the algE7 gene was transferred to the pTYB1 

vector containing a Sec VMA intein tag/chitin-binding domain used for affinity 

chromatography with the NEB IMPACTTM-CN system (223). This was done by SLIC 

cloning, with which the algE7 gene in the pBG27 vector and the pTYB1 backbone were 

amplified and assembled. This resulted in fusion of the intein tag to the C-terminal of the 

algE7 gene. Based on the results from the AlgE7 lyase-activity assay and 1H-NMR using 

enzyme extract, five of the mutants (E117K, Y112F, R148G, K172L and K172R) were 

chosen for SLIC cloning.  
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Prior to the SLIC-reaction, amplified PCR products were verified by agarose gel 

electrophoresis. The agarose gels (Figure 3.6) showed expected bands for both the pTYB1 

vector backbone at ∼8000 bp and the algE7 gene inserts at ∼2600 bp. In addition, a few faint 

bands representing false amplicons were seen in the gel. This may be due to factors such as 

insufficient stringent PCR conditions, low annealing temperature, excessive addition of 

primers or impurities in the PCR tube (205). False amplicons can also be a result of elevated 

Mg2+ ion concentration, which is known to inhibit the Taq DNA polymerase and increase the 

possibility of non-specific primer binding (205,209). However, Sanger sequencing of the 

isolated SLIC-cloned plasmid DNA verified the correct sequence for all five mutants. This 

confirms that the specific PCR products required for the SLIC-reaction were successfully 

amplified by PCR despite potential sources of error.  

 

After transformation of T7 express competent E. coli cells with mutants in the pBG27 vector, 

the cells were cultivated on microplates and protein expression was induced. Expression of 

the AlgE7 proteins in the resulting B-per II enzyme extracts was confirmed by SDS-PAGE. 

The SDS-PAGE gels displayed multiple bands in the gels, including the expected protein 

bands at ∼100 kDa (Figure 3.7). This band was present in similar strength for all mutants. It is 

therefore assumed that that the production of the AlgE7 protein was very similar in all 

samples. This assumption is used when comparing the activity of the different mutants 

qualitatively (Section 4.2). Cloning and protein expression of T7 express competent E. coli 

without the pBG27 vector or containing a vector without the gene (pTrc99a) verified that the 

expected band at ∼100 kDa corresponded to the AlgE7 protein, as these sample showed no 

protein band at this molecular weight (Figure 3.8). The other bands observed in the SDS-

PAGE gels represents other proteins present in the enzyme extract. The experimental work 

discussed in this paragraph was conducted at SINTEF – Department of Biotechnology and 

Nanomedicine, by Randi Aune.  

 

Protein expression and purification of the five mutants transferred to the pTYB1 vector were 

only performed for mutant R148G, in addition to purification of the AlgE7 wild type. As 

described earlier, the purification system (NEB IMPACTTM-CN system) that was used is 

based on fusion of an intein tag to the target protein, which in turn binds to chitin in the 

column resin. This system has been successfully used for purification of alginate epimerases 
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in previous studies, and was also shown to give pure protein in a one-step purification when 

used in this study (165,166,185,240).  

 

The elution profile for AlgE7 wild type showed two absorbance peaks, with the highest 

absorbance seen for the first peak (Figure 3.9). As the degree of absorbance may reflect the 

amount of protein in each eluted fraction, this result indicates that the highest amount of 

protein was eluted in fraction 3 and 4. However, the amount of protein in the fractions directly 

eluted from the FPLC was not further evaluated, as the reducing agent DTT (used for 

induction of on-column cleavage) also has absorbance at 280 nm. Presence of DTT in the 

protein fractions would therefore affect measurements of protein concentration (A230). The 

chromatogram for purification of the mutant R148G was not recorded and peak intensities 

could therefore not be compared to the wild type. However, the elution profile for R148G 

showed a similar trend. 

 

SDS-PAGE analysis showed a strong band at ∼100 kDa in all lanes containing eluted protein 

fractions (1-7) (Figure 3.10). This band corresponds to the AlgE7 protein. However, the 

molecular weight shown in the gel (∼100 kDa) deviates from the actual molecular weight of 

the protein at ∼90 kDa. Previous studies of epimerases have also shown an abnormal 

migration when analysed by SDS-PAGE, showing that the proteins migrates to a higher 

molecular weight. (Ref: personal communication with Finn L. Aachmann, May 2020). The 

reason for this is not fully understood, but may be a result of reduced interaction with the 

detergent SDS that causes an incomplete denaturation of the protein. This may in turn lead to 

slower movement in the gel (241).  

 

Furthermore, the SDS-PAGE gels revealed the largest amount of protein in lanes containing 

fraction 3 and 4, which confirms what was seen in the elution profile of the wild type. The 

other faint bands visible in the gels may be remnants from other proteins in the cell extracts. 

Strong bands were also seen at ∼150 kDa in lanes with induced culture (I) and lysed cells (L). 

This band may correspond to the AlgE7 protein fused with the Sec VMA intein tag/chitin-

binding domain, as this inetin tag has a weight of ∼50 kDa. Another possibility is presence of 

other proteins in the culture with weight at ∼150 kDa. 
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In the SDS-PAGE gel for R148G, less amount of purified protein was visible than for the 

wild type. This was due to using half of the culture (250 mL) for purification of R148G, 

whereas the wild type was purified using the whole culture (500 mL). After FPLC, the 

fractions were combined into three samples and DDT was removed from the samples by 

dialysis. The protein concentration in the samples of R148G was measured (Table 3.3) and 

the yield of purified protein was found to be 4.2 mg per 500 mL culture. This was not 

determined for the wild type. However, the molecular weight standard in the SDS-PAGE gels 

looks relatively similar when comparing the wild type and R148G. This implies that a higher 

protein yield was purified for the wild type. This is also consistent with the fact that a double 

amount of culture was used for purification of the wild type.  

 

4.2 Qualitative analysis of AlgE7 mutants 
 

Variation and uncertainties in the data 

The lyase activity on poly-M alginate was tested for all AlgE7 mutants using an activity assay 

(Table 3.4). This procedure was conducted by Randi Aune at SINTEF – Department of 

Biotechnology and Nanomedicine. Analysis of both the lyase and epimerase activity on poly-

M samples for 25 of the mutants was further done using 1H-NMR spectroscopy (Figure 3.14). 

All these results are regarded as qualitative, due to variation and uncertainties associated with 

the data. One reason for this is that the B-Per II enzyme extracts contain unknown enzyme 

concentrations. This makes it difficult to compare the different mutants directly. However, 

SDS-PAGE analysis (Figure 3.7) after protein production showed no notable difference in the 

amount of protein produced for the different mutants, as previously discussed in section 4.1. It 

is therefore assumed that a similar amount of enzyme was present in the enzyme extracts for 

all samples.  

 

Variations between the to parallels observed in the data from the AlgE7 lyase-activity assay 

can also be explained by presence of other components in the enzyme extracts that may have 

interfered with the measurements. In addition, differences in initial absorbance values for 

almost all samples were seen (Appendix C). For several AlgE7 mutants, there was also a drop 

in the absorbance measurements during the first hour. The cause of this drop is uncertain, but 

could be a consequence of random error in measurements during the first hour. Another 



CHAPTER 4. DISCUSSION 
 
 

 101 

explanation might be precipitation of components in the enzyme extract when it was added to 

the microplate containing buffer and poly-M substrate.  

 

In the 1H-NMR spectra recorded for the negative control poly-M sample (mutant R90A, 

discussed in following paragraphs), a doublet at 4.5 ppm that refers to non-alginate protons 

was seen (labelled “unknown in Figure 3.13). This signal has not been identified, but is 

assumed to originate from components present in the B-Per II enzyme extract. The 

“unknown” signal was present in the spectra recorded for all samples, but at different 

intensities. This observation may be due to different amounts of the unknown component in 

the enzyme extracts. However, alginate proton signals appear to have similar intensities when 

comparing the two parallels for each mutant, supporting the assumption that similar amount 

of enzyme is present in all samples. Some variation between the two parallels is observed, but 

this does not affect the overall result for the mutant.  

 

Reason for selection some mutants for 1H-NMR 

Based on analysis of the lyase-activity assay of AlgE7 mutants, the lyase and epimerase 

activity in 25 of the mutants were analysed by 1H-NMR. The reasons for selecting these 

mutants are described in the following paragraph.  

 

Mutants E117L, E117K, Y122A, Y122F, R148G, R148K, K172L and K172R, were selected 

because residue E117, Y122, R148 and K172 are conserved as different amino acids in all the 

other AlgE enzymes (156) (Figure 3.4, Table 3.1), and thus stands out as interesting in AlgE7. 

Several of these mutants are also included in the combination mutants that were chosen, in 

which comparison may be difficult without analysis of the single mutants. Residue R231 also 

stands out, being a positively charged residue in AlgE7, while hydrophobic in all the other 

AlgE enzymes. The mutants of residue D119 (D119A, D119E and D119N) were selected to 

determine if the negative charge of this residue also is essential for the epimerase activity. 

