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ABSTRACT: Lactic acid bacterial exopolysaccharides (EPS) are
used in the food industry to improve the stability and rheological
properties of fermented dairy products. β-Lactoglobulin (BLG),
the dominant whey protein in bovine milk, is well known to bind
small molecules such as fatty acids, vitamins, and flavors, and to
interact with neutral and anionic polysaccharides used in food and
pharmaceuticals. While sparse data are available on the affinity of
EPS−milk protein interactions, structural information on BLG−
EPS complexes, including the EPS binding sites, is completely
lacking. Here, binding sites on BLG variant A (BLGA), for
oligosaccharides prepared by mild acid hydrolysis of two EPS
produced by Streptococcus thermophilus LY03 and Lactobacillus
delbrueckii ssp. bulgaricus CNRZ 1187, respectively, are identified
by NMR spectroscopy and supplemented by isothermal titration calorimetry (ITC) and molecular docking of complexes. Evidence
of two binding sites (site 1 and site 2) on the surface of BLGA is achieved for both oligosaccharides (LY03-OS and 1187-OS)
through NMR chemical shift perturbations, revealing multivalency of BLGA for EPS. The affinities of LY03-OS and 1187-OS for
BLGA gave KD values in the mM range obtained by both NMR (pH 2.65) and ITC (pH 4.0). Molecular docking suggested that the
BLGA and EPS complexes depend on hydrogen bonds and hydrophobic interactions. The findings provide insights into how BLGA
engages structurally different EPS-derived oligosaccharides, which may facilitate the design of BLG−EPS complexation, of relevance
for formulation of dairy products and improve understanding of BLGA coacervation.

■ INTRODUCTION

β-Lactoglobulin (BLG) is the dominant and most well-studied
whey protein in bovine milk.1 It belongs to the lipocalin family
of small, extracellular proteins that bind and transport
hydrophobic molecules.2,3 Of 10 isoforms, β-lactoglobulin
variants A (BLGA) and B are the two most abundant in cow.
They differ at two positions, D/G64 and V/A118,4 but have
essentially identical three-dimensional structures.5 Both
variants contain 162 residues and adopt an eight-stranded β-
barrel fold, with an internal cavity referred to as the calyx,
flanked by a three-turn α-helix (Figure 1).6 Two β-sheets of β-
strands A−D and E−H, respectively, create the β-barrel with
the calyx being the primary location for small guest molecules
such as fatty acids,3,7−12 dodecyl sulfate,13 β-carotene,14 and
irinotecan.15,16 A ninth β-strand I constitutes a large part of the
interface in a BLG homodimer, formed in a pH sensitive
monomer-to-dimer transition between pH 2.5 and 4.0 that
depends on temperature and ionic strength.17−21 BLG is thus
mostly a dimer under physiological conditions, that is BLG >
50 μM, NaCl ∼150 mM, 37 °C, and neutral pH 6−8.21−23 The
tertiary structure of BLG is further stabilized by two disulfide

bonds, C66−C160 and C106−C119, while C121 has a free
thiol group. The AB, CD, EF, and GH loops, connecting the
strands at the open end of the calyx, are longer and more
flexible than the other barrel strand-connecting loops BC, DE,
and FG (Figure 1). The EF loop forms a lid mediating the
opening and closing of the calyx and exists in a closed
conformation at pH < 7, as observed in crystal and NMR
structures.6,17 In the closed conformation, the EF loop
prevents ligand entry into the calyx, while at pH > 7, the
open EF loop24,25 allows access to the calyx, typically hosting
hydrophobic ligands.26,27 Dynamics measured by NMR
revealed high flexibility of the D strand and of the EF and
GH loops allowing malleability in BLG and accommodation of
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a wide range of ligands.28 Besides the calyx, several studies
reported a secondary hydrophobic pocket on the outer surface
of BLG that interacts with ligands such as the flavor compound
β-ionone (involving Y102, L104, and D129), vitamin D3
affecting hydrophobic residues from the main α-helix (F136,
A139, and L140), I147, and the buried R148 from β-strand I,
and A142, L143, P144, and M145 from the loop connecting
strand I and the main α-helix.27,29−33

BLG has been found to interact with several types of
polysaccharides, either occurring naturally or added as
ingredients in foods and in pharmaceuticals,34,35 such as the

anionic pectin,36 κ-carrageenan,37 and alginate,38 as well as the
mostly neutral exopolysaccharides (EPS), produced by lactic
acid bacteria common in fermented dairy foods.39−41 EPS
comprise homo-EPS, composed of a single monosaccharide,
such as in fructans and a variety of α-glucans,42−44 and hetero-
EPS, composed of different monosaccharides and synthesized
from lipid carrier-oligosaccharide repeats, typically of a degree
of polymerization (DP) of 3−9, joined to form the
corresponding polysaccharide.43−45 Hetero-EPS provide textu-
rizing characteristics, for example, to yogurt,46−48 via formation
of coacervates, which motivated the present choice of
oligosaccharide repeat ligands, produced by mild acid
hydrolysis of EPS from Streptococcus thermophilus LY03 and
Lactobacillus delbrueckiissp. bulgaricus CNRZ 1187. Previously,
binding of BLGA and other prominent milk proteins to seven
EPS from lactic acid bacteria has been assessed by surface
plasmon resonance analysis, and the two EPS selected here
bound most strongly to native BLGA, as demonstrated in that
study.41 Generally, the interactions with purified milk proteins
vary with EPS monosaccharide composition, glycosidic linkage
patterns, branching, and molecular weight.41−51 Recently, it
was suggested that the affinity for EPS is governed by polar
interactions with only a smaller contribution from hydrophobic
interactions and involves avidity between sites.41,51 However,
as the large molecular size of EPS hampers structural
characterization of the protein complexes, the role of distinct
EPS structures and the mechanisms of EPS−BLG interactions
are poorly understood.
In the present study, oligosaccharides representing repeat

