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Abstract 

During characterization of its genome, Nostoc sp. N6, a cyanosymbiote, was found to carry 

a paralog of two initial enzymes from the glycolytic oxidative pentose phosphate pathway 

(OPP). This warranted additional investigation as the OPP is the primary pathway of 

glycolysis in Nostoc, and is critical in maintaining the reducing potential provided by 

NADPH for both biosynthesis and nitrogenase activity. Redundant paralogs are quickly 

silenced if they are not under constant positive selection, so this study sought to characterize 

these enzymes and establish what novel functionalities sustain their continued survival. 

Genes encoding Zwf and Gnd paralogs were isolated from Nostoc sp. N6 via PCR, Gibson 

assembled onto a C-terminal His-tagging vector and expressed within a suitable host for Ni-

NTA column purification. The primary characteristics investigated were optimal pH and 

kinetic constants, which was followed up with multisubstrate assays, homology modeling 

and a phylogenetic study. 

The Zwf paralogs displayed characteristics indicating activation by OpcA, a cofactor for 

Zwf found mostly in cyanobacteria. Surprisingly, to activate Zwf2, OpcA must primarily 

affect affinity for NADP+ rather than G6P, and the phylogenetic study indicated a point of 

origin earlier than the development of cyanobacteria. 

For the Gnd paralogs the common enzyme displayed typical features, although its pH 

optimum was unusually distant from Zwf. The shorter paralog possessed no significant 

phylogeny outside of Nostoc and displayed minimal activity and structural features. This 

Gnd paralog might be a case study on the fate of a duplication failing to develop a novel 

function. 





 

Útdráttur 

Við greiningu á erfðamengi Nostoc sp. N6, blágrænni sambýlisbakteríu, var uppgötvað að 

tegundin bar í sér tvöföldun af tveim fyrstu ensímum frá glýkólýtíska oxandi pentósa fosfat 

ferlinu (OPF). Þetta kallaði á frekari rannsóknir þar sem OPF ferlið er meginferli glýkólýsu 

í Nostoc, og er nauðsynlegt til að viðhalda andoxunargetu í gegnum NADPH bæði fyrir 

nýmyndun og niturnám nítrógenasa. Tvöfaldanir eru fljótlega þaggaðar ef þær eru ekki undir 

sífelldu jákvæðu vali, svo þessi rannsókn leitaðist eftir því að einkenna þessi ensím og gera 

grein fyrir þeirri nývirkni sem viðheldur tilvist þeirra. 

Erfðaefni Zwf og Gnd tvöfaldana var einangrað úr Nostoc sp. N6 með PCR, Gibson samsett 

í C-enda His-merkjandi genaferju, tjáð í viðeigandi tjáningarhýsl og próteinin svo Ni-NTA 

súluhreinsuð. Helstu einkenni sem voru athuguð var æskilegt pH og hraðafræðistuðlar. Þessu 

var svo fylgt eftir með fjölhvarfefna virknigreiningu,  byggingu jafngildislíkans og greiningu 

á þróunarsögu. 

Zwf tvöföldunin sýndi einkenni sem kölluðu á virkjun með OpcA, hjálparprótein fyrir Zwf 

sem finnst helst í blágrænbakteríum. Óvenjulega, til að virkja Zwf2 þarf OpcA helst að hafa 

áhrif á sækni í NADP+ frekar en G6P.  Greining á þróunarsögu Zwf tvöföldunarinnar sýndi 

svo fram á að hún hefur líklega orðið áður en blágrænbakteríur greindust frá öðrum 

bakteríum. 

Í Gnd tvöfölduninni virtust eiginleikar algengara ensímsins dæmigerð, en æskilegt pH var 

óvenjulega langt frá Zwf. Styttri tvöföldunin á litla þróunarsögu fyrir utan Nostoc ættkvíslina 

og sýndi  takmarkaða virkni og byggingu. Gnd tvöföldunin gæti því verið dæmisaga um 

örlög tvöföldunar sem nær ekki að þróa með sér nýja virkni.
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1 Introduction 

1.1 Glycolysis 

The ability to metabolize glucose is among the most important metabolic capabilities of 

nearly all lifeforms, whether plant, animal or microbe. This metabolic process, aptly named 

glycolysis, developed early on in the evolution of life, and the general layout of its three 

major alternative pathways remains similar across the tree of life (Figure 1), which are 

discussed separately below. Its overall products are the generation of energy in the form of 

ATP, reductive capacity in the form of NADH/NADPH, pyruvate (which is then further 

processed in the citric acid cycle) and precursors for amino acids or other protein 

constituents. The differences between the major pathways are the yields of specific products, 

following the initial ATP investment, allowing the cell to shift its glycolysis based on the 

needs for these specific products. 

What specific layout glycolysis has taken varies between species depending on their 

evolution. Some organisms possess all of the common pathways, allowing them to respond 

more rapidly to shifts in their environment. Other organisms might be missing one or more 

of the significant pathways, no longer having a need for them in the niche they have evolved 

into. An example of this is the Entner-Doudoroff (ED) pathway, which is missing in animals 

(Chen et al., 2016). 
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Figure 1. Common glycolytic routes in prokaryotes. Limited to key enzymes, some 

intermediate enzymes not shown. Red: Embden-Meyerhof-Parnas (EMP) pathway. Blue: 

Oxidative pentose phosphate (OPP) pathway. Green: Entner-Doudoroff (ED) pathway. Note 

that the ED and OPP pathways can be facilitated via both Zwf or Gdh due to the shared 

intermediate of 6P-gluconate. The pathways reconnect at glyceraldehyde-3P, which is 

followed by the pay-off phase towards pyruvate. Adapted from Chen et al., 2016.  
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The Embden-Meyerhof-Parnas pathway 

Products: 2 pyruvate, 2 ATP, 2 NADH, 2 H+, 2 H2O 

The Embden-Meyerhof-Parnas (EMP) 

pathway is the first of the three 

significant glycolysis pathways. The 

EMP pathway is found in almost all cells 

and has become synonymous with 

glycolysis, despite the other pathways 

being no less significant. In terms of 

products, it could be considered the most 

direct route for ATP and NADH 

generation, producing four ATP at the 

cost of two as the initial investment and 

two NADH. 

The initial step of the pathway, shared by 

the other pathways, is phosphorylation 

by a glucokinase (gck). Following 

phosphorylation, the sugar (now 

glucose-6-phosphate) can no longer 

readily cross cell membranes and is 

committed to glycolysis. This reaction along with the following reactions are often referred 

to as the investment phase, as two ATP are invested in preparing the sugar for the pay-off 

phase by phosphorylating it and dividing it into two equivalent molecules of glyceraldehyde-

3P (GAP). To achieve this, the glucose is transformed to a shorter fructose by a 

phosphoglucose isomerase (Pgi), extending a second carbon out from the ring. Similar to the 

initial step, this carbon is then phosphorylated by a phosphofructokinase (Pfk) at the cost of 

an ATP molecule. The ring is then split into glyceraldehyde-3P and dihydroxyacetone 

phosphate (DHAP) by fructose-1,6-bisphosphate aldolase (Fba), the DHAP proceeding 

through an additional rearrangement catalyzed by triose phosphate isomerase (Tim) to 

become G3P. With the sugar evenly divided and prepared the pay-off can now be collected; 

one pyruvate, one NADH, two ATP and an H2O molecule per processed GAP. 

 

Figure 3. Abbreviated EMP pathway in structural form. From Berg et al., 2015. 

Figure 2. EMP pathway. 
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The oxidative pentose phosphate pathway 

Products: Varies depending on requirements. 

DNA synthesis: 5 G6P + ATP → 6 R5P + ADP + 2 H+
 

Reductant: 6 G6P + 12 NADP+ + 7H2O → 12 NADPH + 12 H+ + 6 CO2 

R5P and NADPH: G6P + 2 NADP+ + H2O → R5P + 2 NADPH + 2 H+ + CO2 + Pi 

NADPH and ATP: 3 G6P + 6 NADP++ 5 NAD+ + Pi + 8 ADP →  

5 pyruvate + 6 NADPH + 5 NADH + 8 ATP + 2 H2O + 8 H+ + 3 CO2 

 

Figure 4. Oxidative pentose phosphate (OPP) pathway. Some intermediates not shown. 

The oxidative pentose phosphate (OPP) pathway is an alternative to the EMP pathway which 

branches off from G6P (Figure 4). Instead of the catabolic process towards ATP generation, 

the OPP is more anabolic, generating two NADPH through two dehydrogenases in its 

oxidative phase. NADPH acts as a reducing cofactor in various anabolic reactions and plays 

a role in protection against oxidative stress through glutathione (Berg et al., 2015). Following 

that is the catabolic phase, where a variety of sugar interconversions of various uses are 

possible; ribose-5P is utilized in the synthesis of nucleotides, erythrose-4P is a precursor for 

aromatic amino acids (Jeannotte, 2014), glyceraldehyde-3P and fructose-6P are glucose 

metabolites, ribulose-5P and sedoheptulose-7P are Calvin cycle metabolites, and xylulose-

5P affects lipogenesis transcription in mammals (Iizuka & Horikawa, 2008). The final 

product depends on the requirements at the time. However, for many cell types the primary 

utility of the OPP is the generation of the reducing agent NADPH. 

