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Abstract 

Biological nitrogen fixation (BNF) allows plants to utilize atmospheric nitrogen for their 
nutrient needs, through a symbiotic relationship with rhizobia and has attracted 
considerable attention of the scientific community due to its potential to enhance 
sustainability in agriculture. Recent studies, focusing on model legume Medicago truncatula, 
imply an active role of glycoprotein GBP1 during nodulation, which is an important step in 
the establishment of the legume-bacteria relationship. The physiological properties of this 
protein remain poorly studied. Structural data indicate the existence of nine N-glycosylation 
sites plus one predicted site that could not be observed in the crystal structure. To 
investigate the importance of glycosylation in the physiological function of the protein, 
constructs with their glycosylation sites mutated were expressed in Nicotiana benthamiana 
and their structural stability and enzymatic activity were examined using nano differential 
scanning fluorimetry and reducing sugar assays. 
Mutations affecting glycosylation resulted in a decrease in both protein stability and 

enzymatic activity, with the extent of these effects being highly site-dependent. This 

decreases across the mutants suggests that glycosylation contributes to both the structural 

integrity and functional efficiency of MtGBP1. Interestingly, the fully deglycosylated mutant 

apoGBP1 retained enzymatic activity and exhibited higher melting temperatures than 

variants with only single glycosylation site disrupted, shedding light in the non-additive 

effects of accumulation of mutations. Overall, these findings underline the importance of 

site-specific N-glycosylation in maintaining MtGBP1 stability and function and provide new 

insights into the role of site-specific glycosylation in regulatory role of glycosylation in 

enzyme activity. 

 

  



 

Popular Scientific Summary 

Nitrogen is an essential nutrient for plant growth, and even though it is abundant in the 
atmosphere, not all plants can utilize it. This is possible through a biological process that is 
called nitrogen fixation. This process is especially important in agriculture, where plants are 
in need of chemical fertilizers. The extensive use of N-fertilizers contributes to 
environmental problems, like water pollution and greenhouse emissions. Understanding 
how biological nitrogen fixation works, could help in the reduction of chemical fertilizers 
usage and therefore lead to more sustainable farming practices.  
Some plants, particularly legumes, have developed a symbiotic relationship with nitrogen-
fixing bacteria, also known as rhizobia. This mutualistic relationship allows plants to obtain 
nitrogen from rhizobia, while rhizobia receive carbon from the plant and live in root nodules 
that support their growth. This interaction is being coordinated by complicated chemical 
and molecular signals. Even though, the early stages of the symbiotic relationship are well 
studied, in order to be able to utilize it, it is important to comprehend the mechanisms that 
regulate this process in the long run. 
Recent studies on the model legume M. truncatula, led to the identification of glycoprotein 
GBP1 that appears to have a regulatory role in nitrogen fixation, and more specifically a 
negative one.  
Structural data of GBP1 showed that it is a heavily glycosylated protein, indicating that 
glycosylation plays an important role in its structure and activity. Glycosylation is one of the 
most common post translational modifications, when sugar molecules get attached to 
specific amino acids.  
In this study, we investigated how glycosylation affects the activity and stability of a glycan-
binding protein, GBP1, naturally expressed in M. truncatula (MtGBP1). We used genetic 
engineering to modify specific glycosylation sites so that sugar attachment could no longer 
occur. Both the normal and modified versions of the protein were produced in Nicotiana 
benthamiana (tobacco) and then compared, by measuring their enzymatic activity and 
assessing their structure stability under heat stress. All mutants showed reduced catalytic 
activity at different rates. Regarding the structural stability of the mutants, the results were 
also variant; one mutant showed no difference by the disruption of its glycosylation site, 
while other mutants depicted more than 10% lowered melting temperature.  
By understanding how glycosylation influences MtGBP1, this study provides new insight 
into how glycosylation affects the local and global structure of proteins and how site-
specific mutations can bring unexpected results.  
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1 Introduction 

The utilization of atmospheric nitrogen by microorganisms for nutrient purposes 

is referred to as biological nitrogen fixation (BNF) (Guo et al., 2023). BNF allows 

plants to utilize atmospheric nitrogen to satisfy their nutrient needs (Shamseldin, 

2022). This ability is limited only to specific plants that belong to four specific 

orders: Fabales, Fagales, Cucurbitales and Rosales. These plants form symbiotic 

relationships with specific microorganisms, the Rhizobia (Liu et al., 2025).  

This symbiotic relationship is formed through tightly regulated exchange of 

chemical and physical signals between the plant and the rhizobia. Firstly, plants 

that grow in low-nitrogen environments secrete signal metabolites called 

flavonoids. When the Rhizobia recognize these signals, they secrete 

lipochitooligosaccharides also called nodulation (Nod) factors that are perceived 

by the plants and a series of responses is triggered.  The next steps include the 

creation of infection threads, that allow bacteria to penetrate the plant, and the 

differentiation of the bacteria into bacteroids, specialized forms that can fix 

nitrogen (Roy et al., 2019). 

BNF has attracted significant scientific interest not only due to the complexity of 

these interactions, but also due to the potential achievement of more sustainable 

agricultural systems. Even though dinitrogen is abundant in the atmosphere, many 

crops, like cereals, do not have the ability to fix nitrogen naturally and rely on the 

use of chemical fertilizers to grow (Guo et al., 2023).  As the extensive use of 

chemical fertilizers leads to serious environmental problems, like greenhouse gas 

emissions and eutrophication of water, efforts are being made to improve the yield 

of high value crops such as like legumes, as well as to engineer non-legume crops 

with high agricultural interest, like maize, wheat and rice to acquire nitrogen-

fixing capacity (Shamseldin, 2022; Liu et al., 2025). Achieving these goals requires 

a detailed understanding of both early symbiotic signaling and the less-

characterized regulatory processes that occur once nitrogen fixation has been 

established within nodules. 

Among the different legumes, M. truncatula is an established organism model for 

molecular biology of legumes and for nitrogen fixation studies (Nandety et al., 

2022). M. truncatula was one of the first model legume organisms to have its 

genome sequenced due to its relatively small genome size (~400 Mb), short 

generation time (3-6 months) and ease of genetic transformation (Küster, 2013). 

Other reasons for its extensive use of as a model organism include its close relation 

with another agriculturally significant legume with more complicated genome to 

study, Medicago sativa L. (alfalfa) (Küster, 2013) and its biparental inheritance, 

that is uncommon among angiosperms (Nandety et al., 2022).  

While genetic studies conducted over the past two decades have shed light on the 

molecular and cellular processes underlying early signaling and nodule formation, 

less is known about the factors that regulate nitrogen fixation once the symbiotic 

relationship is established (Schwember et al., 2019). Greater insight into the later 
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stages of BNF is crucial for optimizing nitrogen fixation and increasing the 

agricultural value of legume crops.  

β-glucans are important structural components of microbial and fungal cell walls 

and can also function as signaling molecules during plant–microbe interactions. 

Proteins capable of recognizing or modifying β-glucans are therefore considered 

important regulators of plant defense and symbiotic communication. Although 

many GH81 family proteins are associated with pathogen defense, emerging 

evidence suggests that specific GBPs may have evolved specialized roles in 

maintaining symbiotic balance during beneficial plant–microbe interactions 

(Wanke et al., 2023).  

