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1. Introduction production efficiency. Various approaches are already aimed at
addressing these challenges: Alternative and sustainable sources such as

The growing world population and its increasing demand for high- plants, insects, fungi and bacteria are being tested for their natural
quality protein will have a strong impact on future research topics. amino acid value and protein yield (Dekkers, Boom, & van der Goot,
The production of animal proteins as sole protein source is not sus- 2018; Mishyna, Chen, & Benjamin, 2020; van der Weele, Feindt, van der
tainable because it takes up enormous environmental impact with low Goot, van Mierlo, & van Boekel, 2019). In order to increase consumer

Abbreviations: BLG AB, bovine beta-lactoglobulin isoform AB mixture; BLG B, bovine beta-lactoglobulin isoform B; rBLG B, recombinant bovine beta-lactoglobulin
isoform B with additional N-terminal M; sBLG B, recombinant bovine beta-lactoglobulin isoform B with N-terminal L1A/I2S substitutions; AUC, analytical ultra-
centrifugation; DLS, dynamic light scattering; DNPH, 2,4-dinitrophenylhydrazine; DiTyr, dityrosine; DTNB, 5,5-’Dithio-bis-(2-nitrobenzoic acid); DTT, Dithiothreitol;
Gua-HCl, guanidine hydrochloride; OPA, o-phtalaldehyde; PMSF, phenylmethylsulfonylfluoride; PTM, post-translational modifications; NAC, N-acetyl-L-cysteine;
NFK, N-formylkynurenine.
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acceptance, these proteins are also selected for their ability to mimic the
texture and taste of meat or dairy products (Dekkers et al., 2018; Paul,
Kumar, Kumar, & Sharma, 2019; Sethi, Tyagi, & Anurag, 2016).

Another approach is the possibility of in vitro farming (cellular
agriculture). Recombinant production of chymosin for cheese making
has been done for years (Tagliavia & Nicosia, 2019). Novel approaches
are the in vitro production of meat via tissue engineering (Bhat, Kumar,
& Fayaz, 2015). Further, there is potential interest in recombinantly
produced dairy proteins (Vestergaard, Chan, & Jensen, 2016). The
commercial and environmental sustainability of these recombinantly
produced proteins/products at a scale relevant for feeding the world
population has still to be proven. In order to clarify the challenges and
opportunities of this emerging technology, it is of great importance to
investigate the production processes and functional equivalence of re-
combinant proteins.

The production of recombinantly produced whey protein beta-
lactoglobulin (BLG) is particularly interesting in this respect, as it is
the main protein in bovine whey and as such an important component in
many foods. It also has versatile functional properties, e.g. as gelling,
foaming and emulsifying agent (Dombrowski, Gschwendtner, Saalfeld,
& Kulozik, 2018; Keppler, Steffen-Heins, Berton-Carabin, Ropers, &
Schwarz, 2018; Lam & Nickerson, 2014). Since BLG is also a central
model protein in structural biology, several efforts for its recombinant
production have been published. It exists predominantly in two isoforms
(BLG A and BLG B) in bovine milk, which differ by two amino acids.
Many studies focused on BLG A or B production in yeasts (Denton et al.,
1998; Kim et al., 1997; Yagi, Sakurai, Kalidas, Batt, & Goto, 2003),
which resulted in a high yield but either contained several changes in the
N-terminal region of BLG and/or led to co-produced (poly)saccharides.
The latter can interact with BLG and lead to structural changes as well as
protein-protein interactions (Hundschell, Bather, Drusch, & Wagemans,
2020). Yeast-based production and commercial application of recom-
binant BLG for food products are described in patent US9924728B2 et al.
(2018) and Perfect Day Inc. started to commercialize. The company
admits that their product may exhibit post-translational modification
(PTM) in the form of glycozylation, which is typical for proteins
recombinantly produced in eukaryotes.

However, a correctly folded protein with high amino acid avail-
ability, preserved functionality, and solubility is essential to replace the
natural BLG in a broad range of food applications. Batt, Rabson, Wong,
and Kinsella (1990) proposed the intracellular production of BLG in
Escherichia coli (E. coli) as a prelude for potential structure/function
related research through site-directed mutagenesis, which initially led to
insoluble protein. Ponniah and colleagues finally succeeded in produc-
ing correctly folded soluble BLG B in E. coli (Ponniah et al., 2010) still
carrying the N-terminal start methionine (rBLG B) which is missing in
the native bovine BLG B. This variant has recently been further
improved by Loch et al. by introducing a L1A/I2S mutation (sBLG B) to
ensure correct cleavage of the N-terminal methionine (Loch et al., 2016),
which was suitable for ligand binding studies. In addition, protein
isolation from the microorganism has been optimized to remove the
endogenous fatty acids that were bound in the hydrophobic protein
pocket after protein production as well as to ensure high purity and
nativity. The crystal structure and conformation of the recombinant
sBLG B (PDB ID: 6QI6) produced in this way is very similar to that of the
natural bovine BLG B (PDB ID: 3NPO), isolated from bovine milk (Loch
et al., 2016) and the recombinant protein was considered suitable for
biochemical studies.

Now it is also of interest to study the possibility to use these proposed
genetically engineered BLGs from E. coli with respect to possible food
applications. Here, a recombinant wild type BLG B variant still carrying
a methionine at its N-terminus (rBLG B) but without any further amino
acid mutations as well as a recombinant BLG B variant with L1A/I2S
modification (sBLG B) for accurate N-terminal cleavage of the methio-
nine proposed by Loch et al. (2016) were produced in E. coli and purified
with an adapted protocol. The physicochemical and emulsifying
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properties of the recombinant variants were compared with those of
commercial BLG B isolated in high purity from bovine milk. In addition,
isolated BLG AB was chosen as reference, because this mixed variant is
present in all food-related BLG formulations. Similar emulsifying prop-
erties (in the range of commercial BLG B and isolated BLG AB) are an
important prerequisite for the substitution of bovine BLG with recom-
binant BLG in many food products.

Our approach is new and unique in that it investigates how the
necessary/unavoidable N-terminal modifications of the recombinant
BLG variants affect their physicochemical and functional properties in
the context of potential food applications, in particular, their emulsion-
forming capacity. This work differs from previous work in the field as it
is intended to investigate whether the emulsion forming ability of the
recombinant variants is equivalent to that of BLG isolated from bovine
milk while many previous studies with recombinant BLG rather focused
on structure/functionality effects of cysteine 121 mutagenesis or addi-
tion of a third disulphide bond (Jayat et al., 2004; Cho et al., 1994). The
working hypothesis of the present investigations is that the small
structural changes that were necessary/unavoidable for the expression
of a correctly folded recombinant BLG B in E. coli might modify some
physicochemical properties but not affect its functionality (i.e., emulsi-
fying properties) in the final product.

The results presented here provide the possibility of a better under-
standing of the behavior of the genetically modified BLG variants under
processing induced stress and their functionality compared to those of
native bovine BLG. This manuscript also gives a comprehensive over-
view of the physicochemical properties of different BLG variants,
modeled or measured with a large variety of current methods, as well as
insights into the functionality of two different recombinant variants with
specific single amino acid changes. This provides the basis for evaluating
the substantial equivalence of the recombinant variants as a prerequisite
for approval in the food industry. It also allows the selection of the most
suitable recombinant variant for potentially high-yield production also
in other bacteria than E. coli, to eventually be used in food products. In
the future, such results may contribute to the assessment of economic
and ecological sustainability of this concept.

2. Materials & methods
2.1. Materials

The recombinant BLG B variants were produced and isolated as
described further below. Commercial protein BLG B (L8005, isolated
from bovine milk) was purchased from Sigma Aldrich (Steinheim, Ger-
many). Bovine BLG AB was isolated from bovine milk according to
Toro-Sierra, Tolkach, and Kulozik (2013). 5,5-’Dithio-bis-(2-ni-
trobenzoic acid) (DTNB), o-phtalaldehyde (OPA), 2,2-Bisthydrox-
ymethyl)-2,2’,2"-nitrilo-triethanol, r-leucine, Dithiothreitol (DTT), 2,
4-dinitrophenylhydrazine (DNPH) and phenylmethylsulfonylfluoride
(PMSF) were purchased from Sigma Aldrich (Steinheim, Germany).
Boric acid, glycine, N-acetyl-L-cysteine (NAC), Tris, sodium hydroxide
(NaOH), o-phosphoric acid (85%), acetonitrile (ACN), guanidine hy-
drochloride (Gua-HCl), trifluoroacetic acid (TFA), trisodium citrate,
hydrochloric acid (HCl, 37%) and Florisil (activated magnesium silicate;
MgO - 3.6 SiO5 - 1.53 OH, 100%) was from Carl Roth (Karlsruhe, Ger-
many), Merck (Darmstadt, Germany), and/or Sigma Aldrich (Steinheim,
Germany). Benzonase (250 U/pL) was purchased from Merck (Darm-
stadt, Germany). Ethanol and ethyl acetate were from VWR (Radnor,
USA). Middle-chain triacylglyceride oil (Witarix MCT 60/40, >99.9%)
was purchased from IOI Oleochemical (Hamburg, Germany). All
chemicals were of analytical grade. For all experiments, ultrapure water
(£18.2 MQ cm’l) was used. Borosilicate membranes (type P4) were
purchased from ROBU Glasfilter-Gerate (Hattert, Germany).
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2.2. Sample preparation

Unless otherwise stated, protein solutions were prepared by dis-
solving 10 mg/mL commercial BLG B, isolated bovine BLG AB, or one of
the two recombinant variants rBLG B and sBLG B in ultra-pure water.
After stirring the protein solutions for at least 1 h, the pH value was set to
pH 7 using NaOH.

