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Abstract

For improved control of biomaterial property design, a better understanding of

complex coacervation involving anionic polysaccharides and proteins is

needed. Here, we address the initial steps in condensate formation of

β-lactoglobulin A (β-LgA) with nine defined alginate oligosaccharides (AOSs)

and describe their multivalent interactions in structural detail. Binding of

AOSs containing four, five, or six uronic acid residues (UARs), either all man-

nuronate (M), all guluronate (G), or alternating M and G embodying the block

structural components of alginates, was characterized by isothermal titration

calorimetry, nuclear magnetic resonance spectroscopy (NMR), and molecular

docking. β-LgA was highly multivalent exhibiting binding stoichiometries

decreasing from five to two AOSs with increasing degree of polymerization

(DP) and similar affinities in the mid micromolar range. The different AOS

binding sites on β-LgA were identified by NMR chemical shift perturbation

analyses and showed diverse compositions of charged, polar and hydrophobic

residues. Distinct sites for the shorter AOSs merged to accommodate longer

AOSs. The AOSs bound dynamically to β-LgA, as concluded from saturation

transfer difference and 1H-ligand-targeted NMR analyses. Molecular docking

using Glide within the Schrödinger suite 2016-1 revealed the orientation of

AOSs to only vary slightly at the preferred β-LgA binding site resulting in simi-

lar XP glide scores. The multivalency coupled with highly dynamic AOS
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binding with lack of confined conformations in the β-LgA complexes may help

explain the first steps toward disordered β-LgA alginate coacervate structures.
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carbohydrate interaction, small molecule binding

1 | INTRODUCTION

Liquid–liquid-phase separation (LLPS) describes a revers-
ible emulsoid stage existing between a solution and con-
densed structures, where coacervates are formed, leading
to a thermodynamic co-existence of a dense and a dilute
phase (Nakashima et al., 2019; Wang et al., 2021).
Recently, coacervations and LLPS have been described in
detail for multivalent proteins interacting with other pro-
teins, RNA, or DNA (Mimura et al., 2021; Sottini
et al., 2020; Wang et al., 2021). Related to this, interac-
tions between anionic polysaccharides and positively
charged proteins, coined complex coacervation
(Timilsena et al., 2019), result in liquid–solid phase sepa-
ration. Both the initial step of complex coacervation by
formation of molecular condensates, the coacervation
process and the resulting particles are poorly understood
at the structural level. For the commonly used model sys-
tem of β-lactoglobulin (β-Lg) and alginate, the polymer
complexes are vaguely described to be without systematic
order as based on microscopy, rheology, turbidity and
ITC analyses (Gorji et al., 2018; Qomarudin et al., 2015).
Bovine β-Lg constitutes more than 50% of all protein in
whey (Creamer et al., 2011) and exist in three isoforms,
β-LgA, β-LgB, and β-LgC of which β-LgA is the most
studied (Farrell et al., 2004). β-Lg adopts a lipocalin fold
composed of nine β-strands (A-I) and two α-helices
(Uhrínov�a et al., 2000). β-strands A-H jointly form an
inner cavity, called the calyx, characteristic for this pro-
tein family. β-Lg is monomeric at pH below three but
forms dimers at pH 3–8 (Khan et al., 2018) with β-strand
I and the flexible AB loop constituting the dimer inter-
face (Khan et al., 2018; Sakurai & Goto, 2002). The
hydrophobic calyx is well-known to host a variety of
guest molecules (Gutiérrez-Magdaleno et al., 2013; Loch
et al., 2012). Notably, β-LgA was recently found to bind
oligosaccharides on the surface in the acidic pH range
where β-Lg is monomeric (Birch et al., 2021; Stender
et al., 2019). β-Lg has been shown to either self-
coacervate induced by ethylene glycol, monosaccharides
or amino acids (Zhang et al., 2021), or to coacervate with
other proteins such as lactoferrin (Yan et al., 2013). Fur-
ther, complex coacervation has been achieved with a
number of carbohydrate polymers, for example, acacia

gum, κ-carrageenan, and alginates (Hosseini et al., 2013;
Madsen et al., 2021; Sanchez et al., 2006). In the current
understanding, electrostatic interactions govern alginate
and β-LgA complex coacervation (Gorji et al., 2018;
Qomarudin et al., 2015; Stender et al., 2018).