Glycan-binding proteins (GBPs) constitute a plant protein family that were initially 

identified for their ability to bind β-glycans (Umemoto, 1977). They belong to the 

hydrolase family 81 (GH81), which mainly consists of β-1,3-glucanases from fungi, 

higher plants and bacteria (Zhou et al., 2013). β-1,3-glucanases are abundant in 

plants and they engage in a variety of biological functions such as cell division, 

abiotic stress and defend of plants against pathogens (Balasubramanian et al., 

2012). This classification is sequence-based, therefore the physiological roles and 

subcellular localization of the GH-81 family members is rather wide (Fliegmann et 

al., 2005). Members of the GH-81 family have three main structural domains: a N-

terminal β-sandwich domain, a small α/β domain and C-terminal catalytic (α/α6) 

barrel domain (Pluvinage et al., 2017). The isolation of GBP from soybean (Glycine 

max L.) confirmed its classification in GH81 family. GBPs utilize laminarin, curdlan 

and pachyman as substrate (Fliegmann et al., 2005). Also, they are composed by 

two different domains for two different functions; one containing β-glyxan-binding 

site and the other related to glucan endoglucanase. (Fliegmann et al., 2004). 

Recent studies, focusing on M. truncatula GBP1 (MtGBP1) (Figure 1), showed that 

mutants with non-functioning GBP1 demonstrated increased nitrogenase activity 

and mutants with overexpressed protein showed decreased nitrogenase activity, 

indicating GBP1 acts as a negative regulator of nitrogen fixation in M. truncatula 

(Gavrin et al., 2025). Also, in contrast to other GBPs, MtGBP1’s expression is not 

induced by pathogenic fungi (Botrytis cinerea, Rhizoctonia solani) or oomycete 

Phytophthora palmivora; suggesting that the protein plays a role in symbiosis but 

not in pathogen defense (Gavrin et al., 2025). To understand the regulatory 

function of MtGBP1 at the molecular level, it is important to examine not only its 

enzymatic activity but also its structure and post-translational modifications. 

Currently more than 200 different post-translational modifications of plant 

proteins are known with glycosylation being one of the most common and most 

complicated (Larskaya et al., 2024). Glycoproteins are divided into two categories 

based on the molecule that the sugars attach to: N-linked and O-linked. N-linked 

glycoproteins attach sugars to the amide nitrogen in the side chain of asparagine 

residues, or in some cases arginine, while O-linked glycoproteins have sugars 

attached to the oxygen atom in the side chains of serine or threonine residues, and 

occasionally tyrosine or other amino acids containing hydroxyl groups. All N-

linked oligosaccharides share a common pentasaccharide core made up of three 
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mannose residues and two N-acetylglucosamine residues (Berg, Tymoczko & 

Stryer, 2002; Eichler, 2019).  

Protein glycosylation occurs in all eukaryotic cells and involves the addition of 

glycans that can alter the protein’s stability, location and functional properties 

(Nagashima et al., 2018; Strasser et al., 2022). In plants, N-linked glycans are also 

important for protein folding, enzymatic activity, and stress responses, thereby 

contributing to plant growth and development (Larskaya et al., 2024). N-

glycosylation of plant proteins is initiated in the endoplasmic reticulum (ER), 

where oligosaccharyltransferase transfers a preassembled glycan to asparagine 

residues, before further processing in the Golgi apparatus (Strasser et al., 2022). 

Understanding plant N-glycosylation is also important for biotechnology 

applications, as plants are increasingly used as expression systems for 

recombinant glycoproteins due to their comparatively simpler N-glycan 

processing pathways (Schoberer & Strasser, 2017; Strasser et al., 2022; Gauba et 

al., 2025). This is particularly relevant for studying plant glycoproteins such as 

GBPs, where post-translational modifications may influence protein function and 

stability. 

Structural analysis of MtGBP1 using X-ray crystallography revealed the existence 

of nine N-glycosylation sites, while another one was predicted to exist but was not 

visible during crystallization (Unpublished results). Although the functional 

implications of these glycosylation sites are still to be experimentally validated, the 

presence of multiple N-glycosylation sites suggests a potential role in modulating 

protein structure and/or stability. Since glycosylation can affect protein structure 

and activity in ways ranging from subtle conformational changes to altered 

enzymatic function (Gagneux et al., 2022), understanding its role may provide 

important insight into the molecular regulation of symbiotic nitrogen fixation. 

 
Figure 1 Predicted structure of MtGBP1 generated using AlphaFold. The protein exhibits 
the typical GH81 family architecture consisting of an N-terminal β-sandwich domain (blue 



 

  4 

color), a central α/β domain (green), and a C-terminal catalytic (α/α6) barrel domain 
(pink).  

To study the importance of N-glycosylation, site-directed mutagenesis can be used 

to disrupt predicted N-glycosylation sites by generating N→Q variants, thereby 

preventing glycan attachment. This approach allows the role of N-glycosylation in 

catalytic activity and protein stability to be investigated. 

Recombinant MtGBP1 and mutant proteins can further be expressed in Nicotiana 

benthamiana as His-tagged and dsRED-fused constructs to facilitate protein 

detection and purification. Endo-β-1,3-glucanase activity, which reflects the 

degradation of β-1,3-glucoside bonds (Wu et al., 2018), can be quantified using 

laminarin as a substrate, as previously employed for the biochemical 

characterization of endo-β-1,3-glucanases (Burkhardt et al., 2019). Protein 

stability can be assessed by differential scanning fluorimetry to determine melting 

temperatures (Tm). Together, these approaches enable the independent 

evaluation of catalytic activity and protein thermal stability, allowing the effects of 

glycosylation on enzyme function to be distinguished from its effects on structural 

stability. 

1.1  Aims and objectives 

The aim of this study was to investigate the functional significance of N-

glycosylation in MtGBP1 and its role in regulating enzymatic activity and protein 

stability. 

The objectives of the project were to: 
 Generate MtGBP1 mutants for each N-glycosylation site (N→Q) and one 

mutant in which all predicted sites were disrupted (GBP1apoGBP1) 
 Express recombinant MtGBP1 and all mutant variants in N. benthamiana  
 Compare the endoglucanase activity of the MtGBP1 to the mutants 

obtained using the 3,5-Dinitrosalicylic Acid Assay 
 Compare the thermal stability of the MtGBP1 to the mutants obtained 

using differential scanning fluorimetry 
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2 Methods and materials 

A schematic overview of the experimental workflow followed in this study is 

demonstrated in Figure 2. In short, MtGBP1 glycosylation sites were disrupted 

utilizing site-directed mutagenesis. To express and purify MtGBP1 and all variants, 

clones for every variant with added His-tag and dsRED were already constructed. 

The clones where then inserted into bacteria and subsequently expressed in N. 

benthamiana. Then all constructs were isolated, purified and downstream 

applications were performed.  

 

Figure 2 Experimental workflow for the generation, expression and functional analysis of 
MtGBP1 and glycomutants.  

2.1  Plasmid constructs  

The MtGBP1 coding sequence from Medicago truncatula served as the parent 

sequence for generating all experimental variants. The expression cassette 

consisted of the MtGBP1 coding sequence fused to a C-terminal His-tag for affinity 

purification and a dsRed reporter for visual monitoring of protein expression in N. 

benthamiana. 

Site-directed mutagenesis was used prior to this study to generate eleven 

additional MtGBP1 variants targeting predicted N-linked glycosylation sites. All 

constructs were cloned into Agrobacterium-compatible binary plant expression 

vectors suitable for transient expression in Nicotiana benthamiana (Figure 3). 

