7%
university of 5%,
groningen % %

i

University Medical Center Groningen

University of Groningen

TLR 2/1 interaction of pectin depends on its chemical structure and conformation

Jermendi, Eva; Fernandez-Lainez, Cynthia; Beukema, Martin; Lopez-Velazquez, Gabriel; van
den Berg, Marco A.; de Vos, Paul; Schols, Henk A.

Published in:
Carbohydrate Polymers

DOI:
10.1016/j.carbpol.2022.120444

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2023

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Jermendi, E., Fernandez-Lainez, C., Beukema, M., Loépez-Velazquez, G., van den Berg, M. A., de Vos, P.,
& Schols, H. A. (2023). TLR 2/1 interaction of pectin depends on its chemical structure and conformation.
Carbohydrate Polymers, 303, Article 120444. https://doi.org/10.1016/j.carbpol.2022.120444

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/lUMCG research database (Pure): http.//www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 01-02-2024


https://doi.org/10.1016/j.carbpol.2022.120444
https://research.rug.nl/en/publications/723fd683-87fe-4813-8cfd-8644388167fa
https://doi.org/10.1016/j.carbpol.2022.120444

Carbohydrate Polymers 303 (2023) 120444

BE

ELSEVIER

Contents lists available at ScienceDirect
Carbohydrate Polymers

journal homepage: www.elsevier.com/locate/carbpol

Check for

TLR 2/1 interaction of pectin depends on its chemical structure s

and conformation

Eva Jermendi®, Cynthia Ferndndez-Lainez b:¢ Martin Beukema ", Gabriel Lépez-Velazquez ©,
Marco A. van den Berg 4 Paul de Vos”, Henk A. Schols ™"

2 Laboratory of Food Chemistry, Wageningen University, Bornse Weilanden 9, 6708, WG, Wageningen, the Netherlands
e Immunoendocrinology, Division of Medical Biology, Department of Pathology and Medical Biology, University Medical Center Groningen, Hanzeplein 1, 9713, GZ,

Groningen, the Netherlands

© Laboratorio de Errores Innatos del Metabolismo y Tamiz, Instituto Nacional de Pediatria, Av. Iman 1, piso 9, col. Insurgentes Cuicuilco 04530, Ciudad de México,

Mexico
4 DSM Food & Beverages, Alexander Fleminglaan 1, 2613, AX, Delft, the Netherlands

© Laboratorio de Biomoléculas y Salud Infantl, Instituto Nacional de Pediatria, Av. Iman 1, piso 5, col. Insurgentes Cuicuilco 04530, Ciudad de México, Mexico

ARTICLE INFO ABSTRACT

Keywords: Citrus pectins have demonstrated health benefits through direct interaction with Toll-like receptor 2. Methyl-
Cirrus pectin ester distribution patterns over the homogalacturonan were found to contiibute to such immunomodulatory
HILIC-MS activity, therefore molecular interactions with TLR2 were studied. Molecular-docking analysis was performed
HPAEC

using four GalA-heptamers, Ga]A7MeO, GalA;-Mel’s, GalA7Mel’7 and GalAyMez’s. The molecular relations were
measured in various possible conformations. Furthermore, commercial citrus pectins were characterized by
enzymatic fingerprinting using polygalacturonase and pectin-lyase to determine their methyl-ester distribution
patterns. The response of 12 structurally different pectic polymers on TLR2 binding and the molecular docking
with four pectic oligomers clearly demonstrated interactions with human-TLR2 in a structure-dependent way,
where blocks of (non)methyl-esterified GalA were shown to inhibit TLR2/1 dimerization. Our results may be
used to understand the immunomodulatory effects of certain pectins via TLR2. Knowledge of how pectins with

Methyl-ester distribution
Toll-like receptors
Immunomodulation

certain methyl-ester distribution patterns bind to TLRs may lead to tailored pectins to prevent inflammation.

1. Introduction

The health effects associated with dietary fibers are more and more
discussed in the literature, but mechanisms that could explain the effects
are often still lacking. An obvious reason for that is the high diversity of
dietary fibers in their structure and functionality. Moreover, dietary fi-
bers used in research are often compared without appropriate charac-
terization, causing numerous contradictions in the literature regarding
their health effects (Ferreira, Passos, Madureira, Vilanova, & Coimbra,
2015; Ramberg, Nelson, & Sinnott, 2010). Some dietary fibers may play
an important role in gut health by serving as fermentation substrates and
energy sources for the gut microbiota (Brownlee, 2011; Montagne,
Pluske, & Hampson, 2003). Upon fermentation, the microbiota will
generate short-chain fatty acids (SCFAs) that, among other effects, may
reduce inflammation by increasing the number of immunoregulatory
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cells in the gut (Scharlau et al., 2009; Smith et al., 2013). Nevertheless,
beneficial effects of polysaccharides independently from SCFAs have
been also reported (Breton et al., 2015; Weickert et al., 2011) including
direct immune-modulating effects of fibers on immune cells, such as
THP-1 monocytes, regulatory T cells (Treg) or effector T cells (Beukema,
Faas, & de Vos, 2020; Vogt et al., 2014).

Several in vivo and in vitro studies have been performed on the
immunomodulatory effects of dietary fibers (Beukema et al., 2021;
Ramberg et al., 2010; Sahasrabudhe et al., 2018; Vogt et al., 2016). A
large variety of different plant-derived polysaccharides such as glucans,
mannans and pectins have been studied for their immune system acti-
vating and -inhibiting properties (Prado et al., 2020; Rosch et al., 2017;
Sahasrabudhe, Dokter-Fokkens, & de Vos, 2016). Moreover, many
pectin structural domains have been tested for their bioactivity
including homogalacturonans, arabinogalactan type I and II, and
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rhamnogalacturonans (McKay et al., 2021; Popov & Ovodov, 2013). The
direct interaction of dietary fibers and the intestinal cells happens
through interaction with the so-called pattern recognition receptors
(PRRs) (Shibarta et al., 2014). PRRs play a significant role in intestinal
immune regulation, since they are responsible for recognizing exoge-
nous molecules (Ferreira et al., 2015; Shibata et al., 2014). Toll-like
receptors (TLRs) form such a family of PRRs, which play an essential
role in the activation of innate immunity (Takeda & Akira, 2005) and
proved to be involved in dietary fiber-induced immune signaling (Prado
et al., 2020). Dietary fibers have a highly complex and diverse structure
and therefore they can either activate TLRs to different extents (e.g.,
high DM lemon pectin (Vogt et al., 2016)), or inhibit TLR signaling and
decrease intestinal inflammation (e.g., low DM lemon pectin (Sahasra-
budhe et al., 2018)). Studies have shown that various pectins are able to
inhibit TLR4 activation specifically in monocytes and dendritic cells
which is suggested to be induced through RG-T or RG-II side chains
(Ishisono, Yabe, & Kitaguchi, 2017).

Through TLR signaling, fibers have shown to have several beneficial
effects, including reduced intestinal permeability and thereby better gut
barrier function (Vogt et al., 2014; Vogt et al., 2016), promoting im-
mune responses against pathogens (Vogt et al., 2013) as well as reducing
intestinal inflammation (Sahasrabudhe et al., 2018). It has been
demonstrated that the chemical differences such as the methyl-ester
distribution over the homogalacturonan backbone (Beukema, Jer-
mendi, van den Berg, et al., 2021), the side chains and the chain length
in fibers such as pectins (Vogt et al., 2013; Vogt et al., 2014) can regulate
immune effects. More information on the effect of the chemical structure
of fibers on intestinal immunity is therefore important to understand and
to predict the efficacy of dietary fibers (Sahasrabudhe et al., 2018; Vogt
et al., 2013).