The amount of glucose committed to the OPP is controlled by the initial reaction catalyzed 

by G6P-dehydrogenase (Zwf). A rise in NADP+ concentration within the cytosol results in 

a larger commitment of sugar to the pathway (Berg et al., 2015). The amount of Zwf 

expressed and therefore present is of course also a factor. The commitment to the following 

reaction, where 6P-gluconate is dehydrogenized by Gnd, is affected in a similar manner by 

current demand. In some cell types, such as many cyanobacteria, an alternative branching 

point is available at this point in the form of the Entner-Doudoroff pathway.  
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The Entner-Doudoroff pathway 

Products: 2 pyruvate, 1 ATP, 1 NADPH, 1 NADH, 1 H+, 2 H2O 

The Entner-Doudoroff (ED) pathway is an 

alternative branching point of the OPP 

following the first reaction common among 

many bacteria (including cyanobacteria), 

algae and plants (Figure 5). Effectively a 

compromise between the EMP and OPP 

pathways, the ED pathway carries several 

other benefits over the other pathways. Its 

ATP yield is not as high as the EMP 

pathway, the sugar is divided by 2-keto-3-

deoxy-6-phosphogluconate (KDPG) 

aldolase into pyruvate and GAP, so only one 

molecule progresses through the pay-off 

phase. However, the ED pathway requires 

only a quarter of the protein the EMP 

pathway requires, a trade-off suitable for 

photosynthesizing organisms which may 

produce sufficient ATP but lack other 

metabolites. Additionally, by not completing 

the full oxidative section of the OPP, the cell 

avoids disrupting the Calvin cycle with the addition of the two metabolites it shares with the 

OPP. This ensures CO2 fixation is not slowed down, which would cause additional oxidative 

stress (Chen et al., 2016). 

1.1.1 Zwf: Glucose-6-phosphate dehydrogenase 

Glucose-6-phosphate (G6P) + NADP+ → 6-phosphogluconolactone, NADPH, H+ 

The first step in both the OPP and ED pathways is catalyzed by the enzyme glucose-6-

phosphate dehydrogenase (G6PD; Zwf), whose corresponding gene is named zwf in 

prokaryotes (from the German word “Zwischenferment”, which could be translated as 

“intermediate in fermentation”). The reaction catalyzed by Zwf is the dehydrogenation of 

the first carbon in the glucose-6-phosphate ring to a ketone, utilizing NADP+ as the receiving 

oxidizing agent to form 6-phosphogluconolactone and NADPH (Figure 6). The reaction is 

effectively one-way, the enzyme’s affinity for NADPH is much lower than the affinity for 

NADP+, and NADPH is in high demand in other reactions (Berg et al., 2015). Following the 

dehydrogenase reaction, the product, 6-phosphogluconolactone (δ-isomer), is quickly 

hydrolyzed by 6-phosphogluconolactonase to 6-phosphogluconate (6PG). This reaction is 

rapid, and was thought to be naturally spontaneous until the enzyme involved was 

discovered. The rush through this step is to prevent the formation of the more stable γ-isomer 

of 6-phosphogluconolactone, which is a metabolic dead-end as far as glycolysis is concerned 

(Miclet et al., 2001). 

Figure 5. The Entner-Doudoroff (ED) 

pathway of glycolysis. The ED pathway can 

be initiated via either Zwf or Gdh, depending 

on which enzymes are present in the species. 
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Figure 6. The reaction catalyzed by Zwf, along with the short-lived intermediate rapidly 

hydrolyzed by lactonase. From Berg et al., 2015. 

Glycolysis is an ancient pathway spread over the tree of life, so it follows that the enzymes 

involved are similar in their core function but might vary greatly in other details. The core 

of the Zwf structure contains three conserved binding sites; a G6P binding and reaction site 

consisting of nine residues (RIDHYLGKE), the NADP+ coenzyme binding site consisting 

of eight residues (GxxGGDLA), situated in a nucleotide-binding Rossman fold motif, and a 

third structural NADP+ binding site in a α + β domain consisting of five residues (EKPxG), 

whose presence can vary from species to species (Kotaka et al., 2005). The enzyme’s 

quaternary structure also varies greatly but generally it forms a homocomplex of some sort. 

In humans, Zwf forms a homodimer (Kotaka et al., 2005), but in other organisms such as 

cyanobacteria the enzyme is found as a dimer, tetramer, or in even larger complexes (Hagen 

& Meeks, 2001). 

This study investigates Zwf from Nostoc sp. N6, a cyanosymbiote. The Zwf of cyanobacteria 

possess a variation mostly unique to the clade, a protein cofactor known as OpcA. The 

cofactor has been known to exist for some time, but only recently has its role and effect on 

Zwf been more clearly defined. OpcA forms a complex with Zwf, and under oxidizing 

conditions increases enzyme activity and substrate affinity, with a greater effect on G6P than 

NADP+. OpcA itself is not sensitive to redox conditions, but is activated by thioredoxin, a 

redox sensitive signal protein (Mihara et al., 2018). 

1.1.2 Gnd: 6-phosphogluconate dehydrogenase 

6-phosphogluconate + NADP+ →  ribulose-5-phosphate + NADPH + CO2 + H+ 

The second dehydrogenation of the OPP pathway is performed by the enzyme 6-

phosphogluconate dehydrogenase (6PGD, gene name gnd), which commits the sugar to the 

non-oxidative portion of the OPP. The reaction is similar to the one carried out by G6PD, 

NADP+ is utilized as the oxidizing cofactor to dehydrogenate 6PG at the second carbon, 

creating a ketone. The first carbon is then decarboxylated, forming a free CO2 and ribulose-

5-phosphate (R5P) (Figure 7). 
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Figure 7. The oxidative decarboxylation catalyzed by Gnd. From Berg et al., 2015. 

6PGD is typically found as a homodimer with a highly conserved core structure consisting 

of the binding sites for its two substrates, 6PG and NADP+. The cofactor binding site is a 

Rossman fold, similar to the one seen on G6PD, while the substrate binding domain consists 

entirely of α-helixes (Haeussler et al., 2018).  

1.2 Cyanobacteria 

Cyanobacteria form a vast ancient phylum of bacteria whose earliest footprints can be traced 

to cellular fossils dated to the Paleoarchean era 3,465 Ma ago (Schopf, 2002, 2012; Schopf 

et al., 2018) although the precise date of their origin is difficult to establish (Demoulin et al., 

2019). During the Great Oxidation Event their oxygen-producing photosynthesis 

transformed the biosphere of the planet (Schopf, 2012, 2014). In the modern era their 

presence in the ecosystem is no less defining. Their metabolic capacity includes oxygenic 

and anoxic photosynthesis, fermentation and dinitrogen fixation, and they possess a vast 

morphological diversity (Stal, 2012). Through these capabilities and their long evolutionary 

history cyanobacteria have come to inhabit diverse and demanding ecological niches with 

abiotic stresses such as wide temperature ranges, desiccation, freezing, varying salinity, 

radiation damage and minimal light conditions; niches such as arid regions and the tundra 

where they form vital components of colonizing microbial biocrust in the otherwise barren 

landscape (Stal, 2012; Vincent, 2002). 

Many species of cyanobacteria are found living in symbiosis, providing their symbiont 

access to the vast toolkit of their phylum. For plants their largest contribution is a consistent 

source of fixed nitrogen. For non-photosynthetic bacteria and some animal and fungal 

species they contribute photosynthesis, although their nitrogen fixation is also a significant 

benefit, e.g. for many marine algae. Some species of cyanobacteria have established an 

especially close form of symbiosis with non-photosynthetic as well as photosynthetic 

protists, having developed into inclusion bodies of reduced genomes called cyanelles, a form 

reminiscent of the cyanobacteria which evolved into chloroplasts (Rai, 1990). 
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1.3 Gene paralogs 

Naturally occurring gene paralogs, or gene duplications, are a key material in evolution, 

especially for the development of novel gene variants. Given sufficient time, these 

duplications can contribute strongly to the speciation of isolated populations (Sidow, 1996). 

After a gene is duplicated, the future of the redundant copy is decided relatively quickly, on 

the evolutionary timescale (Lynch et al., 2001). Following a duplication event, the new gene 

paralog has a short grace period to develop beneficial traits through random mutations (neo-

functionalization), while the genes of the paralog are still equivalent. If both genes of the 

paralog suffer partially disabling mutations, they could still retain some complementary 

functions from the original gene, resulting in both genes surviving selection (sub-

functionalization). Alternatively, in some plants, gene duplication is a controlling factor in 

phenotype variation through gene dosage (Bastiaanse et al., 2019). However, the most 

common fate for a gene paralog is silencing (non-functionalization), where mutations disable 

one of the copies and it becomes largely ignored by selection, effectively erasing it from the 

genome (Lynch, 2000). 

1.4 Peltigera membranacea cyanosymbiont 

Nostoc sp. N6 

The focus of this study is the Peltigera membranacea (Figure 8) cyanobiont Nostoc sp. N6. 