A total of twelve constructs (one wild-type and eleven glycosylation-site mutants) 

were used in this study. The mutant collection included individual glycosylation-

site variants as well as apoGBP1, a construct in which all predicted N-linked 

glycosylation sites were disrupted. All plasmids were sent to Plasmidsaurus (USA) 

for sequence verification prior to use.  

A representative schematic of one of the twelve expression vectors (wild-type 

MtGBP1 construct) is shown in Figure 3. All constructs are based on the same 

backbone; site-directed mutagenesis was introduced at the indicated glycosylation 

site.  
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Figure 3 Schematic representation of the MtGBP1 expression cassette used for 
Agrobacterium-mediated transient expression in Nicotiana benthamiana. The construct 
contains the MtGBP1 coding sequence (purple color) under the control of the pUB 
promoter and includes a C-terminal 6×His tag and a dsRed reporter. The cassette is cloned 
within the T-DNA region of a binary plant expression vector and is flanked by left (LB) and 
right (RB) T-DNA borders. The vector also contains bacterial selection markers (Neo/KanR 
and SmR) and the pVS1 origin of replication. 

2.2  Transformation of Agrobacterium tumefaciens by Electroporation 

Electrocompetent Agrobacterium tumefaciens AGL1 cells were thawed on ice. 

Plasmid DNA (50–100 ng) was added to 50 μL of competent cells, and the mixture 

was transferred to a pre-chilled 0.1 cm electroporation cuvette. Electroporation 

was performed at 2.2 kV, resulting in a pulse length of approximately 4.7–4.8 ms. 

Immediately after electroporation, 400 μL of LB medium was added to the cuvette, 

and the cell suspension was transferred to a sterile tube. The cells were allowed to 

recover by incubation at 28°C with shaking for 2–3 h. Subsequently, 40 μL of the 

culture was spread onto Luria agar (LA) plates supplemented with spectinomycin. 

The plates were incubated at 28°C for 2 days until bacterial colonies appeared. 

Single bacterial colonies were selected and used for subsequent plant 

transformation experiments. 
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2.3  Transformation of Nicotiana benthamiana with Agrobacterium 

tumefaciens 

Single colonies of A. tumefaciens cultures were grown in 25 mL LB medium at 28°C 

for 2 days at 200 rpm. Cells were harvested by centrifugation at 4000 rpm for 20 

min at 4°C, and the supernatant was discarded. The bacterial pellet was 

resuspended in 3–5 mL Agromix buffer (10 mM MgCl₂, 10 mM MES/KOH, pH 5.6). 

The optical density (OD₆₀₀) of the resuspended culture was adjusted to OD₆₀₀ = 1 

for each individual strain using Agromix buffer. The final volume was adjusted 

according to the number of plants to be infiltrated. (approximately 1 mL per plant). 

For each construct, one plant was infiltrated. 

Acetosyringone was added to a final concentration of 200 μM, and the suspension 

was incubated in the dark at room temperature for 2 h to induce expression of A. 

tumefaciens virulence (vir) genes, which are required for T-DNA transfer into plant 

cells. 

For agroinfiltration, A. tumefaciens cultures carrying MtGBP1 expression 

constructs (glycosylation variants) were mixed with A. tumefaciens carrying the 

p19 silencing suppressor construct in a 1:1 ratio based on OD600-adjusted 

suspensions. This resulted in a final mixture containing approximately OD600 ≈ 

0.5 for each strain.  

The p19 silencing suppressor construct encodes the P19 protein from Tomato 

bushy stunt virus, which suppresses post-transcriptional gene silencing in plants 

by binding small interfering RNAs (siRNAs), thereby enhancing transient 

transgene expression (Lakatos et al., 2004). 

Leaves of N. benthamiana were infiltrated using a needleless syringe by gently 

pressing the bacterial suspension into the abaxial leaf surface.  

For each construct, four fully expanded leaves per plant were infiltrated. Plants 

were maintained under standard growth conditions (22–25°C, 16 h light/8 h dark 

photoperiod, ~60% relative humidity) for 8 days post infiltration. 

Expression of the constructs was visually monitored using the dsRed fluorescent 

marker, and only fluorescent (infiltrated) leaves were selected for downstream 

analysis. At 8 days post infiltration, infiltrated leaves were harvested, immediately 

frozen in liquid nitrogen and stored at −70°C until protein extraction and further 

analysis. 

2.4  Protein extraction from N. benthamiana 

Harvested leaves were kept frozen at -70ᵒC. Frozen leaves were ground in liquid 

nitrogen and base buffer (Tris 50 mM, NaCl 200 mM pH 7.00) with added DTT 10 

mM and Urea 2 M. The volume of base buffer was added as required to ensure 

complete homogenization of the tissue. The homogenate was left on ice for 2 hours 
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and then filtered through mirocloth (Merck Millipore, USA). The filtrate was kept 

overnight at 4ᵒC in sterile 50 mL Falcon tubes.  

The following day the filtrate was centrifuged for 20 minutes at 4000 rpm at 4ᵒC. 

The supernatant contained was collected and used for subsequent purification 

steps.  

2.5  Protein purification using Metal Affinity Chromatography 

His-tagged MtGBP1 and the eleven glycosylation variants were purified using 

nickel-charged affinity resin. Prior to purification, the resin was equilibrated by 

washing with three column volumes (CV) of deionized water followed by one CV 

of base buffer consisting of 50 mM Tris-HCl, 200 mM NaCl, 10 mM DTT, and 2 M 

urea (pH 7.0). 

For protein binding, the equilibrated resin was incubated in batch mode, where 

the resin was mixed directly with the clarified total protein extract in a single tube 

rather than being applied in a column-based format. The mixture was gently 

agitated for 1–2 h at 4°C to allow binding of His-tagged proteins to the immobilized 

nickel ions. 

Following incubation, the resin–protein mixture was transferred into a 

chromatography column. The liquid phase was eluted by applying gentle pressure 

using a syringe, and the flow-through fraction containing unbound proteins was 

discarded. 

The resin was subsequently washed with base buffer containing 20 mM imidazole 

(two CV), followed by 40 mM imidazole (two CV), to remove non-specifically 

bound proteins. Wash steps were performed using syringe-assisted flow under 

gentle pressure. The second wash fraction (40 mM imidazole) was retained for 

analysis together with the elution fractions, as analysis prior to this study the 

presence of His-tagged MtGBP1 suggesting partial elution during washing 

(Unpublished results). 

Bound proteins were eluted using one CV of elution buffer consisting of 50 mM 

Tris-HCl, 200 mM NaCl, 10 mM DTT, 2 M urea, and 500 mM imidazole (pH 7.0). 

Elution was also performed using syringe-assisted flow, and fractions were 

collected for downstream analysis. 

2.6 Protein concentration and buffer exchange  

The fractions corresponding to the second wash (40 mM imidazole) and the 

elution were collected separately. Each fraction was concentrated to a final volume 

of ≤1 mL using Amicon® Ultra centrifugal filter devices (UFC9100, Merck 

Millipore, 100 kDa molecular weight cut-off, 15 mL). Concentration was performed 

by centrifugation at 4000 rpm for 20 min at 4°C. After initial concentration, the two 

concentrated samples were pooled. The pooled sample was the used for enzymatic 

activity and thermal stability assays.  
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To remove imidazole and exchange the buffer for downstream applications, the 

samples were subjected to buffer exchange using the same centrifugal 

concentrators that were used to concentrate the samples. The samples were 

diluted with 25 mL of imidazole-free base buffer (50 mM Tris-HCl, 200 mM NaCl, 

10 mM DTT, 2 M urea, pH 7.0) and reconcentrated by centrifugation at 4000 rpm. 