Mutant Y307F was chosen in order to study changes in the epimerization pattern, as recent 

studies has proven that this residue (Y/F 307) is essential for defining the block pattern of 

AlgE epimerases (172). Based on the interesting findings for mutant R148G found from the  

activity assay, all combination mutants (C.34-C.42) except mutant E117K+Y122F+Y149A 

(C.43) were included for 1H-NMR analysis. Mutant C.43 was not included due to mutation of 

the catalytic residue Y149, which resulted in no activity. Mutant D173A and H196A were 

included because these residues have previously been found to be important for the epimerase 
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activity in AlgE4 (166), and because it was interesting to study if the mutations at these 

residues also would effect the epimerase activity. Finally, mutant R90A was included as a 

negative control in order to assess potential impurities in the anomeric region of alginate 

proton signals. This mutant showed no lyase activity in the activity assay, and has previously 

demonstrated to be an inactive epimerase when the same mutation is introduced in AlgE4 

(Ref: personal communication with Margrethe Gaardløs, January 2020). It was therefore 

hypothesized that R90A in AlgE7 also would be an inactive epimerase. This was confirmed 

by the 1H-NMR results.  

 

Classification of mutants 

In order to evaluate and compare the results for all AlgE7 mutants analysed by the activity 

assay and 1H-NMR, a classification of the mutants were made. When assessing the results 

from the lyase activity assay it was assumed that the A230 measurement followed an initial 

zero-order reaction. This assumption appears to hold, as there was observed a somewhat 

linear initial increase in absorbance that slows down over time, presumably due a decrease in 

substrate available for the enzyme. Further, the slope of a linear regression line of the first 4 

hours was used to evaluate the lyase activity for all samples (Figure 3.12). Based on the 

resulting slope values, the mutants were divided into three groups of lyase activity: active 

lyase, less active lyase, and inactive lyase (Table 3.4). Classification in these groups seemed 

reasonable by assessment of the slope for the two parallels. However, a few mutants were 

difficult to classify, and in these cases a visual interpretation of the absorbance plots have 

been used. 

 

A similar classification of lyase activity was made when assessing the 1H-NMR results. The 

recorded spectra of the poly-M samples after incubation with the AlgE7 mutants mainly 

showed three different outcomes: epimerase and lyase activity, only epimerase activity and no 

activity (Figure 3.13). To compare the mutants further, bar charts with three calculated molar 

fractions (FGtotal, FΔ, FMtotal) were made to illustrate the epimerase and lyase activity in all 

samples (Figure 3.14). For almost all mutants included in the 1H-NMR analysis, the 

classification of lyase activity corresponds with the results from the activity assay. Exceptions 

are mutant H196A, E117K+R148G (C.34) and E117K+R148G+K172L (C.35) (Table 3.4, 

Figure.14.A, B). Mutant H196A was classified with lower lyase activity in the activity assay, 

but was included in the group with similar activity as the wild type in the 1H-NMR results. 

This was done because H196A showed similar total activity (FGtotal +FΔ) as the wild type, and 
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not as reduced lyase activity as the other mutants with lower lyase activity. Mutants C.34 and 

C.35 were initially classified as inactive lyases (activity assay). However, as more 

information is obtained from 1H-NMR results, a low lyase activity was observed for these 

mutants when analysed by 1H-NMR. 

 

Inactive lyase mutants  

26 of the mutants were classified as inactive lyases (Table 3.4, Figure 3.14.C). In this group 

there were 11 mutants that contained a mutation in one of the catalytic residues (Y149, D152, 

H154 and D178). No lyase activity was measured for these mutants, supporting the 

assumption made in previous studies that the epimerase and lyase activity originates from the 

same active site (156,168). As these residues also is proven to be essential for the epimerase 

activity in AlgE epimerases, the mutants mutated in a catalytic residue were not further 

investigated in this study (166,168). For the inactive lyase mutants R195A and R195L, the 

same mutations have showed very low epimerase activity when tested in AlgE4 (166)(Ref: 

personal communication with Margrethe Gaardløs, January 2020). These mutants were 

therefore not analysed by 1H-NMR. For mutant R90A, D119A, D119N, Y122A and D173A 

no epimerase activity was detected by 1H-NMR, and so these residues are though to be 

important for the overall catalytic activity. The remaining inactive mutants are discussed in 

following paragraphs.  

 

AlgE7 wild type 

The results for the wild type confirmed that the AlgE7 epimerase displays both epimerase and 

lyase activity (Table 3.4, Figure 3.14.A). However, no signals from internal G-residues (G-1) 

and the G-block signals GG-5 and GGM-5 were detected in the 1H-NMR spectra for AlgE7 

wild type epimerized and degraded poly-M sample (Figure 3.13). This is not consistent with 

what is seen for the wild type in an earlier study (156). Nevertheless, in a previous study 

using time-resolved 1H-NMR might offer an explanation for the missing signals. This study 

showed that after some time more G-monomers were consumed by bond cleavage than 

formed by epimerization, resulting in a decrease in FG, and thus lower G-block signals over 

time (168). A similar trend was also seen in the time-resolved 13C-NMR results obtained in 

the study presented here, as discussed in section 4.3. The G-1, GG-5 and GGM-5 signals were 

also not detected in the spectra for mutant E117L and K172R (Appendix E. Figure E.1 and 

E.3). In addition, the other signals for these mutants were also relatively similar to the wild 

type, indicating that the mutations made at these residues do not have a large effect on the 
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catalytic activity of AlgE7. This is also seen in the bar charts comparing the mutants (Figure 

3.14.A). 

 

Mutants with similar activity as the wild type 

Several of the mutants (E117L, E117K, Y122F, K172L, K172R, H196A, R231L, Y307F) 

showed epimerase and lyase activity relatively similar to the wild type (Table 3.4, Figure 

3.14.A). Within this group, three of the mutants (E117K, Y122F and K172L) possess a 

substitution into an amino acid that is conserved at the specific residue in the other AlgE 

epimerases (156) (Figure 3.4, Table 3.1), neither of which display lyase activity. It could 

therefore be assumed that changes of residue E117, Y122 and K172 would have a significant 

effect on the lyase activity of AlgE7. However, the amino acid substitutions made at these 

residues (E117L, E117K, Y122F, K172L and K172R) seems to only lead to a small reduction 

of lyase activity. These residues are all positioned close to the active site (Figure 3.5), and by 

exchanging or removing the charge (in case of mutants E117L, E117K, K172L and K172R) 

the chemical environment changes. For this reason, the reduced activity seen can be thought 

to result from altered electrostatic interactions with other residues, which possibly changes the 

positioning and binding of the negatively charged substrate at the active site. This may in turn 

reduce the likelihood for lyase the activity to take place.  

 

For mutant Y122F, the change of a tyrosine (Y) into the similar sized amino acid 

phenylalanine (F), removes the polar OH-group projecting toward the catalytic residue H154 

(Figure 3.5). It is possible that the OH-group on Y122 interacts with H154. Further, it can be 

suggested that the lower lyase activity observed for mutant Y122F are due to loss of this 

potential interaction, which consequently may change the positioning of residue H154. 

Moreover, when residue Y122 is replaced by an alanine (A) in mutant Y122A, no epimerase 

or lyase activity was detected. This may suggest that the hydrophobic surface of residue Y122 

has a role in regulating binding of the substrate.   

 

Despite the reasons for the change in lyase activity observed for mutant E117L, E117K, 

Y122F, K172L and K172R, the results indicate that residue E117, Y122 and K172 are not key 

residues for aborting the lyase activity. However, the combination mutant 

E117K+Y122F+K172L (C.39) and E117K+Y122F+K172R (C.40) shows that mutation of 

these residues simultaneously has a larger effect on the lyase activity (Table 3.4, Figure 

3.14.B). This suggests that residues E117, Y122 and K172 have a role facilitating lyase the 
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activity in AlgE7, possibly due to changes in interactions with other residues on the protein 

surface of the binding groove or binding of the substrate, as discussed in the previous 

paragraph.  

 

Another mutant classified as an active mutant was mutant R231L. At residue 231, there is a 

positively charged arginine (R) in AlgE7 whereas a hydrophobic Leucine (L) or Valine (V) in 

all other AlgE epimerases (156) (Figure 3.4, Table 3.1). The mutant for this residue (R231L) 

showed only slightly lower total activity (FGtotal +FΔ) than the wild type, indicating that the 

positive charge is not essential for either of the two activities in AlgE7. However, by 

analysing the obtained spectra for this mutant (Appendix E, Figure E.4), the intensity of the 

Mredβ signal are stronger than Gredβ signal, which is the opposite of what is observed for the 

wild type and the other lyase active mutants. The molar fractions of reducing ends reveal 

much lower amount of Gred (FGred =0.04) than Mred (FMred =0.14) residues compared to the 

wild type (FGred =0.12, FMred =0.16) (Appendix F, Table F.1). This may suggest that the 

positive charge of residue R231 have a role in binding of the negatively charged alginate 

substrate, so that cleavage of G↓MM and G↓GM bonds (generating Gred) are preferred.  