Alginates are linear 1,4-linked anionic polysaccha-
rides consisting of two uronic acid residues (UARs), β-D-
mannuronate (M) and α-L-guluronate (G) (Craigie
et al., 1984). It is found in cell walls of brown macroal-
gae and secreted by certain bacteria (Gacesa, 1998;
Stokke et al., 2000). α-L-guluronate residues, the C-5 epi-
mer of β-D-mannuronate, are generated at the polymer
level by the action of mannuronan C-5 epimerases
(Valla et al., 2001), resulting in linear anionic polysac-
charides of varying degree of polymerization
(DP) composed of M-, MG-, and G-blocks (Figure 1a)
(Gawin et al., 2020). Due to their physicochemical char-
acteristics, alginates are widely applied as gelation and
thickening agents and in formation of protein complexes
in the food and pharma sectors (Guo et al., 2020; Wu
et al., 2013). β-LgA was recently shown to bind alginate
stretches of 8 to 22 UARs, depending on the M/G con-
tent (Madsen et al., 2021; Stender et al., 2018). The two
trisaccharides, ΔGG and ΔMG, with the alginate lyase
produced unsaturated 4-deoxy-α-L-erythro-hex-4-enopyra-
nuronic acid (Δ) residue at the non-reducing end, have by
NMR been shown to form contacts with lysines at two
sites on β-LgA. With only few residue contacts determined,
the understanding of early β-LgA alginate condensate
states was not fully achieved (Stender et al., 2019).

To understand the amorphicity of complex coacervate
structures, the pathway of coacervation, and to improve the
use and design of alginate―β-Lg coacervates for micro-
encapsulation, we investigated complex structures of β-LgA
with longer defined AOSs of pure M, G, and MG blocks
(Figure 1a). These complex structures may represent the
early steps in the multivalent interaction of β-LgA with algi-
nate that leads to coacervation. By integration of data from
ITC, protein- and ligand-based NMR, and MD docking, we
could identify new extended binding sites on the β-LgA sur-
face. These data provided insights into the contact freedom
of AOSs on the surface of β-LgA, which may allow for
many different early condensate states driving the forma-
tion of amorphous over ordered coacervate structures.
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2 | RESULTS

2.1 | β-LgA complexes depend on AOS
DP and pH

Complex coacervation between proteins and anionic
polysaccharides relies on multivalent interactions. As

pKa values of M and G are 3.4 and 3.7 (Draget
et al., 1994), respectively, and β-LgA becomes monomeric
when pH approaches 2 (Taulier & Chalikian, 2001), affin-
ity and stoichiometry of the AOS's binding to β-LgA were
determined at pH 2.65 and 4.00 by ITC (Figure 1b) using
the same conditions (50 mM KH2PO4) as for NMR
assignment of β-LgA (Stender et al., 2019; Uhrínov�a

FIGURE 1 Chemical structures of alginate oligosaccharides (AOSs) and ITC titration of 500 μM β-LgA with different AOSs. (a) M-

block: 1,4-linked β-D-mannuronic acids, MG-block: Alternating 1,4-linked β-D-mannuronic and α-L-guluronic acids. G-block: 1,4-linked
α-L-guluronic acids. (b) Raw baseline-corrected ITC data (top) with enthalpograms (bottom) obtained for M4–M6 at pH 2.65. Fitted curves

are in red. (c) Number of AOS binding sites on monomeric β-LgA, calculated from the fit of the corresponding ITC curve fits. (d) KD

calculated from the fit in (a). All titrations were performed in triplicate. Errors are SEM
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et al., 1998). At pH 2.65 and 4.00, AOS /β-LgA stoichiom-
etry varied from 5.2 ± 0.4 to 1.9 ± 0.4, and from 4.2 ± 0.3
to 2.0 ± 0.4, respectively, decreasing significantly with
increasing size of the AOSs (DP4–DP6) (p < 0.05)
(Figure 1c, Table S1). This corresponds to a total of 12–20
bound UARs, represented by the different AOSs at the
respective pH values where the ligands essentially carry a
low and a high negative charge. The stoichiometry only
varied for DP4, with β-LgA binding 5.0 ± 0.2 AOSs at
pH 2.65 and 4.1 ± 0.1 at pH 4.00 (Figure 1c). Docking
experiments, discussed in more detail in Section 2.2 and
Data S3, were performed on β-LgA structures prepared
either at pH 4.00 or pH 2.65 (Shelley et al., 2007). Dock-
ing yielded XP glide scores (XP Gscores) of the AOSs,
which were either lower or larger at pH 2.65 than at
pH 4.00, thus indicating that not all β-LgA surfaces,
which are favorable for binding uncharged AOSs
(pH 2.65), are favorable for binding negatively charged
AOSs (pH 4.00) (Table 1).

