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Abstract

Endo-β-N-acetylglucosaminidase isolated from B. infantis ATCC 15697 (EndoBI-1) is a novel 

enzyme that cleaves N-N′-diacetyl chitobiose moieties found in the N-glycan core of high 

mannose, hybrid, and complex N-glycans. These conjugated N-glycans are recently shown as a 

new prebiotic source that stimulates the growth of a key infant gut microbe, Bifi-dobacterium 

longum subsp. Infantis. The effects of pH (4.45–8.45), temperature (27.5–77.5°C), reaction time 
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(15–475 min), and enzyme/protein ratio (1:3,000–1:333) were evaluated on the release of N-

glycans from bovine colostrum whey by EndoBI-1. A central composite design was used, 

including a two-level factorial design (24) with four center points and eight axial points. In 

general, low pH values, longer reaction times, higher enzyme/protein ratio, and temperatures 

around 52°C resulted in the highest yield. The results demonstrated that bovine colostrum whey, 

considered to be a by/waste product, can be used as a glycan source with a yield of 20 mg N-

glycan/g total protein under optimal conditions for the ranges investigated. Importantly, these 

processing conditions are suitable to be incorporated into routine dairy processing activities, 

opening the door for an entirely new class of products (released bioactive glycans and glycan-free 

milk). The new enzyme’s activity was also compared with a commercially available enzyme, 

showing that EndoBI-1 is more active on native proteins than PNGase F and can be efficiently 

used during pasteurization, streamlining its integration into existing processing strategies.
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Introduction

Milk contains a variety of components, including proteins, peptides, lipids, carbohydrates, 

and minerals that contribute to the growth and development of newborns. Whey proteins 

represent 18–20% of total milk protein and have high nutritive and functional properties for 

the young.1 During biosynthesis in the mammary epithelial cell, some milk proteins are 

decorated with long carbohydrate chains (glycoproteins). Glycoproteins contain a variety of 

oligosaccharides (glycans) covalently attached to the polypeptide side chains.2 The most 

abundant bovine milk glycoproteins are lactoferrin, immunoglobulins, and α-lactalbumin.3 

These proteins have interesting biological activities including antioxidant, antibacterial, and 

antiviral action, as well as immunomodulatory activity.4-7 These functions are supposedly 

modulated by both the polypeptide chain and the glycans. However, the function of 

glycoproteins’ N-glycans is not well elucidated. They may have similar functions to those 

described for free milk oligosaccharides from human milk, including inhibition of pathogen 

adhesion to intestinal epithelial cells and promoting the growth of beneficial commensal 

microbes in the infant intestine.8-11 In fact, we have recently shown that a key infant gut 

microbe, Bifidobacterium longum subsp. infantis, is able to consume these conjugated N-

glycans as a sole carbon source while other less important microbes do not.

Glycans are linked to the protein through O-glycosidic or N-glycosidic bonds. O-linked 

glycans (O-glycans) are frequently attached to the polypeptide via N-acetylgalactosamine to 

a hydroxyl group of a serine or threonine residue. N-linked glycans (N-glycans) are linked, 

via N-acetylglucosamines (HexNAc), to an asparagine residue of proteins in the specific 

amino acid sequence AsN-X-Ser/Thr (where X can be any amino acid except proline). The 

N-glycan core is composed of two HexNAc and three mannose residues. This core is 

elongated by other monosaccharides, including fucose and sialic acid, via the actions of 

glycosyltransferases and glycosidases, which determine the degree of branching and the type 
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of linkage.12 N-glycans are divided into three main classes: high mannose, complex, and 

hybrid.

Whey, a by-product of cheese production from bovine milk, is an attractive source of milk 

compounds with interesting biological properties. It contains 93–94% water, 4.5–5% 

lactose, 0.8–1% total protein, 0.5–0.7% minerals, and others.13 Whey accounts for 90% of 

the initial milk volume processed, which means that approximately 9 L of whey are 

produced from 10 L of bovine milk during cheese-making. Whey worldwide production is 

estimated to be 190,000,000 ton/year.14,15 The underutilization of the organic components in 

whey means that only 50% of the whey produced is used in food applications or for animal 

feed. The unused waste stream causes serious economic and environmental problems, as 

cheese processors have to dispose this highly organic into wastewater stream. In addition to 

containing proteins with high functionality, whey is also a potential source of N-glycans, 

with concentrations of ~4.5 g glycoproteins/L.16 Therefore, the recovery of whey bioactive 

compounds is an opportunity for the development of new high-value products for the dairy 

industry while reducing the industry’s environmental pollution.