 

Studies have indicated that the wild type has preference for G↓MM and G↓GM bonds (168), 

whereas in this study the amount of Mred was higher than Gred for the wild type, indicating 

preference for the other two proposed cleavage sites M↓MM and M↓GM. Nevertheless, the 

reaction condition used in this study differ from the conditions in the previous study with 

regards to factors such as pH, temperature ionic strength and concentration of Ca2+ ions, 

which may effect the product profile obtained. For example, the temperature used for the 

epimerase and lyase reaction in this study was 25 °C, whereas 37°C were used in pervious 

study. The latter is also the temperature found to be the optimum for the lyase activity in 

AlgE7 (168), which thus may explain the differences seen regarding the molar fraction of 

reducing ends. However, as the 1H-NMR results discussed here are regarded as qualitative, no 

conclusion of the inconsistency seen for the wild type compared to previous studies (168) or 

the role for the positive charge of residue R231 can be determined.  

 

Considering mutant Y307F, the recorded 1H-NMR spectra showed lower G-1, GG-5 and 

GGM-5 signals than for the other mutants (Appendix E, Figure E.4). This is thought to be a 

consequence of changed epimerization pattern from G-blocks to MG-blocks, as recent studies 
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strongly suggests that residue Y or F at position 307 influences the epimerization pattern by 

regulation substrate binding when studied in AlgE4 and AlgE6 (172). However, this could not 

be confirmed, as lower signals for G-blocks also can be a consequence of lyase activity.  

 

Mutants with lower lyase activity  

Moving on to consider the mutants displaying lower lyase activity than the wild type (Table 

3.4, Figure 3.14.B). This includes mutant D119E, R148K, P153A, V201L, K255E, K255L, 

E117K+R148G (C.34), E117K+ R148G + K172L (C.35), E117K+Y122F+K172L (C.39) and 

E117K+Y122F+K172R (C.40). The lower lyase activity observed suggests that the residues 

changed are of importance for the AlgE7 lyase activity. However, lower lyase activity may 

also be a consequence of decreased epimerase activity, which can result in fewer preferred 

cleavage sites in the alginate substrate. As mentioned earlier, the potential cleavage sites for 

AlgE7 are G↓MM, G↓GM, M↓MM and M↓GM. These cleavage sites were proposed in 

earlier studies based on only identifying ΔM unsaturated non-reducing end signals and Gred 

than Mred reducing end signals, where Gred dominates over Mred (168). AlgE7 is therefore 

thought to prefer cleavage at end of G-blocks (G↓MM, G↓GM), which thus require efficient 

epimerisation of the poly-M substrate. For the mutants displaying lower lyase activity that 

were included for the 1H-NMR analysis (D119E, R148K, C.34, C.35, C.39 and C.40), the 

total activity (FGtotal+FΔ) was lower compared to the wild type, confirming a reduced 

epimerase activity (Figure 3.14.B). Exceptions from this are combination mutant C.39 and 

C.40, which seems to have a total activity (FGtotal+FΔ) similar to the wild type. 

 

Analysis of the lyase activity assay initially classified mutant P153 as inactive (Table 3.4). 

However, analysis of the absorbance plots for this mutant revealed an increase in the A230 

measurements after 4 hours of measuring (Appendix D, Figure D.3). This could be a 

consequence of the drop in A230 measurements seen during the first hour. Another possible 

explanation is that enzyme first has to create its own substrate by epimerizing poly-M before 

it can act as a lyase. This concept has previously been proposed in 1H-NMR experiments with 

AlgE7 acting on different substrates (168). Moreover, structural study of residue P153 reveals 

that the residue is positioned between the two catalytic residues D152 and H154, and 

underneath the binding groove (Figure 3.5). It is therefore likely that residue P153 (conserved 

among all AlgE epimerases) is important for structural stability and correct positioning of the 

neighbouring catalytic residues in the active site. Nevertheless, the results in this study are not 
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sufficient for concluding on this theory and in addition, mutant P153A was only examined in 

the activity assay and so the epimerase activity has not been investigated.  

 

Two of the mutants displaying lower lyase and epimerase activity were particularly 

interesting (Figure 3.14.B). The first is D119E, in which the negatively charged aspartic acid 

(D) is changed into the slightly larger negatively charged glutamic acid (E). Being negatively 

charged, both amino acids are able to form electrostatic interactions with other residues on the 

protein surface as well as repel the negatively charged substrate. Moreover, E has one 

additional methylene group in its side chain, and so the position of the positive charged differs 

compared to D. Changing residue D119 into E, may therefore change some electrostatic 

interactions within the structure. This could for example lead to a translocation of the 

substrate in the binding groove, subsequently affecting the catalytic activity of the enzyme. 

 

Comparing mutant D119E with the other two mutations obtained at this residue (D119A and 

D119N), it is evident that the negative charge is essential for both the lyase and epimerase 

activity as mutant D119A and D119N (not possessing a charge) displayed no enzyme activity 

(Table 3.4, Figure 14.B,C). By examining the homology model for AlgE7, residue D119 is 

positioned in the vicinity of the active site (Figure 3.5). The negative charged residue D119 

can therefore be assumed to be important for correct positioning of the substrate. Moreover, 

residue D119 is conserved among all AlgE epimerases (156) (Figure 3.4, Table 3.1), implying 

that the residue is significant for the epimerization reaction. This can be supported by studies 

with AlgE4, which has reported that residue D119 probably are involved in determining the 

epimerization pattern (158). 

 

The second mutant of interest that displayed lower lyase and epimerase activity was mutant 

R148K. By studying residue R148 in the homology model, it is located on the surface of the 

binding groove very close to the catalytic residue Y149 (Figure 3.5). Being a positively 

charged arginine (R), residue R148 displays several potential electrostatic interactions 

(222,242). It is thus likely that R148 interacts with Y149 possibly by hydrogen bonding with 

the OH-group on the aromatic ring in tyrosine (Y). In addition, residue R148 may also 

facilitate neutralization of charge and binding of the negatively charged poly-M substrate. For 

mutant R148K, changing R into the positively charged lysine (K) reduced the lyase activity 

(Table 3.4, Figure 3.14.B). This can be explained by the two amino acids different 

geometries, in which arginine residues on protein surfaces have been reported to facilitate 
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more stable electrostatic interactions than lysine residues (242). Changing into a lysine is 

therefore though to alter the chemical environment near the active site and the interaction with 

the negatively charged substrate. This may in turn change the possible interaction with Y149 

and positioning of the substrate, consequently affecting the catalytic activity.  

 

Mutant R148G  

In contrast to mutant R148K, substituting residue R148 into glycine (G) appeared to abort the 

lyase activity completely while epimerase activity was still present (Table 3.4, Figure 3.14.C). 

This was the most interesting observation from the 1H-NMR results, as this was not seen for 

any of the other single mutants. In addition, almost all combination mutants containing 

R148G (R148G+K172L (C.36), R148G+K172R (C.37), E117K+Y122F+R148G (C.38), 

E117K+Y122F+R148G+K172L (C.41), E117K+Y122F+R148G+K172R (C.42)) showed no 

lyase activity. However, one important difference that was not seen from the activity assay 

was observed by 1H-NMR. For two of the combination mutants containing R148G 

(E117K+R148G (C.34) and E117K+R148G+K172L (C.35)) there was detected very low 

lyase activity (FΔ). This may indicate that mutant R148G might display some lyase activity, 

even though this was not seen for the single mutant. In addition, all residues mutated in C.34 

and C.35 where changed into the amino acids conserved for the other AlgE epimerases (156) 

(Figure 3.4, Table 3.1). This could be expected to further reduce the lyase activity, and so the 

result of the combination mutants indicates that more residues are involved in obtaining lyase 

activity in AlgE7. Still, the results from the qualitative analysis strongly suggest that R148 is 

a key residue for the AlgE7 lyase activity. This will be further discussed in section 4.3. 

 

In order to further characterize mutant R148G, the mutated algE7 gene were transferred by 

SLIC to the pTYB1 vector containing the Sec VMA intein tag/chitin-binding domain, needed 

for protein purification using affinity chromatography. Along with mutant R148G, mutant 

E117K, Y122F, K172L and K172R were also SLIC cloned into pTYB1. These mutants were 

chosen because residue E117, Y122F and K172 are conserved as another amino acid in all the 

other AlgE epimerases, and because they are included in the combination mutants with 

R148G. It could therefore be interesting to study these mutants, with a future perspective of 

also analysing the combination mutants.  
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4.3 Analysis of the AlgE7 wild type and mutant R148G 
 
To elucidate the enzyme reaction products and mode of action of AlgE7 wild type and mutant 

R148G, 1H-NMR and time-resolved 13C-NMR were recorded on different alginate substrates. 

Although different reaction conditions were used for the two NMR methods, the results have 

been compared qualitatively.  