2.3. Production and purification of recombinant BLG

2.3.1. Recombinant production

For the production of recombinant bovine BLG B, E. coli Origami B
(DE3) cells (Novagen, Darmstadt Germany) were transformed with the
plasmids pETDuet-1/DsbC/BLGB (encoding recombinant beta-
lactoglobulin isoform B, denoted as “rBLG B”) and pETDuet-1/DsbC/
L1A/12S-BLGB (encoding recombinant beta-lactoglobulin isoform B
with modified N-terminus L1A/12S, denoted as “sBLG B”), respectively,
as described previously (Loch et al., 2016). Recombinant cells were
grown in 50 mL LB-medium supplemented with 100 pg/mL carbenicillin
and 2 g/L glucose at 37 °C and 150 min~! overnight. 44 mL of this
culture were added to 1 L LB-medium supplemented with 100 pg/mL
carbenicillin and 2 g/L glucose in a 2 L baffled shaking flask and incu-
bated until reaching an ODgg of 0.5-0.7 (pETDuet-1/DsbC/BLGB) and
1.0-1.2 (pETDuet-1/DsbC/L1A/I2S-BLGB), respectively. Recombinant
protein production was induced by adding 500 pM iso-
propyl-p-D-thiogalactopyranosid (IPTG, Sigma-Aldrich). After incuba-
tion for 4 h (pETDuet-1/DsbC/BLGB) and overnight
(pETDuet-1/DsbC/L1A/12S-BLGB), respectively, at 25 °C and 140
minfl, cells were harvested at 4 °C (20 min, 3000 g), resuspended in 20
mL sodium phosphate buffer (20 mM, pH 6), harvested again at 4 °C (40
min, 3000 g) and stored at —80 °C. 1 L cell culture resulted in approx-
imately 4.5-8 g of wet cells.

2.3.2. Purification

For the purification of recombinant BLG B variants, 30 mL sodium
phosphate buffer (20 mM, pH 6) was added and cells were thawed on
ice, resuspended, and supplemented with 15 pL PMSF (200 mM) and
0.15 pL benzonase (250 U/pL) per 30 mL. Cells were disrupted by son-
ication for 4 - 5 min, with 5 min gaps between (settings: 97% power, 5 -
10% cycles). Disrupted cells were transferred into 2 mL reaction vials
and centrifuged for 90 min at 18,000 g and 8 °C. The supernatant was
filtrated (pore size of 0.45 pm). Before loading the filtrated cell lysate
(around 3000 mg total protein) on a HiTrap Capto Q ImpRes chroma-
tography column (10 mL column volume; GE Healthcare Life Sciences,
Chicago, USA), the anion exchange column was equilibrated with so-
dium phosphate buffer (20 mM, pH 6). Proteins were eluted using a
linear gradient from zero to 500 mM NaCl (20 column volumes). Frac-
tions containing the highest amount of recombinant BLG B were com-
bined, adjusted to 1.5 M of ammonium sulfate, incubated overnight at 4
°C and centrifuged for 20 min at 2900 g and 4 °C. 7.5 mL of the su-
pernatant containing BLG B was loaded on a HiPrep desalting 26/10
column (53 mL column volume; GE Healthcare Life Sciences, Chicago,
USA) and eluted using ultrapure water. Finally, proteins were lyophi-
lized for 62 h using a temperature gradient from —35 °C to 25 °C (Beta
2-8 LSCplus, Martin Christ, Osterode am Harz, Germany). Vials con-
taining lyophilized BLG B were closed under dry nitrogen atmosphere
and stored at 4 °C. All chromatographic purification steps were carried
out using the Akta Pure 150 (GE Healthcare Life Sciences, Chicago, USA)
fast protein liquid chromatography system. Throughout the whole pu-
rification process, protein fractions were analyzed by SDS-PAGE (12%
(w/v) of acrylamide) as described before (Righetti, 1990).

2.4. Sequence and structure analyses

BLG concentrations were measured by NanoDrop microvolume
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spectrophotometer (Peqlab Biotechnology GmbH, Erlangen, Germany).
In addition, the percentage of the BLG protein band in comparison to all
bands was calculated from the SDS-Page images using GelAnalyzer
software (version 19.1, free software, GelAnalyzer.com). The N-terminal
amino acid sequence of the recombinant variants was analyzed by
automatic Edman degradation (Edman & Begg, 1967).

2.4.1. Analysis of covalent protein modifications

Mass spectrometry was conducted to screen for acetylation, glyco-
zylation, or other covalent protein modifications occurring in bovine
milk or during recombinant production. In addition, mass shifts reveal
changes in the amino acid sequence. For the analysis of the protein
samples a Qq-TOF (Bruker, Impact II, Resolution 40.000) with ion-
mobility analysis (Seadm, differential mobility analysis, DMA, Resolu-
tion 60) was used.

2.4.2. Molecular dynamic analysis

The BLG variants were analyzed using molecular dynamics (MD),
which gives information on the dynamic properties of the protein vari-
ants. All MD simulations and analyses were performed using the GRO-
MACS software package version 5.1.1 (Van Der Spoel et al., 2005) and
the OPLS-AA (all-atom) force field (Kaminski, Friesner, Tirado-Rives, &
Jorgensen, 2001). The structure of native dimeric BLG has been ob-
tained from PDB 3PH5. The original structure misses a few N-terminal
amino acids, ie., it starts at a position denoted there as number 20
(TQTMK=-; c.f. Table 1). The remaining N-terminal amino acids for all
variants (BLG A or B: LIV—; rBLG B: MLIV—; sBLG B: ASV-) were added

Table 1
Sequence and structure properties of BLG variants used within this study.

Name BLG AB BLG B rBLG B sBLG B

Purity (Nanodrop) [%] >90 >90 >90 >90

Sequence of N-Terminus LIVTQ LIVTQ MLIVTQ ASVTQ

Length [amino acids] 162 162 163 162

Calculated molecular 18,366.27 18,280.17 18,411.36 18,211.99
weight [Da] 1

MS measured molecular 18,374.9 18,288.9 18,419.9 18,220.9
weight [Da] 1

MS measured mass +86 0 +131 —68
difference to BLG B
[Da] !

Measured SH groups 0.43 + 0.35+0.0° 0.45+0.0° 0.38 +
[mol/mol protein] 0.0%¢ 0.0®P

Measured NH groups 19.6 + 17.6 + 17.0+0.1*  16.7 £0.6*
[mol/mol protein] 0.5" 1.0

Measured isoelectric 4.9 +0.12 4.7 +0.20 5.4 + 0.05 5.4 + 0.08
point (IEP)

Theoretical IEP 4.76 4.83 4.83 4.83
calculated for
unfolded BLG *

Acid solubility [%] 98 + 0.6% 88 + 0.4° 96 + 0.3" 97 4+ 0.5*°

MD simulations

MD root mean squared n. d. 0.29 + 0.36 + 0.29 +
deviation, all atoms 0.022* 0.068" 0.022*
[nm]

MD radius of gyrationof  n. d. 1.53 + 1.54 + 1.52 +
monomer [nm] 0.013* 0.016% 0.013*

MD SASA of single n. d. 178.9 + 183.0 + 178.5 +
monomers [nm?] 1.4% 1.75° 1.53?

MD SASA of dimer n. d. 166.2 + 168.9 + 165.6 +
[nm?] 1.0° 1.10° 1.01°

MD intramolecular H- n. d. 224 +3.1* 225+ 3.7° 223 +3.0°
bonds of monomer

MD intramolecular H- n. d. 231 4+ 4.8 232+ 4.3' 234 £ 3.4°

bonds of dimer

1 properties of BLG A are listed instead of BLG AB for some instances where only
monomer structure was assessed. Significant differences in a row (p < 0.05) are
indicated by small letters (a-c). MD simulations of BLG AB were not determined
(n. d.) because of its presence as a homodimer (AA or BB) or heterodimer (AB) in
amixture at pH 7. H-bonds, hydrogen bonds; MD, molecular dynamics; MS, mass
spectrometry; SASA, solvent accessible surface area.
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using Modeller V9.15 (Marti-Renom et al., 2000). The resulting models
were equilibrated and simulated as described in Uttinger et al. (2020).
The temperature was maintained at T = 293 K, pH was set neutral and
salt concentration was set to 10 mM. Two types of simulations were
performed subsequently: First, 5 ns of free (unforced) simulation was
conducted (MD-free), followed by 0.7 ns of forced simulation, separating
the two monomers along the dimer’s principal axis by pulling with
constant velocity (v =5 ms~ 1) and adapted force (MD-pull). Root mean
squared deviations of respective structures (RMSD), radius of gyration
(Ry), surface accessible area (SASA), hydrogen bonds binding energies
were extracted for all simulations and pulling forces from the MD-pull
simulations using the respective GROMACS (GROningen MAchine for
Chemical Simulations) tools. Each simulation was repeated indepen-
dently, yielding n = 20 replicates for each variant, thus total 120 sim-
ulations. Comparison of extracted data between variants allowed for
statistical significance testing (Student’s two-sided t-test) and calcula-
tion of confidence intervals (p = 95%, assuming normal distribution).