Hydrazinolysis and alkali/reducing conditions (β-elimination) are commonly used 

techniques for deglycosylation of glycoproteins.17,18 However, the chemicals used for 

glycan release may result in the degradation of glycoproteins and are potentially 

hazardous.19-21 There are also commercially available enzymes (endoglycosidases, 

glycosamidases) that can be used for N-glycan release.19 However, commercial enzymes are 

affected by fucosylation of the N-glycan core resulting in limited glycan release. For 

example, peptidyl-N-glycosidase F (PNGase F), one of the most commonly used enzymes,22 

catalyzes the cleavage between HexNAc and asparagine residues, but it is not able to cleave 

N-glycans from glycoproteins when an α-1-3 fucose residue is linked to the core HexNAc.23 

Additionally, the release of N-glycans at large scale has been impaired by the price of 

commercial enzymes. We previously showed that a novel Endo-β-N-acetylglucosaminidase 

isolated from B. infantis ATCC 15697 cleaves the N-N′-diacetyl chitobiose moiety found in 

the N-glycan core of high mannose, hybrid, and complex N-glycans. Its activity is not 

affected by a fucosylated N-glycan core, and it was also shown to be heat resistant which 

enables its use during heat treatments at 95°C,24,25 a common practice in milk processing.

Improving the release of N-glycans is an essential step to enable the large-scale production 

of N-glycans. This will also enable a better understanding of their biological properties and 

source of new bioactive ingredients. In this work, the effects of pH, temperature, reaction 

time, and enzyme/protein ratio on the total release of N-glycans by EndoBI-1 were 

evaluated. In order to identify the optimal combination of pH, reaction time, temperature, 

and enzyme/protein ratio within the most likely processing range, a central composite 

rotatable design was employed including a four-factor, two-level full factorial design (24) 

along with four center points and eight axial points. Because it was previously shown that 

EndoBI-1 is a heat stable enzyme,26 we investigated how efficiently it can be applied within 

pasteurization (62°C, 30 min) so that no additional heating step would be required for 

deglycosylation. We also demonstrated how denaturation of substrates affected N-glycan 

release by EndoBI-1 and commercial enzyme PNGase F.
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Materials and Methods

Bacteria, media, and substrates

The B. longum subsp. Infantis ATCC 15697 strain used in this study was obtained from the 

University of California Davis Viticulture and Enology Culture Collection (Davis, CA). 

Bifidobacterium was grown in Man–Rogose–Sharp (MRS) broth supplemented with 0.05% 

(w/v) L-cysteine (Sigma-Aldrich). The cells were anaerobically grown in a vinyl chamber 

(Coy Laboratory Products, Grass Lake, MI) at 37°C for 24 h, in an atmosphere consisting of 

5% carbon dioxide, 5% hydrogen, and 90% nitrogen. The E. coli Bl21* strain used for 

protein expression was grown in Luria Broth (LB) media containing Carbenicillin (100 μg/

mL). All incubations were carried out in an Innova 4000 shaker (New Brunswick Scientific, 

New Jersey) at 200 rpm and 37°C. Bovine lactoferrin and RNase B were obtained from 

Sigma-Aldrich (St. Louis, MO, USA). Gene cloning, expression, and purification and pilot-

scale production of protein concentrate from bovine colostrum whey were performed as 

described before.27

N-Glycan release of RNase B

Twenty micrograms of Ribonuclease B (RNase B) (Sigma-Aldrich, San Diego, CA, USA) 

was reconstituted in 20 μL of 0.2 M Na2HPO4 (pH 5) and 200 μg of EndoBI-1 were added 

to the sample. PNGase F (New England BioLabs, Ipswich, MA, USA) was used as a 

positive control. Two microliters of 500,000 units/mL PNGase F were added to 20 μg of 

RNase B reconstituted in 20 μL of commercial denaturing buffer (New England BioLabs). 

The two mixtures were incubated 2 h at 37°C. The enzyme activity was analyzed by SDS-

PAGE on 4–15% precast polyacrylamide gels.