This washing step was repeated four times, with centrifugation times gradually 

increased from 20 min to 35 min in 5 min increments, to ensure efficient buffer 

exchange. 

2.7  Protein concentration measurement 

Protein concentration was measured at 280 nm, using NanoDrop DS-11 FX+ 

spectrophotometer (DeNovix). 

2.8  SDS-PAGE 

Protein samples were separated by SDS-PAGE using 12% polyacrylamide gels at 

200 V for 1 h. Prior to electrophoresis, samples’ concertation was adjusted to 

1μg/μl and were denatured by heating at 100°C for 5–10 min in the presence of 

SDS-containing loading buffer. 20 µL of sample was mixed with 5 µL of SDS-

containing loading buffer. 

Protein separation was evaluated using an unstained protein molecular weight 

marker (Thermo Scientific™ Pierce™ Unstained Protein Molecular Weight Marker) 

as a reference for estimating molecular weights. Following electrophoresis, gels 

were stained with Coomassie Brilliant Blue to visualize protein bands. 

2.9 Enzyme activity assay (DNS method) 

MtGBP1 enzymatic activity was assessed by measuring hydrolysis of laminarin, a 

β-1,3-glucan substrate, using the 3,5-dinitrosalicylic acid (DNS) (Sigma-Aldrich, St. 

Louis, MO, USA) assay for quantification of reducing sugars. Laminarin derived 

from Laminaria digitata was used as substrate. 

Hydrolysis of laminarin releases reducing sugars, which react with DNS reagent 

under alkaline and high-temperature conditions to produce a coloured product. 

The intensity of the colour is proportional to the concentration of reducing sugars 

present in the reaction mixture. Absorbance was measured 

spectrophotometrically at 560 nm. 

Glucose was used as a standard, and a calibration curve was generated under 

identical assay conditions to convert absorbance values into glucose equivalents. 

Enzyme activity was expressed as specific activity (μmol of reducing sugar 

released per minute per mg of protein). 

Reaction mixtures were prepared in a total volume of 60 μL containing laminarin, 

phosphate–citrate buffer (pH 5.0), and distilled water. The exact reaction 

composition is portrayed Table 1. The reaction mixture (without the enzyme) was 
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pre-incubated at 40°C prior to initiation. The reaction started the moment the 

enzyme (MtGBP1 and glycomutants) was added in the reaction mixture and were 

incubated for exactly 10 min at 40°C. 

The reaction was terminated by addition of distilled water (65 μl) followed by DNS 

reagent (130 μl). Samples were heated at 100°C for precisely 8 min, cooled to room 

temperature, and centrifuged briefly to remove precipitates. Absorbance was 

measured at 560 nm using a microplate reader. Each sample was measured in 

technical triplicates. 

Table 1. DNS assay reaction mixture composition for assessing 

β-1,3-glucan hydrolysis by MtGBP1 and glycosylation mutants. 

Reagent Volume (μl) 

Buffer Phosphate Buffer (pH 

5.0) 

21.6 

Laminarin (100mg/ml) 6.5 

Enzyme (0.5 mg/ml) 5.0 

H2o 31.9 

Final Volume 65.0 

 

2.10 nanoDifferential Scanning Fluorimetry (nanoDSF) 

Thermal stability of MtGBP1 variants was analysed using nanoDSF (Prometheus 

Panta, NanoTemper Technologies, Munich, Germany). nanoDSF measures protein 

unfolding by monitoring changes in the intrinsic fluorescence of aromatic amino 

acids during thermal denaturation, without the use of external dyes. 

Protein samples were loaded into high-sensitivity capillaries at a concentration of 

0.5 mg/mL. A total volume of 10 μL per capillary was used for all twelve samples, 

and each sample was measured in technical triplicates (n = 3). No additional pre-

treatment of the samples was performed prior to analysis, all samples were 

analyzed in the imidazole-free base buffer obtained after the buffer exchange. 

Samples were heated from 25°C to 90°C, and intrinsic fluorescence was recorded 

at emission wavelengths of 330 nm and 350 nm. Protein unfolding was monitored 

by calculating the fluorescence ratio (F350/F330), which reflects changes in the 

microenvironment of aromatic residues during thermal denaturation. The melting 

temperature (Tm) was determined as the midpoint of the unfolding transition 

curve. 

2.11 Bioinformatic tools 

Potential N-linked glycosylation sites in the MtGBP1 amino acid sequence were 

predicted using the NetNGlyc 1.0 server (DTU Health Tech, Technical University of 

Denmark). The full-length wild-type MtGBP1 protein sequence in FASTA format 

was used as input for the analysis. 
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The NetNGlyc algorithm identifies potential N-linked glycosylation motifs (Asn-X-

Ser/Thr, where X is any amino acid except proline) and assigns a predictive score 

based on sequence context. Default server settings were used for the analysis. 

2.12 Statistical analysis 

All data were analyzed using Microsoft Excel (Microsoft 365) and SPSS Statistics 

(IBM Corp.). Results are presented as mean values ± standard deviation (SD), 

where error bars in all figures represent the standard deviation of technical 

replicates (n = 3). 

One-way analysis of variance (ANOVA) was performed using SPSS Statistics to 

compare the DNS reducing sugar enzymatic activity and melting temperatures 

(Tm) across all MtGBP1 variants. Dunnett's post-hoc test was applied to compare 

the Tm of each mutant against MtGBP1, MtGBP1 set as the control group. A p-value 

< 0.05 was considered statistically significant. 

Pearson correlation analysis was performed in Microsoft Excel to assess the 

relationship between enzymatic activity and thermal stability among the MtGBP1 

variants. Statistical significance was evaluated using a two-tailed test, with p < 0.05 

considered statistically significant. 

2.13 AI tools 

AI-based tools (Chat-GPT, DeepSeek) were used for language editing and grammar 

corrections. All scientific content, data analysis and interpretations were carried 

out by the author.  
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3 Results 

3.1  Prediction of N-linked Glycosylation Sites in MtGBP1 

Analysis of the MtGBP1 amino acid sequence using the NetNGlyc 1.0 server 

identified several putative N-linked glycosylation sites. Based on these predictions, 

a series of glycosylation-site mutants was generated to investigate the 

contribution of individual N-glycans to MtGBP1 expression, stability, and 

enzymatic activity. 

In total, the recombinant protein and eleven mutant constructs were included in 

this study. Ten constructs contained mutations at individual predicted 

glycosylation sites, whereas the eleventh construct, designated apoGBP1, 

contained mutations at all predicted N-glycosylation sites. The apoGBP1 variant 

was designed to eliminate N-glycosylation completely and served as a non-

glycosylated reference for comparison with wild-type MtGBP1 and the individual 

glycosylation mutants. 

The predicted N-linked glycosylation sites identified by NetNGlyc 1.0, together 

with the corresponding mutant constructs, are summarized in Table 2. The 

complete NetNGlyc output is provided in the Appendix I. 