KD values decreased three–fourfold for AOSs of DP4
through DP6, regardless of the M, MG, or G content, and
were in most cases around twofold higher at pH 2.65
than at pH 4.00 (p < 0.0001) (Figure 1d, Table S1). At
pH 4.0, KD decreased from 234 ± 7 to 55 ± 6 μM for M,
222 ± 10 to 42 ± 6 μM for MG, and 198 ± 9 to 35 ± 3 μM
for G AOSs, with the same effect being observed at
pH 2.65 (Figure 1d; Table S1). At pH 2.65 the enthalpy
change (ΔH) decreased from �5 (6) ± 0.5 to �10
± 0.6 kJ/(mol AOS) for binding M4 (MG,G) through M6
(MG,G) but at pH 4.00, ΔH for M4–M6 became more exo-
thermic from �18.0 ± 0.7 to �29.0 ± 0.1 kJ/mol and for
both MG and G types from �23.0 ± 0.2 to �31.0
± 0.3 kJ/mol (Figure S1). Plotting enthalpy changes
against the theoretical number of charges per AOS (cal-
culated from pKa values of M and G monomers, 3.38 and
3.65, respectively) at both pH 2.65 and pH 4.00 revealed a

linear correlation (R2 = 0.99) (Figure 2a). Thus, the
enthalpic contribution comes from the mutual interac-
tion of opposite charges on the two molecules, with the
negative charges on AOS being the limiting factor. The
persistence of the interaction at pH 2.65, driven by
entropy, stems from, for example, hydrophobicity, release
of counter ions or water molecules, and polar interac-
tions. Docking XP Gscores of AOSs on β-LgA at pH 2.65
and pH 4.00 agreed with ITC, showing lower energies for
certain poses at pH 4.00, being dependent on AOS length,
but not its composition (Table 1).

2.2 | Mapping the β-LgA AOS binding
surface and analysis of bound AOS
conformation

1H,15 N-heteronuclear single quantum coherence
(HSQC) NMR spectra and resonance assignments have
previously been reported of monomeric β-LgA in 50 mM
KH2PO4 at pH 2.65 (Birch et al., 2021; Stender
et al., 2019; Uhrínov�a et al., 1998). Here, well matched
β-LgA 1H,15 N-HSQCs were obtained under the same
conditions, and the original 151 identified peaks were
assigned (Figure S2). Titrating 15 N-β-LgA with the differ-
ent AOSs and recording the corresponding 1H,15 N-HSQC
spectra showed changes in chemical shifts (Figure 2), and
chemical shift perturbation (CSP) analyses revealed the
binding surfaces of the AOSs on β-LgA (Figures 2d
and S3).

Titrations at pH 2.65 with each of the three AOSs of
DP4, DP5, and DP6 were done in 5 steps with 10, 3.75,
and 1.6 mM as highest concentration, respectively
(Figures 2d, S3 and S4). Highly perturbed residues were
identified from CSPs above the average CSP + 1SD
(AVG + 1SD). The affected chemical shifts of β-LgA were

TABLE 1 Results from molecular docking of the different AOSs at all sites at either pH 2.65 or pH 4.00. The XP glide scores are given in

kcal/mol

pH 2.65 pH 4.00 pH 2.65 pH 4.00 pH 2.65 pH 4.00 pH 2.65 pH 4.00

Site 1 Site 1 Site 2 Site 2 Site 3 Site 3 Site 4 Site 4

M4 �6.4 �12.2 �10.1 �6.1 �6.3 �9.0 �8.3 �12.1

M5 �9.8 �12.1 �11.8 �7.9 �9.8 �12.7 �8.4 �10.6

M6 �8.3 �14.1 �13.1 �10.6 �8.0 �12.4 �9.2 �13.2

MG4 �7.6 �12.7 �8.1 �8.5 �7.0 �12.1 �7.6 �10.0

MG5 �9.4 �10.8 �8.9 �9.5 �8.6 �12.9 �10.3 �11.3

MG6 �9.0 �16.5 �12.0 �8.7 �10.6 �13.5 �10.8 �15.0

G4 �8.6 �12.1 �8.8 �7.8 �6.6 �10.9 �7.5 �10.9

G5 �11.5 �12.1 �11.1 �11.9 �9.4 �9.7 �10.4 �9.6

G6 �9.3 �15.1 �12.1 �7.8 �9.7 �14.3 �10.3 �12.5
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annotated to represent 4 of the 5 differing sites deter-
mined by ITC. Site 1 involved Asp11-Lys14 (Figure S4),
site 2 Ile29-Leu31, site 3 Asp53, Lys75 and Ile84 and site
4 Lys101, Tyr102, Glu127, and Asp129 (Figure 2d). While
sites 1, 2, and 4 each spanned approximately 10 Å, site

3 was about 20 Å in length from edge to edge. As site 3 is
the largest, this may harbor the fifth binding site from
ITC, but our data do not provide such detail. The calcu-
lated hydrophobicity differed from site to site, with sites
1 and 2 being most hydrophobic, while site 3 was slightly