Recent sequencing and characterization of the genome (Gagunashvili & Andrésson, 2018) 

revealed paralogs of the initial enzymes which guide glycolysis down the ED and OPP 

pathways, G6PD (Zwf) and 6PGD (Gnd). Previous studies have shown the OPP to be the 

primary pathway for glycolysis in Nostoc cyanobacteria. They, along with other 

cyanobacteria, rely on the reducing potential of NADPH produced by the OPP to sustain 

nitrogen fixation in heterocysts, where G6PD activity is greatly increased, and for oxidative 

phosphorylation in dark conditions (Summers et al., 1995). Additionally, 6-

phosphofructokinase (Pfk) of the EMP pathway was discovered to be a pseudogene 

(Gagunashvili & Andrésson, 2018), further emphasizing the focus on the OPP for Nostoc 

sp. N6. Paralogs of these enzymes therefore warranted further exploration of their 

characteristics. 
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Figure 8. Peltigera membranacea. From the gallery of Leif & Anita Stridvall, 2008.
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2 Materials and Methods 

2.1 Cloning 

Open reading frames of the genes of interest were isolated from the Nostoc sp. N6 genome 

by targeted PCR, cloned into a suitable expression vector and transferred to an appropriate 

E. coli host strain (see below). 

Recombinant constructs: Primer design, PCR and plasmid 

assembly 

The open reading frames encoding the four enzymes, Zwf1, Zwf2, Gnd1 and Gnd2 were 

isolated via PCR from a purified sample of Nostoc sp. N6 DNA provided by Ólafur S. 

Andrésson.  

Primers were designed for Gibson assembly within the expression region of pET28a 

(Novagen) at the SalI and NcoI restriction sites. PCR was performed using Q5 polymerase 

(New England Biolabs; NEB) and primer structure was optimized for acceptable annealing 

temperatures with Q5 according to the NEB Tm Calculator. PCR was carried out according 

to a protocol from the manufacturer. The number of cycles was kept below 30 to minimize 

possible errors. 

The pET-28a plasmid used in this study (Figure 9) is an expression vector featuring a T7 

promoter, an IPTG-controlled LacI repressor, kanamycin resistance, N-terminal His-tag and 

T7 tag, and an optional C-terminal His-tag. The N-terminal tags were excised via restriction-

site selection and only the C-terminal tag was utilized for this study. 
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Figure 9. pET-28a from Novagen. Insert expression region in black. 

Following restriction digestion of the plasmid, Gibson-assembly of the plasmid and insert 

fragments was carried out utilizing reagents from NEB (NEBuilder HiFi DNA Assembly 

Master Mix) according to the manufacturer’s protocol. The assembled plasmid was then 

transformed into competent E. coli DH5α cells for cloning, with growth of successful 

transformants selected on LB agar with kanamycin. 

QIAprep Spin Miniprep Kits were utilized for PCR product cleaning and plasmid isolation 

according to protocols from the manufacturer. 

Insert and sequence verification 

Successful inserts in candidate plasmids were verified via restriction digestion followed by 

gel electrophoresis. SgrAI and XhoI restriction sites in the plasmid sequence were used as 

they have no recognition sites within the four cloned genes. 
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Following insert verification, plasmid samples were produced for sequencing by 

Microsynth, a sequencing service provider based in Switzerland. T7-based primers 

compatible with the plasmid were available for sequencing into the expression region but 

due to the length of the genes additional sequencing primers approximately 400 nucleotides 

within the genes (forward and reverse) were designed and used. 

Sequencing results were checked for errors manually via Artemis (a DNA sequence viewer). 

If a missense mutation was identified within the gene the relevant plasmid was discarded 

and additional clones from the Gibson assembly tested (several missense mutations were 

encountered).  

2.2 Expression, purification and quantitation 

Plasmids with verified inserts were transformed into two different expression hosts, NiCo21 

and Lemo21 (NEB). Protein expression was verified and optimized for purification.  

Expression hosts, transformation, optimized expression 

conditions and cell pellet storage 

Two separate T7 expression hosts were selected for transformation, NiCo21 and Lemo21. 

Relevant features in both are IPTG inducible expression, a deficiency in proteases Lon and 

OmpT, and Lemo21 also offers tunable T7 expression via rhamnose. Lemo21 was eventually 

phased out in favour of NiCo21, as tuning expression with rhamnose proved difficult and 

was more easily achieved with temperature control. Competency in the expression strains 

was induced with CaCl2 treatment (Swords, 2003) and plasmid DNA was introduced with 

heat shock treatment.  

All the recombinant genes were readily expressed in E. coli grown in LB medium with no 

apparent toxicity. Protein expression was verified via SDS-PAGE gels. Following 

expression, suitable volumes of cultures for purification were pelleted by centrifugation and 

kept frozen at -80 °C. For Gnd1, pellets from 1.5 mL volumes aliquoted from a 50 mL total 

volume of expression culture proved sufficient for purification. In the case of Zwf1 and Zwf2 

difficulties were encountered with protein aggregation. To counter this, cell cultures were 

grown to an approximate A600 of 0.6-0.8 before initiating expression with 400 µM IPTG. 

Expression was then carried out at 20 °C overnight. This yielded enough enzyme in a soluble 

state so that pellets from 20-25 mL of expression culture aliquoted from a 200 mL total 

volume could be utilized for isolating sufficient amounts of enzyme. Due to its low activity, 

Gnd2 was also expressed in larger culture volumes alongside the Zwf paralogs to increase 

enzyme concentration. 

Purification: DEAE and Ni-NTA columns  

Cell pellets were thawed and resuspended in TrisHCl buffer (pH 7, 50-100 mM). Cell pellets 

derived from larger cultures (20-25 mL) were resuspended in 5 mL of buffer, while pellets 

from 1.5 mL cultures were resuspended in 1.2 mL. Following resuspension, the cells were 

lysed via sonication and centrifuged, dividing the culture into a cell pellet consisting mostly 

of insoluble cell debris and denatured proteins, and supernatant from which enzymes could 
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be purified in a native state. During isolation samples were kept cold via refrigeration or ice 

bath immersion. 

Due to background and protein load considerations with the larger expression culture pellets 

a DEAE ion-exchange chromatography step was added to reduce the amount of irrelevant 

proteins. Supernatant (approx. 5 mL) was loaded on to the column, washed and eluted with 

an optimized concentration of NaCl for each enzyme, which was empirically determined by 

electrophoresing samples from rising NaCl concentrations on an SDS-PAGE (1.5 mL 0-150 

mM NaCl wash, 1.2 mL 100-300 mM NaCl elution).  

His-tags were added to the C-termini of the enzymes via the expression vector, which 

allowed for the purification of cell lysate on Ni-NTA spin columns (QIAGEN, 600 µL 

volume, 300 µg capacity) which have high affinity for such histidine-repeat sequences. After 

loading the column with a sample (2*600 µL), it was washed with or without a low 

concentration of imidazole, due to the slight variations in affinity between the enzymes, to 

remove low affinity background. The sample was then eluted with a sufficient concentration 

of imidazole to displace the His-tag from the nickel column, with specific concentrations 

used varying slightly between enzymes. Optimal concentrations of imidazole for washing 

and elution were determined in the same manner as the NaCl concentrations in the DEAE 

step (0-50 mM imidazole wash, 200 mM elution). 

For enzyme assays the highest enzyme purity possible is preferable. In all cases where 

samples were inspected on an SDS-PAGE gel, high purity with minimal background was 

observed (>95% enzyme).  

Quantitation 

Protein concentration of purified samples was estimated via the Bradford assay on 

Nanodrop-1000. To increase sensitivity and adapt it to Nanodrop measurements the 

concentrated Bradford reagent (Bio-Rad) was diluted to 40% instead of the recommended 

20% concentration, along with increasing sample ratio to reagent. Standard used was bovine 

serum albumin (BSA, Thermo Scientific, 10 mg/mL), diluted to suitable levels. 

2.3 Enzyme kinetics 

Purified enzyme samples were investigated under different reaction conditions to establish 

their characteristics. For Zwf1 and Zwf2 baseline assay conditions were derived from 

Practical Enzymology (Bisswanger, 2011). 

 

Table 2.1. Components and concentrations in a standard assay mixture for glucose-6-

phosphate dehydrogenase (Zwf). 

Component Assay concentration (mM) 

Buffer (see below) 100.0 

MgCl2 5.0 

D-glucose-6-phosphate (G6P) 1.0 

NADP+ 0.4 
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The buffer used depended on the pH range involved. 

 

Table 2.2. Buffers utilized during the study and their pKa. 

Buffer pKa at 20 °C 

TrisHCl 8.2 

MOPS 7.15 

MES 6.15 

Sodium acetate 4.74 

 

Assay conditions were the same for Gnd1 and Gnd2, with 6-phosphogluconate (6PG) 

replacing glucose-6-phosphate (G6P). 

To measure the rate of the reaction, the increase in absorption at 340 nm was measured at 

room temperature, which is indicative of NADPH production. 

Due to low concentrations of Zwf1 and Zwf2 and poor activity of Gnd2, concentrations of 

substrates in experiments involving those enzymes were quadrupled from standard assay 

concentrations to achieve a greater rate in the assay. 

Determination of optimal pH level 

To establish the optimal pH level of the enzymes their initial reaction rate was compared 

over a pH range. Reaction assays were prepared according to the baseline assay conditions 

and change in absorbance at 340 nm measured. If the reaction rate was observed to increase 

outside the working range of the buffer employed, measurements were repeated with a more 

suitable buffer and pH range until a peak was observed within the range. 

For Zwf2, stability was an issue. To minimize the effect of the degradation of the enzyme, 

single measurements were conducted across the pH range before further repetitions. 