Experimental design and statistical analysis

In order to find the optimal combination of pH, reaction time, temperature, and enzyme/

protein ratio, a complete 24 factorial design of the central rotational type was established, 

with four central points and eight axial points, based on Response Surface Methodology.27 

The effects of pH (4.45–8.45), temperature (27.5–77.5°C), reaction time (15–475 min), and 

enzyme/protein ratio (1:3,000–1:333) on the release of N-glycans from bovine colostrum 

whey by EndoBI-1 were tested. The independent variables (pH, reaction time, temperature, 

and enzyme/protein ratio) were evaluated according to coded levels (−α, −1, 0, +1, +α). 

Center points are located at the average of levels −1 and +1 for each factor, while axial 

points were determined by interpolation (α ±2.0) for each factor. Coded and uncoded levels 

and their corresponding independent variables are shown in Table 1. The dependent variable 

(i.e., evaluated response) was the release of N-glycans from bovine colostrum whey by 

EndoBI-1. Data were analyzed by Statistica version 8.0 software. The significance of the 

model was tested by Analysis of Variance (ANOVA).

For each experiment, 450 μL of concentrated whey protein were diluted in 50 μL of 0.2 mM 

Na2HPO4. Each experiment was performed in duplicate. Five milliliters of cold pure ethanol 

were added into the samples to stop the reactions, precipitate proteins, and collect the 

released glycans. Samples were dried overnight by vacuum centrifugation. Samples were 

rehydrated in 100 μL of water.
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N-Glycan release comparison of EndoBI-1 and PNGase F on denatured/native substrates 
and pasteurization conditions

Five hundred microliters of concentrated bovine colostrum whey, bovine lactoferrin (5 mg/

mL), or RNase B (1 mg/mL) were used to examine how the denaturation state of substrates 

affects the deglycosylation efficiency of glycoproteins by EndoBI-1 and PNGase F. Samples 

were denatured at 95°C for 5 min in a 10 mM final concentration of DTT. Two hundred and 

fifty micrograms of EndoBI-1 and PNGase F were added into samples and enzymatic 

digestions were performed under the conditions described before by Garrido et al.26 and 

incubated for 8 h.

The N-glycan release comparison of EndoBI-1 and PNGase F on concentrated bovine 

colostrum whey under pasteurization conditions (62°C, 30 min) was also investigated. Two 

hundred and fifty micrograms of enzyme was added into 500 μL of whey when the 

temperature reached 62°C and incubated for 30 min. All the reactions were stopped with 1 

M Na2CO3. Total released N-glycans by each enzyme were calculated after glycan 

purification.

Glycan quantification

A total carbohydrate Assay Kit, (Biovision Milpitas, CA, USA), was used to quantify 

released N-glycans. To create a standard curve, 0, 2, 4, 6, 8, and 10 μL of mannose standard 

(2 mg/mL) were added into a series of wells in a 96-well microplate (Supporting 

information Figure S1). This generated 0, 4, 8, 12, 16, and 20 μg/well of mannose standard. 

The volume of each sample was adjusted to 30 μL per well with water. Thirty microliters of 

sample was used. One hundred and fifty microliters of concentrated sulfuric acid (98%) 

were added to each well. Samples were mixed on a shaker for ~1 min and then incubated at 

85°C for 15 min. After incubation, 30 μL of Developer (provided by the manufacturer) was 

added to each well. Samples were again mixed on the shaker for 5 min. OD of each sample 

was measured at 490 nm. Sample OD was applied to the mannose standard curve linear 

function to calculate the quantity of carbohydrate in the sample.

Glycan purification

Samples 9, 10, and 17 were loaded on PGC SPE plates (Glygen, Columbia, MD, USA) that 

were conditioned using 3 × 100 μL of 80% ACN (acetonitrile) containing 0.1% TFA in 

water, followed by 3 × 100 μL of water. After sample loading, wells were washed using 6 × 

200 μL of water and N-glycans were eluted using 3 × 200 μL of 40% ACN containing 0.1% 

TFA (trifluoroacetic acid) in water. The enriched N-glycan fractions were dried overnight 

under vacuum. Samples were rehydrated in 50 μL of water, vortexed, and sonicated prior to 

mass spectrometry analysis. For each condition tested, the same quantity of total 

carbohydrate was analyzed by mass spectrometry.