FIGURE 2 Details of AOSs binding to β-LgA. (a) Changes in enthalpy determined by ITC plotted against the theoretical number of

charges on the AOSs at pH 2.65 and pH 4.00. The number of charges was calculated using pKa values of monomeric mannuronate or

guluronate. Linear curves (dashed lines) were fitted to the data to visualize correlation (R2 = 0.99). (b) Zoom on acidic residues of sites

1 (top) and 4 (bottom) changing protonation state depending on pH. β-LgA backbone is shown in green (pH 2.65) and pink (pH 4.00); side

chains are gray. (c) Overlay of 1H,15N-HSQC spectra of β-LgA titrated by 0–10 mM M4 at pH 2.65 and 37�C. (d) Chemical shift perturbations

of β-LgA per residue induced by addition of 10 mM M4. The purple line represents the average CSP, the dashed red line CSP_AVG + 1SD.

(e) Changes in peak positions of Lys101 and Asp129 of site 4 upon titration with M4, M5 or M6
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FIGURE 3 Legend on next page.
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hydrophilic, and site 4 was mostly hydrophilic (Cowan &
Whittaker, 1990). The effect of increasing DP was most
prominent for MG. Thus, MG4 interacted with residues
Asp11-Lys14, Ile29, Ser30, Asp53, Lys75, Ile84, Lys101,
Tyr102, Glu127 and Asp129, while MG6 additionally
affected the neighboring residues Lys8, Ile56, Ile71,
Thr76, Glu115, Val128, Asp130 and Ala132 (Figures 3a,b
and S4). To determine residue-specific KD values, CSPs
larger than the AVG + 1SD were plotted against AOS
concentration (Figure 4) (see Materials and Methods 4.6
and 2.3 in Data S1). These KD values overall matched the
KD values determined by ITC for the different AOSs
(Figures 1 and 4). The β-LgA surface charge changes
from pH 2.65 to pH 4.00 where β-LgA also becomes
dimeric (Figures 2b and S5). Docking of G4 to site 4 at
either pH 2.65 or pH 4.00, for instance, showed two dif-
ferent poses. At pH 2.65 G4 interacts with protonated
acidic side chains (127–131) and at pH 4.00 the orienta-
tion shifts, such that it instead interacts with positively
charged side chains (Lys100 and Lys135) (Figures S5 and
S6). The pose at pH 4.00 is energetically more favorable
than the pose at pH 2.65, Table 1 should be here reflect-
ing the pH-dependent changes in the binding surfaces.
This pattern was generally also observed for the other
AOSs (Table 1). XP glidescore of site 2 was found to
increase by 1–4 kcal/mol, reflecting that the binding sur-
face at higher pH can become unfavorable, as also found
in ITC data with stoichiometry changing from 5 at
pH 2.65 to 4 at pH 4.00. Interaction populations for each
docked site at either pH 2.65 or pH 4.00 showed broad
interaction profiles, but with matching residues for the
two different pH values (Figures 3d and S7–S14). Interac-
tion maps revealed that charged residues interacted with
AOSs through either salt bridging (pH 4.00) or hydrogen
bonding (pH 2.65) (Figure S6), thus supporting the obser-
vation of differences in binding from ITC experiments.

2.3 | AOSs exhibit highly dynamic
binding to β-LgA

1H-ligand-targeted NMR allows determination of specific
close distance interactions between protein and ligands
and is commonly used in discovery, design, and develop-
ment of drugs (Fielding, 2007; Mayer & James, 2004). Sat-
uration transfer difference (STD), T1ρ and WaterLOGSY
were conducted to examine orientation preferences of the

AOSs on β-LgA (Raingeval et al., 2019; Viegas
et al., 2011). Proton peaks were assigned by recording of
1D 1H spectra and a series of 2D 1H -1H and 1H -13C cor-
related spectra at pH 5.00 and pH 2.65 (Tables S2-S7,
Figures S15-S18). Proton peaks for the AOSs are found in
the region 3.8–5.3 ppm (Figures S15-S18), but individual
peaks cannot be resolved in the proton dimension due to
poor chemical shift dispersion (Figure 5c, Tables S2–S7).