Determining kinetic constants and further characterization 

Enzymes were assayed with a view to classic Michaelis-Menten kinetics. The enzymes in 

this study perform a multisubstrate dehydrogenation reaction of either glucose-6-phosphate 

(G6P, for Zwf) or 6-phosphogluconate (6PG, for Gnd) with NADP+ as a cofactor. This study 

looks to establish two key kinetic values, Km and specific activity. Km describes the affinity 

for individual substrate(s) and is the molar concentration of said substrate at half of the 

enzyme’s maximum activity (Vmax). Specific activity describes the enzyme’s catalytic 

activity, or the moles of product produced by the enzyme per minute in the specific 

conditions of the assay, per mass unit of the enzyme (typically µmol min-1 mg-1, or U/mg). 

Activity is also commonly described as turnover number (kcat), which describes the moles of 

product produced per catalytic site per second (all enzymes in this study have a single 

catalytic site for each substrate, so here this is equivalent to moles of enzyme monomer). For 

a multisubstrate reaction, these kinetic parameters can be established for both substrates, 

maintaining one at saturation while the other is varied. The kinetic constants can then be 

extracted from the data based on the amount of enzyme present (Bradford assay) and the 
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amount of product produced, which in this study is determined from the rising absorption of 

NADPH at 340 nm (molar attenuation coefficient ε: 6220 M-1 c-1, see the Beer–Lambert–

Bouguer law). 

Multisubstrate reactions offer an opportunity for further study by varying the concentration 

of both substrates and aligning the results in Lineweaver-Burk graphs. The resulting pattern 

of reaction rates can then be matched to known patterns to deduce the enzyme’s mechanism 

of reaction (Figure 10) 

 

Figure 10. Random, ordered and ping-pong (also known as double displacement or bi-bi) 

multisubstrate mechanism patterns in a Lineweaver-Burk graph. From Practical 

Enzymology (Bisswanger, 2011). 

2.4 Enzyme modeling 

Enzyme 3D structure can provide insights into functional characteristics. In an attempt to 

explore these characteristics, homology modeling was conducted via SWISS-MODEL 

(Waterhouse et al., 2018). 

Homology modeling via SWISS-MODEL is conducted in several steps. Structural templates 

are found based on amino acid sequence similarity via BLAST (NCBI Resource 

Coordinators, 2016) and HHblits (Remmert et al., 2012). Templates can then be further 

filtered by known characteristics, such as reaction and substrates. Acceptable template 

candidates are then used for homology modeling of the enzyme. Viable models are then 

selected by the user, assisted by several reliability ratings for the model based on mean 

energy levels and similarity of sections. 

For the enzymes involved in this study, templates were chosen by highest similarity and use 

of standard substrates (glucose-6-P for Zwf1/2, 6-phosphogluconate for Gnd1/2 and NADP+ 

for all), if any substrate was specified. 

For all enzymes template candidates mostly matched known enzyme reactions. Reliable 

models were produced for Zwf1, Zwf2 and Gnd1. For Gnd2, templates were generally of 

low similarity, which lowered model reliability. 
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2.5 Phylogenetic analysis 

For phylogenetic analysis sequence data on the Zwf paralogs from Nostoc sp. N6 and species 

of interest was gathered from NCBI and the EzBioCloud databases. Sequence similarity 

between the Nostoc sp. N6 paralogs was 47%, so a cut-off point of 55% similarity was used 

to avoid misidentification. Collected sequences were then aligned via the MUSCLE 

algorithm and phylogenies calculated through Randomized Axelerated Maximum 

Likelihood (RAxML)(Stamatakis, 2014), via the CIPRES gateway. Two trees were 

generated through this approach, a 16S rRNA species tree based on data gathered from 

EzBioCloud and a phylogenetic tree of the paralogs. Branches of closely related species were 

pruned to condense the trees for presentation. 

Comparisons between these two trees was then performed to search for possible horizontal 

gene transfer (HGT), duplication or gene loss events via the Notung software (Chen et al., 

2000). 

OpcA is often expressed in an operon with Zwf and is critical to the activity of the enzyme, 

so duplication of Zwf might also have affected OpcA. To investigate the relationship 

between OpcA and the paralogs the genomes of species carrying the paralogs were surveyed 

for the number of Zwf (sorted by similarity as Zwf1 or Zwf2) and OpcA.
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3 Results  

Four genes, representing two sets of glycolytic enzyme paralogs, were cloned, expressed and 

their protein products isolated for characterization. To compare the two sets of enzyme 

paralogs this study looked towards three characteristics; optimal pH, Michaelis-Menten 

constants and phylogeny. An attempt was also made at modeling  enzyme structure through 

a homology-based approach. 

3.1 Cloning, expression, purification and 

quantitation 

The initial step in this study was the assembly of four C-terminal His-tagging expression 

vectors containing coding inserts of all the genes of interest. After assembly, the vectors 

were cloned and verified through a sequencing service, and assembly plus analysis was 

repeated until only silent mutations were present. The verified vectors were then transformed 

into suitable hosts. Initial expression trials, where the cells were lysed and centrifuged for 

inspection via SDS-PAGE, revealed significant aggregation tendencies by the Zwf paralogs 

and low amounts in supernatant, a state not suitable for His-tag affinity purification and 

kinetic study. Expression conditions were therefore modified to increase enzyme 

concentration in supernatant (20 °C for 8-12 hours). Cell pellets were then prepared and 

frozen for purification of the enzymes. 

To study the kinetics of an enzyme high purity is desirable. Polyhistidine-tags offer a 

convenient way to obtain high purity by running cell lysis supernatant on affinity columns, 

such as Ni-NTA columns, but some background is unavoidable. Initial trials of the 

purification protocol and enzyme activity verification revealed some issues. Due to the 

high aggregation tendency of Zwf1 and Zwf2, and low activity of Gnd2, larger culture 

samples were required for these enzymes, and an additional DEAE column purification 

step was added to minimize background before running the protein solution through the 

Ni-NTA column. With this approach purification was found to be acceptable for all 

enzymes after inspection via SDS-PAGE (>95%, Figure 11). Following purification 

samples were divided into suitably diluted aliquots and kept frozen at -80 °C. 

To quantify the concentration of enzyme (mg/mL) in each aliquot a micro-assay variation 

of the Bradford assay was employed with a suitably diluted BSA standard (Table 3.1). 

These measurements were later combined with the results from the kinetic analysis to 

calculate the specific activity of the enzymes, the amount of product formed over time by a 

specific amount of the enzyme (µmol min-1 mg-1) 
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Figure 11. SDS-PAGE from a sample of Zwf1 expression culture pellet (25 mL) 

progressing through DEAE and Ni-NTA purification. 

 

Table 3.1. Enzyme concentration in final diluted aliquots. 

 Zwf1 Zwf2 Gnd1 Gnd2 

µg/mL 31 41 38 111 

Std. dev. 3 3 4 2 
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3.2 Optimal pH and temperature 

The first characteristic to be examined was optimal pH, which can be a significant factor in 

enzyme activity. A large difference in optimal pH levels could indicate that one of the 

paralogs examined has adapted to a shift in cytoplasmic pH. A similar pH optimum would 

then indicate pH is not a significant factor in maintaining the paralog. The optimal pH level 

obtained for the enzymes can then be utilized to optimize the following kinetic assay.  

Zwf 

The Zwf paralogs displayed a similar pH optimum around 6.5 pH, with Zwf1 displaying a 

sharper peak and therefore smaller pH range of high activity than Zwf2 (Figure 12). 

 

Figure 12. Unity-based normalization (0-1) of the change in absorption at 340 nm 

(indicating production of NADPH) of Zwf paralogs at optimal pH. Zwf1 indicated in blue, 

Zwf2 in yellow. Vertical lines indicate maximum activity.  
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Gnd 

The Gnd paralogs displayed a radically different pH optimum, with the Gnd1 peak at pH 

7.75 and the Gnd2 peak at pH 5.65 (Figure 13). Gnd1 displayed a broad peak of high activity. 

The peak of Gnd2 is sharper, and the enzyme displays low activity despite high protein 

concentration following purification. 

 

Figure 13. Unity-based normalization (0-1) of the change in absorption at 340 nm 

(indicating production of NADPH) of Gnd paralogs at optimal pH. Gnd1 indicated in blue, 

Gnd2 in yellow. Vertical lines indicate maximum activity.  
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3.3 Kinetic analysis 

Kinetic analysis was conducted by measuring the change in absorbance at 340 nm upon 

reduction of NADP+. Gnd2 was not compatible with this general method, due to its low level 

of activity. Reverse reactions were not considered as the reactions are effectively 

unidirectional. 

Zwf 

Analysis of the Zwf paralogs required  high substrate concentrations, which is thought to be 

caused by a missing Zwf protein cofactor unique to cyanobacteria (OpcA). The high 

substrate concentrations would have increased the cost of the experiments beyond the 

available material and budget if performed with a standard spectrophotometer, so the kinetic 

assay method was adapted to be performed on a Nanodrop-1000 microvolume spectrometer 

(Thermo-Fischer) for minimal substrate consumption. This should have minimal effect on 

Km estimates but catalytic estimates could differ from results acquired on a standard 

spectrophotometer. Zwf2’s low stability also causes some increase in error but not to a 

critical level. 