N-Glycan analysis by Nano-LC-Chip-Q-TOF MS

N-glycans were analyzed using an Agilent 6520 accurate-mass Q-TOF LC/MS with a 

microfluidic nano-electrospray chip (Agilent Technologies, Santa Clara, CA, USA). N-

glycans were separated using an HPLC-chip with a 40-nL enrichment column and a 43 mm 
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× 75 μm analytical column, both packed with 5 μm porous graphitized carbon (PGC). The 

system was composed of a capillary and nano-flow pump, and both used binary solvents 

consisting of solvent A (3% ACN, 0.1% formic acid in water (v/v)) and solvent B (90% 

ACN, 0.1% formic acid in water (v/v)). Two microliters of sample were loaded with solvent 

A at a capillary pump flow rate of 4 μL/min. N-glycan separation was performed on a 65-

min gradient delivered by the nanopump at a flow rate of 0.3 μL/min. The 65-min gradient 

followed this program: 0% B (0.0–2.5 min), 0–16% B (2.5–20.0 min), 16–44% B (20.0–30.0 

min), 44–100% B (30.0–35.0 min), and 100% B (35.0–45.0 min). The gradient was 

followed by equilibration at 0% B (45.0–65.0 min). Data were acquired within the mass 

range of 450–3,000 m/z for N-glycans in the positive ionization mode with an acquisition 

rate of 2.01 spectra/s for N-glycans. An internal calibrant ion of 922.010 m/z from the tuning 

mix (ESI-TOF Tuning Mix G1969–85000, Agilent Technologies) was used for continual 

mass calibration. For tandem MS analysis, N-glycans were fragmented with nitrogen as the 

collision gas. Spectra were acquired within the mass range of 100–3,000 m/z. The collision 

energies correspond to voltages (Vcollision) that were based on the equation: Vcollision = m/z 

(1.5/100 Da) Volts—3.6 V; where the slope and offset of the voltages were set at (1.5/100 

Da) and (−3.6), respectively. Acquisition was controlled by MassHunter Workstation Data 

Acquisition software (Agilent Technologies, Santa Clara, CA, USA).

Released glycans were identified with MassHunter Qualitative Analysis software (version B.

04.00 SP2, Agilent Technologies). Compounds were extracted using the Molecular Feature 

Extractor algorithm. The software generated extracted compound chromatograms (ECCs) in 

a range of 400–3,000 m/z with a ≥1000 ion count cut-off, allowing charge states of +1–3, a 

retention time from 5–40 min, and a typical isotopic distribution of small biological 

molecules. The resulting compounds were matched to a bovine milk N-glycan library28 

using a mass error tolerance of 20 ppm. The N-glycans from the library were composed of 

hexose (Hex), HexNAc, Fuc, N-acetylneuraminic acid (NeuAc), and N-glycolylneuraminic 

acid (NeuGc).

Results

Production of EndoBI-1 and activity of the enzyme on RNase B

The production of poly-histidine-tagged EndoBI-1 was achieved with a yield of 1.7 mg/L 

using LB media under optimum induction conditions. The activity of recombinant EndoBI-1 

was tested on RNase B, an N-glycosylated protein of 17 kDa that contains high mannose N-

linked glycans,29 and compared to commercial enzyme, PNGase F (Figure 1). Cleavage of 

RNase B by an endoglycosidase results in a 14 kDa deglycosylated protein. This experiment 

was performed under nondenaturing conditions. After 2 h of incubation with the enzymes, 

the band corresponding to glycosylated RNase B disappeared. The protein was detected at 

lower molecular weight in presence of EndoBI-1 and PNGase F. The bands observed in lane 

2 and 3 corresponded to the deglycosylated RNase B. These data indicate that the 

recombinant EndoBI-1 was as efficient as PNGase F in releasing N-glycans.
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Optimization of the release of N-glycans from bovine colostrum whey by EndoBI-1

In Table 1, the effects of pH, incubation time, temperature, and enzyme/protein ratio on the 

release of N-glycans from bovine colostrum whey protein concentrate are presented. In 

general, deglycosylation activity was reduced by higher pH values regardless of the other 

operation parameters evaluated. The lowest values of N-glycan release (3.97–9.35 μg of N-

glycans) were observed at pH 7.0 and 7.85, in agreement with the qualitative results 

presented by Garrido et al. (2012). The highest N-glycan release (54.7 μg) was observed at 

pH 5.3, the longer incubation time (360 min), a temperature of 40°C, and an enzyme/protein 

ratio of 1:500. Enzymatic activity reduction was observed when temperature was increased 

from 40 to 65°C. N-glycan release was reduced from 24.6 to 13.2 μg when temperature 

increased from 40 to 65°C, respectively (Treatments 14 and 16).