STD titration experiments were initiated by establish-
ing a suitable saturation transfer time to 2 s, which
yielded 50% of the maximal signal (Figure S19) (Viegas
et al., 2011). Multiple peaks, even at low AOS concentra-
tion, showed a response in 1H-STDs when titrating β-LgA
with M4 (Figure 5a) and the same was observed for M5
and M6 (Figures S20 and S21) as well as MG6 and G6
(Figure 5b). Thus, these AOSs seemed not to adopt a pre-
ferred conformation in complexes with β-LgA, but rather
exist in an ensemble of structural heterogenic states, with
several conformations interconverting on a fast timescale,
which all contribute to complex formation (Olsen
et al., 2017; Warfield et al., 2014). WaterLOGSY and T1ρ
experiments supported the STD results by showing that
all peaks for M6, MG6, and G6 gave signals in the pres-
ence of β-LgA (Figures S22–S24). NMR peak Intensities of
identified proton signals resolved by the STD titration
were plotted against AOS concentrations to estimate KD

globally and individually for M4 (Figure 6), M5 and M6
(Figures S16 and S17) (see Materials and Methods 4.7.2).
The global KD values for M6, M5, and M4 of 147 ± 40 μM,
228 ± 30 μM, and 520 ± 33 μM, respectively, agree with
KD values determined by both 1H,15N-HSQC titration
(Figure 4d) and ITC (Figure 1c and Table S1). Individually
determined KD values did not significantly differ from the
globally determined KD, suggesting that all protons are
equally specific in the interaction (Figures 6, S25, and
S26). Molecular docking resulted in absolute binding ori-
entations, with the top 5 best scoring poses within
1.5 kJ/mol XP Gscore and showed 5.3 to 15.9 Å difference
in orientation (Figures S18 and S19) with many interact-
ing residues (Figure 3c), which also supports the highly
dynamic interaction indicated by STD NMR (Figure 7).

3 | DISCUSSION

Mixtures of full length alginate (DP > 600) and β-LgA at
a pH below 4.5 have been reported to complex coacervate

FIGURE 3 Binding sites on β-LgA. Residues perturbed by MG AOSs (CSP > AVG + 1SD) identifying the binding sites on β-LgA (RCSB:

1DV91) shown in transparent surface representation. (a) Residues perturbed by MG4 (nITC = 5) are colored cyan. (b) Residues perturbed by

MG6 (nITC = 2) are colored dark blue. N- and C-terminal residues are colored in red and orange, respectively, unaffected surface is gray.

(c) Population percent of β-LgA residues found to interact with AOSs by molecular docking simulation at either pH 2.65 (light blue) or

pH 4.00 (light red) for each of the NMR determined sites (bold letters)

MADSEN ET AL. 7 of 15

http://bioinformatics.org/firstglance/fgij//fg.htm?mol=1DV9


FIGURE 4 Affinity determination of individual sites from CSPs. NMR CSPs of 15 N-β-LgA (200 μM) titrated with AOS (1.6, 3.75, and

10 mM for DP 6, 5, and 4, respectively) as a function of ligand concentration. CPS induced by M6 are fitted to a hyperbolic binding curve to

obtain KD for residues with CSP > AVG + 1SD. (a) Sites 1 + 3, (b) site 2, (c) site 4. (d) KD values of individual residues with CSP > AVG

+ 1SD extracted from NMR (Figure S3). Gray dotted lines correspond to global KD values determined by ITC
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and form predominantly insoluble complexes (Gorji
et al., 2018; Madsen et al., 2021; Qomarudin et al., 2015),
attributed to charge-neutralization of the polysaccharide
by engaging in multivalent interactions (Harnsilawat
et al., 2006; Madsen et al., 2021). However, equal
amounts (wt/wt) of alginate oligomers of DP6 and β-LgA
can form soluble complexes (Stender et al., 2018). This
motivated the use of AOSs as ligands to gain insights into
the intermolecular forces and impact of M and G compo-
sition on the interaction with β-LgA and evaluate the sys-
tem as a model of the early multivalent stages leading to
coacervation.

The reported small number of UARs bound to β-Lg
for soluble complexes (6 UARs (Stender et al., 2018)) does
not agree with polymer coacervation measured by ITC, in
which a stretch of 8–22 UARs (calculated based on litera-
ture data of stoichiometry and alginate size as in Madsen
et al. (Madsen et al., 2021)) bound to one β-LgA mole-
cule. Higher ionic strength narrowed the range of UARs
that one β-LgA molecule can bind to 16–20 (Madsen

et al., 2021), equivalent to 4–5 DP4, 3–4 DP5, and 3 DP6
AOSs. These polymer level stoichiometries (UARs/
β-LgA) matched very well with the presented ITC data
for the AOSs. Here 20–12 UARs bound per β-LgA for
shorter or longer AOSs, respectively. Thus, compared to
previous stoichiometries of AOS binding to β-LgA
(Stender et al., 2018), a larger molecular coverage was
achieved. Affinities and enthalpies clearly increased for
all AOSs from pH 2.65 to pH 4.00, in addition to apparent
changes in stoichiometry (from 5 to 4) for M4, MG4, and
G4, albeit not for AOSs of DP5 and DP6. Both AOSs and
β-LgA underwent changes in charge states from pH 2.65
to 4.00 reflected in the different binding energy contribu-
tions, indicating that complex coacervation is driven by
entropy at pH 2.65 and by enthalpy at pH 4.00. This sug-
gests a difference in residue–AOS contacts when AOSs
bind at pH 2.65 as compared to pH 4.00, as demonstrated
by the difference in docking poses at pH 2.65 or pH 4.00
(Figures 3c, S5 and S27). β-Lg changes from monomeric
at pH 2.65 to dimeric at pH 4.00, however the dimer