Zwf1 displayed a Km for G6P around 22 mM (+/- 5 mM), considerably higher than Zwf2’s 

Km of 10 mM (+/- 2 mM) (Figure 14, top). For NADP+, both enzymes displayed a Km in 

the µM range, as is usual for Zwf (Figure 14, bottom). This time the Km of the less common 

paralog is higher, with Zwf1’s Km of 43 µM (+/- 24 µM) exceeded by Zwf2’s Km of 330 

µM (+/- 58 µM). Another notable difference between the two enzymes is their Vmax, Zwf1 

reached 2.4 U/mg1 (+/- .5 U/mg) which Zwf2 almost doubled at 4.3 U/mg (+/- .5 U/mg). 

 

1 U - µmol min-1. µmol of product catalyzed by the enzyme per minute, also known as enzyme unit (U), in the 

specific conditions of the assayed. By then dividing the Unit with the mass of the enzyme present in the sample, 

typically mg, the activity of the enzyme by mass can be derived, which is commonly referred to as its specific 

activity. 
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Figure 14. Reaction rate of the Zwf paralogs as a function of substrate concentration. Zwf1 

indicated in blue, Zwf2 in yellow. Vertical lines indicate Km.  
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Gnd 

Gnd1 displayed high affinity for both its substrates, with 6PG Km at 43 µM (+/- 4 µM) and 

NADP+ Km at 13 µM (+/- 9 µM) (Figure 15). Specific activity was also acceptable, with 

Vmax at approximately 14.5 U/mg (+/- 0.5 U/mg). Activity of Gnd2 did not increase with 

higher substrate concentrations so assaying kinetic constants with any reliability was not 

possible with the method used. What can be established is that its activity is considerably 

lower than that of Gnd1, at least in vitro. 

All the enzymes in this study are multisubstrate enzymes, which complicates 

characterization of the enzymes but also allows for further study. By simultaneously varying 

the concentrations of the two substrates and examining the pattern in a Lineweaver-Burk 

plot it is possible to deduce likely enzyme mechanisms. Due to the difficulties encountered 

with the other enzymes Gnd1 is the only enzyme compatible with this approach (Figure 16). 

The resulting pattern of parallel lines is typical of double displacement reaction mechanisms 

(also known as ping-pong or bi-bi reactions), where upon receiving one of the substrates one 

of the products is displaced from the enzymes.  
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Figure 15. Reaction rate of the Gnd1 as a function of substrate concentration. Vertical 

lines indicate Km. 



39 

 

 

Figure 16. Lineweaver-Burk plots of Gnd1 activity, varying both substrate concentrations. 

Three different concentrations of NADP+ against three different concentrations of 6PG. 
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3.4 Enzyme modeling 

Homology modeling, while not perhaps very accurate, may still provide some insight into 

enzyme characteristics. An attempt at homology modeling of the enzymes was made using 

SWISS-MODEL (Zwf: Figure 17. Gnd: Figure 18). For all enzymes, matching template 

candidates were found in the SWISS homology database. Reliable models were produced 

for Zwf1, Zwf2 and Gnd1. For Gnd2, templates were generally of low similarity, which 

lowered model reliability. Homology profiles were similar across all the enzymes, with the 

core structures critical to catalysis being most reliable, even for the truncated Gnd2. 

Structures further away from the core varied the most, especially in domains likely to be 

involved in dimerization.  
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Figure 17. Homology models of Zwf1 (top) and Zwf2 (bottom). Catalytic center for G6P 

under the green overlay. The Rossman fold, a nucleotide α/β binding structure for cofactors 

such as NADP+, can be seen on the right side of the models. Binding sites for NADP+ are 

marked with a blue overlay, including the structural binding domain on the left side of the 

model. 
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Figure 18. Homology models of Gnd1 (top) and Gnd2 (bottom). Catalytic center for 6PG 

marked with a green overlay, with its possible location on Gnd2. Rossman fold on the right, 

with the NADP+ binding site marked with a blue overlay. 
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3.5 Phylogenetic analysis 

Phylogenetic analysis was conducted on the Zwf paralogs and similar paralogs from related 

species. For reference, a 16S rRNA species tree of paralog carriers were constructed with 

data from the EzBioCloud database (Figure 19) along with a phylogenetic tree of the 

paralogs constructed from NCBI BLAST (blastx, translated amino acid) results (Figure 20). 

The paralogs carried by Nostoc sp. N6 are 47% similar in sequence, so 55% similarity was 

considered a cut-off point to avoid false positives for each paralog. Multiple species across 

all cyanobacteria were found to carry similar Zwf paralog pairs. The last species before the 

cut-off point was Gloeobacter violaceus. Sequence similarity in the paralogs found in G. 

violaceus was similar to Nostoc sp. N6 at 49%.  

Regarding the other paralog set, Gnd1 is widespread across cyanobacteria but data on Gnd2 

is sparse outside of a closely related group of Nostoc, so phylogenetic analysis was not 

attempted. 
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Figure 19. Pruned 16S rRNA species tree of Zwf paralog carriers down to Gloeobacter 

violaceus (first branching point of the cyanobacteria clade). 
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Figure 20. Pruned tree of Zwf1 and Zwf2 within cyanobacteria, based on amino acid 

homology. E. coli included as a distant root. 



46 

The species tree was then compared with the Zwf paralog tree to identify incongruence, 

possibly due to gene transfers, duplications or losses (Zwf1: Figure 21. Zwf2: Figure 22). 

 

Figure 21. Possible phylogenetic discordance between Zwf1 tree and 16S rRNA tree. 

Potentially two losses and later transfers for Leptolyngbya and Calothrix. 
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Figure 22. Possible phylogenetic discordance between Zwf2 tree and 16S rRNA tree. 

Potentially single loss and transfer noted for Calothrix. 
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Further analysis was conducted on the species carrying Zwf paralogs based on data available 

at the NCBI, in an attempt to establish whether they shared some similar characteristics 

(Table 3.2). Nostoc sp. N6, the subject of this study, carries only a single copy of each 

paralog gene, and a single copy of the Zwf cofactor OpcA, which in Nostoc sp. N6 is 

downstream of Zwf1 in the same operon. This pattern was similar in other carriers, only a 

single copy of OpcA was ever present, regardless of the paralog. In a Microcoleus strain 

three closely related Zwf1 paralogs (duplications) were present. For Zwf2, Fischerella sp. 

4106 and Scytonema sp. HK-05 had an additional copy of the paralog. 

Table 3.2. Species carrying Zwf paralogs related to the Nostoc sp. N6 paralogs. Species in 

a descending order of similarity to Nostoc sp. N6, until Gloeobacter violaceus is reached. 

Species 

# of Zwf1 

paralogs 

# of Zwf2 

paralogs 

Copies of 

OpcA  

Nostoc sp. N6 1 1 1 

Brasilonema oct. 1 1 1 

Fischerella sp. 4106 1 2 1 

Scytonema sp. HK-05 1 2 1 

Hassallia byss. 1 1 1 

Microcoleus 3 1 1 

Calothrix cr. 1 1 1 

Tolipothrix bou. 1 1 1 

Scytonema hofm. 1 1 1 

Hapalosiphon. JJU2 1 1 1 

Mastigocluds lami. 1 1 1 

Leptolyngbya bory. 1 1 1 

Gloeobacter violaceae 1 1 1 



49 

4 Discussion 

Gene duplication occurs spontaneously in Nature. For particularly vital genes one might be 

tempted to consider them beneficial, but the metabolic cost incurred by a redundant copy 

seems to be substantial, especially in bacteria. Genetic paralogs that offer no novel 

functionality are quickly silenced, removing any selective pressure to maintain them (Lynch, 

2000). This study has peered into the characteristics of two gene paralogs of critical 

glycolytic enzymes (Zwf and Gnd) within Nostoc sp. N6 to establish which functionalities 

may provide for their continued evolutionary survival within the genome. The primary 

objective of the study was the comparison of optimal pH and kinetic constants between the 

paralogs, both of which were established for all enzymes except for the kinetic constants of 

Gnd2, for reasons detailed above and below. Further investigation was carried out through 

phylogenetic analysis, which revealed the long genetic history of the Zwf paralog whose 

point of origin seems to extend further than the development of Cyanobacteria. Enzyme 

structure models were also created through homology modeling in an attempt to investigate 

structural anomalies between the paralogs. Beyond that, some unique characteristics of the 

enzymes also revealed themselves during the execution of the study. 

Zwf paralog 

A major obstacle, encountered while studying the Zwf paralogs, was their high tendency for 

aggregation. This was incompatible with the intended His-tag affinity column purification 

so it was countered by expressing the genes at 20 °C rather than the recommended 37 °C for 

the expression strain used. Even lower temperatures (with the associated slower growth and 

expression) might have improved the ratio of enzyme in solution further but the amount of 

enzyme retrieved through this approach was considered sufficient, so it was not attempted. 

Generally Zwf is observed as a homodimer or a homotetramer, so aggregation to a certain 

degree is a natural trait for it. In a study of a closely related Zwf from Nostoc punctiforme 

ATCC 29133 it was observed as a homotetramer. A low-activity highly aggregated state was 

also encountered, which was theorized to not be present in vivo (Hagen & Meeks, 2001). 