 

Action of the AlgE7 wild type  

The amount of G-residues (FGtotal) introduced by the wild type on poly-M (FG=0.0) was found 

to increase with longer incubation time (Figure 3.15, left), increasing the G-content to about 

28% (FGtotal=0.28 at 48h). In addition, after 48 hours the lyase activity (FΔ=0.15) had degraded 

the substrate (DPn=370) to oligomers with an average length of 7 residues (∼13 bonds 

cleaved per 28 residues epimerized). After this point the G-content seems to decrease, while 

the amount of unsaturated residues (FΔ) continues to increase. This can also be seen by visual 

inspection of the 1H-NMR spectra recorded after 48 and 60 hours of incubation, as the signals 

for G-residues (G-1, GG-5M, MG-5M and G-G5) decreases whereas signals lyase activity 

(Mredα, Gredα, Mredβ, Gredβ, Δ-4-M and Δ1-M) increases. By assessing the time-resolved 13C-

NMR spectra, a similar trend was seen (Figure 3.17.A). Triads containing G-residues (MGM, 

GMG, GGM, GGG) initially increased followed by a rapid decrease of the same triads. 

Simultaneously, increasing signals of unsaturated residues ΔM and reducing end signals of M 

and G residues were also observed. These findings are consistent with earlier studies, showing 

that the epimerase activity initially dominates over the lyase activity (168). This may indicate 

that the epimerization reaction of AlgE7 generates a new alginate substrate that is more 

favourable for cleavage than the initially poly-M substrate.  

 

In contrast to the results obtained by 1H-NMR, the time-resolved 13C-NMR spectra also 

revealed that the signals of MG-blocks (MGM, GMG) are generated earlier than G-blocks 

(GGG) in the reaction. Then, both MG-block and G-block signals decreased. This suggests 

that mode of action for the AlgE7 wild type on poly-M substrates initially is introduction of 

alternating G-residues to create MG-blocks, followed by either cleavage of MG-blocks or 

generation of G-blocks, which in turn also are cleaved. For the epimerization activity, this 

mode of action is in line with the previous proposed mode of actions for the AlgE1, AlgE4 

and AlgE6 epimerase, which suggest that the enzyme epimerizes every other residue in a 
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processive manner without the need for rotation (neighbouring residues are rotated about 180° 

with respect to each other) (178,184,185). 

 

From the proposed mode of action, it seems that the AlgE7 wild has a preference for cleaving 

substrates containing G-residues. This is further supported by the fact that no MGM, GMG, 

GGG signals were present in the HSQC spectrum for the AlgE7 wild type (Figure 3.17.C), 

which implies that these sequences were cleaved in the final end products from the time-

resolved reactions. However, cleavage between of M-blocks can not be excluded based on the 

results from this study, since signals for reducing ends of M-residues as well as G-residues 

were observed. Furthermore, the signal for only unsaturated residue next to an M (ΔM) was 

detected. Taken together, the signals observed for the lyase activity is consistent with the 

proposed cleavage sites (G↓MM, G↓GM, M↓MM and M↓GM) for AlgE7 (168), as 

discussed in section 4.2. However, a clear preference for cleavage in front G or a M-residue 

could not be determined based on the NMR data discussed in this section. This is due to not 

observing any significant difference between the amount of reducing ends for G and M 

residues, with regards to the molar fractions (Gred and Mred) obtained form 1H-NMR 

(Appendix F, Table F.2) as well as signal the intensities observed in the time-resolved 13C-

NMR and HSQC spectra.  

 

When acting on poly-MG substrate (FG=0.46), the NMR data confirmed that the AlgE7 wild 

type is able to epimerise poly-MG by filling in G-residues in the alternating substrate chain, 

generating G-blocks (Figure 3.16.left and Figure 3.18.A,C). However, by assessing the 1H-

NMR results, the epimerization of poly-MG substrate appear to be much less efficient 

compared to epimerization of poly-M. The increase in G-content (FG=0.51 at 48h) was much 

lower on poly-MG substrate (Figure 3.16. left) than on poly-M (Figure 3.15.left). In the same 

period of time the lyase activity also appear to be less efficient on poly-MG substrate, as the 

amount of unsaturated residues (FΔ=0.03) were much lower and the average chain length 

(DPn=13-14) was higher than for the wild type (FΔ=0.15, DPn=7) (Appendix F, Table F.2). 

However, the DPn of the poly-MG substrate used is not determined, and so the comparison of 

molar fractions must be taken with caution. Despite of unknown DPn of the substrate, the data 

clearly indicate lower lyase activity with poly-MG substrate. One possible explanation this 

might be that, because poly-MG initially possesses only one of the proposed cleavage sites 

(M↓GM), epimerization has to take place in order to generate more preferred cleavage sites 
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(G↓GM). This theory may also be strengthened by observation of weak signals for 

unsaturated residues next to a G (ΔG), in addition to weak ΔM signals (also seen for the 

reaction on poly-M), observed in the time-resolved 13C-NMR and HSQC spectra (Figure 

3.18.A,C). The same ΔG signal has previously been reported for AlgE7 acting on poly-MG 

substrates, indicating that the enzyme also is able to cleave G↓MG and M↓GG bonds (168). 

Thus, epimerization on poly-MG is thought to generate a new pattern that serves as a 

substrate for the lyase activity of AlgE7.  

 

By assessing the signals for reducing ends for the action of AlgE7 on poly-MG substrate, 

conflicting results were observed between the 1H-NMR and 13C-NMR data. From 1H-NMR 

(Figure 3.16.left, Appendix F), the molar fraction of reducing ends of M (FMred=0.05) was 

found to be higher than reducing ends of G (FGred=0.02), which may indicate that the enzyme 

prefers cleavage in front of a M residue when acting on poly-MG substrate. Conversely, 

stronger signals were observed for reducing ends of G- than M-residues in the time-resolved 
13C-NMR and HSQC spectra (Figure 3.18.A, C), suggesting a preference for cleavage in front 

of a G-residue. A possible explanation is presence or absence of salt (NaCl) in the buffers 

used for enzyme reaction. Salt was only used in the buffer used for the reaction in the time-

resolved 13C-NMR data, and so it can be though that salt affects the activity of the AlgE7 

enzyme.  

 

Considering the time-resolved results using oligo-G substrate, the results showed that neither 

the AlgE7 wild type nor mutant R148G were able to cleave pure G-blocks (Figure 3.19). 

Nevertheless, this result may indicate that for the lyase reaction to take place, epimerization is 

also required, and so the enzyme is thought not bind the oligo-G substrate as strong as 

substrates containing M-residues. Furthermore, it can be hypothesized that for each binding 

event of enzyme with a substrate, a processive mode of epimerization is initiated before 

cleavage of the polymer chain leading dissociation from the substrate. Assuming that this is 

true, no lyase activity of oligo-G substrate should be observed as shown in the results. 

However, the results presented in this study is not efficient for concluding on this theory. 
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Action of mutant R148G  

For mutant R148G, only strong signals for epimerase activity on poly-M were observed in the 
1H-NMR spectra, while signals for the lyase activity were barely visible after 24 and 60 hours 

of incubation (Figure 3.15, right). The amount of G-residues was found to increase similar to 

the wild type, as the G-content had increased to about 26 % (FGtotal=0.26) after 48 hours. 

However, during the same time period virtually no G-residues had been consumed by the 

lyase reaction. This indicates that the mutant also has lower epimerase activity than the wild 

type. Another observation, supporting the lower epimerase activity for R148G can be seen 

from the time-resolved 13C-NMR and HSQC results (Figure 17.B,C). As weak signals for 

both α and β reducing ends were observed for M-residues and very weak signals for only the 

β reducing end were seen for G-residues, it can be assumed that mutant R148G cleaves in 

front of a M-residue (resulting in Mred) more often than in front of a G-residue (resulting in 

Gred). Further, this may indicate that the epimerase activity of mutant R148G generates more 

MG-blocks than G-blocks, which in turn can be explained by the previous suggested mode of 

action for the AlgE7 enzyme – first generating MG-blocks followed by filling in the 

alternating substrate to create G-blocks.  

 

When incubating mutant R148G with poly-MG substrate, no change in the signals for the 

original MG-substrate were detected by 1H-NMR (Figure 3.16, right). However, the 13C-

NMR and HSQC spectra revealed that the mutant is able to introduce G-blocks (GGG) in the 

substrate (Figure 3.18.B,C). In addition, weak signals for reducing ends of G-residues (Gβ) 

and unsaturated ΔM residues were observed, confirming presence of weak lyase activity. 

These different results may be explained by the use of different reaction conditions. As 

previously stated, salt (NaCl) were present in the buffer used for the time-resolved 13C-NMR 

and not in the buffer used for the enzyme reaction prior to 1H-NMR. It can thus be possible 

that salt contributes to shielding of the charge, which may alter the chemical environment by 

interacting with charged residues on the protein surface. This may in turn change the 

electrostatic interactions within the enzyme structure, and hence the positioning of the 

catalytic residues and binding of the substrate. Salt also contributes to less intermolecular 

charge repulsion in the negatively charged alginate substrate, reducing the chain expansion of 

the polymer (11,32,60). This might affect binding of the substrate in the active site of the 

enzyme. Overall, it seems that salt affects the enzyme activity of mutant R148G, since no 

activity were seen even after 60 hours of incubation when analysed by 1H-NMR.  