Pectin is a well-known soluble dietary fiber that has, both direct and
indirect, nutritional and physiological health effects. Its biological
properties have gained increased attention in the last decades (Ger-
schenson, 2017). Pectin is commonly used as a functional ingredient in
the food industry due to its thickening and gelling capacity (Kjgniksen,
Hiorth, & Nystrom, 2005). Commercial pectin is mainly composed of a
linear chain of a-1,4 D-galacturonic acid (GalA) units, called homo-
galacturonan (HG), which covers approximately 70-90 % of the pectin
backbone and can be methyl-esterified at the GalA 0-6 carboxyl group
and, less commonly, be O-acetylated at the GalA O-2 or O-3 positions
depending on the source (Voragen, Beldman, & Schols, 2001). Other
domains of pectin are rhamnogalacturonan-I (RG-I) and RG-II. RG-I
comprises 20-30 % of GalA in of the pectin structure (Voragen, Coenen,
Verhoef, & Schols, 2009). The technological and biological properties of
a pectin depend on its structural characteristics like monosaccharide
composition, level and distribution of methyl-esterification, level of
acetylation, molecular weight (Mw), presence, type and length of side
chains, and conformation or spatial structure (Beukema, Jermendi,
Schols, & de Vos, 2020; Voragen, Pilnik, Thibault, Axelos, & Renard,
1995; Voragen, 2004). Furthermore, the solubility of pectins increase
with an increase of DM, while an increased pectin molecular weight
decreases the solubility (Sila et al., 2009). Specific pectin structures can
have therapeutic potential as they can modulate TLR signaling and in
that way stimulate innate immune responses and protect against in-
flammatory diseases (Shibata et al., 2014). The level and distribution of
methyl-esters over the pectin backbone are fundamental elements
contributing to pectin's functionality (Sahasrabudhe et al., 2018; Vogt
et al., 2016; Voragen et al., 2009). The percentage of methyl-esterified
GalA residues over the backbone is defined as the degree of methyl-
esterification (DM). The main methyl-ester distribution patterns are
described as random or blockwise (Daas, Meyer-Hansen, Schols, De
Ruiter, & Voragen, 1999; Guillotin et al., 2005; Levesque-Tremblay,
Pelloux, Braybrook, & Miiller, 2015; Willats, Knox, & Mikkelsen, 2006).
Non-esterified GalA distribution patterns were first defined by Daas
et al. (Daas et al., 1999) as the degree of blockiness (DB) and absolute
degree of blockiness (DBgys) (Daas, Voragen, & Schols, 2000; Guillotin
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et al., 2005). DB is indicating the relative amount of non-esterified GalA
residues present in PG degradable blocks, representing the distribution
of non-esterified blocks in relation to the total of non-esterified GalA
residues of the pectin molecule, while DBgys is representing the distri-
bution of non-esterified blocks over the entire pectin molecule. Other
parameters describing also the methyl-esterified sequences over the
backbone are degree of blockiness of methyl-esterified oligomers by PG
(DBpgme) and degree of blockiness of methyl-esterified oligomers by PL
(DBprme) (Jermendi, Beukema, van den Berg, de Vos, & Schols, 2021).
DB.ps shows the fully non-esterified segments of the backbone, while
DBpgme and DBppye illustrate the different methyl-esterified sequences
of the pectin degradable by PG or PL.

Sahasrabudhe et al. have shown that TLR2/1 is inhibited by lemon
pectins in a DM-dependent manner, where a decreased DM increased
TLR2/1 inhibiting and binding properties of pectins Furthermore, it has
been observed that not only the level but also the distribution of methyl-
esters determines the ability of pectins to influence TLR signaling, the
more blockwise methyl-esterified the pectin is, the higher the TLR2/1
inhibitory effect (Beukema, Jermendi, van den Berg, et al.). However,
pectins with a similar DM and DB might still have different sequences of
non-esterified or methyl-esterified GalA residues (Jermendi, Beukema,
van den Berg, de Vos, & Schols, 2021). It is not known whether such
different sequences play a role in the interaction between TLR2 and
pectins.

The aim of this study was to understand the relationship between
pectin structure and conformation and TLR2/1 inhibition. To investigate
the structural characteristics of pectins underlying the binding and in-
hibition of TLR2/1, pectins with known TLR2/1 inhibiting capacities
were extensively characterized by enzymatic fingerprinting methods for
their level and distribution of methyl-esters. For the binding, molecular
relations were measured and simulated in various possible conforma-
tions. Now, for the first time, we used docking analysis, which helped to
recognize molecular interactions between pectins and TLRs and may be
used to understand why only pectins with a certain structure bind to
TLRs.

2. Materials and methods
2.1. Materials

Commercially extracted lemon (L) pectins L18 (DM18%), L19
(DM19%), L32 (DM32%), L43 (DM43%), L49 (DM49%) were provided
by CP Kelco (Copenhagen, Denmark) and orange (O) pectins 032
(DM32%), 059 (DM59%), 064 (DM64%) were provided by Andre
Pectin (Andre Pectin Co. Ltd., Yantai, China). Endo-polygalacturonase
(Endo-PG, EC 3.2.1.15) from Kluyveromyces fragilis (Daas et al., 1999)
and pectin lyase (PL, EC 4.2.2.10) of Aspergillus niger (Harmsen, Kusters-
van Someren, & Visser, 1990) were used to degrade the citrus pectins.
All chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA),
VWR International (Radnor, PA, USA), or Merck (Darmstadt, Germany),
unless stated otherwise.

2.2. Characterization of pectins

Determination of the neutral monosaccharide composition of citrus
pectins was carried out by acid hydrolysis and neutral sugars released
were derivatized and analyzed as their alditol acetates (Englyst &
Cummings, 1984). Alditol acetates were separated using gas chroma-
tography (GC), equipped with a capillary DB-225 column (0.53 mm
diameter, 15 m length, film thickness 1 pm) and flame ionization de-
tector (Focus-GC, Thermo Scientific). The column oven was initially
maintained at 180 “C for 2 min after the injection followed by ramping
the temperature with 2 °C/min to 210 °C. Helium was used as the carrier
gas. Inositol was used as internal standard. Uronic acid content of the
hydrolysates was determined by the automated colorimetric m-
hydroxydiphenyl method as previously described (Blumenkrantz &
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Asboe-Hansen, 1973; Jermendi, Beukema, van den Berg, de Vos, &
Schols, 2021). To determine the degree of methyl-esterification pectin
samples were saponified using 0.1 M NaOH for 24 h (1 h at 4 °C, fol-
lowed by 23 h at room temperature). The methanol released was
measured by a gas chromatography (GC) method as previously
described and consequently, the DM was calculated (Huisman, Oos-
terveld, & Schols, 2004).

2.3. Modification of pectins

059 and 064 were re-esterified to obtain high methyl-esterified
pectins with a rather random methyl-ester distribution by the use of
H5S04 in methanol at low temperatures (4 °C) according to the pro-
cedure of Heri et al. (Heri, Neukom, & Deuel, 1961) to yield 085059 and
09204 respectively.

Random de-esterification of bath 0924¢4 and 085059 was done by
saponification with diluted NaOH as described previously (Chen & Mort,
1996) yielding a set of random methyl-esterified pectins (O55rpg4 and
056ppso) with DM values of 55 and 56 %, respectively. The chemical
characteristics of the pectin samples are shown in Table A1.

2.4. Enzymatic hydrolysis

All citrus pectins were dissolved in 50 mM sodium acetate buffer pH
5.2 (5 mg/ml). Enzymatic hydrolysis was performed at 40 °C by incu-
bation of the pectin solution with PL for 6 h followed by the addition of
endo-PG and incubation for another 18 h (Remoroza, Buchholt, Grup-
pen, & Schols, 2014). Molecular weight distribution was analyzed by
High Performance Size Exclusion chromatography (HPSEC). Released
diagnostic oligosaccharides were annotated and quantified using High
Performance Anion Exchange Chromatography system with Pulsed
Amperometric- and UV-detection (HPAEC-PAD/UV) and by Hydrophilic
Interaction Liquid Chromatography (HILIC) with online Electrospray
Tonization Ion Trap Mass Spectrometry (ESI-IT-MS) HILIC-ESI-IT-MS.