Another obstacle encountered while assaying the enzymes was the short half-life of Zwf2, 

where activity levels could be expected to decrease by approximately half over the course of 

an experiment (3-4 hours). This was in contrast to Zwf1 which displayed no great variation 

between measurement series even during lengthier experiments. However, despite the 

seemingly clear difference between the enzymes, Zwf2 could be much more stable in vitro, 

or when in complex with its likely cofactor OpcA. 

No significant difference in optimal pH was discovered between the enzymes (Zwf1: 6.65, 

Zwf2: 6.20). Zwf2 possesses a wider peak but both enzymes share a large portion of their 

functional range, so it is unlikely that pH is a factor in maintaining the paralog. The following 

kinetic assay revealed a stronger difference between the enzymes. Zwf in cyanobacteria is 

regulated by the redox activated OpcA, which when oxidized and in complex with Zwf 

lowers its Km substantially for both substrates, with a greater change for G6P (Hagen & 

Meeks, 2001; Mihara et al., 2018; Summers et al., 1995). Zwf1 displayed a Km of 22 mM 

for G6P, which is comparable to other Zwf which require OpcA for activation. The Km of 
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Zwf2 was significantly lower at 10 mM, an affinity closer to the Km reached during 

activation by OpcA-reliant Zwf. This pattern was reversed for NADP+, where Zwf2 

displayed a Km of 330 µM, almost eight times greater than Zwf1’s Km of 43 µM for the 

substrate. It is possible that Zwf2 does not rely on activation by OpcA for increased affinity 

towards G6P. Rather, the effect of OpcA on affinity for NADP+ could be a greater factor in 

the activation of Zwf2. Another possibility introduced by the low Km is that Zwf2 does not 

form a complex with OpcA, which would set it significantly apart from Zwf1. The Zwf 

paralogs displayed similar activity at Vmax (Zwf1 2.4 U/mg, Zwf2 4.3 U/mg), which is not 

significantly affected by OpcA activation (Mihara et al., 2018). However, due to its 

instability in vitro, significant enzyme degradation was inevitable for Zwf2 while proceeding 

through the purification process. In vivo activity might be higher. 

In addition to the kinetic characterization, phylogenetic analysis was carried out on the Zwf 

paralogs. This revealed a long phylogenetic history behind the paralogs, which was present 

in multiple species across the phylum including Gloeobacter violaceus, which branched off 

the cyanobacterial tree approximately 3 billion years ago (Schirrmeister et al., 2015). The 

trees constructed were limited to cyanobacteria so G. violaceus was the most distant branch 

that included the paralogs. However, it is possible that the paralog origin precedes 

cyanobacteria, as sequence similarity between the paralogs found within G. violaceus was 

still significantly low, at 49% compared to Nostoc sp. N6’s 47%. Further phylogenetic 

analysis examined the number of paralog genes present in species carrying the Zwf paralogs 

and the number of OpcA genes within the genome. In Nostoc sp. N6, OpcA is expressed 

directly following Zwf1 in an operon, and is encoded by a single copy within the genome 

with no genetic association with Zwf2. Additional gene copies for each paralog were present 

within some species. However, there was never a second copy of opcA in any of the genomes 

examined. Due to being in an operon with zwf1, the enzyme and the cofactor would be 

produced at a fixed ratio to form a complex, probably leaving no cofactor available for Zwf2. 

However, precisely how placemant in an operon affects the expression of its genes can vary 

substantially (Sáenz-Lahoya et al., 2019; Ziemke & McCarthy, 1992), so further study would 

be required to explore this relationship. 

Gnd paralog 

The Gnd1 paralog was expressed and isolated with no significant issues. In contrast, the 

greatest issue encountered with Gnd2 was its low level of activity, which first became 

apparent during initial trials and continued throughout the study. Optimal pH of the enzymes 

differed to a much greater degree than the optimal pH of the Zwf paralogs. Gnd1 displayed 

a wide peak at pH 7.8 while Gnd2 peaked at 5.65, separating the two clearly. The activity of 

Gnd2 at optimum was still much lower than that of its paralog.  It is curious that the Gnd1 

optimum varies so greatly from the optimum noted for the Zwf paralog, as it is the following 

reaction in the OPP pathway. Establishing cytosol conditions of the N6 strain was not within 

the scope of this study. However, if cytosol pH level favors Zwf, the wider activity range of 

Gnd1 would allow it to retain significant activity at that pH level despite its different 

optimum. Studies of cytoplasmic pH levels in cyanobacteria are rare, but in Synechococcus 

they were established to be 6.9-7.0 in light conditions and 7.5-7.6 in dark conditions, along 

with a similar pH optimum for both enzymes around pH 7.0-7.5 (Lubberding & Bot, 1984). 

If that is also the case for Nostoc sp. N6, the conditions in the cytoplasm would slightly favor 

Gnd1 but still remain largely within the activity range of Zwf1. The effect of OpcA on pH 
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optimum of Zwf is also unknown, activated and in complex with the cofactor it might shift 

closer to Gnd1 as was the case in the study by Lubberding & Bot. 

The kinetic assay of Gnd1 revealed a low Km of 43 µM for 6PG and 13 µM for NADP+, 

which is comparable to kinetic constants of Gnd in other cyanobacteria (Lubberding & Bot, 

1984). Due to the low activity of Gnd2, establishing its kinetic constants was not possible, 

as the change in absorption proved insufficient to establish any significant values. Why its 

activity is so low is difficult to establish exactly, but its nature can be speculated upon. 

Homology modeling of the enzyme revealed that the smaller Gnd2 mainly consists of the 

substrate binding core of the enzyme, which Gnd1 has surrounded by additional domains. 

Analysis of the phylogeny of the paralogs in a similar manner to the analysis carried out for 

the Zwf paralog was considered. However, as Gnd2 did not have a significant phylogenetic 

history, in contrast to Gnd1 which had a wide phylogeny of highly similar sequences within 

cyanobacteria, the analysis was not conducted. These facts, combined with its minimal 

activity, point to Gnd2 being a now silenced and degraded duplication that originated within 

a close ancestor. Having failed to provide any significant novel function the duplicated gene 

is slowly disintegrating due to naturally occurring mutations, yet was recognized as Gnd 

during genome annotation (Gagunashvili & Andrésson, 2018) due to the well-preserved and 

still slightly functional catalytic core. 

As Gnd1 proved to be easily purified, stable in vitro and displayed good activity at low 

substrate concentrations, conditions none of the other enzymes met, it was possible to 

examine the enzyme’s mechanism by varying the concentration of both substrates at the 

same time. In the resulting Lineweaver-Burk graphs, the enzyme displayed parallel lines, 

indicating a double displacement mechanism. Sources for comparison are rare, but in the 

distant cyanobacterial relative Synechococcus 6307 the mechanism appears ordered 

(Lubberding & Bot, 1984), which matches the mechanism of the even more distant relative 

Corynebacterium glutamicum (Moritz et al., 2000). Regardless of this mismatch, further 

examination would be required to accurately confirm the mechanism. 

Conclusion 

Cyanobacteria play a significant role in our ecosystem, and understanding their metabolic 

capabilities is vital to assessing the impact of environmental changes. By examining these 

two sets of paralogs this study has shed some light on the metabolic characteristics of 

glycolysis within Nostoc sp. N6. The Zwf paralogs proved to be especially interesting, with 

their long history extending across the entire phylum of Cyanobacteria. The kinetic results 

strongly indicated activation by OpcA, but its relationship with the less common paralog is 

questionable and may deviate from the common trend. Considering the importance of the 

OPP pathway to cyanobacteria, further investigation into this alternative G6PD could reveal 

unrealized metabolic characteristics shared by multiple species of cyanobacteria.
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Appendix 