 



CHAPTER 4. DISCUSSION 
 
 

 113 

Why is the lyase activity nearly abolished in mutant R148G? 

Residue R148 is alkaline, due to being a positively charged arginine (222), and as mentioned 

in the previous section, this residue is neighbouring and possibly hydrogen-bonding with the 

catalytic residue Y149 (Figure 3.5). The catalytic role of residue Y149 as a proton donor or a 

proton acceptor is not fully understood. By assuming that Y149 acts as a proton donor in the 

third step of the reaction mechanism (Section 1.2.3), it can be proposed that R148 is able to 

compete with the alginate substrate for the donating proton due to its ability as to act as base.  

When residue R148 is in its deprotonated form it may abstract the proton from Y149 so that 

the proton can not be donated to the alginate substrate. This may in turn cause occasional 

cleavage of the glycosidic bonds instead of epimerization. If this is true, changing the residue 

R148 into the non-polar glycine (G) will remove the ability of residue R148 to function as a 

proton acceptor, which thus offers an explanation for the strongly reduced lyase activity 

observed for mutant R148G.  

 

However, the pKa value of the positively charged guandinium group of arginine is usually 

very high (pKa ∼12), and so the protonated form predominates at physiological pH (222,243). 

Arginine residues are therefore generally considered poor candidates for a role as a base. 

Nevertheless, studies have suggested that arginine residues may facilitate abstraction of 

protons and thus act as a base in some enzyme reactions, e.g. reactions catalysed by fumarate 

reductase, pectate and pectin lyases (244–246). In these studies, the proximity to other 

positively charged residues was proposed to be a factor in lowering the pKa value of the 

arginine residue. In addition, interactions with carboxylate groups in other residues and/or the 

substrate are suggested to lower the pKa value by limiting the ability of the NH2-groups to 

form hydrogen bonds with other residues. This may in turn force the guandinium group into a 

non-planar conformation, which is a less favourable conformation for the protonated 

guandinium group (244,247). On the basis of these studies, it can be proposed that the 

positively charged residue K172 and the negatively charged carboxylate groups of residues 

E117, D119 and D152 positioned close to residue R148 (Figure 3.5), contributes to the 

alkaline character of residue R148 by lowering the pKa value. Interaction with the 

carboxylate group at C5 in the alginate substrate may perhaps enhance this effect. 

 

Another factor that might affect the reaction mechanism of AlgE7 is the change in substrate 

conformation as the enzyme progressively epimerizes the substrate. It is difficult to determine 

the orientation of the substrate in the binding groove and how the substrate orientation 
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changes during the reaction. This also makes it difficult to presume the role of the catalytic 

residue Y149 as a proton donor or acceptor in the reaction mechanism, and to understand the 

mechanism that facilitates lyase activity. 

 

From this work, it is evident that residue R148 is significantly important for the lyase activity 

in AlgE7. However, no conclusion on the specific role of this residue in the lyase reaction can 

be established. Moreover, the lyase activity is not completely abolished by mutating residue 

R148. This strengthens the assumption that some of the other residues investigated in this 

study, or other residues not yet investigated, have a role in facilitating the lyase activity. 

 

4.4 Further work  
On the basis of the work presented in this thesis, residue R148 stands out as very important 

residue with regard to the lyase activity of AlgE7. As this activity is not seen for any of the 

other AlgE epimerases, it would be very interesting to further investigate if a mutation of the 

same residue (G148) into the positively charged arginine (R) could make them able to cleave 

alginate substrates. Furthermore, prediction studies of pKa values of the residues close to the 

active site in AlgE7 may also give more insight into the role of residue R148 in lyase activity.  

 

The result presented in this work also points out residue E117, Y122 and K172 as interesting 

candidates for future study. When these residues were collectively mutated in AlgE7, the 

lyase activity was strongly reduced, and so it would be noteworthy to also mutate these 

residues in the other AlgE epimerases to see if they will contribute to and perhaps enhance 

lyase activity.  

 

To analyse whether the reduced lyase and/or epimerase activity seen for many of the AlgE7 

mutants is due to altered binding interactions with the alginate substrate, Isothermal titration 

calorimetry (ITC) experiments could be performed (248).This method could also be used to 

determine the pH dependence of the interactions of charges residues, as well as the possible 

need of salt for correct positioning of the catalytic residues and binding of the substrate. 

Investigation of the dependence of salt might also clarify why the results from 1H-NMR and 
13C-NMR showed differences in lyase activity for the mutant R148G, and could also explain 

the differences seen with regards to preferred cleavage sites when examining the AlgE7 wild 

type using the different NMR methods
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5 Conclusion   
 
The aim of this project was to gain a better understanding of the dual catalytic activity of the 

A. vinelandii mannuronan C5-epimerase and alginate lyase AlgE7. This was conducted by 

mutating residues close to active site and substrate binding groove, followed by an analysis of 

the effect these mutations with the purpose of getting more insight to why AlgE7 displays 

lyase activity as the only one of the AlgE epimerases.  

 
A study of 42 mutants in addition to the wild type were initially included in this project, and 

tested for lyase activity. Further analysis of the epimerase activity was done for 25 of the 

mutants, before one mutant (R148G) and the wild type were purified and characterised. In 

general, one residue (R148) positioned close to the catalytic site was found to be especially 

important for the lyase activity in AlgE7, as the single mutant R148G displayed a strongly 

reduced lyase activity. This is suggested to be a result of residue R148 possibly interacting 

with and attracting the proton on the catalytic residue Y149, due to its ability as to act as base. 

This proton is assumed to be donated from Y149 to the alginate substrate in the third step of 

the epimerisation mechanism. Interaction with residue R148 is thus proposed to occasionally 

disrupt the epimerization reaction and lead to cleave of the glycosidic bonds in the alginate 

chain. However, this proposed mechanism could not be determined based on the work 

presented in this study. To further investigate the role of this residue in AlgE7, experiments 

with mutation of residue 148 in the other AlgE epimerases and pKa analysis of residues near 

the active site have been suggested.  

 

For the remaining mutants, it appears that residue E117, Y122 and K172 also has a role in 

facilitating the lyase activity. This was not prominent by analysis of the single mutants, but 

examination of the combination mutants including the same single mutations in these residues 

revealed a clearly reduced lyase activity compared to the wild type. These residues are 

therefore pointed out as interesting for future study. 
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In addition, the work presented for the characterization of the AlgE7 wild type confirmed that 

the enzyme acts as an epimerase by introducing G-blocks to the alginate chain, and as a lyase 

by generating unsaturated ΔM residues as well as reducing end signals of M and G when 

acting on poly-M alginate. This confirms the four previously suggested cleavage sites 

G↓MM, G↓GM, M↓MM and M↓GM. Nevertheless, preferences for cleavage in front of a G- 

or a M-residue could not be determined from this study. Furthermore, it was also found that 

the AlgE7 are able to epimerize and cleave poly-MG alginate, but with lower efficiency. 

However, the enzyme displayed no lyase activity on oligo-G alginate substrate, and is 

therefore thought to not be able to cleave inside G-blocks. 
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Appendix A. AlgE7 gene and AA sequence  
 
The AlgE7 gene consists of 2568 nucleotides, which corresponds to 856 amino acids. In the 

following gene sequence (UniProtKB: Q9ZFG9) and the amino acid sequence (Figure A.1), 

the A-module is marked in purple and the three R-modules are marked in red (R1), orange 

(R2) and yellow (R3). The mutations listed in Table 3.1 (Section 3.1.3) were introduced to the 

AlgE7 gene in the pBG27 vector (Appendix B, Figure B.1), a derivative of the E. coli 

expression vector pTrc99a.  

 