Table 2 Predicted N-linked glycosylation sites in MtGBP1 identified by NetNGlyc 1.0 and 

corresponding mutagenesis constructs generated to prevent N-glycosylation 
Position Construct Name Mutation Included in apoGBP1 

64 GBP1N64Q N→Q Yes 

100 GBP1N100Q N→Q Yes 

171 GBP1N171Q N→Q Yes 

268 GBP1N268Q N→Q Yes 

300 GBP1N300Q N→Q Yes 

329 GBP1N329Q N→Q Yes 

336 GBP1N336Q N→Q Yes 

380 GBP1N380Q N→Q Yes 

404 GBP1N404Q N→Q Yes 

530 GBP1N530Q N→Q Yes 

Multiple positions apoGBP1 N→Q N/A 

 

3.2 Expression and purification of recombinant MtGBP1 and mutant 

proteins 

Recombinant wild-type MtGBP1 and eleven mutant constructs were successfully 

expressed in N. benthamiana using transient expression. To verify expression in 

the plant system, all constructs were fused to the fluorescent reporter dsRed. Red 

signal was observed in infiltrated leaf areas (Figure 4), indicating successful 

expression of the constructs in the plant.  
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Figure 4 N. benthamiana leaves – (A)  Not infiltrated control leaf (B) Representative 
infiltrated leaf by A. tumefaciens expressing wild-type MtGBP1 fused to dsRed, imaged eight 
days post-infiltration. Red signal indicates successful expression of the construct in plant 
tissue. 

Following transient expression in Nicotiana benthamiana, infiltrated leaves were 

harvested, and total soluble proteins were extracted. Recombinant MtGBP1 

proteins were purified by immobilized metal affinity chromatography (IMAC) via 

their C-terminal His-tag. Purified proteins were subsequently subjected to buffer 

exchange before downstream analyses. The concertation of purified proteins was 

measured using Nanodrop and adjusted to 0.5 mg/ml.  

Protein purification and molecular weight were assessed by SDS-PAGE (Figure 5). 

A band at approximately 75kDa was observed for MtGBP1 and all glycosylation 

mutants, consistent with the expected molecular weight of the recombinant 

protein. In addition to the major band, a second lower-molecular-weight band, at 

approximately 66.2 kDa, was observed in lane of construct GBP1N171Q. 

Furthermore, an additional band between 25kDa and 35kDa was observed in all 

lanes. This band is consistent with the molecular weight of the dsRed (27kDa) that 

was used as a tag for expression monitoring. The electrophoretic mobility was 

comparable between the MtGBP1 and the mutants, suggesting that the introduced 

mutation did not significantly alter the size of the protein.   
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Figure 5 SDS-PAGE analysis of purified recombinant MtGBP1 and glycosylation mutants 
(lane 1) Ladder (lane 2) MtGBP1 (lane 3) apoGBP1 (lane 4) GBP1N64Q (lane 5) GBP1N100Q 
(lane 6) GBP1N171Q (lane 7) GBP1N268Q (lane 8) GBP1N300Q (lane 9) GBP1N329Q (lane 10) 
GBP1N336Q (lane 11) GBP1N380Q (lane 12) GBP1N404Q (lane 13) GBP1N530Q (lane 14)  

Overall, IMAC purification yielded protein samples of sufficient quality and yield 

for downstream biochemical and biophysical characterization. Protein 

concentrations ranged between 0.3–0.5 mg/mL, which provided adequate 

material for enzymatic and analytical assays without the need for further 

concentration. Although no antibody-based verification was performed, successful 

enrichment via His-tag affinity purification, the presence of a dominant band at the 

expected molecular weight on SDS-PAGE, and the observation of enzymatic 

activity consistent with functional MtGBP1 collectively support that the purified 

samples contained the intended recombinant protein in sufficient quantity and 

quality for downstream applications. 

3.3  Enzymatic activity of recombinant MtGBP1 and mutant proteins 

The catalytic activity of wild-type MtGBP1 and its glycosylation mutants was 

evaluated using a DNS-based reducing sugar assay. Hydrolysis products were 

quantified spectrophotometrically at 560 nm and converted to glucose equivalents 

using a glucose standard curve defined by the linear regression equation y = 

0.1798x − 0.0426 (R² = 0.994). 

Due to experimental batching, mutant proteins were analyzed in two independent 

assay runs. The GBP1N329Q mutant could not be included in the enzymatic assay 

because the purified sample was unavailable. The glycosylation mutants were 

distributed across both runs, and MtGBP1 was included in both runs as an internal 

reference standard. This approach allowed normalization between assay runs and 

enabled comparison of all variants on a consistent scale. Each sample was 

measured in technical triplicates, and mean absorbance was used to calculate 

enzyme activity. Low variability between technical replicates (standard deviations 
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ranging from 0.00006 to 0.00093 Units/min, see Table 3) indicated good assay 

reproducibility. Raw data and calculated values are provided in Appendix I. 

Statistical analysis was performed using a one-way analysis of variance (ANOVA) 

to determine whether the observed differences in enzymatic activity among the 

protein variants were statistically significant. The analysis revealed a highly 

significant effect of mutation on enzymatic activity (F(5, 12) = 1,784.6, p < 0.0001, 

Table 3). 

Enzyme activity was expressed as specific activity (μmol of reducing sugar 

released per minute per mg of protein). Relative activity was calculated by 

normalizing each sample to wild-type MtGBP1, which was defined as 100% 

activity. MtGBP1 showed consistent activity across both assay runs, confirming 

reproducibility of the reference standard. 

 Table 3 .  Quantitative comparison of catalytic activity between MtGBP1 (set to 100%) 

and ten N-linked glycosylation mutants, showing specific activity (Units/min), relative 

activity (%), and Dunnett's post-hoc p-values following one-way ANOVA. **** p < 0.0001; 

*** p < 0.001; ** p < 0.01; * p < 0.05; ns = not significant (p > 0.05). 

Protein Mean 

(Units/min) 

SD % Activity p-value 

(Dunnett's) 
Significance 

mtGBP1 0.01004 0.00359 100.0% — ***** 

apoGBP1 0.00113 0.00021 30.2% < 0.0001 ***** 

GBP1N64Q 0.00163 0.00006 14.8% < 0.0001 ***** 

GBP1N100Q 0.00090 0.00010 23.8% < 0.0001 ***** 

GBP1N171Q 0.00427 0.00093 29.6% < 0.0001 ***** 

GBP1N268Q 0.00080 0.00000 21.6% < 0.0001 ***** 

GBP1N300Q 0.00180 0.00010 48.1% < 0.0001 ***** 

GBP1N336Q 0.00293 0.00015 27.1% < 0.0001 ***** 

GBP1N380Q 0.00180 0.00026 16.9% < 0.0001 ***** 

GBP1N404Q 0.00090 0.00010 24.4% < 0.0001 ***** 

GBP1N530Q 0.00293 0.00025 26.9% < 0.0001 ***** 

 

All glycosylation mutants assayed showed reduced catalytic activity, ranging from 

14.8% to 48.1% compared to wild-type MtGBP1. The mutant GBP1N64Q exhibited 

the lowest activity, whereas GBP1N300Q retained the highest residual activity 

observed. apoGBP1 and GBP1N171Q exhibited similar results (approximately 30%), 



 

  16 

while the rest of the mutants ranged from ~17% to ~27%. None of the mutants 

retained activity equivalent to wild-type MtGBP1. Figure 6 portrays all samples 

and their relative activity (%) 

3.4 Thermal stability of recombinant MtGBP1 and mutant proteins 

Thermal stability of recombinant MtGBP1 and the mutant proteins was evaluated 

using nanoDFS. Protein unfolding was monitored by recording the intrinsic 

tryptophan fluorescence emission at 330 nm and 350 nm, and the resulting 

F350/F330 ratio was used to determine melting temperatures (Tm). All Tm values 

represent the mean of three independent measurements and showed high 

reproducibility, with only minor variation between replicates.  