2.5. HPSEC of native and digested pectins

The molecular weight distribution of all (modified) citrus pectins
before and after enzymatic digestion was analyzed using a set of four
TSK-Gel super AW columns in series: guard column (6 mm ID x 40 mm)
and columns 4000, 3000 and 2500 SuperAW (6 mm x 150 mm) (Tosch
Bioscience, Tokyo, Japan) as described previously (Jermendi, Beukema,
van den Berg, de Vos, & Schols, 2021; Voragen, Schols, De Vries, &
Pilnik, 1982).

2.6. HPAEC of GalA oligosaccharides

The citrus pectin digests were analyzed and subsequently quantified
using a HPAEC-PAD-UV system equipped with a CarboPac PA-1 column
as described elsewhere (Broxterman & Schols, 2018; Jermendi, Beu-
kema, van den Berg, de Vos, & Schols, 2021). UV detection was used to
identify the unsaturated oligosaccharides. GalA DP 1-3 (Sigma Aldrich,
Steinheim, Germany) were used as standards for quantification. Oligo-
mers above GalA DP 3 and unsaturated oligomers were quantified using
the response of the GalA DP 3 standard. Higher DP oligomers will be
(slightly) underestimated due to decreasing response factors; this
approach is widely applied e.g. Van Gool et al. (2013) or Jermendi,
Beukema, van den Berg, de Vos, & Schols, 2021.

2.7. HILIC-ESI-IT-MS of methyl-esterified GalA oligosaccharides

Pectin digests were also analyzed using UHPLC in combination with
electrospray ionization tandem mass spectrometry (ESI-IT-MS) on a
Hydrophilic Interaction Liquid Chromatography (HILIC) BEH amide
column. Pectin digests were centrifuged (15,000 xg, 10 min, RT) and
diluted with 50 % (v/v) acetonitrile containing 0.1 % formic acid, to a
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final concentration of 1 mg/ml. A heated ESI-IT ionized the separated
oligomers in an LTQ Velos Pro Mass Spectrometer (ESI-IT-MS) coupled
to an UHPLC and allowed identification of the methyl-esterified oligo-
mers (Jermendi, Beukema, van den Berg, de Vos, & Schols, 2021). To
overcome the limitations of HPAEC due to the elimination of the methyl-
esters at high pH (pH 12) (Kravichenko, Penci, Voragen, & Pilnik, 1993),
HILIC-MS was used for the separation and identification of methyl-
esterified oligomers (Remoroza et al., 2012). Peaks have been anno-
tated based on the m/z of the GalA oligomers, and the relative abun-
dance of selected DPs has been obtained after integration of peak areas
in the ion chromatograms (Jermendi, Beukema, van den Berg, de Vos, &
Schols, 2021). Following the quantification using HPAEC-PAD, the
relative abundance of GalA oligosaccharides obtained from HILIC-MS
was applied to differentiate between the differently methyl-esterified
and non-esterified oligomers within one DP.

2.8. Calculating descriptive parameters

2.8.1. Absolute degree of blockiness

The absolute degree of blockiness (DBgys) is calculated as the mole
amount of GalA residues present in non-methyl-esterified mono-, di- and
trimer released by endo-PG expressed as the percentage of the total
moles of GalA residues present in the pectin (Eq. (1)) (Daas et al., 2000;
Guillotin et al., 2005).

> i-a|saturated GalA, released] _corifea X 1 « 100 o

DB.ps =
s [total GalA in the polymer]

2.8.2. Degree of blockiness of methyl-esterified oligomers by PG (DBpgme)

To describe the partially methyl-esterified HG region of citrus pectins
DBpgme Was used (Jermendi, Beukema, van den Berg, de Vos, & Schols,
2021). DBpgme is calculated as the number of moles of galacturonic acid
residues present in the digest as saturated, methyl-esterified GalA DP
3-8 per 100 moles of the total GalA residues in the pectic polymer (Eq.
0.

3 s [saturated GalA,released] gerineq X 7

DB =
PGme [total GalA in the polymer]|

x 100 ()

2.8.3. Degree of blockiness of methyl-esterified oligomers by PL (DBppne)

DBpLme quantifies the amount of unsaturated and methyl-esterified
GalA oligomers (DP 2-8) released by the PL. As shown by Eq. (3), all
GalA residues present in unsaturated partly methyl-esterified oligomers
(DP 2-8), released by PL action were quantified and expressed as degree
of blockiness of methyl-esterified oligomers by PL (DBpyme) (Jermendi,
Beukema, van den Berg, de Vos, & Schols, 2021).

> .—o-s[unsaturated GalA,,released] g Xn

DB — esterifie 100 3
PlLme [total GalA in the polymer] * (3)

2.9. TLR2/1 inhibiting assays

The HEK- TLR2-1 inhibition assays were performed as described
previously (Beukema, Jermendi, et al., 2020). In short, HEK-Blue hTLR2
were pre-incubated with pectins (2 mg/ml). After 1 h of pre-incubation,
cells were stimulated with 10 ng/ml Pam3CSK4 (TLR2-1 agonist), and
they were incubated for 24 h. Culture medium was used as negative
control and the Pam3CSK4 was used as positive control. Then, cell su-
pernatant was added to Quantiblue (Invivogen) in a ratio of 1:10. After
1 h of incubation, NF-xB activation was quantified at 650 nm using a
Versa Max ELISA plate reader (Molecular devices, Sunnyvale, CA, USA).
All incubation steps were performed at 37 °C and 5 % CO,. The per-
centage of TLR2-1 inhibition by pectins was calculated by comparing
NF-«xB activation of pectin-treated cells with the positive control. All
pectin samples were tested for endotoxins using the endotoxin detection
kit (Thermo Scientifie, Sunnyvale, CA, USA) and endotoxin levels were
below the detection level of 0.1 ng/ml. Each experiment was performed
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at least five times.
2.10. In silico molecular docking

To predict the binding site of pectins to TLR2, docking simulation
assays were performed. Four HG pectin oligosaccharides of GalA hep-
tamers were chosen as representative compounds. GalA;Me®, Gal-
A;Mel®, GalA;Me!” and GalA;Me?® were defined as ligands. GalA
residues were annotated 1-7, counting from the reducing end of the
oligosaccharide. GalA;Mel” and GalA;Me®® 3D structures were con-
structed and edited using the Optical Structure Recognition Software
(OSRA) (Filippov & Nicklaus, 2009). The GalA;Me!” structure was used
as a framework in Avogadro Molecular Editor (Version 1.2.0) (Hanwell
et al., 2012) for construction and energy minimization of the 3D struc-
tures of GalA;Me? and GalA;Mel® (Fig. A3). The experimentally
determined crystallographic coordinates of human TLR2-TLR1 hetero-
dimer (PDB code 2Z7X) was used as protein target (Jin et al., 2007). This
crystallographic structure was obtained in presence of the synthetic
bacterial tripalmitoylated lipopeptide Pam3CysSerLys4 (Pam3CSK4)
agonist. Thus, the binding agonist pocket could be included as a po-
tential binding site for the chosen pectins. Energy parameters of the li-
gands and the target were minimized through the Yasara Energy
Minimization Server (Krieger et al., 2009). Molecular docking between
TLR2 and pectin oligomers was performed using the protein-small
molecule docking web service from the Molecular Modeling Group of
the Swiss Institute of Bioinformatics, Lausanne, Switzerland (Grosdidier,
Zoete, & Michielin, 2011). After docking simulations, the best energy
scored poses were selected and considered as the most likely binding
structures. Docking simulations, atomic contacts between target and
ligands, and their type of interactions were analyzed with Chimera
software (Version 1.14) (Pettersen et al., 2004) and LigPlot+ (Version
v.2.2.5) (Laskowski & Swindells, 2011). Figures were prepared with
Pymol Molecular Graphics System (Version 2.3.5) Edu, Schrodinger,
LLC (DeLano, 2002) and with Chimera software (Version 1.14)