2.4.3. Analysis of free thiol group reactivity (RSH test)

The number of accessible thiol groups (SH groups) per protein was
determined according to a variation of the Ellman’s assay (Ellman,
1959) without denaturing conditions as reported previously (Keppler
et al., 2014). 1.6 mL tris-glycine buffer (50 mM, pH 8.5), 400 pL BLG
solution, and 40 pL DTNB (10 mM in 50 mM tris-glycine buffer, pH 8.5)
were mixed and incubated for 10 min at room temperature. The
absorbance of the mixture was measured at 412 nm using a spectro-
photometer (Helios Gamma, UV-Vis, Thermo Spectronic, Cambridge,
UK). The concentration of free thiol groups, expressed as free thiol
groups per protein molecule, was determined using the molar attenua-
tion coefficient of 13,600 M 'cm ™. All results were corrected for the
protein concentration which was determined by measuring the absor-
bance of the supernatant at 278 nm after centrifugation using a molar
extinction coefficient of 17,600 M~ lem™L.

2.4.4. Analysis of free amino groups (NH groups)

The amount of accessible amino groups on the different BLG variants
was measured with the o-phtalaldehyde (OPA) method. BLG concen-
trations were set to 3.33 mg/mL (~180 pM). Due to poor solubility,
rBLG B was centrifuged for 5 min at 4000 g and 20 °C. All results were
corrected for the protein concentration which was determined by
measuring the absorbance of the supernatant at 278 nm using a molar
extinction coefficient of 17,600 M~ tem ™.

The determination of free amino groups was performed according to
Roth (Roth, 1971) with slight modifications. In the presence of reduced
thiol groups, OPA reacts with free amino groups by forming a fluo-
rophore. 120 pL protein solution was mixed with 2.64 mL NAC (18.4
mM) in borate buffer (100 mM, pH 9.3) and 150 pL ultra-pure water
instead of a denaturing agent. The mixture was incubated at 50 °C for 10
min. After the addition of 90 pL. OPA (250 mM) the mixture was further
incubated at 50 °C for 30 min. The final protein concentration was
approximately 5 pM. The mixture was cooled down to room temperature
for 30 min and the absorbance was measured at 340 nm using a spec-
trophotometer (Helios Gamma, UV-Vis, Thermo Spectronic, Cambridge,
UK). For the calculation of the amount of free amino groups, a standard
curve of 1-leucine in a concentration range of 1.2-120 pM was used. The
amount was expressed as the number of free amino groups per protein
molecule.

2.4.5. Zeta potential and isoelectric point

The zeta potential is related to the net surface charge of the proteins
and was measured using the Zetasizer instrument Nano ZS (Malvern
Instruments, Herrenberg, Germany). The solutions were dialyzed
against 10 mM NaCl solution for at least 4 h, and the dialysate was
changed at least once to remove minor contamination. The pH of the
protein solutions was adjusted with HCl and NaOH. BLG concentrations
were set to 1.0 mg/ mL (~60 pM). The samples were prepared using a
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similar 10 mM NacCl solution as used in dialysis in order to ensure
constant ionic strength after dilution, which is important for the sub-
sequent analytical ultracentrifugation (AUC) analysis for a determina-
tion of the dimer dissociation constants Kp. Finally, the protein
concentrations were controlled again via UV/VIS spectroscopy (Analytic
Jena, Specord 210, Jena, Germany). The pH was controlled directly
before the measurements and adjusted accordingly using HCl and
NaOH.

For the determination of the isoelectric point (IEP), different pH
values were set between 2 and 11 with 100 mM NaOH and 100 mM HCl
to determine the point where the zeta potential reaches 0. For all mea-
surements, a folded-capillary cuvette (Malvern Instruments, Malvern,
Grovewood, UK) was used. The temperature was controlled at 25 °C
with an initial equilibration time of 120 s.

2.4.6. Acid solubility by HPLC

To determine the relative amount of correctly folded BLG of each
variant, the reversed phase (RP)-HPLC method to determine whey
proteins in cow’s milk was applied, modified according to Dumpler,
Wohlschlager, and Kulozik (2017). In brief, BLG concentrations were set
to 1 mg/mL and stirred at room temperature for 4 h. To determine the
native BLG content, the pH of the protein solutions was adjusted to 4.6
reaching the isoelectric point of denatured BLG, which facilitates their
precipitation, while intact BLG remains soluble in the supernatant. The
concentration of denatured BLG was calculated from the content in the
supernatant relative to the amount in the original sample.

For analysis, 200 pL of each sample was mixed with 800 pL of buffer
and incubated for 30 min at room temperature. The mixture was
manually shaken to ensure the complete solubilization of proteins.
Analysis was carried out using an Agilent 1100 series chromatograph
(Agilent, Waldbronn, Germany) equipped with a Latek 300 A PLRP-S-
C18 (Agilent, Waldbronn, Germany) column and eluted with a
gradient of the two eluents A and B. Eluent A contained 90% ultrapure
water, 10% acetonitrile (ACN) and 0.1% trifluoroacetic acid (TFA),
eluent B contained 10% ultrapure water, 90% ACN and 0.07% TFA. The
RP-HPLC was performed with a flow rate of 1 mL/min with the
following gradient of water and ACN: 0-2 min (43-47% B), 6-9 min
(49-52% B), 11-13 min (54-55%), 13.5-13.8 min (100%) and 14 min
(100-14% B). The injection volume was 20 pL. The temperature of the
column was 40 °C. The proteins were detected by UV/Vis at a wave-
length of 226 nm. The evaluation of chromatograms was performed
using the Agilent ChemStation Software (Rev.B.04.03.). Experiments
were performed in duplicate.

2.4.7. Conformation analysis by FTIR

Protein secondary structure was analyzed using ATR-Fourier trans-
form infrared spectroscopy (FTIR) on a Confocheck™ Tensor II system
(Bruker Optics, Ettlingen, Germany) optimized for protein analytics in
solutions and a thermally controlled BioATR2 unit as previously
described by Kayser, Arnold, Steffen-Heins, Schwarz, and Keppler
(2020).

Measurements were conducted at a temperature of 25 °C against the
respective solvent mixtures without protein as background and averaged
over 120 scans at a resolution of 0.7 cm™". For evaluation, the measured
spectra underwent atmospheric correction and were then vector-
normalized. The second derivative of the amide band 1 (1590 - 1700
em™!) was calculated using nine smoothing points.

2.4.8. Conformation analysis by intrinsic tryptophan fluorescence
Conformational differences between the BLG variants were investi-
gated using intrinsic tryptophan fluorescence. The analysis was con-
ducted as previously described (Heyn et al., 2019): The intrinsic
tryptophan fluorescence of centrifuged samples was carried out in
quartz cuvettes using a Varian Cary Eclipse fluorescence spectropho-
tometer (Varian Darmstadt, Germany) with protein concentrations of
250 mg/mL. All measurements were performed at pH 7 with an
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excitation of 295 nm. Emission spectra were collected between 310 and
404 nm. The results were corrected by the actual protein concentration,
which was measured by the absorbance at 278 nm as described above.

2.5. Quaternary structure analysis

2.5.1. Molecular weight distribution in solution by analytical
ultracentrifugation (AUC)

AUC follows the sedimentation velocity of proteins, which differ for
different quaternary structures. BLG concentration series (0.25mg/mL
to 1.5 mg/mL) were produced from a stock solution of 1.5 mg/mL .
Therefore, BLG variants were dialyzed as described for zeta potential
and IEP measurements.

A modified preparative centrifuge (Type Optima L-90 K, Beckman
Coulter, Krefeld, Germany) was used for the sedimentation velocity (SV)
AUC experiments. The experiments were performed at a fixed rotor
speed of 50,000 min~!. The temperature was set to 20 °C throughout the
measurements. Titanium centerpieces with a path length of 12 mm were
used for all experiments. The individual SV data, which are collected for
each protein concentration and solution pH were analyzed with the
continuous c(s)-model of the SEDFIT program to determine sedimenta-
tion coefficient distributions and the molar masses of the individual
species (Brown & Schuck, 2006). Determination of the dimer dissocia-
tion constant Kp was conducted from a protein concentration series at
preset pH of the solution and analysis of the respective sedimentation
data was carried out via SEDANAL program (version 6.93) (Stafford &
Sherwood, 2004). The equilibrium constant Kp is derived from the
protein monomer-dimer equilibrium reaction and describes the ratio of
association to dimers and dissociation to monomers. Further details are
included in the supplementary. The partial specific volume for all BLG
samples was set to 751 pL/g. The solvent properties were equivalent to
the properties of water for all analysis steps. Concentration non-ideality
effects are in these concentration ranges not interfering with these
measurements (Uttinger et al., 2019).