units were prepared from EPS secreted by S. thermophilus
LY0352 and L. delbrueckiissp. bulgaricus CNRZ 1187.53 Their
binding sites on BLGA were determined and characterized by
NMR revealing two distinct sites on the surface of BLGA, one
of which has not been described for ligand binding before. The
findings were complemented with affinity measurements by
isothermal titration calorimetry (ITC) and molecular docking
of the oligosaccharide repeats to the identified binding sites on

Figure 1. NMR solution structure of BLGA at pH 2.65 (PDB code
1DV9).6 The β-barrel formed by β-strands A−H (labelled) is shown
in yellow, and the closed conformation of the EF loop is shown in
magenta. The β-strand I in red contributes to the interface in the
BLGA homodimer. Hydrophobic ligand binding residues are
indicated in blue for the calyx-binding site, and the secondary
hydrophobic surface-binding site is indicated in gray. The calyx is
space filled (cyan) to show the spaciousness, and the remaining
backbone is colored in green.

Figure 2. Repeating units of the EPS from Streptococcus thermophiles LY03 and Lactobacillus delbrueckiibulgaricus CNRZ 1187. (A) LY03-OS repeat
unit structure. (B) Prepared LY03 oligosaccharides LY03-OS1, LY03-OS2, and LY03-OS3 present at ratios of 8:1:1. (C) 1187-OS repeat unit
structure. (D) Prepared 1187 oligosaccharides 1187-OS1, 1187-OS2, and 1187-OS3 present at ratios of 6:3:1. The structures in A and C have been
determined previously.46,52,53
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BLGA. Overall, the results provide molecular details on where
EPS-derived oligosaccharides bind to BLGA as well as their
binding parameters, which together will facilitate molecular-

based construction of optimized food texture and help
understand BLGA-based coacervation.

Figure 3. Overlay of 1H,15N-HSQC spectra of BLGA titrated with 1187-OS and LY03-OS at pH 2.65. (A) Addition of 0.0−5.7 mM 1187-OS and
(B) addition of 0.0−6.3 mM LY03-OS. Residues with large chemical shift perturbations are labeled and marked with boxes. (C−D) Changes in
peak positions upon titration with 1187-OS (0.0−5.7 mM), (C) chemical shift changes of K70, I71, I72, A80, and L87 corresponding to site 1. (D)
Chemical shift changes of K101 and T102 corresponding to site 2. Arrows indicate the direction of the changes with (C) single directional
movement and (D) double directional movement.
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■ RESULTS

Preparation and Structure Elucidation of LY03-OS
and 1187-OS. EPS were purified from two strains, S.
thermophilus LY03 and L. delbrueckiissp. bulgaricus CNRZ
1187, respectively, grown in 10% skimmed milk medium.
Different variations of the known oligosaccharide repeat unit of
the EPS from S. thermophilus LY03 (Figure 2A,B), as well as
oligosaccharides of smaller or larger DP than the known repeat
structures of both EPS (onwards referred to as LY03-OS and
1187-OS, respectively) were produced by mild acid hydrolysis
and purified by size-exclusion chromatography.54−56 After
further purification by HPLC, LY03-OS and 1187-OS were
essentially size homogeneous (Figure S1, inserts), as supported
by MALDI-TOF MS (Figure S1). Due to the limited amount
available, a purified larger oligosaccharide LY03-OS DP6 was
used only for ITC experiments.
The reported structures of the repeating units of LY03-OS

and 1187-OS of DP4 and 5, respectively (Figure 2A,C),52,53

were confirmed by NMR structural analysis, of oligosaccharide
samples (Tables S1−S5, Figure S2). The LY03-OS sample
contained one major and two minor tetrasaccharides, referred
to as LY03-OS1-3, in approximate 8:1:1 molar ratios (Figure
2B). The 1187-OS sample contained three tetrasaccharides,
1187-OS1-3, in molar ratios of about 6:3:1 (Figure 2D).
Notably, oligosaccharides corresponding to the full repeat
motif of DP5 (Figure 2C), were not identified in the 1187-OS
sample. The results of the detailed NMR structural analyses of
LY03-OS1-3 and 1187-OS1-3 are given in Supporting
Information (inclusive Tables S1−S5).
Chemical Shift Assignment of BLGA. The NMR

interaction analyses were performed at pH 2.65, where
BLGA is purely monomeric. At higher pH values, BLGA
exists in a monomer−dimer equilibrium which complicates the
NMR analysis with many peaks missing due to line

broadening. To analyze the change in chemical shifts upon
oligosaccharide binding, the BLGA was made up of the same
amino acid sequence as the BLGA previously structure-
determined by NMR.57 A similar heteronuclear single-
quantum correlation (HSQC) spectrum to our recent study
of BLGA−alginate interactions was obtained58 (Figure S3).
BLGA has 162 residues including eight prolines; thus,
disregarding the N-terminal amide, 153 backbone resonance
peaks were expected in the 1H,15N-HSQC spectrum. The
chemical shifts were taken from the previous assignments58

and matched perfectly to those published for BLGA,57,58

indicating correctly folded recombinant BLGA.
Interaction between BLGA and LY03-OS and 1187-