AlgE7 gene sequence 
ATGGAATACAACGTTAAGGATTTTGGTGCCAAGGGTGATGGCAAGACGGACGACACGGATGCCATACAG
GCGGCGATAGATGCCGCCCACAAGGCGGGGGGCGGGACGGTATACCTGCCGTCCGGCGAATATCGGGT
CAGCGGTGGCGACGAGGCCTCCGACGGCGCTCTGATCATCAAGAGCAACGTCTATATCGTCGGTGCCG
GCATGGGCGAGACGGTGATCAAGCTGGTCGATGGGTGGGACGAAAAGCTCACCGGCATCATCCGCTCG
GCCAACGGCGAGAAAACCCATGATTACGGTATCAGCGACCTGACCATCGACGGTAACCAGGACAACACC
GAAGGCGAGGTCGACGGCTTCTATACCGGCTATATTCCCGGCAAGAATGGCGCGGACTACAACGTCACG
GTCGAACGGGTGGAGATCCGCGAGGTATCCCGCTACGCCTTCGATCCCCACGAGCAGACCATCAACCTG
ACGATCCGCGACAGCGTCGCCCACGACAACGGCAAGGACGGGTTCGTCGCCGACTTCCAGATCGGCGC
CGTGTTCGAGAACAACGTCTCGTACAACAACGGCCGCCACGGCTTCAACATCGTCACCAGCAGTCACGA
CATCGTCTTCACCAACAACGTCGCCTACGGCAACGGCGCCAACGGCCTGGTGGTCCAGCGCGGCTCGG
AAGACCGGGACTTCGTCTACAACGTGGAGATCGAGGGCGGCTCCTTCCATGACAACGGTCAGGAAGGC
GTGCTGATCAAGATGAGCACCGATGTCACCCTGCAGGGCGCCGAGATCTACGGCAACGGCTACGCGGG
CGTGCGCGTGCAGGGCGTCGAGGACGTGCGGATCCTCGACAACTACATCCACGACAACGCACAGAGCA
AGGCCAACGCGGAAGTCATCGTGGAATCCTACGACGACCGCGACGGCCCGTCCGACGACTACTACGAA
ACGCAGAACGTCACGGTCAAGGGCAATACCATCGTCGGTTCGGCCAATTCCACCTACGGCATCCAGGAG
CGCGCCGACGGCACCGACTACACCAGCATCGGCAACAACAGCGTCAGCGGCACCCAGCGCGGGATCGT
GCAGCTCTCGGGGACGAACTCGACGTTCTCCGGCAGGTCGGGCGATGCCTACCAGTTCATCGACGGCA
GCACCGGCAATGACCTGCTGACCGGTACCCCGATCGCCGATCTGATCGTGGGCGGCAGCGGCAACGAC
ACCCTGAGCGGCGACGCCGGCAACGACGTTCTCGAAGGCGGTGCCGGCAGCGATCGCCTGACCGGCGG
CGAGGGCGCCGACATCTTCCGCTTCACGGCGGTCAGCGACAGCTATTACACCGCCAGCAGCAGCGTCG
CCGACCAGATCCTCGACTTCGACGCCAGCAATGATCGCATCGACCTCACCGGGCTCGGCTTCACCGGCC
TGGGCGACGGCTACGGCGGCACCCTGGCCGTGCTGGCCAACAGCGACGGCAGCCGCACCTATCTGCGC
AGCTACGAGAAGGACGCCGACGGCCGCTATTTCTCGCTCACCCTGGACGGCAACTTCGTCGGTCGGCTC
GACGACAGCAACCTGGTCTTCAGGCACAAGACCATCGCCGGCACCGAGGGCGACGACAGCCTGACCGG
CAACGCGATGGCGGAAATCCTCGACGGCGGCAGCGGCAACGACAGCCTCGCGGGCGGTCTGGGCAACG
ACGTGCTGAGAGGCGGTGCCGGCGACGACATCCTGAACGGCGGCCTGGGGCGCGACCAGCTCAGCGGC
GGCGAAGGCGCGGACATATTCCGCTTCACCAGCGTGGCCGACAGCTACCAGAACTCGGGCGACAACTT
CTCCGACCTGATTCTCGATTTCGACCCGGGCGAAGACCGCATCGATCTCAGCGGCCTGGGCTTCAGCGG
CCTGGGCGACGGCCACAACGGTACCCTGCTGCTCTGGACCAGCAGCGAAACCAACCGCACCTATCTCAA
GAACTTCGACACGGATGCCGACGGCCGGCGCTTCGAGATCGCCCTGGAGGGCGTCTTCTCCGACCTGA
GCGAGAAGCAACTGGTCTTCGAACGCCTGGTACTGGAGGGCACTCGCCTCGGCGACCAGCTTTCCGGC
ACCGAGCTGAACGAGGAACTGCTCGGCGGCGCGGGGCGCGACATCCTGAACGGCGGCGCCGGCGACG
ATATTCTCGATGGCGGTTCCGAACGCGACACCCTGACCGGCGGCAGCGGCGCGGACGTGTTCCGCTTCA
ACGCCACGCTGGACAGCTTCCGCAACTACGACAATGGGACGAGCCGGGTCGACGACATCACCGACTTCA
CCGTCGGCGAGGATCTGATCGACCTCTCCGCCCTCGGCTATAGCGGCCTGGGCAACGGCTACGACGGC
ACGCTCGCCGTGCTGCTGAATGCCGACGGCACCAAGACCTACCTCAAGGACCGCGAAAGCGATGCGGA
CGGCAACCACTTCGAGATCGCCCTGGACGGCAACTATGCCGATCAGCTCTCCAACGGCGACTTCATCTT
CACCAACCTCGAAGTGATCGGCAGCAGCTCGCAGGCTGCC
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AlgE7 amino acid sequence  
 

 
Figure A1. Amino acid (AA) sequence of the AlgE7 gene (UniProtKB: Q9ZFG9). A-module (purple): 1-377, 

R1-module (red): 378-537, R2-module (orange): 538-696, R3-module (yellow): 697-856. The residues that were 

mutated are marked with a star symbol (*).  

 

 

 



APPENDIX 
 

 III 

 Appendix B. Plasmid maps  
 
pBG27 plasmid map  

The pBG27 plasmid (Figure B.1) was constructed by by Svanem et al.1999 (156) based on 

the backbone of the E. coli expression vector pTrc99A. The plasmid contains the AlgE7 gene 

(UniProtKB: Q9ZFG9), trc promoter (pTrc99a promoter), rrnB terminator, ampicillin 

resistance (bla), origin of transcription and lacI (regulator gene). 

 

 
Figure B.1. E. coli cloning and expression vector pBG27 (6866bp) containing the AlgE7 gene, trc promoter 
(pTrc99a promoter), rrnB terminator, ampicillin resistance (bla), origin of transcription and lacI (regulator gene). 
Plasmid map is exported from Benchling. 
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pTYB1 plasmid map 

The AlgE7 gene containing the following single mutations: E117K, Y122F, R148G, K172L 

and K172R were transferred from the pBG27 vector to a pTBY1 vector (Figure 2.Ba). The 

AlgE7 gene is inserted in the multiple cloning site (MCS) (Figure 2.Bb) and fused with its C-

terminus to the N-terminus of the Sec VMA intein tag/chitin binding domain (CBD). 

 
 

 
Figure B.2. a) E. coli cloning and expression vector pTYB1 (1009bp) containing the AlgE7 gene, T7promoter, 
Sec VMA intein tag/chitin binding domain (CBD), ampicillin resistance (bla), M13 ori, origin of transcription, 
rop and lacI (regulator gene). Plasmid map is exported from Benchling. b) Multiple cloning sites (MCS) region, 
obtained from New England Biolabs Inc.

24.2.2020 17:33:24
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Appendix C. AlgE7-lyase assay 
 
A230 plots measuring AlgE7-lyase activity  

The AlgE7 lyase-activity assay was measured by absorbance at 230 nm every 5 minutes for 

18 hours. Absorbance plots of two parallels for each AlgE7 mutant is presented in Figure C.1-

C.8, where Figure C.1 show AlgE7 mutants classified as active lyase, Figure C.2 and C.3 

show AlgE7 mutants classified as less active lyase and Figure C.4-C.8 show AlgE7 mutants 

classified as inactive lyase. All plots include the AlgE7 wild type as reference.  
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Time	(h)	

Wt	AlgE7	 Wt	AlgE7	 E117L	 E117L	 E117K	 E117K	 Y122F	 Y122F	 K172L	 K172L	 K172R	 K172R	 R231L	 R231L	 Y307F	 Y307F	

Figure C.1. AlgE7 lyase activity shown for AlgE7 wild type (red), and the AlgE7 mutants E117L (dark blue), E117K 
(green), Y122F (orange), K172L (yellow), K172R (pink), R231L (light blue) and Y307F (purple) measured by 
absorbance at 230 nm every 5 minutes for 18 hours. The lyase activity was observed using poly-mannuronan alginate 
substrate and B-PERII cell extract. Two parallels for each mutant are shown. Missing points is a result of failed 
measurements. Linear regression (not shown) of the first 4 hours for AlgE7 wild type and these mutants gives slope 
values > 0.07, which in this study is classified as active lyase.  
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Wt	AlgE7	 Wt	AlgE7	 D119E	 D119E	 R148K	 R148K	 H196A	 H196A	 V201L	 V201L	 K255E	 K255E	 K255L	 K255L	