1 2 3 uz 4 5/u3
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(Pettersen et al., 2004).
3. Results and discussion
3.1. Characterization and quantification of pectin diagnostic oligomers

Six pairs of pectins were chosen for their similar DM and their
comparable features regarding sugar composition (Table A1) and mo-
lecular weight (Mw) distribution (Fig. A1). The selected native pectins
have been reported before for their bioactivity (Beukema et al., 2021;
Beukema, Jermendi, van den Berg, et al., 2021). In addition, some
modified pectins were selected. Two native pectins have been re-
esterified and consequently de-esterified close to the DM of the
parental pectins. The aim was to discover the bioactivity differences of
rather similar pectins with comparable DM, but different methyl-ester
distribution patterns. Although, also Mw, type and structure of side
chains may affect immune modulation properties of pectin (McKay
et al., 2021; Popov & Ovodov, 2013), especially the level- and distri-
bution of methyl-esters will have a strong immunomodulating effect and
has been investigated in more detail.

Homogalacturonan degrading enzymes endo-PG and PL were used to
degrade the pectin backbone and to generate a wide-ranging mixture of
diagnostic oligomers. Fig. A1l illustrates that all parental pectins had a
rather similar Mw. Only chemical modification caused a minor decrease
in the Mw of the modified pectins, although all pectins still had a rather
similar Mw. HPSEC further showed clearly that endo-PG and PL together
sufficiently degraded pectins. The resulting mixture of diagnostic olig-
omers was then analyzed by HPAEC and HILIC.

HPAEC-PAD/UV of the endo-PG and PL degradation products of
pectins allowed the separation, identification, and quantification of
GalA monomers and both saturated and unsaturated oligomers ranging
from DP 2-7 (Fig. 1). The diagnostic oligomer profiles obtained from
HPAEC suggested that the pectin pairs all released similar oligomers
after degradation. However, as a consequence of pH 12 used during the

6 ug 7 u5 ué u7

L19

A L18

PAD response

L32
032

L43
L49

N —— S Iy ———
O56RD59

064
059

092¢e4
085gse

3.0 10.0 20.0

40.0 50.0 57.0

Time (min)

Fig. 1. HPAEC-PAD elution patterns of endo-PG and PL digests of pectins after 24 h incubation detected by PAD. Peak annotation: 4, saturated DP4 GalA oligo-
saccharide; u4, unsaturated DP4 GalA oligosaccharide. Pectin codes: O: orange origin, L: lemon origin, Number: DM. L18 = Lemon pectin with a DM of 18, RD: pectin
has been re-esterified and consequently de-esterified using alkali from parental pectin, R: pectin has been re-esterified from parental pectin.
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HPAEC analysis, information on the methyl-esterification of the
different oligomers was lost, and therefore, it was not possible to
distinguish between methyl-esterified and non-esterified oligosaccha-
rides. To counteract this loss of information on methyl-esters, also
HILIC-MS was used to separate and identify methyl-esterified oligomers
(Jermendi, Beukema, van den Berg, de Vos, & Schols, 2021; Remoroza
et al., 2012) and to obtain the relative abundance of selected oligomers
after integration of peak areas in the ion chromatograms as described
previously (Jermendi, Beukema, van den Berg, de Vos, & Schols, 2021).
By combining HPAEC and HILIC-MS data, the methyl-ester distribution
patterns of pectins were characterized in detail (Fig. 2).

The diagnostic oligomers as present in different ratios in the HILIC
elution patterns of the PG-PL enzyme digests of the twelve citrus pectins,
indicated diverse methyl-ester distribution patterns for the rather
similar DM pectins (Fig. 2). Besides the non-esterified GalA 2% and 30, it
has been clearly seen that both saturated and unsaturated oligomers
with the same DP and different levels of methyl-esterification such as 47,
42 u4a?, u4® etc., were also nicely separated. However, a complete
chromatographic separation of all GalA isomers, i.e., oligomers merely
varying in the position of methyl-esters was not attained, but distinction
could be obtained by extracted ion chromatograms (Leijdekkers,
Sanders, Schols, & Gruppen, 2011).

To visualize the differences in the oligomer profiles of pectins,
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especially for the similar DM pectins, a bar chart has been created. Fig. 3
clearly shows how much the released oligomers differ in amount for
digests from e.g., the pectin pairs. The figure visualizes the relative
amounts of the various diagnostic oligomers, as released by PG (satu-
rated, non-esterified mono-, di- and triGalA and methyl-esterified oli-
gosaccharides) and the wunsaturated, methyl-esterified oligomers
released by PL. As expected, the level of oligomers released by PG
decreased with an increase in DM and, at the same time, the amounts of
oligomers released by PL were increasing.

The figure is quite revealing in several ways. First, a rather big dif-
ference has been observed between pectins L18 and L19, regardless of
the 80 % non-esterified GalA residues in the backbone. As expected
DP1-3 were the most dominant products but differed slightly in amount.
Looking at the yellow and blue segments (Fig. 3), it can be seen that L18
had more methyl-esterified oligomers released by PG, than L19, and the
PL degradation products also varied for the two pectins. The PL
degradable regions of L32, 032 and even L43 pectins were similarly
minor as the very low DM pectins 1.18/19 PL degradable regions. In the
aforementioned pectins, the level of PG degradable completely non-
esterified and partially esterified regions however, shifted compared
to the L18/19 pectins as expected. Looking at the degradation profiles of
the two parental high DM pectins 064 and 059 and the modified
055gpe4 and O56gpse pectins, it was seen that while the parental pectins
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Fig. 2. HILIC-MS base peak elution pattern of pectins digested by the enzymes endo-PG and PL. Peak annotation: 3%, saturated DP3 GalA oligosaccharide having one
methyl-ester; u5%, unsaturated DP5 GalA oligosaccharide having three methyl-esters Pectin codes: O: orange origin, L: lemon origin, Number: DM. L18 = Lemon
pectin with a DM of 18, RD: re-esterified and consequently alkali de-esterified pectin, R: re-esterified from parental pectin.
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Fig. 3. Relative abundance of released diagnostic oligomers of citrus pectins after incubation with endo-PG and PL. Oligosaccharides were quantified using HPAEC-
PAD and HILIC-MS. Annotation: u32, u = unsaturated, 3 = number of galacturonic acid residues, superscript 2 = number of methyl-esters present on the GalA residue.
L: lemon origin, O: orange origin, Number: DM. L18 = Lemon pectin with a DM of 18, R: re-esterified pectin, RD: re-esterified and consequently alkali de-esterified
pectin, green colours represent non-Me GalA oligoniers released by PG; yellow colours represent Me GalA oligomers released by PG; and blue colours represent

unsaturated Me GalA oligomers released by PL.

had quite different degradation products, after the modification, their
profiles became fairly similar. Furthermore, the re-esterified 092pg4 and
085ps0 pectins similarly to the very low DM pectins still showed
different degradation products upon digestion and as expected, pri-
marily unsaturated PL oligomers dominated.