MtGBP1 exhibited a melting temperature of 60.2 °C. Overall, most variants showed 

reduced thermal stability compared to MtGBP1, with 10 out of 11 mutants showing 

decreased Tm values. The Tm values of the variants ranged from 53.5 °C to 60.3 

°C, corresponding to a total stability span of approximately 6.8 °C across the 

dataset (Figure 7).  

One-way ANOVA with Dunnett's post-hoc test revealed a significant overall effect 

of the mutations on thermal stability (F[11, 21] = 21.89, p < 0.0001; Table 4). 

The only variant with a Tm comparable to MtGBP1 within experimental variation 

was GBP1N530Q (60.3 °C; ΔTm = +0.1 °C; p = 0.9999). A second group, including 

apoGBP1 (59.1 °C; ΔTm = −1.1 °C; p = 0.5040) and GBP1N100Q (58.4 °C; ΔTm = −1.9 

°C; p = 0.0654), showed small decreases in stability that were not statistically 

significant. GBP1N171Q and GBP1N336Q showed modest but statistically significant 

reductions in Tm (ΔTm = −1.9 °C and −1.6 °C, respectively; p < 0.05 for both). 

In contrast, GBP1N64Q and GBP1N404Q displayed the largest reductions in thermal 

stability (ΔTm = −5.7 °C and −6.8 °C, respectively; p < 0.0001 for both), indicating 
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MtGBP1 and glycomutants

Figure 6 Relative enzyme activity of WT GBP1 and glycosylation mutants. Activity was 
normalized to WT (100%) and measured using a DNS reducing sugar assay with 
laminarin as substrate. Data are shown as mean ± SD of three technical replicates (n = 
3), and error bars represent the standard deviation. 
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a pronounced and highly significant effect on protein stability. The remaining 

variants (GBP1N268Q, GBP1N300Q, GBP1N329Q, and GBP1N380Q) showed intermediate 

decreases in Tm (ΔTm = −3.0 to −4.5 °C; p < 0.001 for all). The melting temperature 

of MtGBP1 and all mutants is displayed in Figure 7, while representative thermal 

unfolding curves for MtGBP1 and all glycomutants are provided in Appendix III. 

 

Figure 7 Melting temperatures (Tm) of MtGBP1 and mutant variants measured by 
nanoDSF. Data are shown as mean ± SD of three technical replicates (n = 3), and error 
bars represent the standard deviation. 

A general relationship between enzymatic activity and thermal stability was 

evaluated across the glycosylation-site mutants. A moderate positive correlation 

was observed between residual enzymatic activity and melting temperature (Tm) 

(Pearson’s r = 0.62, p = 0.04, n = 11 (GBP1N329Q was excluded from the test because 

there is no data about its enzymatic activity), indicating an association between 

reduced stability and decreased catalytic activity. 

Mutants exhibiting the lowest residual enzymatic activity, including GBP1N64Q and 

GBP1N404Q, also displayed some of the lowest melting temperatures within the 

dataset. In contrast, variants with relatively higher residual activity, such as 

GBP1N300Q and GBP1N530Q, showed comparatively higher or near wild-type thermal 

stability. GBP1N171Q retained approximately 30% activity despite only a minor 

reduction in Tm (−1.9 °C), highlighting variability in the relationship between 

catalytic activity and global stability across individual mutants. 
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Table 4 Melting temperatures (Tm) of MtGBP1 and mutant variants measured by nanoDSF. Data 

are shown as mean ± SD of three technical replicates (n = 3). ΔTm represents the difference 

between each mutant and  MtGBP1. Statistical significance was determined using one-way 

ANOVA followed by Dunnett's post-hoc test comparing each mutant to mtGBP1. **** p < 0.0001; 

*** p < 0.001; ** p < 0.01; * p < 0.05; ns = not significant (p > 0.05). 

Construct 

Name 
Tm (°C) ± SD p-value* Significance 

MtGBP1 60.23 ± 0.15 - - 

apoGBP1 59.13 ± 0.12 0.5040 ns 

GBP1N64Q 54.57 ± 0.98 < 0.0001 **** 

GBP1N100Q 58.37 ± 0.15 0.0654 ns 

GBP1N171Q 58.30 ± 0.10 0.0498 * 

GBP1N268Q 55.73 ± 0.12 < 0.0001 **** 

GBP1N300Q 57.23 ± 0.21 0.0003 *** 

GBP1N329Q 56.53 ± 0.42 < 0.0001 **** 

GBP1N336Q 58.60 ± 0.10 0.0375 * 

GBP1N380Q 56.55 ± 1.48 < 0.0001 **** 

GBP1N404Q 53.47 ± 0.29 < 0.0001 **** 

GBP1N530Q 60.30 ± 0.00 0.9999 ns 
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4 Discussion 

In this study the functional and structural consequences of site-specific 

glycosylation mutations in MtGBP1 were investigated. Eleven mutants, each 

containing the disruption of a single known glycosylation site, as well as apoGBP1, 

in which all known glycosylation sites were removed, were compared with 

recombinant wild-type MtGBP1 using DNS reducing sugar assay and nanoDSF. 

These analyses were performed to evaluate the effect of the individual 

contributions of N-glycosylation to MtGBP1 catalytic activity and thermal stability.  

The results imply that the removal of glycosylation sites generally led to a 

reduction of enzymatic activity and thermal stability. However, the magnitude of 

these effects was strongly site-dependent, indicating that individual glycosylation 

sites contribute differently to protein structure and function. 

4.1  Role of glycosylation in enzymatic activity 

All glycosylation mutants displayed reduced catalytic activity compared to wild-

type MtGBP1. The residual activity ranged from 14.8% to 48.1%, suggesting that 

glycosylation plays an important role in maintaining enzymatic efficiency. 

Statistical analysis using one-way ANOVA revealed a highly significant effect of 

mutation on enzymatic activity (F(5, 12) = 1,784.6, p < 0.0001), and Dunnett's 

post-hoc test confirmed the 9 glycosylation mutants exhibited significantly 

reduced activity compared to MtGBP1 (p < 0.0001 for all comparisons). Since all 

constructs were expressed, purified and assayed under identical conditions, with 

wild-type MtGBP1 included as an internal reference standard, the observed 

differences are unlikely to result from experimental variability. Instead, they most 

likely reflect structural and functional consequences associated with disruption of 

glycosylation sites. 

Protein glycosylation is a widespread post-translational modification that 

influences protein folding, stability, solubility and molecular interactions 

(Helenius & Aebi, 2001; Varki, 2017). N-linked glycans are known to contribute to 

proper protein folding and reduce protein aggregation (Helenius & Aebi, 2001; 

Moremen et al., 2012). Similar effects have been observed in glycoproteins, where 

deglycosylation resulted in reduced structural stability. For example, the removal 

of N-glycosylation of glycose oxidase from Penicillium amagasakianse resulted to 

decreased thermal stability due to altered protein folding (Kalisz et al., 1997).  

Likewise, laccases of fungus Lentinus, when specific N-glycosylation sites were 

elucidated, demonstrated reduced enzyme stability (Maestre-Reyna et al., 2015).  