2.5.2. Hydrodynamic diameter by dynamic light scattering (DLS)

In order to assess the hydrodynamic diameter of the different BLG
variants, protein size was measured with a Zetasizer instrument (Nano
7S, Malvern Instruments, Herrenberg, Germany). Protein powders were
solubilized in PBS (137 mM NaCl, 2.7 mM KCL, 10 mM NayHPOy, 1.8
mM KHPOy) at a concentration of 1 mg/mL in order to assure correct
DLS analysis and the pH was adjusted to 7.0. The measurement was
carried out at 20 °C. If necessary, protein solutions were filtered through
a 0.45 pum cellulose filter. Then to track the particle size, 10 measure-
ments were conducted. Each measurement was performed over a time
span of 60 s. Measurements were carried out in backscattering mode at
173° to achieve the highest resolution for smaller particles. A refractive
index of 1.45 was chosen and the solvent viscosity was assumed to be
similar to water. The experiments were conducted in triplicate.

2.6. Physicochemical properties

2.6.1. Denaturation temperature by differential scanning calorimetry
(DSC)

In order to determine the denaturation temperature of the proteins,
differential scanning calorimetry was performed using a TA instruments
Q 1000 series (TA instruments, Eschborn, Germany). BLG concentra-
tions were set to 100 mg/mL (w/w) at pH 7 and incubated at room
temperature for 4 h. Prior to the analysis, the instrument was equili-
brated at 25 °C for 2 min. Then, the modulated (0.5 °C/min) ramp from
25 to 95 °C was started with a heating rate of 2 °C/min. After completing
the ramp, the temperature was kept at 95 °C for 1 min. Experiments
were performed in duplicate.

2.6.2. Protein hydrophobicity by HPLC
RP-HPLC was used as a measure of the protein hydrophobicity by
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applying a similar HPLC method as the one used for the acid solubility
with minor variations: BLG concentrations were set to 1 mg/mL with
ultra pure water and analyzed by RP-HPLC as previously described
(Keppler et al., 2017). Shortly, RP-HPLC analysis was carried out on a
Dionex Ultimate 3000 HPLC system (Thermo Fisher Scientific, Waltham,
USA) equipped with a polymeric reversed phase column (PLRP-S, 300 A,
8 pym, 150 - 4.6 mm, Agilent Technologies, Santa Clara, USA). The
separation was performed using ultra pure water with 0.1% TFA as
eluent A and ACN with 0.1% TFA as eluent B. The applied gradient was
0-1 min (35% B), 8 min (38% B), 16 min (42% B), 22 min (46% B),
22.5-23 min (100% B) and 23.5 min (35% B). The injection volume was
20 pL at a flow rate of 1 mL/min. The temperature of the column was 40
°C. The detection wavelength was 205 nm.

In addition, the samples were also analyzed in a reducing and
denaturating buffer system (0.02 M DTT and 6 M Gua-HCl) using the
same column, flow rate, and column temperature, but detection wave-
length of 226 nm and slightly different eluents mixtures: Eluent A: 100%
ultrapure water, 0.1% TFA and Eluent B: 20% ultrapure water, 80%
ACN, 0.0555% TFA. The applied gradient was 0 min (43% B), 2 min
(47% B), 6 min (49% B), 9 min (52% B), 11 min (54% B), 13 min, (55%
B), 13.5-13.8 min (100% B) and 14 min, (43% B).

2.7. Protein oxidation (carbonyl content, NFK, dityrosine)

Protein oxidation can occur during protein purification from milk or
bacterial suspension. Protein carbonyl content was analyzed as
described by Levine et al. (1990) and Scheidegger, Pecora, Radici, and
Kivatinitz (2010). BLG concentrations were set to 3.33 mg/mL (~180
pM). Due to poor solubility, the recombinant wild type (tBLG B) was
centrifuged for 5 min at 4000 g and 20 °C. For each sample, two aliquots
were taken and analyzed as pairs (A and B): The protein (2 mg) was
precipitated in each sample using 1 mL TCA (20%) and harvested by
centrifugation at 10,000 g and room temperature for 5 min. The su-
pernatant was discarded. One mL DNPH (100 mM in 2 M HCI) was
added to one precipitate (A) and 1 mL HCl (2 M) the other (B). After
incubation in the dark for 1 h at room temperature, 800 pL TCA (20%)
were added, the samples were vortexed and centrifuged at 10,000 g for
5 min. The precipitated proteins were washed 3 times with 1 mL ethyl
acetate/ethanol (1:1, v/v) to remove unbound DNPH. Afterwards, the
proteins were redissolved in 2 mL Gua-HCl (6 M with 0.5 M phosphoric
acid, pH 2.5). The absorbance was measured at 370 nm using a UV-Vis
Spectrophotometer (Helios Gamma, Thermo Spectronic, Cambridge,
UK). Protein carbonyls were calculated using the molar attenuation
coefficient of 2.2 - 10™* M *em ™! and were expressed as nanomoles of
carbonyls per milligram protein. All results were corrected by the pro-
tein concentration which was determined by measuring the absorbance
of the precipitated and resuspended sample at 278 nm and by use of the
molar extinction coefficient of 17,600 M~ lem ™.

The presence of dityrosine (DiTyr) and N-formyl-kynurenine (NFK)
in the protein solution at pH 7 with a protein concentration of 1 mg/mL
were analyzed in quartz cuvettes using a fluorescence spectrophotom-
eter (Varian Cary Eclipse, Varian, Darmstadt, Germany) as described by
Scheidegger et al. (2010). For DiTyr and NFK measurements, an exci-
tation wavelength of 325 nm and emission wavelengths of 410 and 435
nm were used, respectively.

2.8. Surface activity and emulsifying properties

2.8.1. Adsorption behavior and interfacial rheology

To determine the adsorption behavior of the different BLG variants
as well as their interfacial rheology, drop tensiometry with an oil/water
(0O/W) system was conducted.

Medium-chain triacylglyceride oil (MCT-oil) was used as the organic
phase. To remove free fatty acids and other interfacial active com-
pounds, MCT-oil was treated with Florisil as previously described
(Schestkowa et al., 2019). The adsorption behavior of BLG at the O/W
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interface was carried out with the pendant drop method using the profile
analysis tensiometer (PAT1M, Sinterface Technologies, Berlin, Ger-
many) with a two-fluid needle system as described by Schestkowa et al.
(2019). Shortly, an ultrapure water droplet with a profile area of 50 mm?
was dosed with the outer needle into the MCT-oil in a quartz-glass
cuvette. Then, 2 pL of the water droplet was exchanged with 2 pL of
20 mg/mL (2 wt%) BLG solution (prepared in ultrapure water) through
the inner needle (resulting BLG concentration in the pendant drop was
0.1 wt%). The interfacial tension analysis of the single drop was per-
formed for 0.5 h at 22 °C by extracting the droplet shape recorded with a
high-speed camera. The migration of the BLG through the droplet is
characterized by the lag-time and was calculated in accordance with
Schestkowa et al. (2019).

After the drop aging of 0.5 h, a subsequent amplitude sweep ranging
from 0.1 to 7% deformation was performed at a frequency of 0.01 Hz as
described by Tamm and Drusch (2017). The elastic (storage) modulus E
and viscous (loss) modulus E” were derived from E*, which was calcu-
lated from the oscillation cycles. For E* > E”, the interfacial film is
predominantly elastic, while for E° < E”, the interfacial film is pre-
dominantly viscous. The property of the interfacial film is a character-
istic parameter for the interfacial stabilization of emulsions.

2.8.2. Emulsifying properties

A coarse oil-in-water emulsion was prepared by dispersing 5% (w/w)
purified MCT-oil (dispersed phase) in a 1 mg/mL (0.1 wt% BLG solution
(continuous phase), prepared with ultrapure water) using a rotor-stator
homogenizer (Ultra Turrax T25 basic, 500 W power output, S25 KD-25 F
dispersion tool, IKA, Staufen, Germany) at 6500 min~! for 15 s. Then,
the coarse emulsions were pushed through a silicate membrane (mem-
brane diameter 10 mm, membrane height 2.0 + 0.2 mm median pore
diameter 10-16 pm) to produce a fine emulsion. A new membrane was
used for each emulsification. The oil droplet size distribution (D10, D50,
D90, cumulative distribution function Qg) of the coarse and fine emul-
sion was measured with a laser scattered light spectrometer (Horiba LA-
950, Retsch Technology, Haan, Germany; transmission range: 80-95%
(R) and 70-90% (B), refractive index: 1.46). Each sample was analyzed
in analytical triplets, and the mean average of the analytical triplet was
used as one technical measurement. Individual aliquots of 10 mL of the
fine emulsions were transferred into graduated test tubes to check the
emulsion stability after 1, 2, 3, and 144 h (7 d) visually.

2.9. Statistics

If not stated otherwise, all sample solutions were prepared in tripli-
cate. Statistical significance was determined by calculating a one-way
analysis of variance (ANOVA) and by using Tukey’s multiple compari-
sons test as a post-hoc test. A significance level of 5% was assumed. The
tests were performed using GraphPad Prism (version 6.07, GraphPad
Software, San Diego, USA) or Statgraphics (Statgraphics Technologies
Inc., version 5.1, the Plains, Virginia, USA).