FIGURE 5 Saturation transfer difference 1H-spectra. (a) Seven-step titration of 20 μM β-LgA by 0.2–2 mM M4 at pH 2.65. (b) 1H-STD

spectra of 20 μM β-LgA with 2 mM G6 (cyan), MG6 (blue) or M6 (green) at pH 2.65. (c) Structural illustration of mannuronic acid DP4

(M4) with proton chemical shift annotations, roman numerals (I–V) represent the in-chain position of the uronic acid and numbers (1–5)
represent the in-ring carbon number the proton is associated to
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interphase does not coincide with the AOS binding sites
as determined by NMR.

Stoichiometries obtained from ITC were used to guide
the annotation of individual binding sites on the β-Lg
surface based on 1H,15N-HSQC data. β-LgA residues per-
turbed by AOSs of DP4-6 at pH 2.65 coincided in part
with two sites previously identified by NMR to bind enzy-
matically produced trisaccharides from alginate (Stender
et al., 2019). These correlated with sites 1 and 3 in the
present study (Figure 4) (Stender et al., 2019), and
merged for AOSs > DP4 with site 4 to form a continuous
binding surface composed of sites 1, 3, and 4 (Figure 4).
Docking showed that site 1 was slightly favored over site
4, but with shared residues in the interaction population
(Figure 3c). Site 2 (around Ser30), does not bind AOSs of
DP3 (Stender et al., 2019), but has been suggested to be
involved in hydrophobic binding of buformin (Sahihi &
Ghayeb, 2014). CSP NMR showed a few individual resi-
dues to have lower affinity than found by ITC. Especially,
Ile29 showed a three–fivefold higher KD for M4-M6, indi-
cating that this residue is only affected at high AOS con-
centration. Based on ITC measurements, M- and G-
dependent effects on KD and stoichiometry were found
for polymeric alginate (DP > 600) interaction with β-LgA
(Madsen et al., 2021), which correlated with differences
in structural flexibility (Draget et al., 2001). By using
AOSs of DP 4–6, ligand flexibility seemed not to

discriminate β-LgA surface coverage, as opposed to poly-
mer interaction (Madsen et al., 2021; Stender et al., 2018).

Neither the spatial orientation nor the conformation
of AOSs bound to protein have been reported earlier. In
our work, STD, WaterLOGSY and T1ρ showed that no
specific conformation existed, but that the AOSs instead
adopted several orientations and conformations on the
surface of β-LgA, similarly to the highly dynamic com-
plexes involving intrinsically disordered proteins (Olsen
et al., 2017; Sottini et al., 2020). Modeling of the AOSs
onto the different identified binding regions on β-LgA,
indicated that all the AOSs could adopt a number of dif-
ferent orientations of similar XP Gscores, in agreement
with the perception gained from 1H-ligand targeted NMR
(STD, WaterLOGSY and T1ρ).

Even though the interaction between AOSs and
β-LgA is best represented by an ensemble of dynamically
interconverting states, as shown by 1H-ligand targeted
NMR, docking of the AOSs to the β-LgA surface indicated
small, but distinct differences in the AOSs orientation
(RMSDs of 5.3 to 15.9 Å, Figure S28), governed by their
composition. Strikingly, despite these differences in ori-
entations, XP Gscores were very similar for AOSs of the
same DP. Of special note, site 4 harbored many acidic
residues causing electrostatic repulsion of AOSs at
pH 4.00, but little to none at pH 2.65. This agrees well
with previous suggestions that binding patterns change

FIGURE 6 KD determination by following peak intensities from STD 1H-spectra. (a) Integrated peak volumes from M4 STD and

resulting global and individual fit to determine KD. (b) Resulting KD values from M4 STD, numbers 1–6 represent ring carbon numbers,

roman numbers (I–V) represent the chain position of the ring carbon (see Figure 5c)
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according to the charge state of AOSs and surface charge
of β-LgA (Stender et al., 2018; Stender et al., 2019).