Statistical analysis

The estimated regression model and coefficient of determination (R2) for total release of N-

glycans from bovine colostrum whey by EndoBI-1 was determined as described in Table 2. 

According to the model, higher glycan release will happen at lower pH values (−2 = 4.45); 

longer reaction time (+2 = 475 min); temperature in the center point (0 = 52.5°C); and 

higher enzyme/protein ratio (+2 = 1:333). Only parameters significant at p < 0.05 were used 

in the regression model. The coefficient of determination (R2) of the predictive model for 

release of N-glycans from bovine colostrum whey by EndoBI-1 was 0.74, indicating that the 

regression model was able to explain 74% of the total variation between the observed values 

for release of N-glycans from bovine colostrum whey by EndoBI-1.

The analysis of variance of the estimated regression model is presented in Table 3. The 

regression was significant (Fcalculated > Ftable) and thus could be used for predictive goals in 

the range of parameters evaluated since the ratio Fcalculated/Ftable is greater than 3.27 

Although the F-test for the lack of fit was statistically significant (Fcalculated > Ftable), the 

high lack of fit of the model was associated with the extremely low value of the pure error 

(0.026) likely due to the low degrees of freedom (3).

Based on the estimated regression model generated, response surfaces were built to express 

the release of N-glycans from bovine colostrum whey by EndoBI-1. According to the 

estimated regression model and Figure 2, the release of N-glycans is favored by increased 

reaction time and low pH values. The highest release of N-glycans was observed in the axial 

points or both variables: 4.45 pH and 475 min. Based on the estimated regression model and 

Figure 2, EndoBI-1 activity was favored by temperature values ranging from 40 to 65°C, 

with the highest activity observed at the temperature of the central point (52.5°C) and lowest 

pH values. Reduction of EndoBI-1 activity when moving further away from the center point 

is likely due to some protein denaturation effects at higher temperature (+1, 65°C) and to 

temperatures that are below its optimum value (−1, 40°C).

According to the estimated regression model and Figure 3, EndoBI-1 activity increases 

when enzyme/protein ratio increases from −2.0 to +2.0 (1/3,000 to 1/333), with highest 

values at lowest pH (−2.0, 4.45 pH). Based on the estimated regression model and Figure 2, 

temperature in the central point (52.5°C) and longer extraction times (+1–2.0, 360–475 min) 
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did favor EndoBI-1 activity, with highest glycan release observed at 52.5°C and 475 min of 

reaction time. According to the estimated regression model and Figure 3, EndoBI-1 activity 

was favored by temperature in the central point (52.5°C) and higher enzyme/protein ratio 

(+1–2.0, 1/500–1/333 min), with the highest glycan release observed at 52.5°C and 1/333 

enzyme/protein ratio. Overall, for the conditions tested, optimal conditions for glycan 

release were observed for low pH, a temperature of 52.5°C, a high enzyme/protein ratio, and 

longer reaction times.

N-Glycan release comparison of EndoBI-1 and PNGase F on denatured/native substrates 
and pasteurization conditions

The yield of N-glycans released by EndoBI-1 and PNGase F from native or denatured 

bovine colostrum whey, bovine lactoferrin, or RNase B is shown in Figure 4. The treatment 

of native whey, lactoferrin, and RNase B by EndoBI-1 resulted in 80, 103, and 49 μg N-

glycans, respectively, while the yield after denaturation was 157, 203, and 56 μg, 

respectively. In comparison, the yield of N-glycans from native whey, lactoferrin, and 

RNase B after treatment with PNGase F was found to be only 34, 31, and 44 μg, 

respectively. After denaturation, treatment with PNGase F produced 155, 203, and 58 μg N-

glycans, respectively.

Similarly, the N-glycan yield of EndoBI-1 and PNGase F on 500 μL concentrated bovine 

whey under pasteurization conditions (62°C, 30 min) showed that EndoBI-1 yield was 87 

μg, while the PNGase F yield was only 18 μg (Figure 5).

N-Glycan analysis by Nano-LC-Chip-Q-TOF MS

After digestion by EndoBI-1, released N-glycans from the bovine milk glycoproteins were 

purified by solid-phase extraction and analyzed by nano-LC-Chip–Q-TOF MS for a sample 

from experimental treatment 10 (Table 1). The PGC chip was able to separate N-glycans 

based on their structures and their monosaccharide compositions.