OS. Titration of 15N-labeled BLGA, with increasing amounts
of added oligosaccharides obtained from the two EPS, was
monitored by changes in chemical shifts of backbone amides
(Figure 3A,B) by chemical shift perturbation analysis (Figure
4).
The highest concentrations used of LY03-OS and 1187-OS

were 6.3 and 5.7 mM, respectively, corresponding to BLGA/
oligosaccharide molar ratios of 1:14.3 and 1:15.8, respectively.
Although changes in chemical shifts were in general small and
appeared linear with increasing oligosaccharide concentrations
without reaching saturation (Figure 6), large chemical shift
perturbations (>1 standard deviation from the mean) reaching
saturation were in both cases observed for a subset of residues
(Figure 4A,B). Both LY03-OS and 1187-OS bound with
modest affinity to BLGA and gave comparable chemical shift
perturbation patterns (Figure 4).
The largest chemical shift perturbations mapped to the

regions K70−I72, L87 (Figures 3C and 6A,C), and K101−
Y102 (Figures 3D, S4), with chemical shift perturbations of
K70−I72 being the most prominent. Addition of the
oligosaccharides also affected L58, K60, and A80, and some

Figure 4. Chemical shift perturbation analysis of backbone amides in BLGA (350 μM) titrated with (A) LY03-OS (6.3 mM) and (B) 1187-OS (5.7
mM). The horizontal cyan line represents the average chemical shift change, and the blue line represents the AVG + 1STD chemical shift
perturbations. Unassigned peaks are labelled A−E.
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chemical shift perturbations occurred in residues C and D of
the five unassigned spin systems A−E (Figure 4). In the case of
1187-OS, the signal from D129 broadened beyond detection
during the titration, suggesting it to be involved in binding as
well.
Generally, the largest chemical shift perturbations occurred

for charged and polar residues, indicating that BLGA-
oligosaccharide binding may involve polar interactions and
electrostatics. Furthermore, the uniform chemical shift
perturbation pattern in the presence of either of the neutral
LY03-OS and 1187-OS, compared to a different chemical shift
perturbation pattern induced by trisaccharides from the acidic
polysaccharide alginate,58 indicated a certain site specificity of
oligosaccharide binding to BLGA. To address such potential
discrimination of oligosaccharide-binding sites, the chemical

shift perturbations were therefore mapped onto the three-
dimensional structure of BLGA (Figure 5). This revealed that
K70−I72 plus L87 generate a well-defined, positively charged
patch59 for LY03-OS and 1187-OS (site 1, Figure 5), while
K101 and Y102 form a smaller and more neutral binding patch
(site 2, Figure 5). The site 2 was previously identified to bind
alginate trisaccharides.58 D129 has been reported to be
involved in site 2.58 Indeed, the peak of D129 also disappeared
upon titration with 1187-OS, indicating its involvement in
binding, but this interaction could not be quantified. Notably,
the direction of the chemical shift perturbations for site 2
residues K101 and Y102 was not unidirectional, suggesting
these residues to be perturbed also by binding to site 1 and
potentially being cooperatively matured by site 1 binding. This
was most prominent for 1187-OS binding, indicating potential

Figure 5. Chemical shift perturbations larger than AVG + 1STD mapped on the structure of BLGA.6 (A) LY03-OS, 1187-OS induced changes
mapped onto the BLGA surface (PDB code 1DV9). (B) Electrostatic surface representation of BLGA (PDB code 1DV9) at pH 2.65 calculated
using ProPka, APBS, and pymol.59 Red: negative potentials, blue: positive potentials, and white: uncharged regions. (C) LY03-OS, 1187-OS
induced changes mapped onto the BLGA surface (PDB code 1BEB); the dimeric interface is marked in red.
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differences in orientation across the binding site or differences
in binding affinity. Finally, as BLGA exists as a dimer at the
milk-relevant pH, we mapped the two identified binding sites
onto the dimer surface (Figure 5C). None of the two binding
sites were obscured by dimer formation, and both were
accessible also in the dimer.
Binding Affinities of BLGA for LY03-OS and 1187-OS.

To quantify the interactions of the LY03-OS and 1187-OS
with BLGA in more detail, their dissociation constants (KD)
were determined from nonlinear global fits to the largest
chemical shift perturbations observed in the 1H,15N-HSQCs,
including all residues perturbed above average plus 1 standard
deviation (AVG + 1STD) (Figure 6; Table S6). Due to peak
overlap or line broadening, A86 and D129 were excluded from
the fits. With the oligosaccharide concentrations used,
saturation of site 2 was not achieved, and hence, reliable KD
values for this site were not obtained. Residues which were
located alone in the spectra and with large chemical shift
perturbations (Figure 4) were selected, and only residues with
reliable independent KD values (Table S6) were included in
the global fitting procedure (see the Materials and Methods
section), which gave very similar KD values for LY03-OS and
1187-OS of 5.4 ± 1.8 and 3.5 ± 1.2 mM, respectively (Figure 6
and Table S7).
As the change in pH from pH 2.65 to pH 4.0 will affect the