3. Results

3.1. Production and purification of recombinant beta-lactoglobulin B
(BLG B)

Within this study, two different bovine beta-lactoglobulin isoform B
proteins, rBLG B with an additional methionine residue at the N-termi-
nus (PDB ID: 5K06) and sBLG B (PDB ID: 6QI6) with a substituted N-
terminus L1A/I2S as described by Loch et al. (2016) were recombinantly
produced and purified (Table 1 and Fig. 1 and Fig. S1).

The purification process developed here using anion exchange
chromatography followed by an ammonium sulfate precipitation of
further E. coli host proteins and subsequent desalting resulted in >90%
purity of the corresponding protein (Fig. S1). During this newly devel-
oped procedure, the proteins were kept under innocuous conditions to
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Fig. 1. Superposition (Ca) of lactoglobulin crystal structures: BLG B (PDB ID:
3NPO), rBLG B (PDB ID: 5K06) and sBLG B (PDB ID: 6QI6). The overall
structure of all compared variants is almost the same but N-terminal part of the
variant with additional N-terminal methionine (cyan) has different conforma-
tion than observed in natural protein isoform B (green) or a variant with N-
terminal mutations L1A/I12S (pink). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

avoid stressful pH values or long times of dialysis, which were described
by Ponniah et al. (2010) before. With these newly developed production
and purification protocol including the addition of glucose to the growth
medium combined with an improved purification procedure applying
salting-out instead of size exclusion chromatography, the total yield of
purified BLG B was significantly increased from up to 40 mg described
previously (Loch et al., 2016) to 160 mg from 1 L of bacterial culture
maintaining a high purity.

3.2. Properties of the BLG variants

Because of the changed production process, the proteins themselves
were characterized in detail (e.g., N-terminal sequencing, mass spec-
trometry, thermal stability) to compare them with previously reported
analyses by Loch et al. (2016). A number of additional analyses have
been carried out that have not yet been done before with recombinant
BLG (e.g. MD modeling, protein oxidation, dissociation constants by
analytical ultracentrifugation).

3.2.1. Primary to tertiary structural properties of BLG variants

In the following, the two recombinant BLG B variants were compared
to BLG B and BLG AB, which were isolated from bovine milk. All proteins
used in this study had a purity higher than 90%. N-terminal sequencing
proofed the differences in the N-termini of the recombinant proteins and
the commercial BLG B. While rBLG B starts with methionine followed by
leucine, isoleucine, and valine (Table 1, Fig. 1, Fig. S2), the starting
methionine of sBLG B was missing due to cleavage during the recom-
binant production process as described before (Loch et al., 2016).
Because of the introduced mutations supporting the N-terminal methi-
onine cleavage in vivo, the first two amino acids in the mature sBLG B
were found to be alanine and serine. No mixture of proteins with
different N-termini could be found (Fig. S2).

Protein measurements by Qq TOF MS confirmed that covalent
modifications of the proteins did not occur during production and pu-
rification processes. The deconvoluted signals at charge state +12 led to
an expected molecular mass of 18,288.9 Da for the commercial BLG B
sample, while sBLG B gave a 68 Da lower mass of 18,220.9 Da and rBLG
B a higher mass of additional 131 Da (Table 1). The amount of accessible
sulfhydryl groups (SH-groups) of the BLG variants can be used as a
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measure of nativity or correct folding. With respect to the number of
reactive thiol groups (determined in the RSH test), the present results
show that both recombinant variants behave within the range of the
bovine variants AB (0.43 mol/mol) and B (0.35 mol/mol), although
rBLG B had a significantly higher thiol group accessibility than sBLG B
(0.45 mol/mol and 0.38 mol/mol, respectively).

The amount of amino groups (NH groups, Table 1) of BLG variants
gives an indication of covalent modifications (decrease of NH groups) or
hydrolysis (increase of NH). Between 17 and 19.6 OPA (o-phtalalde-
hyde) amino groups could be observed for all BLG variants, with bovine
BLG AB having the highest number of 19.6 detectable groups.

A significant difference in the measured isoelectric point (IEP) from
4.7 to 4.9 is evident between BLG B and BLG AB (Fig. S3). In addition to
that, the recombinant BLG variants had a higher IEP than both reference
proteins with 5.4, which could be caused by different ions present or
some impurities because the theoretical IEP based on the unfolded
amino acid chain for BLG B, sBLG B, and rBLG B are similar (IEP at pH
4.83). On the other hand, the IEP of unfolded BLG is generally lower
than the IEP measured for native protein, with the exception of BLG B
(Table 1). Such a difference between the IEP of native and denatured
protein is only evident in some proteins due to specific amino acid
composition and folding and caused by intramolecular amino acid in-
teractions and lower solvent accessibility of buried amino acid groups in
the native protein which can cause local charge differences (Ui, 1971).

The BLG acid solubility is a rough measure of its nativity and correct
folding and is based on the lower IEP of unfolded BLG compared to
native BLG (Table 1). Thus, denatured BLG precipitates at pH 4.6, while
native BLG remains in solution. The BLG acid solubility was in the range
of >96% for all proteins, which can be considered native. Again, the
commercial protein BLG B deviated significantly from all other proteins
with only 88% solubility (Table 1).

Molecular dynamic (MD) analysis of the three BLG B variants was
performed to analyze structural differences in detail. Root mean squared
deviations (RMSD) of monomers, whether in dimeric form or pulled
apart in monomeric form, was slightly higher for rBLG B compared to
combined sBLG B and BLG B: 0.36 & 0.068 nm vs. 0.29 + 0.022 nm; p <
0.02. The higher fluctuation for rBLG B is presumably dominated by the
elongated N-terminal that, in all variants, remains only loosely attached
to the remainder of the protein, whether dimeric or monomeric.
Correspondingly, the radius of gyration was at 1.544 + 0.016 nm for
rBLG B vs. 1.524 + 0.0088 nm for combined sBLG B and BLG B with an
overall marginally significant difference (p < 0.08).

This further corresponded to a different solvent accessible surface
area (SASA). The SASA of single monomers is larger for rBLG B than for
combined BLG B and sBLG B (183.0 & 1.75 nm? vs. 178.7 & 1.01 nm%; p
< 1072). In the dimeric state (calculated per monomer), the difference in
the SASA remained, however on a lower level (168.9 4+ 1.08 nm? vs.
165.6 + 1.01 nm?; p < 2:10~%) while commercial and sBLG B cannot be
distinguished based on SASA. Pulling forces needed to monomerize di-
mers were indistinguishable for all variants. The same held true for
monomer-monomer binding energy. The number of stabilizing intra-
molecular hydrogen bonds has been found to be indistinguishable for all
BLG variants: A larger number of bonds was identified for the dimeric
state (calculated as the intramolecular H-bonds per monomer) of all BLG
variants together (i.e., mean of 232 + 2.4) vs. a mean value of 224 + 1.9
for all BLG variants in the monomeric state, but no differences were
found between BLG B, sBLG B or rBLG B.

Fourier transform infrared (FTIR) spectroscopy was conducted to
identify differences in the secondary and tertiary structural levels be-
tween the different BLG variants. The typical conformation of natively
folded BLG was evident for BLG B, i.e., the dominant intensity in the
1630 cm ! band (Fig. 2A), indicating intramolecular beta-sheets, a less
dominant alpha-helix at 1655-1658 cm ™' and a second beta-sheet band
at 1688 cm™! (Keppler et al.,, 2017; Keppler, Martin, Garamus, &
Schwarz, 2015; Panick, Malessa, & Winter 1999). The BLG AB likewise
showed a typical spectrum in the ATR-FTIR analysis with minor
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Fig. 2. A) ATR-FTIR second derivative amide I spectra of beta-lactoglobulin
(BLG) variants. Waveband frequency regions for specific conformations (beta-
sheets, helix, disordered) are indicated. B) FTIR amide I difference spectra
between BLG B minus sBLG B or BLG B minus rBLG B. C) Intrinsic tryptophan
fluorescence spectra between 300 and 400 nm emission for different
BLG variants.

variances in the turns and disordered elements region compared to BLG
B. There was also a minor band located at 1618 cm™!, caused by
intermolecular beta-sheets. The two recombinant variants sBLG B and
rBLG B, however, exhibited a good resemblance to the BLG B spectrum,
since the intensity difference spectra gave no strong deviations (<0.001
A.U.) (Fig. 2B).

The intrinsic tryptophan (Trp) fluorescence of BLG (Fig. 2C) is a
sensitive measure of the accessibility of the aromatic amino acid Trp to
the solvent. All BLG variants were again very similar in their
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fluorescence intensity (approximately 1.8-2.3 A.U.) as well as emission
wavelength maximum (approx. 350 nm wavelength). A slightly higher
fluorescence intensity was observed for the BLG AB.

3.2.2. Quaternary structure

AUC can be used to analyze the sedimentation profile of a sample
during centrifugation in real-time and it is thus possible to extract mo-
lecular size distributions in detail. The analysis of the monomer-dimer
dissociation constant Kp of protein-protein interactions as a function
of the pH value by AUC was first conducted with two samples (BLG AB
and sBLG B) to determine the difference span (Fig. 3A). As can be seen,
the Kp was almost similar for both tested variants. Kp decreased at pH 5
because of aggregation effects at the isoelectric point (IEP), while it
increased towards more extreme pH values for both variants. Therefore,
the remaining samples were measured only at one fixed protein con-
centration and at pH 7 and the monomer-dimer equilibrium was
assessed based on these results.