Figure 6 shows the extracted ion chromatogram (EIC) for one neutral and one sialylated 

oligosaccharide. For each of them, the composition was determined based on the mass and 

data on bovine milk N-glycans from the literature.26 EIC of these N-glycans shows 2 peaks 

at different retention times for the same mass. These results suggest two structural isomers 

or α or β anomers for the same composition.

The analytical platform used enables measurement of the presence of N-glycans in a 

complex mixture, bovine colostrum whey protein concentrate, with high resolution and 

separation of isomeric forms. The N-glycan composition was identified by an automated 

data analysis using a library for bovine milk glycoproteins. A complete N-glycan profiling 

was performed using LC-MS and LC-MS/MS on samples 9, 10, and 17 in another study to 

evaluate the effect of pH, reaction time, temperature, and enzyme/protein ratio on the N-

glycan release diversity.27
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Discussion

In this study, we investigate how different reaction conditions affect the efficiency of N-

glycan release by EndoBI-1 from concentrated bovine colostrum whey glycoproteins. These 

released glycans are structurally similar to human milk oligosaccharides (HMO) that are 

shown to stimulate the development of a beneficial infant intestinal microbiota, in particular, 

enriching for Bifidobacterium.30,31 However, the large-scale isolation of these glycans is not 

feasible. Therefore, their use in both research and commercial applications is limited.

Currently, N-glycans are not commercially available, despite their biological activity, in 

large part because of the difficulty in producing them. Available technologies for releasing 

N-glycans from glycoproteins relies on the use of PNGase F, an enzyme derived from 

Flavobacterium,19 whose activity is limited by core-fucosylation, is heat-sensitive, active at 

a pH higher than that of most physiological systems, denaturation is required for activity, 

and the enzyme is expensive. These limitations restrict its use in the production of N-glycans 

from common sources, including whey protein.

Protein denaturation, especially, before enzymatic treatment plays an important role for 

efficient enzymatic release.32 However, the native environment of B. infantis from which 

EndoBI-1 was isolated26 likely contains few denatured glycoproteins and as a result, 

evolutionary pressures have shaped this enzyme’s activity to act efficiently on native-state 

glycoproteins. To investigate this possibility, we compared the ability to release N-glycans 

from native proteins, in comparison to PNGase F. The results show that both enzymes were 

more active on denatured proteins compared to native proteins. PNGase F showed 4.55, 

7.41, and 1.31-fold reduced activity on native whey, lactoferrin, and RNase B, respectively, 

compared to denatured conditions, while the yield of N-glycans released from EndoBI-1 

treatment of native whey, bovine lactoferrin, and RNase B was only 1.9, 1.95, and 1.14-fold 

reduced under native conditions, respectively. These results suggest that denaturation of 

substrates for N-glycan release by EndoBI-1 is not critical for N-glycan release, compared to 

PNGase F. Importantly, these results demonstrates that EndoBI-1 can be used in dairy 

industry to efficiently release N-glycans from milk proteins.

Bovine milk contains a large amount of protein (32 g/L), and a small proportion of free milk 

glycans, whose structural similarity to human milk oligosaccharides has been previously 

discussed.33 The biological activity of these milk oligosaccharides are chiefly responsible 

for the ability of milk to promote the growth of Bifidobacterium in the neonatal gut, and 

contribute to infant health.30,31 We have recently shown that N-glycans purified from milk 

glycoproteins bear structural similarity to the free glycans found in milk. These N-glycans 

also possess similar bifidogenic potential and could be used to improve human health, but 

these glycans are currently not widely available.34

The effect of temperature, pH, reaction time, and enzyme/protein ratio was examined to 

identify the optimum conditions under which a novel enzyme, EndoBI-1 is active on whey 

protein. In general, a higher glycan yield was obtained at lower pH values (4.45), longer 

reaction times (475 min), and moderate temperatures in the range studied (52.5°C), and a 

higher enzyme/protein ratio (1:333). A yield of 0.12 g L−1 is possible under optimum 
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conditions, which is significantly higher than that obtained with PNGase F under its 

optimum conditions. Also, unlike PNGase F, these data also demonstrate that EndoBI-1 is a 

versatile enzyme, active under a wider variety of incubation time, temperature, and pH 

combinations that can be used in large-scale N-glycan production strategies. For example, a 

protein ratio of 1:1,000 enzyme/protein and 18 h incubation time was predicted to result in 

approximately the same yield as the optimum conditions (1/500 ratio and 360 min).