protonation states of acidic side chains, and especially that of
D129 positioned in site 2,58 we addressed binding of the

oligosaccharides at dimer conditions, at pH 4.0, that is also
more relevant for milk by using ITC. The data of binding of
oligosaccharides determined using ITC at pH 4.0 were fitted to
a one site binding model using n = 2, as provided from the
NMR analyses. The enthalpograms showed that the inter-
actions between BLGA and LY03-OS DP4 and 1187-OS DP4
were both exothermic (Figure 7) and yielded KD values of 2.8
± 0.2 and 2.0 ± 0.1 mM, respectively, close to the values
obtained by NMR at monomer conditions. Fitting using n = 1
or n = 3 provided poorer fits to the data (with χ2 values of 255,
240, and 260 for n = 1, 2, or 3, respectively); still, KDs varied
only ±0.5, 0.2, and 0.4 mM for LY03-OS DP4, LY03-OS DP6,
and 1187-OS DP4, respectively. Thus, the change in pH did
not seem to affect the affinity considerably, underscoring the
dominance of lysine side chains in the binding sites. However,
D129 may get protonated at pH 2.65. We therefore calculated
its pKa value using the program PropKa59,60 and the three-
dimensional structures of the monomer and the dimer. D129 is
fully accessible in both states, and a pKa value of 2.87 (PDB
1BEB) and 2.51 (PDB 1DV9) suggests that even at pH 2.65, a
considerable fraction of D129 will still be negatively charged.
Due to the scarcity of the oligosaccharides, and the overall

correspondence of the results with the NMR data, only one
repetition was carried out for each ligand. Because of this, we
did not attempt to extract the enthalpies and entropies for
binding. Comparing the ITC and NMR results, 1187-OS
appears to have a slightly higher affinity for BLGA than LY03-

Figure 6. Fit of the classical binding model to chemical shift perturbations as a function of HEPS oligosaccharide concentrations of binding site 1
(see the Materials and Methods section). (A) Chemical shift perturbations fitted individually for residues titrated with 1187-OS, where chemical
shift perturbation is above AVG + 1STD in the 1H,15N-HSQC. (B) Chemical shift perturbations fitted globally for residues titrated with 1187-OS,
where chemical shift perturbation is above AVG + 1STD in the 1H,15N-HSQC. (C) Chemical shift perturbations fitted individually for residues
titrated with LY03-OS, where chemical shift perturbation is above AVG + 1STD in the 1H,15N-HSQC. (D) Chemical shift perturbations fitted
globally for residues titrated with LY03-OS, where chemical shift perturbation is above AVG + 1STD in the 1H,15N-HSQC. See Figures 3C,D and
S4 for zooms on peak shifts in the 1H,15N-HSQC for titration with 1187-OS and LY03-OS, respectively.
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OS. An oligosaccharide of DP6 was also purified from the acid
hydrolysate of LY03 and showed KD of 0.9 ± 0.0 mM for
BLGA (Figure 7D).
Overall, the analyses of chemical shift perturbations from

NMR and the ITC titrations jointly indicated that BLGA uses
two sites for binding EPS oligosaccharides, which all bound
with low mM KD, and hence modest affinity, to BLGA. With
two sites accessible there is potential avidity effects driving
coacervation of BLGA and EPS.
Docking of Modeled LY03-OS and 1187-OS Repeats

on BLGA. The chemical shift perturbations from the
oligosaccharide titrations were used to model complexes of
BLGA with LY03-OS and 1187-OS (Figure 2A,C), respec-
tively. The docking experiments were independently per-
formed at site 1 (K70, I71, and I72) and site 2 (K100, K101,
Y102, and D129) by initially using the Glide SP docking mode.

Four structures of the complex were selected using the
criterion that the poses (a candidate-binding mode) are
different (>1 Å rmsd between the pose with the best Glide SP
score and the selected pose). These structures were
subsequently subjected to induced-fit docking (IFD) with
final rescoring using Glide XP. For sites 1 and 2, the best ligand
conformation for the LY03-OS tetrasaccharide repeat (Figure
2A) resulted in IFD scores (Glide XP score) of −306.5 kcal/
mol (−11.8 kcal/mol) and −305.2 kcal/mol (−10.7 kcal/
mol), respectively. For the 1187-OS pentasaccharide repeat
(Figure 2C), the scores for sites 1 and 2 were −304.5 kcal/mol
(−13.4 kcal/mol) and −303.0 kcal/mol (−11.4 kcal/mol),
respectively. Poses with the best IFD scores for the LY03-OS
and 1187-OS repeat units at the two sites are presented in
Figures 8 and 9. Although the energy differences are relatively
small for a particular oligosaccharide binding at the two sites,

Figure 7. ITC analysis of 37 μM BLGA binding to LY03-OS and 1187-OS (DP4 and DP6). ITC data of (A) LY03-OS of DP4 (5 mM), (B) LY03-
OS of DP6 (4 mM), (C) 1187-OS of DP4 (5.5 mM), and (D) binding parameters from fitting the data to a one site model with n fixed to 2.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c00060
ACS Omega 2021, 6, 9039−9052