Gene Sequences 

Zwf1 

Locus: NPM_5584 – bp: 1530 – aa: 509 – 6781329:6782858 reverse 

-100 

CCAAAACCCAGTACCCAAAACCCAGTACCCAATCCCCAGTACCCAATCCCCAGTACCCAATCCC

AATCTCAAAATCCAAAATCCAAAATCCAAAATTCCT 

ATGGTTAGTCTGCTAGAAAATCCCTTGCGCGTTGGCCTGCAACAACAAGGGATGGCTGAACCCC

AGATTATAGTTATCTTTGGCGCTTCTGGCGATCTCACCTGGCGCAAACTAGTGCCAGCACTTTAT

AAATTGCGGCGAGAACGGCGTATTCCTCCAGAAACTACCATTGTCGGTGTAGCACGACGAGAA

TGGAGCCATGAATACTTCCGCGAACAAATGCAGAAAGGCATGGAAGAGGCACATCCTGATGTC

GATTTAGGGGAACTCTGGCAAGATTTCTCTCAAGGTCTGTTCTACAGTCCTGGGGATATAGACA

ACCCCGAAGGCTACCAAAAACTAAAAACCTTACTGAGTGAATTAGACGAAAAACGGGGCACGC

GAGGTAATCGCATGTTCTACCTCTCCGTTGCGCCCTCATTCTTTCCCGAAGCGATTAAGCAGCTA

GGAAGCGGCGGGATGCTAGAAGATCCCTACAAACATCGTCTAGTAATTGAAAAACCCTTTGGTC

GAGACTTGGCTTCTGCCCAAAGTCTTAACCAAGTGGTACAGAAATATTGCAAAGAAAATCAAGT

CTACCGGATTGACCACTACTTGGGTAAAGAAACAGTCCAGAATTTGCTGGTGTTTCGCTTTGCT

AATGCAATTTTTGAACCCTTGTGGAATCGTCAATTTGTTGACCACGTGCAAATTACCGTAGCAG

AAACCGTAGGCGTGGAAGACCGGGCTGGCTACTATGAAAGCGCTGGCGCACTGAGGGATATGT

TGCAAAATCACCTCATGCAACTTTACTGCTTAACAGCGATGGAAGCGCCAAACGCAATGGATGC

CGACAGCATTCGCACAGAAAAAGTGAAGATACTCCGTGCTACTCGTTTAGCTGATGTTCACAAT

CTGTCGCGGTCAGCAGTCCGAGGTCAGTACAGTGCCGGCTGGATGAAAGGTCAAGAAGCGCCA

GGATATCGGACAGAACCAGGTGTTAACCCCAACTCCACCACACCCACTTATGTAGCGATGAAGT

TTTTGGTAGACAACTGGCGCTGGAAAGGTGTTCCTTTCTACTTGCGTACCGGAAAGCGGATGCC

GAAAAAAGTGAGTGAGATTTCCATTCACTTCCGCGAAGTTCCATCCCGGATGTTCCAATCTGCC

GCCCAACAAACAAACGCCAACATTTTGACGATGCGGATTCAGCCAAATGAAGGTATTTCCCTGC

GTTTTGATGTGAAAATGCCAGGGGCAGAATTCCGCACCCGTTCCGTTGATATGGACTTTAGTTA

TGGTTCCTTTGGCATCCAAGCAACATCCGATGCCTACGATCGCTTATTCCTTGATTGTATGATGG

GCGATCAAACATTGTTTACACGAGCGGACGAAGTAGAAGCAGCTTGGCAAGTAGTAACACCAG

CCCTTTCCGTTTGGGATGCACCCACCGATCCAAAGACTATTCCCCAATACGAAGCCGGTACTTG

GGAACCAGCAGAAGCAGAATTCTTAATTAACCAAGATGGCCGTCGCTGGCGCAGACTCTAA 
ATATTAGTCATTAGTCATTGGTCATTAGTCACTAGCAAAAACAAATGACGAATGGCAAATGACA

AATGACAAACGACAAACGACAAAATCCAAAACTACT 

+100 
 

Zwf1 aa 

MVSLLENPLRVGLQQQGMAEPQIIVIFGASGDLTWRKLVPALYKLRRERRIPPETTIVGVARREWSH

EYFREQMQKGMEEAHPDVDLGELWQDFSQGLFYSPGDIDNPEGYQKLKTLLSELDEKRGTRGNRM

FYLSVAPSFFPEAIKQLGSGGMLEDPYKHRLVIEKPFGRDLASAQSLNQVVQKYCKENQVYRIDHYL

GKETVQNLLVFRFANAIFEPLWNRQFVDHVQITVAETVGVEDRAGYYESAGALRDMLQNHLMQLY

CLTAMEAPNAMDADSIRTEKVKILRATRLADVHNLSRSAVRGQYSAGWMKGQEAPGYRTEPGVNP

NSTTPTYVAMKFLVDNWRWKGVPFYLRTGKRMPKKVSEISIHFREVPSRMFQSAAQQTNANILTMR

IQPNEGISLRFDVKMPGAEFRTRSVDMDFSYGSFGIQATSDAYDRLFLDCMMGDQTLFTRADEVEA

AWQVVTPALSVWDAPTDPKTIPQYEAGTWEPAEAEFLINQDGRRWRRL #  
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Zwf2 

Locus: NPM_5038 – bp: 1536 – aa: 511 – 6087612:6089147 reverse 

-100 
CCAAAATATTATAATTAAGGTGAGTTTATTGACAATAAACTGTTGTCTGCAATGCGGTATAGTTT

GGTGGATGTCTTGAAGAATATGCGGAGATTTTATC 

ATGACGGCTGCCACCACGCCCCAGGTTCCTGTTGAACCCTCAATCCATTCAGCAAAACCCTGTG

CGATCGTTATCTTTGGAGCAGCAGGAGATTTAACCAAGCGTCTGTTGCTTCCCGCTCTCTACAAC

CTAAAAGTTAACAATTTGCTGCCACAGGAATTTGCGATTATTGGAGTTGCACACACTTCAATGA

GCCAAGACGATTTTCGCAGCAAACTCTCTCAAGACATCCATGAGTTCGCAACAGTTTCTGTAGA

GGATCGTCTCTGGCAACCGCTTGAGCAACGATTGTACTATCTTGCAGGTGAATTTCAATCAGCT

GACACTTACCATCAGTTGCAAGACTTACTCACTCAAGTCGATCGAGAATGTGGCACTCAGGGAA

ACTATTTGTTCTATTTGGCAACTGCCTCTAACTTCTTTTGCGATATCGTTACACAACTGGGTGCG

TCAGGATTGGTGCGTGAAGACAATAATCAATGGCGGCGAGTCATCATTGAGAAACCCTTTGGAC

ACGACTTGGATTCGGCTCGTACCCTGAACAAATCCATTAGTGCTGTCCTTGAAGAAAAACAGAT

ATACCGCATCGATCACTATCTGGGAAAAGAGACTGTACAAAACATTCTGGTATTTCGGTTTGGT

AATGGCTTGTTTGAACCGATTTGGAATCGCGAACATATCGATCGCGTACAGATTACCGTTGCCG

AAACTGTTGGAGTCGAAGGCAGAGGCAATTTCTATGAAGGCACTGGGGCATTACGGGACATGG

TGCAAAACCATCTGTTTCAACTGCTGGCAATGACGGCGATGGAACCGCCAATCTCGTTTTCAGC

CGATGAGGTGCGTGATGAAAAGTCAAAACTATTGAAGTCCATTATTCCGTTCACTGCTGAAACT

GTGCAAACTCATACTGTAAGGGGACAGTATGGTGCGGGAACGGTGAAGGATACTCAAGTGCCT

GCTTATCGCTCGGAGTCACGAGTTGCATCAGATTCTACCACTGAAACTTATGCTGCCTTGAAGTT

GAACATCGACAACTGGCGCTGGGCAGGGGTACCGTTTTATCTCCGAACCGGCAAGCGTCTGGCT

CAACGGGTAACTGAAATTGCGATTCAATTTAAGCAAGTACCGTCATTATTGTTTCGCAATACCT

CGATGGATCGCCTCACACCCAATTTTTTGACCATCCGCATTCAACCAAAGGAGGGAATTCACCT

CCAATTTGGTGCGAAGGTGCCTGGCCCCGCGATGACAATGGATGCGGTGGAAATGAACTTTTGC

TACAACGATCGCTTTGGCAAGATCCCAAGTACTGGCTATGAAACCTTGCTCTACGACTGTATGA

TTGGTGATGCGACTTTGTTTCAGCGATCTGACAACGTAGAATTGGGCTGGAAGGTCGTCAGCCC

CATTCTGGAGGCTTGGGCAACTTCGTCTGAAAATTTGACAACCTACACAGCAGGCTCATGGGGG

CCATTGGCAGCAGATGATTTGTTGATCCGCGATGGTTGGCAATGGCTGCCGATTCATCCATGA 
TTCTTACTAGAGAGATTGACTTTCTTTGAAGTGGAAGGGATATTCCATTGCTTTTCTCTCATTTCT

CCACTTGGATATTGACTCATTCTATAGTCATCCT 

+100 
 

Zwf2 aa 

MTAATTPQVPVEPSIHSAKPCAIVIFGAAGDLTKRLLLPALYNLKVNNLLPQEFAIIGVAHTSMSQDD

FRSKLSQDIHEFATVSVEDRLWQPLEQRLYYLAGEFQSADTYHQLQDLLTQVDRECGTQGNYLFYL

ATASNFFCDIVTQLGASGLVREDNNQWRRVIIEKPFGHDLDSARTLNKSISAVLEEKQIYRIDHYLGK

ETVQNILVFRFGNGLFEPIWNREHIDRVQITVAETVGVEGRGNFYEGTGALRDMVQNHLFQLLAMT

AMEPPISFSADEVRDEKSKLLKSIIPFTAETVQTHTVRGQYGAGTVKDTQVPAYRSESRVASDSTTET

YAALKLNIDNWRWAGVPFYLRTGKRLAQRVTEIAIQFKQVPSLLFRNTSMDRLTPNFLTIRIQPKEGI

HLQFGAKVPGPAMTMDAVEMNFCYNDRFGKIPSTGYETLLYDCMIGDATLFQRSDNVELGWKVVS

PILEAWATSSENLTTYTAGSWGPLAADDLLIRDGWQWLPIHP *   
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Gnd 1 