The AUC results confirmed the predominant presence of dimers (36
kDa) for dialyzed BLG AB, sBLG B, and rBLG B at pH 7 in 10 mM NaCl, as
well as some monomers (18.5 kDa) and multimers > 50 kDa (Fig. 3B).
The small differences in the molecular weight of the different variants
(Table 1) did not affect sedimentation and diffusional properties within
sedimentation velocity (SV) AUC experiments. Moreover, the monomer-
dimer equilibrium (Fig. 3A) was not different for the different BLG
variants tested, hence the quaternary structure of the recombinant
proteins has not been affected by the N-terminal modifications. Like-
wise, the hydrodynamic diameter measured in PBS using dynamic light
scattering (DLS) gave the size of dimers between 5 and 6 nm, which was
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Fig. 3. A) Chemical equilibrium constant in terms of the dimer dissociation
constant (Kp) derived from the monomer-dimer equilibrium of sBLG B and BLG
AB as determined from SV AUC experiments at six different concentrations
(0.25-1.5 g/L) in water set to pH values of 3, 5, 7 and 9. B) Sedimentation
coefficient distribution as well as estimated molar masses from AUC data
analysis for BLG B, sBLG B and rBLG B in water at pH 7 measured at a con-
centration of 1 g/L and rotor speed of 50,000 min™'.
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in accordance with results from AUC (Fig. 3, Table 2).

Zeta potential measurements (Table 2) showed minor differences
between the reference proteins BLG AB and B (both —18.6 mV at pH 7)
and the two recombinant variants (both - 21 mV).

3.2.3. Physicochemical properties

Different experiments were conducted to characterize the effect of
the amino acid addition or substitution at the N-termini of the recom-
binant BLG B variants on their physicochemical properties compared to
commercial BLG B and to BLG AB.

The denaturation onset temperature (Tq onset) of the natural bovine
variants is an indication for the protein stability and its propensity to
unfold, but also an important measure for its thermal stability during
processing. Tq onset, as measured by differential calorimetry (DSC)
(Fig. S4), was similar for both reference proteins with approximately 73
°C and increased significantly from BLG B to sBLG B by 1.7 K and from
for BLG B and rBLG by 3.4 K. Protein denaturation was completed at
higher temperatures between 77 °C for both reference proteins BLG B
and BLG AB. The sBLG B showed a Tq less than 1 K higher, however,
rBLG B differed by 3.2 K from BLG B.

Chromatographic separations according to protein hydrophobicity is
shown in Fig. 4. The hydrophobicity of a protein is an important mea-
sure for its surface activity. The polarity of the protein decreases with
increasing retention time (RT). While the BLG B eluted at 18.4 min, rBLG
B eluted at 19 min and sBLG B at 17.8 min. The BLG AB reference
confirmed that BLG B eluted at 18.4 min, while BLG A eluted at 19.5
min. When the proteins are completely unfolded (Fig. 4B) the hydro-
phobicity of initially hidden amino acids can be taken into account with
this method. As can be seen, a similar elution order, albeit with a longer
elution time difference is now evident. Due to the presence of Gua-HCL,
however, all proteins elute now between 12 and 14 min (Fig. 4B) instead
of 17 and 20 min (Fig. 4A).

3.3. Oxidation state

Protein oxidation that occurs during purification, processing, and
storage of proteins, results in addition to post-translational modification
in the organism to chemical modification of the BLG. Typical protein
oxidation markers are protein-bound carbonyls detected by 2,4-dinitro-
phenylhydrazine (DNPH) derivatization as well as simple fluorescence
measurements at Ex325nm/Em415nm and Ex325nm/Em435nm, which
could be indicative for dityrosine oxidation (DiTyr) as a consequence of
tyrosine oxidation and N-formylkynurenine formatione (NFK) as one of
several tryptophan oxidation markers (Fig. 5) (Scheidegger et al., 2010).

The content of protein-bound carbonyls (Fig. 5A), however, is a
reliable marker to assess the general oxidation state of proteins. All
samples showed an overall low oxidation with respect to protein
carbonyl (<1 nmol per mg of protein) or fluorescence formation (<30
Int A.U.). As NFK (Fig. 5B) and DiTyr (Fig. 5C) fluorescences showed
overlap, the results could not clearly distinguish between Tyr or Trp
oxidation. The results confirmed, that the recombinant production and
isolation procedure had no detrimental effect on the oxidative state of
the protein.

Table 2
Size and zeta-potential of all BLG variants used in this study.
BLG AB BLG B 1BLG B sBLG B
Zeta Potential in 10 mM NaCl —18.6 + —18.7 + —21+ —-21+
(pH 7) [mV] 1.2° 1.5% 0.6% 1.6°
Hydrodynamic diameter in 54+05° 52+03° 544+ 6.0 +
PBS (pH 7) [nm] 0.3° 0.4°

2 and : significantly different values (p < 0.05) are indicated with different
letters in a row.
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Table 3
Characterization of all BLG variants used in this study.
BLG AB BLG B rBLG B sBLG B
T4 onset [°C] 73.0 £ 0.1° 73.3 £0.1° 76.7 + 0.1¢ 75.0 + 0.1°
Tq [°C] 77.5 £ 0.1* 77.3 £0.1* 80.5 + 0.1¢ 78.2 + 0.1°

Ty, denaturation temperature; # and b significantly different values (p < 0.05)
are indicated with different letters in a row.

3.4. Surface activity measurements

3.4.1. Interfacial tension

The dynamic interfacial tension curves (Fig. S5) give an indication of
the propensity of a protein to unfold and align at a liquid interface and
thus help to draw conclusions about its emulsifying properties. The
curves were used to calculate the lag-time (i.e., time until the first pro-
teins adsorb and unfold at an interface), interfacial adsorption rate (i.e.,
the velocity at which the interface is rearranged and occupied with
proteins) and the equilibrium interfacial tension for stable systems (i.e.,
the ability to stabilize the interfacial layer) (Table 4). The lag-times were
similar with approximately 10 s for all variants except for the BLG AB
mixture with 28 s.

In contrast, the adsorption rate of BLG AB was the highest (—1.05 mN
m~!s™1) while BLG B exhibited the lowest rate with —0.12 mN m ‘s
This could also be seen optically from the decrease of the interfacial
tension (Fig. S6). The long-time equilibrium interfacial tension of the
BLG B was also significantly higher (~20 mN m~'s™!) compared to the
other BLG variants (~15 mN m~'s™1). When comparing only the re-
combinant variants, they showed no significant differences in their
surface-active properties. They could be ranked between the BLG B and
BLG AB samples.

Amplitude sweeps were used to investigate the physical properties of
the protein layers at the O/W interface (Fig. S6). The dilatational elastic
(E’) and viscous (E”) moduli were plotted as a function of the applied
deformation of 0.8, 3.5, and 7%. All BLG films at the oil-water (O/W)
interface exhibited viscoelastic properties (E’>E”) (Fig. 6) with minor
variations. The sBLG B film showed significantly lower elastic modulus
E’, which correlates to less elastic properties in the film compared to
bovine BLG B and AB, while the rBLG B was in between (sBLG B < rBLG
B < BLG B).

3.4.2. Emulsion oil droplet size

The mean emulsion oil droplet size of all proteins in the premix as
well as in the final emulsion was not significantly different between the
recombinant and the bovine variants (Fig. 7), except for the D90 sizes of
the BLG B and rBLG B stabilized emulsion which were slightly larger
than the D90 sizes of BLG AB and sBLG B. The fine emulsions produced
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by premix membrane-emulsification, where the resulting droplet size is
determined by the used membrane pore size (10-16 pm), showed mean
oil droplet sizes of approximately 13 pm size. In addition, also the
creaming of the BLG stabilized emulsions (fine emulsions stored for 7
days) showed no differences and no separation of the dispersed phase
(data not shown).

4. Discussion

The experiments were conducted to investigate how the single amino
acid changes in the sequence of BLG variants affect the protein structure,
physicochemical properties and finally, the emulsifying properties.

4.1. Structural properties

The BLG B variants differ in their N-terminal region, which affects
the calculated and measured molecular weight. The lower mass of the
sBLG B mutant compared to BLG B can be explained by the amino acid
exchanges at positions 1 and 2 (Table 1, Fig. 1), which confirms a
theoretical mass difference of —68 Da. In contrast, the additional
methionine at the N-terminus of rBLG B adds 131 Da to the protein mass.
Similar findings for rBLG B have been described in the literature (Loch
et al., 2016).

Approximately 16 amino groups (i.e., 15 epsilon-lysines and the N-
terminal alpha amino group) can ideally be measured within native BLG
A or B (Chevalier, Chobert, Popineau, Nicolas, & Haertlé, 2001), which
is roughly in the range of the present results (17-20 NH groups) and also
agrees with literature reports of 18-19 free amino groups per mol BLG
AB (Keppler et al., 2014; Rade-Kukic, Schmitt, & Rawel, 2011). Thus, no
modifications on the lysine residues were found for the present recom-
binant BLG variants which was confirmed by the MS data (Table 1). A
significantly higher number of amino groups would have indicated hy-
drolysis by e.g., oxidation (Church, Swaisgood, Porter, & Catignani,
1983; Liu & Xiong, 2000) while a significantly lower number would
indicate blocking or reduced accessibility of the amino group for the
OPA reagent, as caused by e.g. lactozylation or aggregation (Kerkaert
et al., 2011; Losito, Stringano, Carulli, & Palmisano, 2010; Norwood
et al., 2016).