9045

https://pubs.acs.org/doi/10.1021/acsomega.1c00060?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00060?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00060?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c00060?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c00060?rel=cite-as&ref=PDF&jav=VoR


the poses for LY03-OS and 1187-OS are clearly distinct. Both
oligosaccharides bind to β-strand D in site 1 and form several
hydrogen bonds with backbone atoms, especially of K70 and
I72. The docking poses of the oligosaccharides at site 1 show
that LY03-OS forms fewer hydrogen bonds with protein
residues than 1187-OS (see Figures 8A and 9A). Furthermore,
1187-OS has several interactions with protonated acidic
residues (E55, D62, and E74), which are not observed for
LY03-OS. Site 2 is located partly in the FG loop and in the
loop between strand H and the main α-helix, and the binding
of the oligosaccharides is favored by hydrogen bonds with
backbones and side chains. For 1187-OS, backbone hydrogen
bonds are observed with T18, K101, and R124, whereas for
LY03-OS, backbone hydrogen bonds are only observed with
K100 (Figures 8B and 9B). We also investigated the binding of
1187 tetrasaccharides (Figure 2D) to site 1/site 2. The IFD
score (Glide XP score) for 11987-OS1, 1187-OS2, and 1187-
OS3 are, respectively, −303.2/−301.2 (−11.7/−10.1),
−305.6/−302.5 (−13.4/−12.0), and −302.7/−304.3

(−11.9/−11.7). Numbers are given in kcal/mol. Although
the IFD scores are close to each other, the interaction pattern
for the tetrasaccharides with BGLA is different in utilizing
hydrogen bonds to residue side chains and backbones (see
Figures S9−S10). Considering the latter: 1187-OS1 forms
backbone hydrogen bonds with I72, D85, and A86 (site 1) and
T125, K100, E125, and D129 (site 2); 1187-OS2 forms
backbone hydrogen with K70, I72, D85, and A86 (site 1) and
K100, R124, and V128 (site 2); and 1187-OS3 forms
backbone hydrogen bonds with W61, K70, I72, and D85
(site 1) and T18, K101, and R124 (site 2). Furthermore, the
energies are close to the docking score for the 1187-OS
pentasaccharide repeat, indicating that an extension of the
saccharide from 4 to 5 units does not significantly change the
binding score.

■ DISCUSSION

Due to its ability to bind a wide range of hydrophobic
compounds, BLG is an extensively studied milk protein

Figure 8. Structure of BLGA with bound LY03-OS repeat model (Figure 2A) at: (A) site 1 (K70, I71, and I72) and (B) site 2 (K100, K101, Y102,
and D129). The LY03-OS repeat model is displayed as sticks. The backbone of BLGA residues within 3 Å of the oligosaccharide is shown as sticks.
The color coding is as follows: carbongray, oxygenred, and nitrogenblue. The tertiary structure of BLGA is displayed in rainbow color on
the left. To the right, the oligosaccharide interaction diagrams are shown. The type of interactions are listed in the inset of the interaction diagram.
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relevant for a large number of industrial and biotechnological
applications. The primary binding site for these ligands is in
the calyx,3,8,27,29 whereas a secondary binding site is located in
the hydrophobic pocket at the homodimer interface formed by
the α-helix and the β-barrel.8,10,11,27 We recently reported two
surface-exposed binding sites for anionic alginate trisaccharides
on BLGA, different to both the primary and secondary sites.58

The present study also identified two surface-exposed binding
sites for the neutral oligosaccharides of DP4 LY03-OS and
1187-OS, prepared from two EPS from lactic acid bacteria.
One of these sites, site 1, is distinct from all previously
reported binding sites, while site 2 is shared with one of the
two recently identified binding sites for alginate trisacchar-
ides.58 Jointly, this surmounts to a total of five different ligand-
binding sites identified on BLGA.
Site 1, consisting of K70, I71, I72, and L87, is situated at the

mouth of the calyx where access to the cavity of the
hydrophobic β-barrel is prevented by the EF loop forming a
lid at pH 2.65. The mouth of the calyx is often involved in
hydrogen bonding with hydroxyl groups of amphipathic
molecules having their hydrophobic part buried inside the
calyx.26,27 Notably, under the conditions used, site 1 was not

involved in binding alginate trisaccharides.58 In contrast, site 2
which is composed of K101, Y102, and for LY03-OS including
D129, is distinct from both site 1 and the previously reported
surface-residing hydrophobic pocket accessible in the dimer.
However, some of the residues perturbed by β-ionone, that is
Y102 and D129, but not K60 and L104,33 are shared with site
2. The present BLGA EPS-oligosaccharide titrations were
carried out at pH 2.65, where side chains of aspartic and
glutamic acids are protonated. However, from the chemical
shift perturbations (Figure 4), the only acidic amino acid
affected upon binding of EPS-oligosaccharides is D129 and its
pKa value suggests that this is fractionally deprotonated at pH
2.65. As there is also a possibility of an interaction between the
deprotonated carboxylate form of D129 with the OH groups of
the EPS-oligosaccharides, this suggests that site 2 is available
also at higher pH, as investigated by ITC at pH 4.0. EPS-
oligosaccharide-binding site 2 has also been reported for the
negatively charged alginate trisaccharides; however, binding of
alginate trisaccharide also caused selective perturbation of
E127, D130, and D137,58 which were assumed to be
protonated at pH 2.65. These perturbations likely stem from
longer ranged negative electrostatic effect of the alginate