Locus: NPM_0287 – bp 1431 – aa 476 – 375694:377124 forward 

-100 

GCCCTTTATTCAAGTCTTAAGGTCTTCTTTAGGGGAGAACGGAAAATATCGGACTACCCTTATA

GGTAAAGGATCTGCAAGAGTTAGCCAGAAATTTTTT 
ATGACACTACAAAGCTTTGGTGTGATTGGATTAGCCGTTATGGGTGAGAACATCGCTCTCAACG

TTGAGCGCAATGGCTTCCCAATTGCAGTTTACAACCGCTCCCGCGAAAAAACGGATGCGTTTAT

GGCGCAGCGTGCGCCAGGAAGGAACGTCAAAGCCGCTTTTACTCTGGAAGAATTCGTCGCCTTA

TTGGAACGTCCCCGCAAAATTCTAGTAATGGTGCAAGCTGGTAAGCCAGTGGATGCGGTGATTG

CTCAACTAAAACCTTTGTTAGACGAAGGCGATATCATTATCGACGGTGGCAACTCTTGGTTTGA

AGATACAGAACGACGCACTCAGGAATTAGAACCGGCTGGGCTTCGGTATCTTGGTATGGGTGTC

AGTGGCGGTGAAGAAGGGGCGCTCAACGGCCCTTCACTAATGCCCGGAGGTACAACAAGCTCT

TACGAGTTTCTATCACCAATTTTCAACAAAATTGCTGCCCAAGTCGATGATGGCCCTTGTGTAAC

CTATATTGGCCCCGGTGGTTCTGGCCATTATGTCAAAATGGTACACAACGGTATTGAGTATGGC

GATATGCAGCTAATTGCTGAAGCCTACGACTTGCTGAAAAATGTCGCTGGATTAAACCCTAGTC

AGCTACATGATGTGTTTGCTGAATGGAACACCACCGATGAACTCGATTCATTTTTGATTGAGATT

ACGAAGAATATCTTCCCATATATTGACCCAGAAACAAATAAACCCCTGGTGGATTTGATTGTTG

ATGCAGCAGGTCAAAAGGGAACTGGACGCTGGACTGTGCAAACTGCATTGGAATTGGGAGTTG

CTATTCCCACAATTACAGCCGCAGTTAATGCCCGGATTATTTCTTCGATTAAAGACGAGCGGGT

TGCAGCATCGAAAGTCCTCACAGGCCCCAGTGGCAAGTATGACGGGCAAACTAAGGACTTTAT

CAACAAAGTACGCGATGCTCTCTATTGCTCAAAAATCTGTTCTTATGCTCAAGGGATGGCGTTG

CTATCCACAGCTTCCAAAACATATAACTGGAATTTGGATCTGGGCGAAATGGCGCGGATTTGGA

AGGGCGGTTGTATTATTCGCGCTCGCTTTTTGAATAAGATTAAAAAGGCTTTTAGCGAAAATCC

AGCTTTGCCTAACTTGCTGTTAGCTCCCGAATTTAAGCAGACAATTCTCGACAGACAGACTGCTT

GGCGGGAAGTAATTGCGACAGCCGCAACAGTAGGAATTCCAGTCCCCGCATTTAGCGCATCCTT

GGATTATTTTGACAGCTATCGCCGCGATCGCTTACCTCAAAATCTAACTCAAGCACAACGCGAC

TACTTCGGCGCACATACCTACCTACGTCTTGACAAACCCGGAAGTTTCCATACTGAATGGGTAC

CTATTGCTGAAGCTAAGAAGTAA 
GCTTTTGCACATCTGTATCAAAATATTGTGAAAGGTTAGTCAGTTTTCTAAATACAGATTTCAAA

GTGGCTCTGAGTTTCAGAGCCACTTTTTTTAACGT 

+100 
 

Gnd 1 aa 

MTLQSFGVIGLAVMGENIALNVERNGFPIAVYNRSREKTDAFMAQRAPGRNVKAAFTLEEFVALLE

RPRKILVMVQAGKPVDAVIAQLKPLLDEGDIIIDGGNSWFEDTERRTQELEPAGLRYLGMGVSGGEE

GALNGPSLMPGGTTSSYEFLSPIFNKIAAQVDDGPCVTYIGPGGSGHYVKMVHNGIEYGDMQLIAEA

YDLLKNVAGLNPSQLHDVFAEWNTTDELDSFLIEITKNIFPYIDPETNKPLVDLIVDAAGQKGTGRW

TVQTALELGVAIPTITAAVNARIISSIKDERVAASKVLTGPSGKYDGQTKDFINKVRDALYCSKICSY

AQGMALLSTASKTYNWNLDLGEMARIWKGGCIIRARFLNKIKKAFSENPALPNLLLAPEFKQTILDR

QTAWREVIATAATVGIPVPAFSASLDYFDSYRRDRLPQNLTQAQRDYFGAHTYLRLDKPGSFHTEW

VPIAEAKK #  
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Gnd 2 

Locus tag: NPM_5869 – bp: 888 aa – aa 295 – 7185383:7186270 forward 

-100 
TTTGATTTAAATACGGCATCTACATCAACATGTCGTATTTTATTGATAACTCAACTACCTGAATC

AACTTGTCAGCCATAAAATAAATATAAAACTTTCT 
ATGCCTATCCAAACTATTGGTATTTTAAGCCCAGGTGATATGGGGCAGGCGATCGCAGCTGTTC

TCAATCAAAATGGATTGAAAACTATTGCTGCTCTAGACAATCGCAGCGAACGAACTCGGCAATT

AGCAGCCGCAGCCAATATTCAAGATGTAGGTTCGCTTACACAACTGGTAATTGAATCTGATGTA

ATTTTATCAGTTCTAGTCCCCGCAGCCGCCACAGAAGCAGCGAATCTTGTAGCTGAGGCGATGG

GCAATGTTGGTAAACAGATCCTCTATGTTGACTGTAATGCGATCGCACCCCAAAAAGTCATAAA

TATCGCCCAACTCATCGAATCAGTTGGCGGAACATTCGTAGATGCATCAATCATTGGCCCGCCA

CCACGAATTCCCAATCGTACCCGCATATACACTTCAGGAAAACAAGCACATCAACTCCAACAAC

TGCGAGATTGTGGCTTAGATGTGCGGATAATTGGCGATGAAATTGGTCAGGCTTCGGGGTTAAA

AATGTCATACGCAGCCCTGACAAAAGGACTTACAGCAATTAGCACAGAATTGCTGATTGCAGCC

CATCGTTTAGGCTTGGATAAGGAACTATGGGATGAAATATCTAATAGCCAAAAGGAACTTGCTA

GCATATTAACCCGTTCCATTCCAGCGATGACACCAAAAGCGCATCGTTGGGTAGGAGAAATGG

AAGAGATTGCAGAAACCTTTAAAGATTTAGGTCTGACTGAGCGCATTTTTCACGGAGCAGCCGA

CGTTTACCGCTTGGTGAAAGAAACCTCTTTGGGTAAGGAAACACTAGAAGAATCAAATAGCGA

TCGCCCCTTAGATGAAATCATTACAATCCTCTCCAATGAAGCAATTTCCGACACCTAG 
ATGACGCTGGAGGCTGACCCAAAGCACGCCGAGTTACGTTATTTGGTCAGTCTTGGGAGCGATT

TTGAGGGAACAAGTAGGCGATCGCAGCGTAACCCGA 

+100 
 

Gnd 2 aa 

MPIQTIGILSPGDMGQAIAAVLNQNGLKTIAALDNRSERTRQLAAAANIQDVGSLTQLVIESDVILSV

LVPAAATEAANLVAEAMGNVGKQILYVDCNAIAPQKVINIAQLIESVGGTFVDASIIGPPPRIPNRTRI

YTSGKQAHQLQQLRDCGLDVRIIGDEIGQASGLKMSYAALTKGLTAISTELLIAAHRLGLDKELWDE

ISNSQKELASILTRSIPAMTPKAHRWVGEMEEIAETFKDLGLTERIFHGAADVYRLVKETSLGKETLE

ESNSDRPLDEIITILSNEAISDT  
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Primers used for PCR isolation and Gibson cloning 

Gibson plasmid complement 
F: GTTTAACTTTAAGAAGGAGATATACC 

R: CGAGTGCGGCCGCAAGCTTGTCGAC 

zwf1_F: 
GTTTAACTTTAAGAAGGAGATATACCATGACGGCTGCCACCAC 

zwf1_R: 
CGAGTGCGGCCGCAAGCTTGTCGACTGGATGAATCGGCAGCCATTG 

 

zwf2_F: 
GTTTAACTTTAAGAAGGAGATATACCATGGTTAGTCTGCTAGAAAATCCCTTGC 

zwf2_R: 
CGAGTGCGGCCGCAAGCTTGTCGACGAGTCTGCGCCAGCG 

 

gnd1_F: 
GTTTAACTTTAAGAAGGAGATATACCATGACACTACAAAGCTTTGGTGTG 

gnd1_R: 
CGAGTGCGGCCGCAAGCTTGTCGACCTTCTTAGCTTCAGCAATAGGTACC 

 

gnd2_F: 
GTTTAACTTTAAGAAGGAGATATACCATGCCTATCCAAACTATTGGTATTTTAAGC  

gnd2_R: 
CGAGTGCGGCCGCAAGCTTGTCGACGGTGTCGGAAATTGCTTCATTG 

 

SDS PAGE gallery 

 

 
Expression cultures cultivated at 37 °C. 
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Expression cultures cultivated at 20 °C. 

 
Gnd2 DEAE column purification to decide suitable NaCl mM for elution. 

 

Gnd2 Ni-NTA column purification of DEAE elution. 
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Zwf2, DEAE column purification to decide suitable NaCl mM for elution. 

 

Zwf2, Ni-NTA column purification of DEAE elution. 

 

Gnd1, two samples proceeding through Ni-NTA purification. 