In the context of MtGBP1, disruption of glycosylation sites likely affected folding 

efficiency and conformational stability, which may explain the reduced catalytic 

activity observed in the mutants. To further explain these reductions, glycosylation 

loss may not only destabilize the global fold but also perturb local active-site 

geometry or substrate accessibility through loss of specific glycan–protein 

interactions (Bloom et al., 2006). 
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Furthermore, glycosylation contributes to efficient folding pathways and is subject 

to strict endoplasmic reticulum quality control mechanisms (Moremen et al., 2012; 

Cherepanova et al., 2016). Therefore, the reduced activity in glycosylation mutants 

may reflect both altered folding efficiency and reduced structural stability during 

recombinant expression in N. benthamiana. The strong statistical significance of 

the observed reductions (p < 0.0001 for all examined mutants) provides robust 

evidence that the loss of enzymatic activity is a associated with glycosylation site. 

4.2  Role of glycosylation in thermal stability 

NanoDSF analysis showed reduced thermal stability for almost all glycomutants. 

The decrease in melting temperature for most variants can be explained by the 

role of glycans in enhancing the thermal and kinetic stability of glycoproteins, 

largely due to their ability to stabilise folded conformations through steric 

shielding, hydrogen bonding, reduced aggregation, and local restriction of 

conformational flexibility (Shental-Bechor & Levy, 2008; Hao et al., 2025). In 

agreement with this, glycosylated proteins have generally been reported to exhibit 

higher melting temperatures compared to their non-glycosylated counterparts 

(Shental-Bechor & Levy, 2008).  

In the present study, removal of N-glycans in MtGBP1 likely disrupts specific 

stabilising interactions at particular surface sites, which leads to an increase in 

local flexibility and reduced structural rigidity. This would lower the energetic 

barrier required for unfolding, resulting in decreased melting temperatures 

observed in the glycomutants (Shental-Bechor & Levy, 2008). 

Only one mutant, GBP1N530Q, showed melting temperature comparable to MtGBP1 

(p=0.9999), whereas the majority of mutants exhibited reduced thermal stability, 

with melting temperatures ranging from 53.5°C (GBP1N404Q) to 59.1°C (apoGBP1). 

One-way ANOVA with Dunnett's post-hoc test confirmed that the reductions in 

thermal stability were statistically significant for 8 out of 11 mutants (p < 0.05), 

with the largest effects observed for GBP1N64Q and GBP1N404Q (p < 0.0001). This 

variation is expected, as individual glycosylation sites contribute differently to 

protein stability depending on their structural context. Consequently, the effect of 

glycosylation appears to be highly site-specific rather than uniformly distributed 

across the protein (Shental-Bechor & Levy, 2008). 

The significant position-specific effects of glycosylation sites observed in this study 

suggest that individual N-glycosylation sites contribute differently to the structure 

and function of MtGBP1, depending on their local structural environment. The 

glycosylation sites that are located in structurally constrained regions or near 

active domains, are more likely to affect to a greater extend the stability and 

functionality of the protein, compared to sites that are located in more flexible 

regions. This could explain the strong effects that were observed for variants such 

as GBP1N64Q and GBP1N404Q, while GBP1N530Q appears to be less critical for 

maintaining the overall structural integrity of the enzyme. Such context-

dependent effects are consistent with previous findings, demonstrating that the 
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structural contribution of glycans is highly heterogeneous and depends on the 

local architecture of the protein (Shental-Bechor & Levy, 2008). 

4.3  Relationship between enzyme activity and thermal stability 

The comparison between enzyme activity and thermal stability of all constructs 

showed a general tendency that the mutants with the lowest melting temperature 

also demonstrated the most decreased catalytic activity. This indicates that 

glycosylation contributes both to structural stability and functional integrity of 

MtGBP1. A positive correlation was observed between enzymatic activity and 

thermal stability (Pearson’s r = 0.62, p = 0.04, n = 11), supporting this trend at a 

statistical level. 

However, this correlation is not completely linear, indicating that global thermal 

stability alone is not a direct predictor of catalytic activity. The relationship 

between structure and activity of an enzyme is complex and has been extensively 

studied, with evidence suggesting that enzymatic function is often more dependent 

on local structural interactions than on overall protein folding stability (Bloom et 

al., 2006; Tokuriki & Tawfik, 2009). This non-linear relationship has been 

experimentally demonstrated in TEM-1 β-lactamase, where mutations altered 

both protein stability and enzyme activity, but to different extents. Specific 

mutations affected enzyme activity more strongly than protein stability, while in 

other cases reduced stability was observed with only minor functional effects 

(Bershtein et al., 2006).  

The relationship between melting temperature and enzymatic activity is not 

strictly linear, indicating that global unfolding may contribute to loss of activity in 

some variants, but other mutations likely impair catalytic function through local 

structural perturbations that are not captured by global stability measurements. 

4.4 The apoGBP1 paradox 

The case of apoGBP1 needs to be discussed separately. Even though this construct 

lacks all known glycosylation sites, it still maintains a significant percentage of 

catalytic activity (approximately 30%), which is higher than constructs that have 

only one glycosylation site disrupted (e.g. GBP1N404Q, with 14.8%). This result 

suggests that the complete absence of glycosylation sites does not lead to a simple 

linear decrease in function, but rather to more complex structural and dynamic 

changes in the protein.  

This non-additive result can be explained by epistatic effects, where combined 

mutations do not act additively but influence the structure in an unpredictable and 

unexpected manner. Similar phenomena have been observed, where proteins with 

multiple mutations appear to posses a rearranged energy landscape (Tokuriki & 

Tawfik, 2009; Studer et al., 2014). In TEM-1 β-lactamase, combinations of 

mutations interact in a non-additive way, meaning that the enzyme activity cannot 

be predicted by site-specific mutations (Bershtein et al., 2006) 
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Furthermore, the possibility of additional, yet unidentified glycosylation sites in 

MtGBP1 cannot be excluded, potentially contributing to the residual structural 

stability and enzymatic activity observed in apoGBP1. 

4.5  N. benthamiana as an expression system 

It is important to take into consideration that MtGBP1 is derived from M. 

truncatula but was heterologously expressed in the N. benthamiana system. 

Although this system is widely used to produce plant-recombinant proteins, 

glycosylation mechanisms differ among plant species. 

These differences may affect N-glycan composition, the protein maturation 

process, and the efficiency of quality control in the endoplasmic reticulum, 

resulting in potential variations in protein stability and functionality (Strasser, 

2016; Gomord et al., 2010). 

4.6  Biological and biotechnological significance 

These findings show that glycosylation is critical for maintaining both the 

structural stability and the enzyme activity of MtGBP1. Given that MtGBP1 has 

recently been identified as a negative regulator of nitrogen fixation in M. truncatula 

(Gavrin et al., 2025), the observed effects of glycosylation on protein activity and 

stability may have implications for the regulation of biological nitrogen fixation. 

As MtGBP1 functions as a negative regulator, a reduction in its enzymatic 

activity—as observed for several glycosylation mutants in this study—would be 

predicted to diminish its regulatory capacity. This could lead to derepression of 

nitrogen fixation, potentially resulting in increased nitrogen fixation activity. 

Conversely, mutants that retain near-wild-type activity would likely maintain 

normal regulatory function. However, this relationship is likely complex; complete 

loss of MtGBP1 function could be detrimental if the negative regulation is essential 

for maintaining homeostasis during symbiosis, whereas partial reduction might 

result in a moderate increase in nitrogen fixation without disrupting the overall 

symbiotic balance. 

Although the present study did not directly investigate nitrogen fixation in planta, 

the results suggest that changes in MtGBP1 glycosylation could influence its 

regulatory function within the symbiotic interaction. This plays an important role 

ins recombinant protein engineering where glycosylation sites are often adjusted 

to improve expression, stability or overall endurance.  