Figure C.2. AlgE7 lyase activity shown for AlgE7 wild type (red), and the AlgE7 mutants D119E (dark blue), R148K 
(green), H196A (orange), V201L (yellow), K255E (pink) and K255L (light blue), measured by absorbance at 230 nm 
every 5 minutes for 18 hours. The lyase activity was observed using poly-mannuronan alginate substrate and B-PERII 
cell extract. Two parallels for each mutant are shown. Missing points is a result of failed measurements. Linear 
regression (not shown) of the first 4 hours for these AlgE7 mutants gives slope values of 0.07-0.01, which in this study 
is classified as less active lyase. 
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Figure C.3. AlgE7 lyase activity shown for AlgE7 wild type (red), and the AlgE7 mutants P153A (dark blue), E117K 
+ Y122F + K172L (green) and E117K + Y122F + K172R (orange), measured by absorbance at 230 nm every 5 
minutes for 18 hours. The lyase activity was observed using poly-mannuronan alginate substrate and B-Per II enzyme 
extract. Two parallels for each mutant are shown. Missing points is a result of failed measurements. Linear regression 
(not shown) of the first 4 hours for mutant P153A gives a slope value < 0.01 (inactive lyase), while the A230 
measurements show a slow increase beyond 4-5 hours that indicates low lyase activity. For the two other mutants the 
slope values classifies the parallels in different groups (inactive/less active), indicating very low lyase activity.  
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Figure C.4. AlgE7 lyase activity shown for AlgE7 wild type (red), and the AlgE7 mutants R90A (dark blue), D119A 
(green), D119N (orange), Y122A (yellow), R148G (pink) and Y149A (light blue), measured by absorbance at 230 nm 
every 5 minutes for 18 hours. The lyase activity was observed using poly-mannuronan alginate substrate and B-Per II 
enzyme extract. Two parallels for each mutant are shown. Missing points is a result of failed measurements. Linear 
regression (not shown) of the first 4 hours for these AlgE7 mutants gives slope values < 0.01, which in this study is 
classified as inactive lyase. 
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Figure C.5. AlgE7 lyase activity shown for AlgE7 wild type (red), and the AlgE7 mutants Y149F (dark blue), D152E 
(green), D152N (orange), H154A (yellow), H154F (pink) and H154Y (light blue), measured by absorbance at 230 nm 
every 5 minutes for 18 hours. The lyase activity was observed using poly-mannuronan alginate substrate and B-Per II 
enzyme extract. Two parallels for each mutant are shown. Missing points is a result of failed measurements. Linear 
regression (not shown) of the first 4 hours for these AlgE7 mutants gives slope values < 0.01, which in this study is 
classified as inactive lyase.  
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Figure C.6. AlgE7 lyase activity shown for AlgE7 wild type (red), and the AlgE7 mutants D173A (dark blue), D178E 
(green), D178N (orange), D178R (yellow), R195A (pink) and R195L (light blue), measured by absorbance at 230 nm 
every 5 minutes for 18 hours. The lyase activity was observed using poly-mannuronan alginate substrate and B-Per II 
enzyme extract. Two parallels for each mutant are shown. Missing points is a result of failed measurements. Linear 
regression (not shown) of the first 4 hours for these AlgE7 mutants gives slope values < 0.01, which in this study is 
classified as inactive lyase.  
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Figure C.7. AlgE7 lyase activity shown for AlgE7 wild type (red), and the AlgE7 mutants E117K+R148G (dark blue), 
E117K + R148G + K172L (green), R148G+ K172L (orange) and R148G + K172R (yellow), measured by absorbance 
at 230 nm every 5 minutes for 18 hours. The lyase activity was observed using poly-mannuronan alginate substrate 
and B-Per II enzyme extract. Two parallels for each mutant are shown. Missing points is a result of failed 
measurements. Linear regression (not shown) of the first 4 hours for these AlgE7 mutants gives slope values < 0.01, 
which in this study is classified as inactive lyase.  
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Figure C.8. AlgE7 lyase activity shown for AlgE7 wild type (red), and the AlgE7 mutants E117K + Y122F + R148G 
(dark blue), E117K + Y122F + R148G + K172L (green), E117K + Y122F + R148G + K172R (orange) and E117K + 
Y122F + Y149A (yellow), measured by absorbance at 230 nm every 5 minutes for 18 hours. The lyase activity was 
observed using poly-mannuronan alginate substrate and B-Per II enzyme extract. Two parallels for each mutant are 
shown. Missing points is a result of failed measurements. Linear regression (not shown) of the first 4 hours for these 
AlgE7 mutants gives slope values < 0.01, which in this study is classified as inactive lyase. 
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Appendix D. Zero-order enzyme kinetics 
 
Zero-order enzyme kinetics used for analysis of the AlgE7 lyase-activity assay 

Reactions catalysed by an enzyme starts with the attachment of the substrate (S) to the active 

site on the enzyme (E), resulting in formation of an enzyme-substrate complex (ES). In the 

second step the chemical reaction the product (P) is released from the enzyme, making the 

enzyme accessible for new substrates (Equation D.1) (222). 

 

       𝑆 + 𝐸 ⇌ 𝐸𝑆 ⇌ 𝐸 + 𝑃                                                                     (D.1) 

 

If amount of substrate is significantly larger in relation to the amount of enzyme, the rate of 

the reaction is independent of the substrate concentration over a wide range of concentrations. 

In this case, the reaction will follow zero-order kinetics (Equation D.2), where rate is the 

reaction rate for consumption of substrate, k is the reaction rate coefficient and t is time. Thus, 

the reaction rate of product formation is given by equation D.3 (249,250).  

 

                                                                          𝑟𝑎𝑡𝑒 = − ! !
!"

= 𝑘                                                                   (D.2) 

 

                                                                          𝑟𝑎𝑡𝑒 = ! !
!"

= 𝑘                                                                      (D.3)                                                                           

 

Rearrangement and integration of equation D.2 and D.3 give rise to equation D.4 and D.5 

respectively, representing the linear relationship of substrate consumption vs. time and 

product formation vs. time (249,250).  

                                                                                  𝑆 = −𝑘𝑡                                                            (D.4)          

 

                                                                                  𝑃 = 𝑘𝑡                                                              (D.5)                            

 

In this study, the product formation is measured as an increase in A230, where the constant 

rate (k) is used as a measure of the initial lyase activity (see section 3.4.1). 
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Appendix E. 1H-NMR spectra  
 
1H-NMR spectra using enzyme extract 

The 1H-NMR spectra for poly-M samples after epimerization and degradation by the AlgE7 

wild type and 25 of the AlgE7 mutants are presented in Figure E.1-E5. The figures shows the 
1H-NMR spectra recorded for one of the two parallels analysed. The signal labelled 

“unknown” is shown in all NMR-spectra and refers to non-alginate protons that have not been 

identified. The 1H-NMR spectra were recorded at 83 °C and the samples contained 1 mg/mL 

alginate dissolved in D2O. 

 

 

 
  



APPENDIX 
 

 XII 

Figure E.1. 1H-NMR spectra (400 MHz) showing the anomeric region of poly-M after epimerization and 
degradation by AlgE7 wild type and the AlgE7 point mutant number 2-5 (R90A, E117L, E117K and D119A) for 
24 hours. The spectra were recorded at 83 °C and samples contained 1 mg/mL alginate dissolved in D2O. 
Missing G-1, GG-5M and G-G5 signals in the spectra recorded for AlgE7 wild type and mutant E117L is 
labelled in red.   
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Figure E.2. 1H-NMR spectra (400 MHz) showing the anomeric region of poly-M after epimerization and 
degradation by the AlgE7 point mutant number 6-10 (D119E, D119N, Y122A, Y122F and R148G) for 24 hours. 
The spectra were recorded at 83 °C and samples contained 1 mg/mL alginate dissolved in D2O.   
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Figure E.3. 1H-NMR spectra (400 MHz) showing the anomeric region of poly-M after epimerization and 
degradation by the AlgE7 point mutant number 11, 20-22 and 28 (R148K, K172L, K172R, D173A and H196A) 
for 24 hours. The spectra were recorded at 83 °C and samples contained 1 mg/mL alginate dissolved in D2O. 
Missing G-1, GG-5M and G-G5 signal in the spectrum recorded for mutant K172R is labelled in red. 
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 Figure E.4. 1H-NMR spectra (400 MHz) showing the anomeric region of poly-M after epimerization and 
degradation by the AlgE7 point mutant number 30 and 33 (R231L and Y307F), and the combination mutants 
number 34-36 (E117K+R148G, E117K+R148G+K172L and R148G+K172L) for 24 hours. The spectra were 
recorded at 83 °C and samples contained 1 mg/mL alginate dissolved in D2O. Very weak lyase signals (Δ-4-M, 
Δ-1-M) observed in the spectra for mutant 34 and 35 is labelled in blue. 
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Figure E.5. 1H-NMR spectra (400 MHz) showing the anomeric region of poly-M after epimerization and 
degradation by the AlgE7 the combination mutant number 37-42 (R148G+K172R, E117K+Y122F+R148G, 
E117K+Y122F+K172L, E117K+Y122F+K172R, E117K+Y122F+R148G+K172L, 
E117K+Y122F+R148G+K172R) for 24 hours. The spectra were recorded at 83 °C and samples contained 1 
mg/mL alginate dissolved in D2O.   
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Appendix F. 1H-NMR molar fractions 
 
Sequential parameters calculated from 1H-NMR spectra 

By integrating the signals in the 1H-NMR spectra (Figure E.1-E.5), the sequential parameters 

of epimerized and degraded poly-M samples were calculated according to the equations in 

section 2.2.18 (Table F.1). These parameters was also calculated for the 1H-NMR spectra 

recorded after using purified enzyme (AlgE7 wild type or mutant R148G) for epimerization 

and degradation of poly-M and poly-MG substrate (Table F.2)  
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Table F.1. Monomeric composition of epimerized and degraded poly-M substrate, using B-Per II enzyme 
extract containing the AlgE7 protein (unknown concentration). 1H-NMR analysis was done for the AlgE7 wild 
type and 25 of the AlgE7 mutants. The sequence parameter DPn is also shown in the table. Two parallels (P1 and 
P2) are shown for each AlgE7 mutant. 
 