With respect to the amount of accessible thiol (SH) groups, there
seem to be only minor structural differences. The presented results are
comparable to the 0.2-0.3 mol SH groups per mol protein which have
been reported for a correctly folded BLG AB in the native state (Kehoe
et al., 2007; Kehoe, Remondetto, Subirade, Morris, & Brodkorb, 2008;
Keppler et al., 2014), where the free thiol group of Cys121 is mostly
inaccessible. A maximum of 1 mol SH group per mol protein can be
measured when BLG would be completely unfolded. The significantly
higher amount of accessible SH groups of rBLG B could indicate minor
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Fig. 4. Detail of RP-HPLC chromatograms of different BLG variants: A) Native monomers and B) unfolded monomers. The BLG AB reference (dotted black line)
shows the presence of both isoforms A and B denoted as A and B in the chromatogram, sB and rB indicate recombinant variants sBLG B and rBLG B, respectively.
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Fig. 5. Protein oxidation markers: A) protein-bound carbonyls, B) N-for-
mylkynurenine (NFK) fluorescence and C) dityrosine (DiTyr) fluorescence) for
different BLG variants. All measurements were conducted in triplicate and are
listed as mean =+ standard deviation. Different letters indicate statistically sig-
nificant differences (p < 0.05).

folding differences, higher structural flexibility of the protein , or
thiol-containing impurities. Since the FTIR results show no significant
differences, the secondary structure seems to be mostly unaffected: The
observed conformation of all BLG variants (Fig. 2A and B) is mostly
comparable and in line with other FTIR analyses for native BLG B or BLG
AB (Keppler et al., 2015; Panick et al., 1999). In addition, the Trp
fluorescence analyses (Fig. 2C) also indicate no significant intensity
increases or wavelength shifts which would have been indicative of
conformational differences between the proteins for example with
respect to solvent accessibility (Eftink & Ghiron, 1976; Heyn et al.,
2019). The presented results confirm that both recombinant proteins are
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Table 4
Adsorption parameters (lag-time, interfacial adsorption rate, and interfacial
tension) for BLG AB, BLG B, rBLG B, and sBLG B.

BLG AB BLG B rBLG B sBLG B
lag-time [s] 279 + 12.3 + 6.8 +£1.4° 9.8 +£4.7%
11.4° 3.4%0

Interfacial adsorption rate -1.1+ -0.1 + -0.5+ —-0.9 +
[mN m~*s™'] 0.7° 0.0° 0.3>° 0.4%°
Interfacial tension for t—oco 15.8 + 20.2 + 14.9 + 16.7 £
[mN m '] 0.7° 0.3 1.0 112

2 and ©: significantly different values (p < 0.05) are indicated with small letters
for a row.
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Fig. 6. A) Storage modulus E’ and B) loss modulus E’* of the interfacial film of
BLG AB, BLG B, rBLG B, and sBLG B at the deformation of the interfacial area of
0.8, 3.5 and 7.0%. Different letters (a-e) show significant differences between
the values (p < 0.05).
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Fig. 7. Oil droplet size D10 (white), D50 (light grey), D90 (black) for the coarse
(filled bars) and the fine emulsion (dotted bars) stabilized with BLG AB, BLG B,
rBLG B or sBLG B derived by premix membrane emulsification. Different letters
(a—d) show significant differences between the values (p < 0.05).

indeed correctly folded, as stated previously by Loch et al. (2016)
(Table 1, Fig. 1). In addition, all samples showed an overall low oxida-
tion with respect to protein carbonyl (<1 nmol/mg protein) or fluores-
cence formation (<30 Int A.U.) (Fig. 5). Similar low values were found
for whey protein powders (Keppler, Heyn, Meissner, Schrader, &
Schwarz, 2019; Scheidegger et al., 2010; Semagoto et al., 2014).

Hence, the presented results confirm that the recombinant produc-
tion in the bacterial host E. coli and isolation procedure have no detri-
mental effect on the nativity, PTMs, and oxidative state of the produced
BLG variants.



J.K. Keppler et al.

Overall, the MD simulations confirm that the BLG variants showed
high structural similarities (Table 1), with sBLG B performing most
similar to the commercial BLG B, while rBLG B exhibits slightly reduced
structure stability as indicated by the significantly higher root mean
squared deviation (0.36 nm vs. 0.29 nm), the higher radius of gyration
(1.54 nm vs. 1.52 nm) and the higher solvent accessibility (183 nm? vs.
178 nmz).

The determination of the quaternary structure of the BLG variants by
AUC as well as by DLS also confirms a similar monomer/dimer behavior
for the recombinant variants as well as similar Kp for BLG AB and re-
combinant BLG Bs (Fig. 3A and B, Table 2). Correspondingly, MD sim-
ulations at neutral pH resulted in the same monomer/monomer binding
energy for all variants. The results are in agreement with the literature
on the monomer/dimer behavior of BLG B and rBLG B (Mercadante
et al., 2012; Kristiansen, Otte, Ipsen, & Qvist, 1998). BLG was found to
be predominantly monomeric near pH 2 and 9, while the dimer form
prevails at pH 7 (Renard, Lefebvre, Griffin, & Griffin, 1998; Verheul,
Pedersen, Roefs, & Kruif, 1999).

4.2. Physicochemical properties

So far, the results confirmed that neither the protein production
system nor the isolation process affects the protein’s structural proper-
ties (i.e., high purity, native conformation (Fig. 2), neither oxidative
(Fig. 5) nor glycozylation based PTM (Table 1)). In addition, all BLG
variants showed similar folding and similar monomer/dimer equilib-
rium (Figs. 1, Figure 2, and Fig. 3, Table 2). Now, denaturation tem-
perature at pH 7, isoelectric point, zeta potential at pH 7, acid solubility,
and hydrophobicity were analyzed and compared (Tables 1-3).

As a first observation, the rBLG B displayed incomplete resolubili-
zation after lyophilization resulting in some undissolved protein ag-
gregates (<7%) which was not observed for the other variants. The
aggregates were removed by centrifugation or filtration (0.45 pm
membrane) to allow spectroscopic or scattering analyses (e.g., protein
oxidation, OPA, RSH, DLS, AUC). The reason for the limited resolubili-
zation, which only concerns rBLG B, is unclear.

A significant difference can be observed for both recombinant vari-
ants compared to the other BLG variants with respect to the thermal
stability (Table 3). While BLG B and BLG AB exhibit denaturation tem-
peratures of approximately 77 °C in water (pH 7), sBLG B denatures at
~78 °C, and rBLG B at ~80 °C. In other studies, denaturation temper-
atures of BLG AB determined at neutral pH and low ionic strength varied
between 69.2 and 80.1 °C (Tolkach & Kulozik, 2007; Busti, Gatti, &
Delorenzi, 2005). The results of the present study are consistent with the
reported denaturation temperature range. The reported bandwidth of
variation (10 K) of these measurements are caused by differences in
protein purity or analysis methodology. In contrast to the present
finding, CD analyses gave evidence of a slightly lower thermal stability
for sBLG B than BLG B (Loch et al., 2016). Also these differences could be
caused by using different purification strategies of sBLG B, different
analysis methods and conditions (e.g. protein concentration, salt con-
centrations). Nevertheless, an effect of the modified N-terminus on the
denaturation temperature cannot be excluded, since a modified N-ter-
minus can have a stabilizing or even destabilizing effect on other pro-
teins (Chaudhuri, Horii, & Yoda, 1999) Schultz et al., 1992). However,
also the native genetic variants BLG A, B, and C (which differ by 1 or 2
amino acids) are found to diverge in their Tq each by 5 K in phosphate
buffer (pH 7) (Keppler, Sonnichsen, Lorenzen, & Schwarz, 2014) or
other solvents (Imafidon, Ng-Kwai-Hang, Harwalkar, & Ma, 1991;
MecLean, Graham, Ponzoni, & McKenzie, 1987). Thus, the observed de-
viations of the recombinant proteins are within the natural variances of
BLG.