The multivalency of both the long alginate polymer,
which can accommodate several β-Lg proteins along its
chain, and β-Lg itself, where the distribution of several
energetically similar, but chemically diverse surface

binding sites exist, is a prime prerequisite for the forma-
tion of condensates (Li et al., 2012) and for percolation
(Harmon et al., 2017). The highly dynamic states we have
uncovered here using shorter alginate building blocks
may represent some of the early states in condensate for-
mation. These low affinities, highly dynamic contacts and

FIGURE 7 Orientation of AOSs docked onto β-LgA (green) binding site 4 (Lys101). Right hand side shows surface position of (a) M4

best XP GScore (blue), top 2–5 XP GScore (gray), (b) MG4 best XP GScore (blue), top 2–5 XP GScore (gray), (c) G4 best XP GScore (blue), top

2–5 XP GScore (gray). To the left are shown interaction schemes for the best XP GScore of OH, carboxyl and glycosidic oxygen groups in

individual AOSs to residues at binding site 4. Acidic side chains are colored orange, basic side chains blue, hydrophobic side chains green

and polar side chains cyan. Arrows mark side chain AOSs interactions
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charge dependent states allow for fast un- and rebinding
and optimization of the network driving phase separation.
These results support a current hypothesis for phase sepa-
ration coupled to percolation, by showing how highly
dynamic multivalent contacts give rise to dense phase sep-
arated networks (Mittag & Pappu, 2022). Whether the low
affinity interactions and the highly dynamic ensemble
with interconverting binding sites are maintained in the
final condensates cannot be inferred from the current
study. However, a study on β-LgA interaction with acacia
gum suggests a nucleation growth dependent coacervation
such that the initially formed condensate connections
remain in the final coacervate structures (Sanchez
et al., 2006).

4 | CONCLUSION

Distinct AOSs of M, MG, and G types engage in highly
dynamic complexes with β-LgA at pH 2.65 as shown by
ligand targeted NMR. The AOSs exhibit no preferred con-
formational pose on β-Lg, but rather, depending on the
surface of β-LgA, form an ensemble of interconverting
states. The interaction is limited by the AOS charge state
where there is a small but relevant electrostatic contribu-
tion at low pH, which becomes more distinct at pH 4.0 as
well as increasingly dominated by enthalpic forces as
supported by stoichiometry, enthalpy, and KD. It is thus
unlikely that all β-LgA residues involved in AOS binding
at pH 2.65, where β-LgA is monomeric, are engaged at
pH 4.00 where β-LgA is dimeric and vice versa. The con-
tact freedom observed for AOSs in binding to β-LgA,
translates to the understanding of the coacervation
between β-LgA and full-length alginate, as it gives the
first notion of the promiscuity that alginates have on the
surface of β-LgA, leading to the formation of disordered
coacervate structures.

5 | MATERIALS AND METHODS

AOSs are described by M, G, or MG with a DP of 4–6.
For example, M4, G4 and MG4 are tetrasaccharides of
mannuronic, guluronic, and alternating mannuronic-
and guluronic acid residues, respectively.

5.1 | AOS preparation

Poly-M (intrinsic viscosity [η] = 940 ml/g; FG = 0.0) was
produced by an epimerase (AlgG) negative strain of Pseu-
domonas fluorescens and poly-G (FG = 0.97) was pre-
pared by in vitro epimerization of poly-M using AlgE1
(Aarstad et al., 2019). Poly-MG of alternating structure

(FG = 0.46, FGG = 0.0) was made by in vitro epimeriza-
tion of poly-M using AlgE4 (Donati et al., 2005). The M,
G, and MG block AOSs were subsequently produced
from these polymers by mild acid hydrolysis and purified
as previously described (Ballance et al., 2005; Campa
et al., 2004).

5.2 | Production and purification of
recombinant β-LgA and 15N-β-LgA

The plasmid pPICZαA–β-LgA encoding β-LgA used for
previous NMR studies (Birch et al., 2021; Stender
et al., 2019), was transformed into E. coli DH5α, selected
for zeocin resistance and verified by sequencing.
pPICZαA–β-LgA (20 μg) was linearized by PmeI (37�C,
1 h), purified with GeneJET PCR Purification Kit
(ThermoFischer Scientific) and transfected into
P. pastoris X-33 by electroporation of 5 μg linear DNA to
100 μl competent cells, which were plated on zeocin con-
taining yeast extract peptone dextrose agar, incubated
(3 days, 30�C) to select for resistance and screened for
β-LgA production level. Production and purification of
β-LgA and 15N-β-LgA was performed as previously
described (see Data S1) (Stender et al., 2019).