From Fig. 3, it is apparent that pectins having similar DM values
show noticeably different patterns. Prior studies have already noted the
importance of characterization of methyl-esterification patterns in
pectin (Daas et al., 2000; Guillotin et al., 2005; Ralet et al., 2012). It has
been revealed that different techno- and biofunctional properties of
rather similar DM pectins could not be explained by the commonly used
characteristics. Characterization of pectins in more detail has been
proven to be possible and beneficial by e.g., Jermendi, Beukema, van
den Berg, de Vos, & Schols, 2021. Using the simultaneous endo-PG and

DBabs DBPGme
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PL digestion and combined HPAEC and HILIC analysis to separate and
quantify pectic oligomers released from these citrus pectins helped to
realize that similar DM pectins can have different methyl-ester distri-
bution. Regarding bioactivity, Sahasrabudhe et al. (2016) have
demonstrated that the DM was responsible for the distinction between
pectins, but surprisingly, it was also found that various pectins with the
same DM still had different TLR recognition behaviors (Beukema, Jer-
mendi, van den Berg, et al., 2021). Therefore, the difference revealed in
the methyl-ester distribution is expected to result in different biological
effects on TLR recognition.
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Fig. 4. Schematic representation of a hypothetic backbone of two high DM pectins with different methyl-ester distributions after combined digestion of PG and PL
including the descriptive parameters DB,y., DBpgp. and DBp,.. The sequence of oligosaccharides is hypothetical.
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3.2. Descriptive parameters of pectin

3.2.1. Parameters highlighting structural features of pectin's methyl-
esterification

The differences in methyl-ester distribution patterns of citrus pectins
can be described by the parameters DBaps, DBpgme and DBppme (Guillotin
et al., 2005; Jermendi, Beukema, van den Berg, de Vos, & Schols, 2021).
These parameters were calculated from the amounts of specific oligo-
saccharides released from the various pectins used in this study. As it
was apparent already from Fig. 3 that the quantification of diagnostic
oligosaccharides resulted in quite different descriptive parameters.
Consequently, these parameters allowed us to identify different methyl-
ester distribution patterns of pectin pairs, regardless of their similar DM
(Jermendi, Beukema, van den Berg, de Vos, & Schols, 2021). Fig. 4 il-
lustrates in a simplified way that two high DM pectins can have
considerable variations especially in the methyl-esterified sections of the
backbone. Depending on the position of the methyl-esters, PG and PL
have cut the backbone at different positions resulting in different diag-
nostic oligomers.

A high DB, indicates a more blockwise distribution of non-
esterified GalA residues in the pectin. The methyl-esterified diagnostic
oligomers liberated by PG represented by the DBpgpe are the less
methyl-esterified segments of pectin which still have a pattern of
methyl-esterification outside the non-esterified blocks. In addition,
DBprme represents the highly methyl-esterified oligomers released by PL.
In DBpy e oligomers the methyl-esters are more closely associated than
in the DBpgpe oligosaccharides. The differences in DBpgpe and DBppme
already suggested more refined structural differences in the pectin pairs.
Moreover, the ratio of DBpgme/DBgps has also been introduced, which is
the ratio of moderately methyl-esterified GalA oligomers (DBpgpe) and
the completely non-esterified GalA oligomers (DBgps), both of which are
released by PG. The DBpgme/DBaps ratio indicates a distinet distribution
pattern of the non-esterified GalA blocks over the backbone.

3.2.2. Methyl-esterification patterns in pectins studied
Table 1 shows the descriptive parameters for the six pectin pairs used
in this study. The pectin pairs differ in the distribution of methyl-esters

Table 1
Descriptive parameters and TLR 1/2 inhibition of commercial and modified
pectins used in this study.

Sample® DM  DBae  DBpome’  DBpime”  DBpome/ TLR 2/1
DB,y inhibition (%)
L19 19 75 21 10 0.3 54
L18 18 66 27 8 0.4 48
132 32 48 47 14 1.0 51
032 32 24 60 10 2.5 35
143 43 32 73 11 2.3 62
L49 49 18 65 26 3.7 45
055mpss 55 10 46 38 4.7 24
056ppss 56 8 38 39 4.9 23
064 64 14 18 65 1.3 45
059 59 12 30 53 2.6 28
092 92 3 10 75 3.9 30
085zss 85 2 14 99 5.9 17

# O: orange origin, L: lemon origin, Number: DM. L18 = Lemon pectin with a
DM of 18, RD: pectin has been re-esterified and consequently de-esterified using
alkali from source pectin, R: pectin has been re-esterified from source pectin.

b Degree of methyl-esterification (DM): mol of methanol per 100 mol of the
total GalA in the sample.

© Absolute degree of blockiness (DB,,): the amount of non-esterified mono-,
di- and triGalA per 100 mol of total GalA in the sample.

4 Degree of blockiness by endo-PG (DBpgy,.): the amount of saturated methyl-
esterified galacturonic residues per 100 mol of total galacturonic acid in the
sample.

© Degree of blockiness by PL (DBppy.): the amount of methyl-esterified un-
saturated galacturonic oligomers per 100 mol of total galacturonic acid in the
sample.
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over the pectin's backbone as illustrated by their DBgps, DBprme and
DBpgme- In general, for all six pectin pairs, the DBpgpe/DBaps ratio was
lower for the higher DBgys pectins of the similar DM pectin pairs.

3.2.3. DM —20 pectins

For the very low DM pectins the DB,ps was the highest and DBppme
was the lowest of all pectins, just as expected, as 80 % of the backbone
was non-esterified and the methyl-esters could not be too closely pos-
itionated. Compared to pectin L19, it can be seen that the DBgps and
DBprme for pectin L18 was somewhat lower while the DBpgpe was
higher, which points out that the methyl-ester distribution differed for
the two pectins even though both of them had a very low DM. Looking at
the DBpgme/DBaps ratio for L19, it was lower than for L18, but still rather
similar (0.3 and 0.4 respectively).

3.2.4. DM —~30 pectins

Between the low DM30 pectins, there were considerably higher
differences. 132 and 032 had highly different DB and DBpgp, values,
while their DBpyme values were somewhat similar. The DB,ps of 032
pectins was found to be half of L32 (24 and 48 respectively) which
suggests a very random distribution of the 032 pectin. The high DBpgme
of the 032 pectin supports the low DBaps value, referring to parts of the
backbone which are methyl-esterified in such a way that PG was still
able to act. The DBpyye of the DM30 pectin pair was fairly similar
meaning that also more densely methyl-esterified segments of the
backbone were present and in rather comparable amounts. It can thus be
suggested that the PL degradable methyl-esterified segments of both of
the pectins were fairly similar, while the PG degradable non-esterified
segments in 132 pectin were rather long, and in 032 they were inter-
rupted with methyl-esters. The ratio of DBpgpe/DB,ps Was also 2.5 times
higher for the 032 pectin, suggesting a random distribution of methyl-
esters.

3.2.5. DM —~45 pectins

For the intermediate DM pectins L43 and 149, a fairly different trend
was shown since their DBaps and DBprme values were greatly different
while their DBpgme Were comparable also to the DM — 30 pectins.
Suggested by the higher DB,y 143 had longer blocks of non-esterified
GalA residues compared to L49. Interestingly the high DBpgpe and low
DBp; e Values propose that the methyl-esterified segments were actually
more randomly distributed over the backbone for L43, despite having a
higher DB,y L49 had less blockwise non-esterified GalA distribution.
The higher DBpyye for 149 showed that the methyl-esters over the
backbone were more closely associated compared to the L43 pectin. This
means that L49 pectin had a random distribution in the PG degradable
segments, while in the PL degradable segments the methyl-esters were
distributed closer together.

3.2.6. DM —60 pectins

064 and 059 had comparable DM and DBgps values (14 and 12
respectively). DBpry,e was higher for 064 compared to 059 and DBpgpe
of 064 was almost half of 059. It is believed that 064 pectin, while
having somewhat longer non-esterified blocks, also had closely associ-
ated methyl-esters distributed over the backbone, compared to the more
random 059. The ratio of DBpgme/DBaps was also much lower in 064
pectin compared to 059 (1.3 and 2.6 respectively), further supporting
the different methyl-ester distributions. The structural differences be-
tween the two commercial pectins were striking, as they were produced
by the same company, extracted from the same raw material and had
similar DM.