In general, an IEP of 5.1-5.2 is reported for BLG in the literature (Yan
et al., 2013) which is roughly in the range of our samples (IEP 4.9-5.4).
However, the IEP of commercial BLG B sample with 4.7 is lower than
expected (i.e., 5.23 for native BLG B). This deviation could indicate
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denaturation, but this was not observed in FTIR and Trp fluorescence
(Fig. 2). In addition, the different IEP of the commercial BLG B was also
not reflected in the results of the quarternary structure analyses by AUC
(Fig. 3) or DLS (Table 2). Low ionic strength can lead to a loss of solu-
bility of globular proteins and the presence of multivalent (bound) an-
ions can extend the iso-ionic range to a pH of 4.6. Different ions or ion
concentrations in the commercial BLG B sample (obtained from Sigma
Aldrich) compared to those that have been isolated and dialyzed by our
groups (BLG AB, sBLG B, and rBLG B) could be an explanation for this
(de Wit & Kessel, 1996). Because of the high similarity of the IEP of the
other BLG variants, the acid solubility (i.e., solubility at pH 4.6) can still
be used as a measure of protein nativity in these cases. This analysis is
strongly dependent on the IEP shift between native and denatured BLG
(Table 1), thus denatured BLG precipitates at pH 4.6 while the native
protein remains in solution (Pizzano, Manzo, Nicolai, & Addeo, 2012;
Toro-Sierra et al., 2013). For the BLG AB and recombinant B variants,
the high acid solubility can be translated to a high nativity, which is also
in line with FTIR (Fig. 2A), Trp fluorescence (Fig. 2C) and the number of
accessible SH groups (Table 1). As expected, the low IEP observed in
BLG B also correlates with a reduced acid solubility of 88% and it can be
hypothesized that this result is likely rather connected to the solubility
issues discussed before and not to its state of denaturation because FTIR
and Trp fluorescence indicate high nativity.

Finally, the protein hydrophobicity was analyzed using an RP-HPLC,
which is independent of the ionic strength in the samples. The observed
difference in elution time indicates that BLG A is more hydrophobic than
BLG B which has already been reported by Keppler et al. (2017) or
Ruprichova et al. (2014) using a similar chromatographic separation
technique. Although, at neutral pH values, the overall net negative
charge for BLG A is higher than BLG B because of the negative charge of
the Asp at position 64 (Keppler, Sonnichsen et al., 2014). Overall it is
difficult to forecast the hydrophobic behavior of proteins in chromato-
graphic separations based only on the amino acid sequence (Mahn,
Lienqueo, & Asenjo, 2004). It was shown, that the retention in RP-HPLC
that is based on hydrophobic interactions is strongly influenced by the
flexibility of proteins (To & Lenhoff, 2007). This explains the observed
behavior of BLG A and BLG B in RP-HPLC: BLG A interacts more strongly
with the chromatographic stationary phase than BLG B despite only two
changes in the amino acid composition (BLG A: Asp64, Alal18. BLG B:
Gly64, Vall118). Based on the change in Position 118, which is located
inside the protein’s core, Qin et al. reported a higher flexibility for BLG A
(Qin, Bewley, Creamer, Baker, & Jameson, 1999) that may explain the
observed behavior of BLG variants A and B in RP-HPLC. A simpler
relationship between amino acid exchange and hydrophobicity can be
seen in the recombinant variants, probably because the N-terminal
amino acid exchange has less effect on the protein backbone flexibility
than a mutation in the core of the protein. The substitution of the more
polar Ser in sBLG B against the nonpolar Ile explains the lower hydro-
phobicity of sBLG B compared to BLG B. The rBLG B, on the other hand,
contains an additional nonpolar Met, which shifts the protein to a higher
residence time in RP-HPLC. However, further investigation on protein
structure and on the flexibility of the variants sBLG B and rBLG B is
necessary to explain the elution order.

4.3. Emulsifying properties

The present results show that the recombinant variants are struc-
turally very similar. The main differences between rBLG B and the other
BLG variants are the denaturation temperature and the resolubilization
behavior. Therefore, the impact on the functional level (i.e., interfacial
behavior and emulsifying properties) was investigated in the following.

The migration-driven interfacial activity of all BLG variants was
compared using pendant drop analysis. The dynamic interfacial tension
shows that the lag-time and equilibrium interfacial tension (Table 4) are
roughly in the range reported previously for whey protein isolate rich in
BLG in water (pH 7), adsorbed at a rapeseed O/W interface (Keppler
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et al., 2018; Bottcher, Keppler, & Drusch, 2017). Deviations are likely
caused by different methodologies and purities between the different
studies (BLG vs. whey protein isolate, different oil phases, and different
ions) (Beverung, Radke, & Blanch, 1999; Geerts, Nikiforidis, van der
Goot, & van der Padt; Keppler et al., 2018; Mackie, Husband, Holt, &
Wilde, 1999; Tenorio, Jong, Nikiforidis, Boom, & van der Goot, 2017).

All three measured surface properties (lag-time, adsorption rate and
equilibrium interfacial tension) are the result of different, complexly
interacting protein properties, so they can rarely be traced back to a
single effect and further analyses are needed to elucidate this. In the
following, the individual properties of the interfacial activity are dis-
cussed in more detail.

The lag-time correlates with the initial protein adsorption (short-
term effects). It is characterized by protein migration through the bulk
phase. In addition, the lag-time ends as soon as a protein adsorbs and
unfolds at an interface, thus a high interface denaturation kinetics of the
protein and a low surface charge correlate with a reduced lag-time
(Beverung et al., 1999; Keppler et al., 2018). The lag-times were similar
with approximately 10 s for all variants except for the BLG AB mixture
with 28 s. The similar lag-time for all BLG B variants can be explained by
their similar size (i.e., similar migration speed) and similar
zeta-potential (Table 2). The higher thermal stability of the recombinant
variants (Table 3) seems to have no overall impact on the lag-time. The
higher lag-time of the BLG AB might be explained by the higher net
negative surface charge of the BLG A at pH 7, causing less attraction to
hydrophobic interfaces than observed for BLG B. Although the overall
hydrophobicity of BLG A in HPLC is highest (Fig. 4, see discussion
above), the single negative charge on its surface can reduce the initial
adsorption compared to BLG B (Mackie et al., 1999).

The adsorption rate (Table 4) correlates to the mid-term structural
rearrangement of the protein at the interface. The overall hydropho-
bicity of the protein, molecular flexibility and conformational stability
were found to be of importance (Beverung et al., 1999; Keppler et al.,
2018). Again, all BLG B variants showed similar adsorption rates, while
the BLG AB differed. The high molecular flexibility of BLG A could be an
explanation for the overall faster unfolding and rearrangement of BLG
AB, despite its single negative charge on the surface. However, sBLG B
also showed a fast surface adsorption rate, but there was no evidence of a
high structural flexibility and/or a low overall hydrophobicity as it
showed the lowest stationary phase binding in HPLC (Fig. 4). Differences
in the adsorption rate can also be due to different electrostatic in-
teractions and densities of the BLG AB dimer compared to the BLG B
homodimers at pH 7 (Schestkowa et al., 2019).

The equilibrium interfacial tension correlates to the long-term ef-
fects, such as overall protein packing density at the interface, interface
rearrangement and network formation. The equilibrium interfacial
tension was significantly lower for BLG B compared to all other variants.
This could be due to a lower packing density of BLG B at the interface
(Keppler et al., 2018; Schestkowa et al., 2019), although the high elastic
properties of the BLG B surface film indicates a densely packed interface
or a well interconnected film (Fig. 6).

All BLG films at the O/W interface exhibited viscoelastic properties
(E’ > E”) with the sBLG B film showing less elastic properties in the film
compared to the commercial BLG B. This can indicate a less densely
packed interface (Bos & van Vliet, 2001; Engelhardt et al., 2013; Keppler
et al., 2017; Sagis & Scholten, 2014) and a lower mechanical stability,
but on the other hand, the recombinant variants showed no shear
dependent loss of storage modulus which confirms the stability against
some mechanical stress (Fig. 6).

Finally, all BLG variants resulted in emulsions with similar oil
droplet size distribution and creaming stability (Fig. 7). The droplet size
of the coarse emulsion stabilized with BLG AB (D50 = 25 pm) was
comparable to BLG B stabilized water/MCT-oil emulsions prepared with
a high-pressure homogenizer (10-20 pm) (Bottcher et al., 2017). The
observed faster adsorption kinetics of the recombinant BLG variants
(Fig. 4) probably does not take effect in the investigated time range of
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the emulsification process. The emulsion creaming stability is likewise
not different for the different proteins, probably due to the fact that the
low interfacial elasticity of the recombinant variants is compensated by
the high protein concentration (saturated interface) and will rather be
observable in less concentrated samples. Other homogenization pro-
cesses (e.g., ultrasonic), other continuous phases as well as other protein
concentrations could lead to differences in the adsorption behavior,
achieved droplet size and then displaying the observed differences in
adsorption behavior and interfacial stability.

In conclusion, in the present study similar emulsion properties were
found for all recombinant BLG variants as well as for bovine BLG isolated
from milk.

5. Conclusion

The presented preparation and isolation of recombinant BLG B var-
iants resulted in proteins with high nativity, purity, and no significant
PTM.

Based on the simulations and measurements shown, the sBLG B
seemed to exhibit higher equivalence with commercial bovine BLG B,
while the elongated N-terminal of the rBLG B led to deviations in radius
and structural stability. Nevertheless, all variants are structurally very
similar. Consequently, the emulsification properties are not affected by
the structural differences of the recombinant variants. Thus, these pro-
teins can be used from a functional point of view as bovine whey protein
substitutes with regard to emulsion production. As scientific/research
perspective, these recombinant proteins can be used as starting base for
targeted modifications of BLG for applications in food technology
beyond the varieties produced in this study.

Further tests regarding other homogenization methods, but also
other process steps such as foaming, drying, and gelling behavior are
still required in order to obtain a more holistic view of the performance
and the substantial equivalence of these proteins. These investigations
are relevant to assess the commercial and environmental sustainability
of this alternative concept of producing proteins.
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