As a conclusion, the large-scale N-glycan production can be achieved with a novel enzyme 

EndoBI-1 and processing technique. These N-glycans will enable us to study their biological 

functions. Moreover, the use of whey as an N-glycan source provides added value for a 

former waste product, contributing to improved economic and environmental sustainability 

with the added benefit of the production of a beneficial bioactive food additive.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Enzymatic deglycosylation of RNase B by Endo-B-N-acetylglucosaminidase and 
PNGase F on 12% SDS-PAGE gel. Lane 1: glycosylated RNase B (17kDa). Lane 2: 
deglycosylated RNase B by Endo-β-N-acetyl-glucosaminidase (47kDa). Lane 3: deglycosylated 
RNase B by PNGase F (36kDa)
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Figure 2. Effects of temperature vs time, temperature vs pH, and time vs pH on the release of N-
glycans from bovine colostrum whey by EndoBI-1
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Figure 3. Effects of enzyme/protein ratio vs pH and enzyme/protein ratio vs temperature on the 
release of N-glycans from bovine colostrum whey by EndoBI-1
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Figure 4. Denaturation effect of concentrated bovine colostrum whey, bovine lactoferrin, and 
RNase B on N-glycan release by EndoBI-1 and PNGase F
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Figure 5. N-glycan release efficiency comparison of EndoBI-1 and PNGase F on concentrated 
bovine whey colostrum under pasteurization conditions (62°C, 30 min)
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Figure 6. Extracted ion chromatogram (EIC) of two isomers or anomers for neutral N-glycans 
with 638.73 m/z (z = 1) and sialylated N-glycan with 703.23 m/z (z = 1)
Deconvoluted CID Endo-B-N-acetylglucosaminidase was incubated with bovine colostrum 

whey protein concentrate at pH 5.30, 360 min, 40°C, enzyme/protein ratio 1/500. N-glycans 

were purified by solid-phase extraction and analyzed by Nano-LC-Chip-Q-TOF MS. Green 

circles, yellow circles, blue squares, red triangles, and purple diamonds represent mannose, 

galactose, HexNAc, fuc, and NeuAc residues, respectively.

Karav et al. Page 18

Biotechnol Prog. Author manuscript; available in PMC 2015 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Karav et al. Page 19

T
ab

le
 1

E
xp

er
im

en
ta

l D
es

ig
n 

fo
r 

O
pt

im
iz

in
g 

th
e 

R
el

ea
se

 o
f 

N
-G

ly
ca

ns
 f

ro
m

 B
ov

in
e 

C
ol

os
tr

um
 W

he
y 

by
 E

nd
oB

I-
1

T
re

at
m

en
ts

C
od

ed
 L

ev
el

s
U

nc
od

ed
 L

ev
el

s

G
ly

ca
ns

R
el

ea
se

 (
μ

g)
pH (X

1)
T

im
e

(m
in

) 
(X

2)
T

em
pe

ra
tu

re
(°

C
) 

(X
3)

E
nz

ym
e/

P
ro

te
in

R
at

io
 (

X
4)

pH (X
1)

T
im

e
(m

in
) 

(X
2)

T
em

pe
ra

tu
re

(°
C

) 
(X

3)
E

nz
ym

e/
P

ro
te

in
R

at
io

 (
X

4)

1
+

1
+

1
+

1
+

1
7.

00
36

0
65

.0
1:

50
0

9.
35

2
+

1
+

1
−

1
−

1
7.

00
36

0
40

.0
1:

1,
50

0
3.

85

3
+

1
+

1
−

1
+

1
7.

00
36

0
40

.0
1:

50
0

9.
85

4
+

1
−

1
−

1
−

1
7.

00
13

0
40

.0
1:

1,
50

0
3.

97

5
−

1
−

1
−

1
−

1
5.

30
13

0
40

.0
1:

1,
50

0
12

.8
7

6
−

1
−

1
−

1
+

1
5.

30
13

0
40

.0
1:

50
0

23
.3

3

7
−

1
−

1
+

1
+

1
5.

30
13

0
65

.0
1:

50
0

17
.6

2

8
−

1
+

1
+

1
+

1
5.

30
36

0
65

.0
1:

50
0

25
.8

4

9
+

1
−

1
+

1
−

1
7.

00
13

0
65

.0
1:

1,
50

0
3.

15

10
−

1
+

1
−

1
+

1
5.

30
36

0
40

.0
1:

50
0

54
.7

5

11
+

1
−

1
+

1
+

1
7.