3.2.7. Re-esterified, DM —90 pectins

The very high DM pectins O85gs59 and 092gg4 have fairly low
chances of having blocks of non-esterified GalA sequences, which is also
shown by their rather low DB,y (2 and 3 respectively). The very high
DM is recognised as well by the very high values for DBpye (75 and 99
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respectively). Yet surprisingly O85gsq and O92ge4 pectins still had their
own, slightly different, methyl ester distributions over their backbone as
shown by their DBpgme (14 and 10 respectively) and the ratio of DBpgme/
DBaps (5.9 and 3.9 respectively). The aim of re-esterification was to
create two similar, fully esterified pectins, however, they both kept some
of the properties of their parental pectins. Unlike what has been sug-
gested by Daas et al. (Daas et al., 1999) and others, re-esterification of
pectins to DM > 90 is not sufficient to obtain a fully randomly methyl-
esterified pectin.

3.2.8. De-esterified, DM ~55 pectins

The re-esterification and consequent de-esterification of the blocky
064 pectin resulted in a highly random pectin O55¢pg4, Which can be
seen also from the lower DBy and a substantial increase in DBpgme/
DB,ps ratio compared to the parental pectin. The DBpgpe/DBaps ratio was
among the highest for the two randomized pectins, O55gppgs and
O56ppse (4.7 and 4.9 respectively). In general, the two de-esterified
pectins became fully random compared to the parental pectins but
O55ppss was found to be more blockwisely distributed, just as its
parental O64 pectin.

The data indicated by the DBpgme/DBaps ratio obtained after com-
bined PG and PL digestion of pectins can be probably best explained by
the parental and modified pectins. As expected, the DBpgme/DBaps ratio
was the lowest for pectins releasing higher amounts of non-esterified
GalAs and lower methyl-esterified oligomers. For the randomized pec-
tins O55gpes and O56ppse the value of DBpgpe increases and DBppme
decreases compared to the parental pectins, which indicated a random
pattern of methyl-ester distribution. This suggests that the arrangement
of the methyl-esters over the backbone allowed more PG action and the
release of saturated non-esterified mono-, di- and tri-GalA and also
various methyl-esterified oligomers, and decreased the chances of PL to
act as the methyl-esters are less closely associated on the homo-
galacturonan. As a result, a randomly methyl-esterified pectin would
have an increased ratio of DBpgme/DBaps. Although, the two randomized
pectins became more similar, the methyl-esters were not equally
distributed, despite the same treatment and similar DM.

3.3. Methyl-ester distribution patterns of citrus pectins drive TLR2/1
inhibition

It has been found that citrus pectins can influence immunity through
Toll-like receptor (TLR) signaling (Beukema, Jermendi, van den Berg,
et al., 2021; Vogt et al., 2016). TLR2-TLR1 dimerization is specifically
activated by a Pam3CSK4 agonist and the dimerization induced proin-
flammatory pathways, therefore inhibiting the TLR2/1 dimerization
using pectins can potentially prevent inflammation (Beukema, Jer-
mendi, Koster, et al., 2021; Sahasrabudhe et al., 2016; Sahasrabudhe
et al., 2018). The inhibition of TLR2/1 was studied by using the
Pam3CSK4 agonist. The TLR2/1 inhibiting capacities of the set of pec-
tins can be seen in Table 1.

Low DM pectins 118, L19 having both low and high DB values all
strongly inhibited TLR2/1. L32 pectin with a high DB has shown just as
strong inhibition as the L18/19 pectins, while 032 with a low DB
inhibited TLR2/1 31 % less than the same DM 132 pectin with a high DB.
Intermediate DM pectin L49 with a low DB inhibited similarly to the low
DM pectins, and surprisingly 1.43 with a high DB inhibited about 20 %
stronger than the low DM pectins. Among the high DM pectins, 064
having a high DB has shown the strongest inhibition, while the other
high DM pectins did not inhibit TLR2/1 as strongly.

Previously it was shown that the impact of citrus pectins on TLRs
depends on the DM (Sahasrabudhe et al., 2018; Vogt et al., 2016). A
strong relationship between the methyl-ester distribution parameter DB
and the TLR2/1 inhibition has been reported by Beukema et al. (Beu-
kema, Jermendi, van den Berg, et al., 2021), suggesting that methyl-
ester distribution patterns of pectins play a role in TLR2/1 binding.
The presence of distinct blocks of non-methyl-esterification is more
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important for a good binding and inhibition than the overall charge of
the pectin as determined by the DM. However, both DM and DB could
not fully explain the inhibition for all pectins as published before
(Beukema, Jermendi, Koster, et al., 2021; Beukema, Jermendi, van den
Berg, et al., 2021). Therefore more pectins were chosen in this study,
including methyl-ester-distribution modified pectins and the TLR2/1
inhibition were measured for all pectins.

In search of the descriptive parameter that would explain the level of
TLR2/1 inhibition, it was found that the ratio of DBpgme to DBaps showed
the highest correlation to the TLR2/1 inhibition. DBpy e has been shown
not to contribute to the correlation (results not shown). It is striking
from Fig. 5, that for example, 064 pectin with a (low) DBpgme/DBaps
ratio of 1.3 inhibits TLR2/1 stronger than lower DM pectins and higher
DB pectins. Since the DBays is not correlating similarly as the DBpgme/
DB,ps ratio, it is clear that not only a long stretch of non-methyl-
esterified GalA residues is necessary for optimal binding.

The L18 and L19 pectins both belong to the most strongly TLR2/1
inhibiting pectins, as already claimed before for LM pectins (Sahasra-
budhe et al., 2018). Our hypothesis that there is a certain pattern of
methyl-esterification needed for TLR2 binding is underpinned by the
finding that DMO pectin (polygalacturonic acid) bound to TLR2 less than
low DM pectins (Sahasrabudhe, Tian, et al., 2016). Our results suggest
that most probably, next to a non-esterified GalA segment, also a PG
degradable segment with a specific methyl-ester distribution is impor-
tant for binding to TLR2. 032 and L49 were found to inhibit TLR2/1 less
than L32 and L43, which corroborates the findings that the TLR2
binding cannot be exclusively explained by the DM or DB (Fig. A2). It is
also important to note that DB4ys does not offer information on the size
of non-esterified blocks (Daas, Voragen, & Schols, 2001; Guillotin et al.,
2005). The non-esterified block sequence in pectins with a remarkably
high DM, such as 092ps4 and O85gse and in the successfully randomized
055ppe4 and O56ppsg pectins, is probably too short to induce TLR2/1
inhibition. The patterns as indicated by the DBpgye/DBaps ratio in high
and intermediate pectins such as 064, L43 and the low DM pectins L19,
L18 and 132 pectins are highly inhibitory for TLR2-TLR1 dimerization.
An explanation for these differences might be that the combination of
non-esterified block size and distribution of methyl-esters both play a
role in the TLR2/1 inhibition by pectins as also indicated by the DBpgpye/
DB.ps ratio.

These results provide further support for the hypothesis that pectin
inhibits TLR2/1 dimerization by binding to amino acids on the TLR2
binding sites by presumed electrostatic interactions (Sahasrabudhe
et al., 2018; Sahasrabudhe, Tian, et al., 2016). High DB,ps pectins have
many negatively charged GalA in sequence, which can possibly interact
with the TLR2 ectodomain (Hu et al., 2021). Even though the number of
non-methyl-esterified GalA and consequently the non-esterified blocks
in low DM pectins is certainly more than in high DM pectins, there is a
given pattern of methyl-esterified GalAs needed for the inhibitory effect.