No. AlgE7 mutant   FG FM FΔ FGred FMred FGtotal FMtotal DPn 

1 AlgE7wt P1 
P2 

0.11 
0.10 

0.36 
0.37 

0.26 
0.27 

0.12 
0.12 

0.16 
0.14 

0.23 
0.22 

0.51 
0.51 

3.68 
3.79 

2 R90A 
P1 
P2 

0.00 
0.00 

1.00 
1.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

1.00 
1.00 

∼370 
∼370 

3 E117L P1 
P2 

0.10 
0.16 

0.36 
0.42 

0.28 
0.22 

0.13 
0.10 

0.13 
0.10 

0.23 
0.27 

0.49 
0.52 

3.83 
4.93 

4 E117K P1 
P2 

0.15 
0.20 

0.43 
0.43 

0.22 
0.17 

0.11 
0.11 

0.08 
0.10 

0.26  
0.31 

0.52 
0.52 

5.06 
4.97 

5 D119A 
P1 
P2 

0.00 
0.00 

1.00 
1.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

1.00 
1.00 

∼370 
∼370 

6 D119E P1 
P2 

0.26 
0.23 

0.50 
0.62 

0.11 
0.07 

0.06 
0.04 

0.08 
0.03 

0.31 
0.28 

0.58 
0.66 

7.47 
13.31 

7 D119N 
P1 
P2 

0.00 
0.00 

1.00 
1.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

1.00 
1.00 

∼370 
∼370 

8 Y122A 
P1 
P2 

0.00 
0.00 

1.00 
1.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

1.00 
1.00 

∼370 
∼370 

9 Y122F P1 
P2 

0.21 
0.21 

0.42 
0.44 

0.18 
0.19 

0.12 
0.11 

0.08 
0.06 

0.33 
0.31 

0.49 
0.50 

5.09 
6.03 

10 R148G 
P1 
P2 

0.36 
0.27 

0.64 
0.73 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.36 
0.27 

0.64 
0.73 

∼370 
∼370 

11 R148K P1 
P2 

0.30 
0.28 

0.61 
0.65 

0.04 
0.04 

0.02 
0.02 

0.03 
0.01 

0.32 
0.30 

0.63 
0.66 

21.59 
28.32 

20 K172L P1 
P2 

0.14 
0.16 

0.41 
0.41 

0.23 
0.23 

0.11 
0.11 

0.11 
0.09 

0.26 
0.27 

0.51 
0.50 

4.55 
5.02 

21 K172R P1 
P2 

0.08 
0.07 

0.35 
0.35 

0.27 
0.30 

0.13 
0.13 

0.17 
0.15 

0.21 
0.20 

0.52 
0.50 

3.29 
3.65 

22 D173A 
P1 
P2 

0.00 
0.00 

1.00 
1.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

1.00 
1.00 

∼370 
∼370 

28 H196A P1 
P2 

0.23 
0.21 

0.43 
0.46 

0.17 
0.17 

0.09 
0.08 

0.09 
0.08 

0.31 
0.29 

0.52 
0.53 

5.65 
6.24 

30 R231L P1 
P2 

0.19 
0.21 

0.44 
0.43 

0.19 
0.18 

0.04 
0.05 

0.14 
0.13 

0.24 
0.26 

0.58 
0.56 

5.45 
5.61 

33 Y307F P1 
P2 

0.11 
0.11 

0.38 
0.38 

0.26 
0.25 

0.15 
0.16 

0.11 
0.11 

0.26 
0.26 

0.48 
0.49 

3.90 
3.78 

34 E117K + R148G P1 
P2 

0.34 
0.32 

0.60 
0.66 

0.03 
0.00 

0.01 
0.00 

0.01 
0.01 

0.35 
0.32 

0.62 
0.67 

42.41 
77.47 

35 E117K + R148G + K172L P1 
P2 

0.35 
0.34 

0.58 
0.60 

0.02 
0.02 

0.02 
0.02 

0.03 
0.03 

0.37 
0.36 

0.60 
0.62 

20.89 
21.25 

36 R148G + K172L 
P1 
P2 

0.35 
0.19 

0.65 
0.81 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.35 
0.19 

0.65 
0.81 

∼370 
∼370 

37 R148G + K172R 
P1 
P2 

0.33 
0.31 

0.67 
0.69 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.33 
0.31 

0.67 
0.69 

∼370 
∼370 

38 E117K + Y122F + R148G 
P1 
P2 

0.39 
0.37 

0.61 
0.63 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.39 
0.37 

0.61 
0.63 

∼370 
∼370 

39 E117K + Y122F + K172L P1 
P2 

0.35 
0.33 

0.47 
0.44 

0.09 
0.10 

0.06 
0.08 

0.03 
0.06 

0.41 
0.41 

0.50 
0.49 

11.58 
7.41 

40 E117K + Y122F + K172R P1 
P2 

0.47 
0.33 

0.34 
0.53 

0.10 
0.13 

0.05 
0.05 

0.03 
0.03 

0.52 
0.38 

0.38 
0.56 

11.55 
12.40 

41 E117K + Y122F + R148G + K172L 
P1 
P2 

0.41 
0.34 

0.59 
0.66 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.41 
0.34 

0.59 
0.66 

∼370 
∼370 

42 E117K + Y122F + R148G + K172R 
P1 
P2 

0.30 
0.29 

0.70 
0.71 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.30 
0.29 

0.70 
0.71 

∼370 
∼370 

 Poly-M alginate  0.00 1.00 0.00 0.00 0.00 0.00 1.00 ∼370 
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Table F.2. Monomeric composition of epimerized and degraded of poly-M and poly-MG substrate, by AlgE7 
wild type and the mutant R148G. Enzyme to substrate ratio: 1:300. The sequence parameter DPn is also shown in 
the table. n.d=not determined  
 

Enzyme and 
substrate 

Time 
(h) 

FG FM FGG FGM=
FMG 

FMM FΔ FMred FGred FGintern FGtot FMtot DPn 

AlgE7wt 
Poly-M alginate 

0 0.00 1.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 1.00 ∼370 
6 0.17 0.81 0.02 0.15 0.66 0.02 0.00 0.00 0.11 0.17 0.81 118.37 

12 0.20 0.70 0.04 0.16 0.54 0.04 0.04 0.02 0.19 0.22 0.74 17.78 
24 0.22 0.56 0.04 0.18 0.38 0.11 0.07 0.05 0.20 0.27 0.62 8.66 
48 0.21 0.50 0.04 0.17 0.33 0.15 0.07 0.07 0.17 0.28 0.57 7.05 
60 0.17 0.43 0.01 0.17 0.27 0.21 0.09 0.10 0.10 0.27 0.53 5.28 

R148G 
Poly-M alginate 
 

0 0.00 1.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 1.00 ∼370 
6 0.13 0.87 0.00 0.17 0.70 0.00 0.00 0.00 0.07 0.13 0.87 ∼370 

12 0.17 0.83 0.00 0.19 0.64 0.00 0.00 0.00 0.13 0.17 0.83 ∼370 
24 0.19 0.81 0.01 0.18 0.63 0.00 0.00 0.00 0.17 0.19 0.81 ∼370 
48 0.26 0.74 0.06 0.20 0.54 0.00 0.00 0.00 0.25 0.26 0.74 ∼370 
60 0.26 0.74 0.06 0.20 0.55 0.00 0.00 0.00 0.25 0.26 0.74 ∼370 

AlgE7wt 
MG-alginate 

0 0.46 0.54 0.05 0.41 0.13 0.00 0.00 0.00 0.52 0.46 0.54 n.d 
6 0.48 0.52 0.09 0.39 0.13 0.00 0.00 0.00 0.53 0.48 0.53 n.d 

12 0.47 0.46 0.11 0.35 0.11 0.02 0.03 0.02 0.52 0.49 0.50 19.36 
24 0.48 0.45 0.13 0.35 0.10 0.02 0.03 0.02 0.52 0.50 0.48 18.45 
48 0.48 0.42 0.15 0.33 0.09 0.03 0.05 0.02 0.50 0.51 0.47 13.85 
60 0.48 0.42 0.16 0.32 0.11 0.03 0.05 0.02 0.52 0.50 0.47 13.40 

R148G 
MG-alginate 

0 0.46 0.54 0.05 0.41 0.13 0.00 0.00 0.00 0.52 0.46 0.54 n.d 
6 0.46 0.54 0.06 0.39 0.15 0.00 0.00 0.00 0.52 0.46 0.54 n.d 

12 0.47 0.53 0.07 0.36 0.14 0.00 0.00 0.00 0.54 0.47 0.53 n.d 
24 0.45 0.55 0.09 0.37 0.18 0.00 0.00 0.00 0.54 0.45 0.55 n.d 
48 0.47 0.53 0.06 0.40 0.13 0.00 0.00 0.00 0.53 0.47 0.53 n.d 
60 0.48 0.52 0.07 0.40 0.12 0.00 0.00 0.00 0.55 0.48 0.52 n.d 

 

 
 