Figure 9. Structure of BLGA with the bound 1187-OS repeat model (Figure 2C) at: (A) site 1 (K70, I71, and I72) and (B) site 2 (K100, K101,
Y102, and D129). The 1187-OS repeat model is displayed as stick (light gray). The backbone of residues that are within 3 Å of the oligosaccharide
is shown as sticks, and the color coding is as follows: carbon-gray, oxygen-red, and nitrogen-blue. The tertiary structure of BLGA is displayed in
rainbow color on the left. To the right, the oligosaccharide interaction diagrams are shown. The type of interactions are listed in the inset of the
interaction diagram.
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trisaccharide, an effect we do not observe for the neutral EPS-
oligosaccharides LY03-OS and 1187-OS.
Chemical shift perturbation analysis showed that LY03-OS

and 1187-OS bind weakly albeit similarly to BLGA, yielding
KD values in the low mM range (Figure 6, Tables S6 and S7).
However, due to lack of saturation for some residues in the
binding site, as well as the observed line broadening effect at
the applied oligosaccharide concentrations, a thorough differ-
entiation between sites 1 and 2 was not possible. One reason
may be that several different oligosaccharide orientations are
possible at the binding site, illustrated by the docking
experiments, or that the oligosaccharide binding to one site
may affect binding at the other site, as indicated by the non-
linear changes in the chemical shift perturbations for site 2
residues (Figure 3D). Thus, residues showing saturation as
K70 and I71 (site 1), as well as line broadening of D129 (site
2), are likely core residues in the binding sites, whereas
residues not saturated by oligosaccharide might still be
involved in binding if the oligosaccharide adopts a certain
orientation. We thus note that in the 1H,15N-HSQC, D129
showed line broadening effects and that K101 and Y102
indicated a complex binding model (Figure 3D), suggesting
that site 2 in fact may have a different binding mechanism and
affinity from site 1, for which we were able to extract affinity by
NMR. The docking procedure resulted in docking scores for
the best ligand conformation for site 1 and site 2 of −11.8 kcal
mol−1 and −10.7 kcal mol−1, respectively, supporting a slightly
higher affinity of site 1 for the LY03-OS repeat (DP4, Figures
2A and 8). Similarly, for the 1187 repeat (DP5, Figures 2C and
9), the docking score was −13.4 kcal mol−1 for site 1 and
−11.7 kcal mol−1 for site 2, again indicating higher affinity for
site 1. Both sites showed higher affinity for the 1187-OS repeat
than that for the LY03-OS repeat, fully in line with affinities
determined by NMR and ITC. However, to further rank the
conformations in the different poses, it may require allowing
for the effect of water molecules and protein flexibility by using
molecular dynamics simulations.
The ITC analysis at pH 4.0 quantifying BLGA binding to

the LY03-OS and 1187-OS of DP4 (Figure 2B,D) yielded KD
values of 2.8 ± 0.2 mM and 2.0 ± 0.1 mM, respectively (Figure
7), while KD was 0.9 mM ± 0.0 mM for binding of DP6 LY03-
OS (Figure 7D). These KD values are in the same order of
magnitude and only slightly lower than the values obtained by
chemical shift perturbations at pH 2.65, indicating that the
dimer, which is present at pH 4.0, maintains both interaction
sites. Notably, the full-length EPS binding analysis carried out
using SPR at pH 4.0 gave KD values normalized to the repeats
of LY03 and 1187 of 1.5 and 4.7 μM, respectively,41 indicating
that a distinct avidity effect was also reflected in the difference
in KD between LY03 DP4 and DP6 determined by ITC in the
present work. This multivalency of BLGA may enable
formation of coacervates linking more chains to one BLGA
monomer, and it is therefore possible that the presence of two
different sites is an underlying feature of BLGA that promotes
higher order structures of relevance to its use in the food
industry. Studying larger oligosaccharides will be crucial for
further addressing the mechanism of coacervation.

■ CONCLUSIONS
Two EPS binding sites, sites 1 and 2, are identified on the
surface of BLGA at pH 2.65. Site 1 is distinctly different from
all previously reported binding sites on BLG, while site 2
shares residues involved in binding of alginate trisaccharides

and hydrophobic compounds. The chemical shift perturbations
showed site-specific binding of LY03-OS and 1187-OS to
BLGA with the modest affinity driven by polar interactions. As
shown by ITC, the binding sites are preserved in the BLGA
dimer. These results provide new insights into polysaccharide
binding and may form a basis for designing interactions in
BLGA−EPS particles to optimize food texture. The data
furthermore offer a platform for exploring the binding ability of
BLG with various other hydrophilic compounds and open for
understanding BLGA coacervation.