5.3 | Sample preparation for 1H,15N-
HSQC NMR, and ITC titration studies

β-LgA in 50 mM KH2PO4 pH 4.00 or 2.65 and 15N-β-LgA
in 55 mM KH2PO4 pH 2.65 were dialyzed (3� 100-fold
dilution, 3000 MWCO Spectra/Por membrane,
Spectrumlabs) against the respective buffers. Protein con-
centration was measured spectrophotometrically
(Nanodrop, Thermo Scientific) at 280 nm using a
εM = 18,700 M�1 cm�1 as predicted by ProtParam
(Gasteiger et al., 2005). Concentrations of AOSs
(in dH2O) were determined by the phenol sulfuric acid
method (Dubois et al., 1956), and the AOSs were ali-
quoted as 55 and 255 μl portions of 50 and 20 mM,
respectively, lyophilized and stored in a vacuum desicca-
tor until use.

5.4 | Isothermal titration calorimetry

β-LgA (1.0 mM) was titrated by AOSs (20 or 50 mM) dis-
solved in β-LgA dialysates of pH 4.00 or 2.65. Degassed
(2 min) β-LgA (200 μl) and AOS (40 μl) were loaded into
the cell and syringe, respectively. Titration at 37�C with
stirring at 750 rpm involved an initial 0.4 μl injection fol-
lowed by 19 injections of 2 μl (ITC200, Thermo Scien-
tific). Raw data were corrected for heat of dilution by
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subtracting a blank titration. Normalized, integrated raw
data were plotted as enthalpograms and fitted with an
independent one-site binding model, to determine disso-
ciation constant (KD), stoichiometry (n) and enthalpy
(ΔH) using the instrument Origin-based software
(Microcal Analysis).

5.5 | 1H,15N-HSQC NMR, and chemical
shift perturbation analysis

15N-β-LgA and AOS (1 mM and 5–20 mM, respectively,
in 0.1 mM DSS, 10% D2O, 50 mM KH2PO4 pH 2.65) were
centrifuged (20,000g, 20 min, 4�C), transferred to new
tubes and stored on ice. Concentrations of AOS and 15N-
β-LgA were determined by the phenol-sulfuric acid assay
(Dubois et al., 1956) and UV-absorbance, respectively
(Birch et al., 2021; Stender et al., 2019). The 50 mM
KH2PO4 pH 2.65 was identical to previous studies, allow-
ing transfer of peak assignments (Birch et al., 2021;
Stender et al., 2019; Uhrínov�a et al., 1998) and pH was
verified throughout experiments to ensure consistency.
Titrations were performed in five steps in the range 0–10,
0–3.75, and 0–1.6 mM AOSs DP4, DP5 and DP6, respec-
tively, and 200 μM 15N-β-LgA in 5 mm NMR tubes. All
1H, 15N-HSQC spectra were recorded on a 600 MHz Bru-
ker Ascend with AVIIIHD console equipped with a
5 mm QCI cryoprobe (Bruker BioSpin AG). Free induc-
tion decays were processed with nmrPipe (Delaglio
et al., 1995) and proton chemical shifts were referenced
to DSS at 0.00 ppm. Chemical shifts in fast exchange
were monitored during the titrations (Teilum
et al., 2017), by the distance at which peaks move. The
chemical shift perturbation were calculated as previously
described (Mulder et al., 1999; Teilum et al., 2017).

5.6 | Label free ligand mapping by NMR

5.6.1 | Sample and equipment set-up

β-LgA was dissolved and dialyzed (as above) against
50 mM KH2PO4 pH 2.65 or 4.00. β-LgA (20 μM) was
titrated with AOSs (0.2–2.0 mM) in seven steps, corre-
sponding to ligand molar excess of 10–100� as suggested
by Viegas et al. (2008) Spectra were acquired on 800 MHz
Bruker Ascend with AVIIIHD console equipped with a
5 mm TCI cryoprobe (Bruker BioSpin AG) at 37�C.

5.6.2 | Saturation transfer difference

Testing for saturation frequencies and time by a build-up
experiment following Viegas et al. (2008) used a sample

composed of 20 μM β-LgA with 2 mM M6 at pH 2.65
50 mM KH2PO4. Saturation times were set from 0.5 to 5 s
in 10 steps. From the build-up experiment, the amplifica-
tion factor was plotted against saturation time at satura-
tion frequency of 0.303 ppm and a saturation time of 2 s
was chosen for the saturation transfer difference (STD)
titration experiment (Figure S10). The amplification fac-
tor was measured as the height of the peaks. By plotting
amplification factor against ligand concentration, KD can
be determined by fitting ASTD ¼ αSTD L½ �

KDþ L½ �, where αSTD is the
maximum amplification factor determined by the fitting
and [L] is the varying ligand concentration.
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