00
13

0
65

.0
1:

50
0

3.
98

12
+

1
+

1
+

1
−

1
7.

00
36

0
65

.0
1:

1,
50

0
5.

50

13
+

1
−

1
−

1
+

1
7.

00
13

0
40

.0
1:

50
0

5.
60

14
−

1
+

1
−

1
−

1
5.

30
36

0
40

.0
1:

1,
50

0
24

.6
0

15
−

1
−

1
+

1
−

1
5.

30
13

0
65

.0
1:

1,
50

0
8.

47

16
−

1
+

1
+

1
−

1
5.

30
36

0
65

.0
1:

1,
50

0
13

.3
2

17
0

0
0

0
6.

15
24

5
52

.5
1:

1,
00

0
27

.4
7

18
0

0
0

0
6.

15
24

5
52

.5
1:

1,
00

0
27

.2
9

19
0

0
0

0
6.

15
24

5
52

.5
1:

1,
00

0
27

.3
6

20
0

0
0

0
6.

15
24

5
52

.5
1:

1,
00

0
27

.4
8

21
+

2
0

0
0

7.
85

24
5

52
.5

1:
1,

00
0

4.
78

22
−

2
0

0
0

4.
45

24
5

52
.5

1:
1,

00
0

36
.1

3

23
0

+
2

0
0

6.
15

47
5

52
.5

1:
1,

00
0

38
.3

2

24
0

−
2

0
0

6.
15

15
52

.5
1:

1,
00

0
4.

03

25
0

0
+

2
0

6.
15

24
5

77
.5

1:
1,

00
0

5.
64

26
0

0
−

2
0

6.
15

24
5

27
.5

1:
1,

00
0

8.
43

27
0

0
0

+
2

6.
15

24
5

52
.5

1:
33

3
43

.4
9

Biotechnol Prog. Author manuscript; available in PMC 2015 October 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Karav et al. Page 20

T
re

at
m

en
ts

C
od

ed
 L

ev
el

s
U

nc
od

ed
 L

ev
el

s

G
ly

ca
ns

R
el

ea
se

 (
μ

g)
pH (X

1)
T

im
e

(m
in

) 
(X

2)
T

em
pe

ra
tu

re
(°

C
) 

(X
3)

E
nz

ym
e/

P
ro

te
in

R
at

io
 (

X
4)

pH (X
1)

T
im

e
(m

in
) 

(X
2)

T
em

pe
ra

tu
re

(°
C

) 
(X

3)
E

nz
ym

e/
P

ro
te

in
R

at
io

 (
X

4)

28
0

0
0

−
2

6.
15

24
5

52
.5

1:
3,

00
0

6.
43

C
om

pl
et

e 
24

 f
ac

to
ri

al
 d

es
ig

n 
pa

ra
m

et
er

s,
 w

ith
 f

ou
r 

in
de

pe
nd

en
t v

ar
ia

bl
es

 in
 tw

o 
le

ve
ls

, f
ou

r 
re

pe
tit

io
ns

 in
 th

e 
ce

nt
ra

l p
oi

nt
 a

nd
 e

ig
ht

 in
 th

e 
ax

ia
l p

oi
nt

s.

Biotechnol Prog. Author manuscript; available in PMC 2015 October 28.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Karav et al. Page 21

Table 2

Estimated Regression Model and Coefficient of Determination for the Release of N-Glycans from Bovine 

Colostrum Whey by EndoBI-1

Estimated Regression Model* R2

Estimated release of N-glycans from whey by 0.74

  

X1 = coded level corresponding to pH; X2 = coded level corresponding to time; X3 = coded level corresponding to temperature; X4 = coded level 

corresponding to enzyme/protein ratio.

*
Only parameters with a confidence level above 95% (P < 0.05) were considered as significant.
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Table 3

Analysis of Variance of the Estimated Model for the Release of N-Glycans from Bovine Colostrum Whey by 

EndoBI-1

Source of Variation Sum of Squares Degrees of Freedom Mean Squares F-test

Regression 3,968.56 4 992.14 16.33a

Residual 1,397.249 23 60.75

Lack of fit 1,397.223 20 69.86 8,123.2b

Pure error 0.026 3 0.0086

Total 5,365.809

Values in bold are statistically meaningful (P < 0.05).

Coefficient of determination: R2 = 0.74; F0.95–4,23 = 2.80; F0.95–20,3 = 8.66.
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