3.4. Pectins interact with different TLR2 sites in a pattern-dependent
fashion

In our study, pectins with a certain block size of non-esterified GalA
residues next to sequences of methyl-esterified GalA residues had a
stronger inhibitory effect on TLR2. Molecular docking analysis was
performed to gain insight into the molecular mechanisms that drive this
inhibitory effect of pectins on TLR2 and to validate our hypothesis that a
specific distribution or pattern of methyl-esters plays an important role.
To foresee whether there is a specific methyl-ester distribution pattern
over the GalA backbone of pectins that binds stronger to TLR2, a non-
methyl-esterified heptamer of GalA and three heptamers of GalA resi-
dues that differed in methyl-ester distribution were modelled for their
best fit to interact with the human TLR2 (PDB code 2Z7X). One hep-
ramer without methyl-esters was used to represent the longest block of
GalA residues (GalA;Me®). Another heptamer contained methyl-esters at
GalA residues #1 and #7 (counting from the reducing end)
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Fig. 5. Ratio of TLR2/1 inhibition plotted versus the DBpgp,.: DB,y of pectin digests. RZ=0.64. Negative correlation is shown between the TLR2/1 inhibition and the
DBpime: DBaps 1atio. DBpgpme: DBays is the ratio of all methyl-esterified saturated oligos to the non-esterified saturated oligos degraded by PG. Inhibition of TLR2/1 by
citrus pectins. HEK-Blue™ hTLR cells were first pre-incubated for 1 h with pectins (2 mg/ml) and subsequently stimulated with the Pam3CSK4 agonist.

(GﬂlA7M91’7), which leads to a sequence of 5 non-esterified GalA resi-
dues and one heptamer contained methyl-esters at GalA residues #1 and
#6 (GalAyMe"®), which lead to a short sequence of 4 non-esterified GalA
residues. Finally, a heptamer contained methyl-esterified GalA residues
at positions #2 and #5 (GalA;Me?°), representing a sequence of only 2
non-esterified GalA residues (Fig. A3).

The best-ranked pose of GalA;Me® had a binding affinity (AG) pre-
diction to TLR2 of —12.87 kcal/mol and was located within the agonist
binding pocket of TLR2 (Fig. 6A). Molecular docking analysis showed
the interaction of GalA;Me” with the N274, N305, P306, F325, N327,
$346, F349, and 1L.350 amino acid residues of the agonist binding pocket
through nine hydrogen bonds (Fig. 6B). From these, F325, F349, and
L350 are key amino acid residues of the binding site.

The best-ranked pose of GalA;Me!” had a binding affinity prediction
to TLR2 of —10.94 kcal/mol, which was located at the heterodimer
TLR2/1 interface (Fig. 7A-B). Key amino acid residues from TLR2 which
participate in the TLR2/1 interface made contact with GalA;Mel”:
amino acid residues E369 N345 and H398 interacted through hydrogen
bonds, and K347 made contact by electrostatic interactions (Fig. 7C).
The O-methyl group at GalA #1 was found to interact with Glu residue
#369, while methyl substitution at GalA #7 did not make any contact
with TLR2 (Fig. 7C).

The best-ranked pose of GalA;Me!® had a binding affinity prediction
to TLR2 of —11.25 keal/mol and was located on the central domain of
TLR2 (Fig. 8A). Molecular docking analysis shows the interaction of
GalA;Mel*® with the E241, E246, and N274 amino acid residues of the
leucine-reach repeats (LRRs) 8-9 at the central domain of TLR2 through
seven hydrogen bonds (Fig. 8B). R337, which is part of the carboxyl end
domain of TLR2, also interacts with this esterified GalA heptamer by two
hydrogen bonds (Fig. 8B). None of the interacting amino acids is
important neither for ligand binding of TLR2 nor for dimerization with
TLR1. Neither the methyl group at position 1 nor that at position 2
established interaction with TLR2 amino acids.

For GalA7Me?®, the best-ranked pose had a less favorable binding
energy value of —3.43 kcal/mol. GalAzMe*>was found on TLR2 central
domain (Fig. 9A), contacting amino acid residues of the LRRs 7-10
through hydrogen bonds (Fig. 9B). None of the two methyl-esters from
GalAyMEZ’S interacted with TLR2 (Fig. 9B).

Together these results show that the heptamer representing a longer
non-esterified block (GalAyMeo), is more efficient in binding to TLR2
interface than the pectin heptamer representing a block of only 2 non-
esterified GalA residues (GalA;Me>), which may be explanatory for
the strong TLR2/1 inhibiting properties of pectins with higher degree of
blockiness. Our docking study demonstrated that the longer the block of
non-esterified GalA sequence the better the binding to TLR2 at the
heterodimer interface. This refines our previous finding about the ca-
pacity of pectin to bind to TLR2 (Sahasrabudhe et al., 2018). It is known
that the activation and further signaling of TLR2/1 is induced by the
binding of the agonist at the central domain of the complex. The agonist
binding plays a key role in the approximation of TLR2 and TLR1 and the
consequent formation of the TLR2/1 heterodimer-agonist complex.
When TLR2 and TLR1 get sufficiently close to each other by the binding
of the agonist, other amino acid residues located below the agonist-
binding site participate in the formation of this TLR2/1 interface
further stabilizing the complex (Jin et al., 2007). Strikingly, the longest
block of non-esterified GalA was found buried into the TLR2 agonist
binding pocket supporting a block of non-esterified GalA present in
pectin the stronger might be their TLR2/1 inhibitory capacity. Obvi-
ously, the non-binding part of the relatively large pectin molecule will
also contribute to the inhibitory capacity through steric hindering.
Herein we also demonstrate in more detail that this binding of pectin at
the TLR2/1 interface site prevents the stabilization of the TLR2/1
complex, which reinforces the explanation of the inhibitory effect
observed. Previously it has been shown that inhibition of TLR2 by food
components can attenuate inflammatory responses (Kiewiet et al.,
2018).

3.4.1. Pectic oligosaccharides vs polysaccharides

Based on the docking studies using oligomers and the TLR2/1 inhi-
bition of the twelve polymeric pectins, it can be concluded that pectin
conformation also plays a role in the binding to the TLR2. Depending on
the pattern of methyl-esterification, the intramolecular and intermo-
lecular interactions and three-dimensional conformation of pectins in
solution vary (Daas et al., 1999; Renard & Jarvis, 1999). Pectin can form
a gel when calcium is present and for that a block of at least 8-12
consecutive non-esterified GalA residues is needed (Voragen et al.,
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bonds (dotted yellow lines).