Still, the strong site-specific effects that are site-specific, seen here, mean that 

glycosylation engineering has to be done carefully, because taking out certain 

glycosylation sites can, in a disproportionate way, disrupt protein function. More 

broadly, a better understanding of how post-translational modifications affect 

proteins involved in symbiotic processes may contribute to future efforts aimed at 

optimizing biological nitrogen fixation in legumes and reducing dependence on 

synthetic nitrogen fertilizers (Shamseldin, 2022; Liu et al., 2025). 



 

  23 

4.7  Conclusion 

In conclusion, this study demonstrates the importance of N-glycosylation in both 

catalytic activity and thermal stability of the recombinant MtGBP1. The site-

specific removal of individual glycosylation sites led to varying levels of reduction 

in the enzymes’ functionality and stability, indicating that each glycosylation site 

contributes to a different extent to the structural and functional integrity of the 

protein. 

A moderate positive correlation was observed between reduced thermal stability 

and reduced enzymatic activity (Pearson’s r = 0.62, p = 0.04, n = 11), suggesting 

that these properties are partially coupled but not strictly proportional. 

Although this relationship was not absolutely linear, this suggests that catalytic 

function depends not only on the overall stability of the protein but also on local 

structural and dynamic changes. Accordingly, glycosylation appears to influence 

both the general conformation and more specialized functional properties of 

MtGBP1. 

Overall, these results emphasize the context-dependent effects of glycosylation 

providing a better understanding of the role of post-translational modifications in 

plant glycoproteins. With the long-term goal being the optimization of expressing 

recombinant proteins; designing enzymes with enhanced resilience and ultimately 

increase the production yields and lowering costs for industrial and therapeutic 

biotechnology applications. This provides a basis for future structural and 

biochemical studies of MtGBP1, including X-ray crystallography to map the atomic-

level changes caused by deglycosylation, as well as for potential applications in the 

design and optimization of recombinant enzymes. 
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5 Ethical Aspects 

In this project materials originating from bacteria and plants were used. Also, no 

materials or data connected to personal data or requiring ethical approval were 

included. No special approval was needed during the experimental stage.  

Although, ethical considerations were taken into consideration. The project was 

conducted transparently, responsibly and with respect for both society and the 

environment. All genetically modified organisms and pathogen were handled and 

disposed according to the guidelines of biosafety. All transgenic plants, will be 

developed, tested and disposed in accordance with established procedures.  

Regarding scientific integrity, all data were accurately recorded and reported to 

ensure transparency and reproducibility. All data were recorded, reported and 

stored, while no fabrication or falsification of data was committed. Intellectual 

property rights were respected and plagiarism was avoided. Appropriate credit is 

given to any contributor or previously published scientific work.  

Furthermore, all research activities followed relevant institutional guidelines, 

laboratory safety standards, and regulations. 

Artificial Intelligence was used only as a supportive tool, such as grammar 

checking or language refinement. Not production of text, scientific content, 

analysis or interpretation of results was executed by AI tools, ensuring strict 

compliance with academic honesty and research transparency standards 

throughout the project process. 

  



 

  25 

6 Future perspectives 

Future research could further expand the potential of plant systems to produce 

recombinant proteins of pharmaceutical interest. Although plants have a more 

limited glycosylation range than mammals (Gauba et al., 2025), a deeper 

understanding of glycosylation mechanisms and functional roles could bridge this 

gap between the two kingdoms. Also, plant-specific glycan structures are already 

being investigated as potential immunogenicity and allergic reactions, with not 

enough data to support this theory (Gauba et al., 2025). 

At the same time, a more detailed investigation of physiological properties of 

MtGBP1 could improve our understanding of its regulatory role in nitrogen 

fixation. A more comprehensive knowledge of the molecular regulators involved 

in this process could contribute to the development of strategies aimed at 

increasing nitrogen fixation efficiency. This may ultimately reduce the reliance on 

synthetic fertilizers and promote the development of more sustainable 

agricultural systems (Vitousek et al., 2013).  

Future work could also focus on optimizing expression systems to improve yield 

and stability of recombinant proteins in plants. Advances in synthetic biology and 

glycoengineering may enable more precise control of post-translational 

modifications, enhancing their suitability for pharmaceutical applications while 

maintaining cost-effective and sustainable production methods (Strasser, 2016).  
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Appendix I  

Figure 1 NetNGlyc 1.0 prediction of N-linked glycosylation sites in mtGBP1. Predicted sites 
correspond to Asn residues in the Asn-X-Ser/Thr consensus motif.  Red highlighting indicates 
predicted glycosylated asparagine residues (potential score ≥ 0.5), while black indicates non-
predicted sites. Confidence levels are denoted by "+" (moderate, 6-8/9 jury agreement), "++" 
(high, 9/9 jury agreement), and "-" (negative prediction, 4/9 jury agreement). A total of 10 
potential glycosylation sites were identified. 
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Appendix II 

 

Table 2. Enzyme activity of MtGBP1 and selected glycosylation mutants measured in 

reducing sugar DNS assays (run 2). Absorbance at 540 nm was recorded in technical 

triplicates. Mean absorbance, enzyme activity (units), and relative activity (%) were 

calculated. MtGBP1 was set to 100%. 

Sample Absorbance (540nm) 

Replicate 

1 

Replicate 

2 

Replicate 

3 

Average Units % relative activity 

Blank 0,1903 0,2734 0,2319 0,2319 - - 

GBP1 0,646 0,648 0,647 0,647 0,0074 100 

apoGBP1 0,337 0,361 0,353 0,350 0,0022 54,14 

GBP1N100Q 0,347 0,328 0,336 0,337 0,0017 52,16 

GBP1N268Q 0,346 0,342 0,344 0,344 0,0016 53,19 

GBP1N300Q 0,396 0,382 0,389 0,389 0,0035 60,15 

GBP1N404Q 0,355 0,342 0,348 0,349 0,0018 53,89 

Table 1. Enzyme activity of MtGBP1 and selected glycosylation mutants measured in 

reducing sugar DNS assays (run 1). Absorbance at 540 nm was recorded in technical 

triplicates. Mean absorbance, enzyme activity (units), and relative activity (%) were 

calculated. MtGBP1 was set to 100%. 

Sample Absorbance (540nm) 

Replicate 

1 

Replicate 

2 

Replicate 

3 

Average Units % relative activity 

Blank 0,2675 0,2764 0,0425 0,1955 - - 

GBP1 0,8749 0,8669 0,6094 0,784 0,0108 100 

GBP1N64Q 0,3245 0,3277 0,3218 0,325 0,0016 21,96 

GBP1N171Q 0,3734 0,3775 0,3696 0,374 0,0032 30,26 

GBP1N336Q 0,3700 0,3782 0,3663 0,372 0,0029 29,92 

GBP1N380Q 0,3004 0,3173 0,3210 0,313 0,0018 19,96 

GBP1N530Q 0,3934 0,4011 0,4167 0,404 0,0029 35,40 
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Appendix III 
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Figure 1 Thermal unfolding profiles of (A) MtGBP1, (B) apoGBP1, (C) GBP1N64Q, (D) GBP1N100Q, (E) 

GBP1N171Q, (F) GBP1N268Q, (G) GBP1N300Q, (H) GBP1N329Q ,(I) GBP1N336Q , (IA) GBP1N380Q, (IB) GBP1N404Q 
and (IC) GBP1N530Q measured by nanoDSF (Prometheus Panta). The temperature dependence of the 
intrinsic fluorescence ratio (350/330 nm) was used to determine melting temperatures (Tm).  
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