■ MATERIALS AND METHODS
EPS Production and Purification. EPS LY03 and 1187

were produced in 10% skimmed milk medium by S.
thermophilus LY03 (kind gift of Prof. Luc De Vuyst, Brussels,
Belgium) and by L. delbrueckiissp. bulgaricus CNRZ 1187,
respectively, as described previously.41 Briefly, proteins and
cells were precipitated after fermentation by addition of 80%
(v/v) trichloroacetic acid to a final concentration of 20% (v/v)
and removed by centrifugation (15,000g, 30 min, 4 °C).
Subsequently, EPS LY03 and 1187 were precipitated from the
supernatants overnight at 5 °C by ethanol (two volumes) and
acetone (one volume), respectively, collected by centrifugation
(15,000g, 30 min, 4 °C), dissolved in Milli-Q (MQ)-water (1
h, 50 °C), and purified by size-exclusion chromatography
(XK26/100 Sephacryl S-400 column; GE Healthcare, Uppsala,
Sweden) with MQ-water as the mobile phase at RT and a
constant flow rate (1 mL min−1). EPS were quantified by the
phenol−sulfuric acid method using monosaccharide mixtures
mimicking the repeating unit compositions as standard.61

Preparation of LY03-OS and 1187-OS. EPS (10 mg
mL−1) was hydrolyzed by 0.1 M TFA (20 min, 90 °C) as
slightly modified from a method described previously.62 The
hydrolysate was adjusted on ice to pH 5−7 by 5 M NaOH and
diluted with MQ-water to 0.1 M NaOH. Oligosaccharides (<3
kDa) were separated from larger EPS fragments by ultra-
filtration (3 kDa Amicon filter; Millipore, Billerica, MA) and
collected in the run-through. EPS fragments (>3 kDa, ∼1 mL
in the filter) were diluted with MQ-water (∼15 mL) and a
second run-through containing oligosaccharides (<3 kDa) was
collected. This step was repeated thrice. EPS >3 kDa was
collected and resubjected to hydrolysis by adding 99% TFA to
a final concentration of 0.1 M and heating for 5 min (90 °C).
Such further partial hydrolysis was continued until negligible
amounts of high molecular mass EPS remained, as evaluated by
thin-layer chromatography. The oligosaccharide mixtures were
separated (XK16/100 Bio-Gel P-2; Bio-Rad, California, USA)
in MQ-water at a constant flow rate (0.1 mL min−1) and RT.
Oligosaccharides were collected, and acetonitrile was added to
50% (v/v) and further purified by HPLC (UltiMate 3000;
Dionex, Sunnyvale, CA) equipped with a refractive index
detector (RI-101; Showa Denko, Kanagawa, Japan) using a
TSKgel Amide-80 column (5 μm particle size; 4.6 by 250 mm
with 4.6 by 10 mm guard column at 1 mL min−1; Tosoh,
Tokyo, Japan]) in acetonitrile/water (70:30, v/v) at 70 °C.
Oligosaccharides were lyophilized and stored at −20 °C. They
were dissolved in appropriate buffers depending on the
experiment. Oligosaccharides were quantified using the
phenol−sulfuric acid method61 and purified after HPLC was
assessed by thin-layer chromatography (silica gel 60 F254,
Merck), as described58 (Figure S1).

Structure Elucidation of LY03-OS and 1187-OS. LY03-
OS and 1187-OS were dissolved in 99.9% D2O, and NMR
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spectra were recorded at 25 °C on a Bruker Avance III (799.90
MHz for 1H and 201.15 MHz for 13C) equipped with a 5 mm
TCI 1H/(13C, 15N) cryoprobe using 3-(trimethylsilyl)-1-
propanesulfonic (DSS) as an internal standard (0.0002 ppm
and −2.032 ppm for 1H and 13C, respectively).62 The mixing
times for rotating frame nuclear Overhauser effect spectrosco-
py (ROESY) and heteronuclear single quantum coherence−
total correlation spectroscopy (HSQC−TOCSY) were 200
and 80 ms, respectively. Heteronuclear multiple bond
spectroscopy was optimized for 10 Hz long range coupling
constants. All two-dimensional spectra were recorded using
standard Bruker pulse sequences and were acquired and
processed using TopSpin 3.5.
Isothermal Titration Calorimetry. BLGA (in house

preparation isolated from cow milk)63 was dissolved in 10
mM sodium acetate (pH 4.0) at 5.0 mg mL−1 (272 μM),
centrifuged (12,000g, 20 min, 4 °C), and dialyzed 3 × 5 h at 4
°C against 10 mM sodium acetate (pH 4.0) (3 kDa cutoff,
SpectraPor membrane; Spectrum). LY03-OS (DP4 and DP6)
and 1187-OS (DP4) were dissolved to 4−5.5 mM in 10 mM
sodium acetate (pH 4.0) from the dialysis of BLGA and
centrifuged (12,000g, 20 min, 4 °C). ITC titrations were
conducted using ITC200 (Thermo Scientific, USA) at 25 °C
with 4.0 mM LY03-OS DP4 and 5.0 mM DP6 and 5.5 mM
1187-OS DP4 (all diluted in dialysate) in the syringe (sample
volume 40 μL) and 37 μM BLGA (diluted in dialysis buffer) in
the cell (sample volume 200 μL), in a series of 16 injections,
each of 2.5 μL including an initial 0.4 μL injection (deleted
from the data set). A blank titration was subtracted from the
data to correct for heat of dilution. Integrated and normalized
binding data were fitted to a one-site binding model and n = 1,
2, or 3 using the accompanying origin-based software
(Microcal analysis). For analysis of LY03-OS DP 6, the
second titration step was removed as it was an outlier which
impaired the fitting.
BLGA Cloning and Pichia Pastoris Transformation.