1995). 119, L18, L32, 143, L49 and 064 are the most capable pectins to
prevent binding of the TLR2 ligands and by that, inhibit TLR2/1
dimerization. At least 5-7 non-esterified GalA residues need to be
available to be able to bind to TLR2, although efficient binding of the
segment strongly depends on the three-dimensional conformation of the
entire pectic polymer and the number of such binding sites present. Vogt
et al. (2016) have shown that pectic oligomers did not activate TLRs.
When TLR2 has a pectic polymer bound to it, the size of the polymer may
prevent the binding of the agonist even to a different binding site and by
that inhibiting the dimerization with TLR1 (Beukema, Jermendi, van
den Berg, et al., 2021).
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Not only the blockwise distribution of non-esterified GalA residues is
important for TLR2/1 inhibition which can be confirmed by the finding
that low DM, intermediate DM, and even high DM pectin with a rela-
tively low ratio of DBpgme/DBaps inhibited TLR2/1 dimerization. This
finding suggests that a certain non-esterified block size between
(partially methyl-esterified GalA residues is important for the ability of
pectins to bind to TLR2 and with that to prevent TLR1 to dimerize. The
modeling clearly demonstrated that a sequence of 5 non-esterified GalA
is more potent for inhibition than a sequence of 2 non-esterified GalA
residues for binding to TLR2. More or too many suitable patches within a
large pectin molecule might not increase the inhibition due to steric
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Fig. 7. Binding mode prediction of GalA;Me"” to hTLR2-TLR1 heterodimer by docking simulation. A). Overview of hTLR2-TLR1 heterodimer and GalA;Me'”
interaction. The target protein is represented in surface. The pectin ligand is represented as sticks. TLR2 agonist Pam3CSK4 is depicted in red. B). Close up to the
GalA;Me*” predicted interaction site, the protein is represented in cartoon. C). Interface TLR2 amino acid residues interacting with GalA;Me®” are represented in

sticks and yellow dotted lines indicate atomic contacts.

hindrance. The optimal stretches of non-esterified GalAs, and the
methyl-esterification patterns together make the non-esterified blocks
not too long, but also not too short. The outcomes of the docking analysis
are highly valuable, although these findings are somewhat limited by
the fact that only two heptamers of GalA residues were used for the
docking analysis. More modeling would be needed to reveal more in-
sights on the binding of the homogalacturonan to the TLR2.

By modulating TLR signaling and improving the intestinal immune
barrier function, pectin may protect against chronie inflammatory dis-
eases such as Crohn's disease or ulcerative colitis adding to pectin's
therapeutic potential (Shibata et al., 2014). In the future it would be
useful to perform biological studies with immune cells expressing TLR2
to study the effect of pectins on further signaling, such as production of
cytokines, antioxidant enzymes and other molecules under normal and
LPS-simulated conditions or other sterile infection with inflammarory
molecules. Apart from that, it would be important to compare the use of
commercial pectins with that of herbal native pectins rich in arabino-
galactan structures to modulate the immune system. Although more
detailed studies are needed, our findings certainly add to the under-
standing of the beneficial immunomodulatory effects of pectins, which
may be explained by their impact on TLR2 and decrease of proin-
flammatory responses. The findings reported here shed new light on the
fact that the methyl-esterification pattern of a citrus pectin is a highly
valuable structural and functional feature and can determine the TLR2
binding capacity of the pectin.

11

4, Conclusion

The main goal of the current study was to determine the structure-
function relationship between pectins and TLR2/1 inhibition. To bet-
ter understand the underlying mechanisms involved in pectin-TLR2
binding, the relationship between pectin methyl-ester distribution pat-
terns and conformation, and the inhibition of TLR2/1 dimerization was
studied. Pectins were extensively characterized using enzymatic
fingerprinting methods and the descriptive parameters. DBpgpe and
DBprme have been demonstrated to be extremely powerful to differen-
tiate between major and minor differences in the methyl-ester distri-
bution of pectins. It also has been shown that pectins with rather equal
DM and even equal DBgy,s values are quite different in structure and also
their behavior is different. Depending on the application, such small
differences can be relevant. The detailed structural analysis of 6 pairs of
pectins having similar DM, but different DB demonstrated that in-
teractions with TLR2 are occurring in a structure-dependent way. A
blockwise pattern of methyl-esterification is needed for the strongest
inhibition. It has been also demonstrated that the ratio of partially
methyl-esterified to non-esterified oligomers released by PG (DBpgme/
DB.ps) does point to the patterns of methyl-esterification.

Docking simulations were performed, and the molecular relations
between pectin and TLR2/1 were measured using four GalA heptamers
being completely non-esterified or having methyl-esters on different
positions to represent methyl-esterification patterns. It was established
that at least 5-7 non-esterified GalA residues are necessary next to each
other for the binding to TLR2. However, the binding of the GalA segment
may strongly depend on the conformation of the pectic polymer and the
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Fig. 8. Binding mode prediction of GalA;Me’:° to hTLR2-TLR1 heterodimer by docking simulation. A) Predicted interaction of GalA;Me™-® and hTLR2-TLR1 het-
erodimer where the esterified GalA heptamer locates on the central domain of TLR2. The target protein is represented in surface (right) or mesh (left). The pectin
ligand is represented in spheres (right) or sticks (left). B). Ligplot diagram of the protein-ligand interactions including hydrogen bonds (dotted yellow lines).

number of available binding sites. These results further corroborate the
understanding of the molecular interactions between pectins and TLRs.
This knowledge may be used in the future to tailor pectins for the pre-
vention of inflammation.
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Glu 241

Fig. 9. Docking simulation for interaction site prediction of GalA;Me®® with hTLR2-TLR1 heterodimer. Target protein and ligand are represented in surface and
sticks, respectively. A). Top overview of the predicted binding mode of GalA;Me?® to hTLR2. B) Detailed interaction of GalA;Me®® with amino acid residues of the

TLR2 central domain, dotted lines indicate atomic contacts.
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Appendix A
Table A1

Characteristics of citrus pectin samples used in this study.

‘CarboKinetics’ coordinated by the Carbohydrate Competence Center
(CCC, www.cccresearch.nl). This research is financed by participating
industrial partners Agrifirm Innovation Center B.V., Nutrition Sciences
N.V., Cooperatie Avebe U.A., DSM Food Specialties B.V., VanDrie
Holding N.V. and Sensus B.V., and allowances of The Dutch Research
Council (NWO).

Pectin * Rha Ara Gal Gle Gala® Total® Mw'
(mol%) (w/w%) (kDa)
L19 1.2 1.4 14.1 1.1 81 65 75
L18 0.9 0.6 9.9 0.8 88 63 78
L32 0.9 0.5 7.2 0.5 91 69 70
032 1.0 3.0 6.0 1.0 89 87 77
L43 0.7 0.3 2.7 0.5 96 64 79
L49 0.8 3.4 6.2 0.6 89 70 114
064 0.0 7.0 7.0 1.0 84 86 92
059 1.0 3.0 9.0 3.0 84 83 87
092psa 0.0 0.0 7.0 1.0 91 74 62
085ps9 1.0 0.0 8.0 2.0 89 84 55
O55rpss 1.0 0.0 8.0 2.0 89 73 60
056gpso 0.0 0.0 9.0 3.0 88 71 54

2 L: lemon origin; O: orange origin; Number: DM; L19 = Lemon pectin with a DM of 19, RD: pectin has been re-esterified and consequently de-esterified using alkali

from source pectin, R: pectin has been re-esterified from source pectin.

® Rha = rhamnose, Ara = arabinose, Gal = Galactose, Gle = Glucose, GalA = Galacturonic acid.

© Total sugar content in w/w%.

13
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9 Molecular weight (Mw) in kDa as measured by HPSEC.
100 77.6 559 10 0.2 kDa (Mw)

% S
3 N L9
£ A\
.g _— e
§ OSERDE4
E ‘,’,}:‘/’\'\ 0565059
s —
; 064
.
AN 059
i \‘\____ B
092,
A - O85ss
N
e “
700 800 | 900 | 1000 100 1200 1300 1409
Time (min)

Fig. Al. HPSEC elution profiles of pectins before (solid line) and after (dashed line) digestion by homogalacturonan degrading enzymes: PL and endo-PG. Molecular

weights of pectin standards (in kDa) are indicated.
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Fig. A2. A) Ratio of TLR2/1 inhibition plotted versus the DB,y of pectin digests. R?> = 0.42
B) Ratio of TLR2/1 inhibition plotted versus the DM of pectin digests. R = 0.52.
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Pectin 3D structure 3D structure

GalA7Me® GalA7Me!®

GalA;Me'7 GalA7Me>

Fig. A3. 3D structures of GalA;Me?, GalA;Me'®, GalA;Me'” and GalA;Me®® GalA heptamers used for the docking experiments. Oligomers are drawn with their
reducing end to the right-side of the heptamer.
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