The gene encoding bovine BLGA (CAA32835) was modified
to encode the amino acid sequence of BLGA, previously
analyzed by NMR spectroscopy, which has three extra residues
(Glu-Ala-Glu) at the N-terminus and the first two residues of
BLGA WT (1L-2I) replaced by 1A-2Y and a point mutation
(V108F).57,58 Cloning and mutagenesis were carried out, as
described previously.58

Production of Isotope-Labeled Recombinant BLGA.
Production of BLGA was carried out, as described.58 Briefly,
the best expressing transformant was precultured in 25 mL of
buffered glycerol-complex medium [BMGY: 1% (w/v) yeast
extract, 2% (w/v) peptone, 0.1 M KH2PO4 (pH 6.0), 0.34%
(w/v) yeast nitrogen base, 4 × 10−5% (w/v) biotin, 1% (v/v)
glycerol] and further propagated in 1 L BMGY medium until
OD600 = 2−6 (150 rpm, 30 °C). The cells were harvested
(1500g, 5 min, 22 °C), resuspended in 1 L buffered minimal
methanol [0.1 M KH2PO4 (pH 6.0), 0.34% (w/v) yeast
nitrogen base without amino acids and ammonium chloride, 4
× 105% (w/v) biotin, 1% 15N-ammonium sulfate (Cambridge
Isotope Laboratories Inc, Andover, USA), 0.5% (v/v) glycerol]
medium for expression, as described previously.58

Purification of Recombinant BLGA. BLGA was purified
using a desalting Hiprep Desalt 26/10 column (GE Health-
care) and size exclusion Hiload Superdex 75 16/60, (GE
Healthcare), as described previously.58 The protein was
dialyzed (Spectra/Por, Spectrumlabs, 3 kDa, 4 °C) against
MQ-water thrice with 100-fold dilution for at least 4 h and

lyophilized. For NMR experiments, BLGA WT was dissolved
in 55 mM KH2PO3 (pH 2.65) and dialyzed as above against
the buffer. All protein concentrations were determined
spectrophotometrically at 280 nm using ε = 18,450 M−1

cm−1 calculated by ProtParam64 from the amino acid sequence.
NMR Experiments of BLGA. 15N-BLGA was diluted in 50

mM potassium phosphate (pH 2.65), H2O/D2O (90/10 v/v),
0.1 mM 2,2-dimethyl-2-silapentanesulfonic acid (DSS) to a
concentration of 100 μM and analyzed by NMR spectroscopy.
These conditions were chosen to stabilize the BLGA
monomer, which is stable for many days at 37 °C and for
months at 4 °C.57 Immediately prior to NMR analysis in 5 mm
Shigemi microtubes, the protein samples were centrifuged
(20,000g, 10 min, 25 °C) to remove the precipitate. Titrations
were performed under the same conditions but with the
addition of 0−6.3 mM LY03-OS or 0−5.7 mM 1187-OS. The
1H,15N-HSQC spectra were recorded on either an 800 MHz
Varian INOVA spectrometer equipped with a 5 mm triple
resonance room temperature probe with a Z-field gradient at
37 °C and mixing time 150 ms using Varian/Agilent BioPack
sequence or a 600 MHz Bruker AVANCE system equipped
with a cryoprobe. Recorded free induction decays were
processed using the nmrPipe.65 Proton chemical shifts were
referenced to internal 2,2-dimethyl-2-silapentanesulfonic acid
at 0.00 ppm and the assignments of BLGA transferred from
our previous study.58 For determination of chemical shift
perturbations and KDs, the change in chemical shift (in ppm)
in the proton and nitrogen dimension was calculated as:66
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where a scaling factor of 5 was chosen to match the proton and
nitrogen chemical shift change difference. The dissociation
constant, KD, was then determined using the following
equation
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where [P]0 is the total concentration of protein and is set
constant at 0.1 mM, whereas [L]0 is the total ligand
concentration at each step (the variable). For global fits, the
same equation was used, with KD being the global variable and
Δδmax being kept as an individual variable.

Docking of LY03-OS and 1187-OS Repeat Models on
BLGA. The NMR structure of BLGA was obtained from the
protein data bank (PDB entry code: 1DV9)6 choosing
arbitrarily the first model. The LY03-OS and 1187-OS repeat
models (Figure 2A,C) were built in the GLYCAM
carbohydrate builder.67 BLGA was prepared using Protein
Preparation Wizard and LigPrep programs, respectively, within
the Schrödinger suite 2016-168 applying besides for pH, which
was set to 2.65, the default settings. The repeat models were
prepared using LigPrep with default settings at target pH 2.65
using Epik.69 Docking calculations were performed using Glide
within the Schrödinger suite 2016-168 and applying standard
precision (Glide SP),70,71 extra precision (Glide XP),72 and
IFD73 with default settings. According to the NMR results, two
binding areas were of interest; site 1 (K70, I71, and I72) and
site 2 (K100, K101, Y102, and D129). Both sites were
independently investigated, and for each docking study, these
residues were used to define the center of the docking region
(grid) with an extension of ≤22 Å (larger than the sizes of the
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repeat models). The IFD docking protocol consists of several
sequential steps; (i) Glide SP docking using a softened
potential, where the scaling factor for van der Waals radii was
set to 0.5 for the BLGA and oligosaccharides, (ii) Prime
refinement was applied to optimize side-chain conformation of
residues within 5 Å of the oligosaccharides using the OPLS3
force field,74 and (iii) Glide XP74 redocking of the
oligosaccharides into all induced fit protein structures. Each
pose was ranked by using the composite induced fit score
calculated as a linear combination of 0.05 × Prime energy plus
the Glide2 XP score (IFD score).
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