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Abstract: Pectin is the focus of scientific interest due to both its physicochem-
ical and biochemical properties, as well as its non-toxic nature. Methylation of 
pectin is a natural process that exists as part of the cell wall defence system 
against various pathogens. In this study the docking analysis was conducted to 
predict if methylation o affects the anticancer and antimicrobial properties of 
pectin and what extent. Four pectin derivatives with varying degrees of methyl-
ation and two sets of biomolecules were used. The first set included enzymes 
responsible for anticancer activity (HMGR, the AGE receptors, tumour protein 
p53 and oncogenic phosphatase SHP2), while the second set included those for 
antimicrobial activity (Salmonella Typhi TtsA, Pseudomonas aeruginosa Earp, 
Streptococcus mutans MetE and Staphylococcus aureus Cas9). The results 
indicated that the degree of methylation does not play a decisive role in the 
mentioned activities. because all bind to the same sites with similar binding 
energies. Additionally, it was shown that pectin derivatives have a higher bind-
ing affinity towards DNA than towards enzymes. Only the fully methylated 
derivative exhibited different behaviour, binding to a different binding site in 
the case of Streptococcus mutans MetE. 

Keywords: docking study; anticancer properties; antimicrobial properties. 

INTRODUCTION 
More recently, numerous studies have showed significant health benefits of 

pectin. Pectin represents soluble dietary fibre, have potential prebiotic, hypogly-
cemic, hypolipidemic, immunostimulating and anticancer properties.1 It is 
believed that part of the positive effect of pectin is due to its influence in modul-
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ating the composition and activity of the intestinal microbiota. Pectin inhibits the 
growth of pathogenic bacteria and stimulates the growth of beneficial bacteria 
and act as potential prebiotic.1–3 Pectin is hydrolysed in colon by intestinal bac-
teria3 and most important products of its fermentation are short-chain fatty acids 
(SCFA). The prebiotic properties of pectin-oligosaccharides (POS) from apple, 
citrus and sugar beet have been evaluated using fecal fermented cultures and 
these sugars are able to increase the number of Bifidobacteria and Lactobacillus 
and reduce the number of Bacteroides and Clostridies.2 The anti-infective pro-
perties of pectin are mainly associated with the improvement of the composition 
of intestinal microbiota in the colon, inhibiting the adhesion of pathogens to epi-
thelial cells, inhibiting bacterial colonization and binding bacterial toxins.4 Citrus 
oligogalacturonides exhibited antibacterial activity and bactericidal effect against 
selected food pathogens including S. typhimurium, S. aureus, L. monocytogenes 
and P. aeruginosa.5 Pectin derivatives, prepared by the chemical modification of 
polysaccharides with natural fatty acids, are promising and effective antimic-
robial agents against the two most common food pathogens, E. coli and S. aur-
eus, which can find further application in the field of food packaging.6 Pectin is 
the most promising biocompatible natural anticarcinogenic product, because 
many in vitro and in vivo studies have demonstrated that pectin-derived com-
pounds affect cancer progression. It inhibits cell growth and cancerous cell pro-
liferation and promotes apoptosis.7 Modified pectin, especially citrus pectin, is 
highly effective in preventing the growth and spread of cancers such as breast 
and colon cancer. Studies suggest that low molecular weight pectin fragments, 
rich in galectins, may bind to carbohydrate recognition domains (CRD) on the 
pro-metastatic protein Gal-3 (galectin-3) and thus inhibits cell-cellular tumour 
interaction, aggregation of cancer cells with each other and with healthy cells and 
inhibit metastatic lesions.8 Pectin derivatives (modified with a maleoyl group) 
are much more effective than pure or unmodified pectin in inhibiting colon cell 
cancer growth.9 The development of foods enriched with pectin might open new 
avenues regarding the management of colorectal cancer. Pectin has been reported 
to exhibit antioxidant and anti-inflammatory properties, making it a potentially 
interesting candidate in the prevention and management of carcinogenesis. In this 
study, the theoretical impact of pectin esterification (methylation of carboxyl 
groups) on their antimicrobial and antitumor (anticancer) activity will be pre-
dicted through the inhibition of respective biomolecules. 

METHODOLOGY 
For the purpose of investigating the effect of pectin methylation on its biological act-

ivities, four pectin derivatives (Scheme 1) were selected as model compounds, each contain-
ing three sugar units (α-1,4-linked D-galacturonic acid). In the first derivative, all three units 
are D-galacturonic acid (TRIGAL). The other three derivatives have one methylated carboxyl 
group (1Me-pectin), two methylated groups (13dMe-pectin), or all three groups methylated 
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(123tMe-pectin). The examined pectin derivatives are negatively charged (pKa ≈ 3.5) due to 
their negatively charged carboxyl groups, except for the fourth derivative (123tMe-pectin), 
which lacks a carboxyl group as all three groups are esterified, rendering this derivative neut-
ral. The structures of the investigated compounds were optimized at the wb97xd-def2tzvp 
level of theory.  

 
Scheme 1. Illustration of the structures of the investigated pectin derivatives. 

The anti-tumour efficacy of pectin derivatives was evaluated via docking analyses emp-
loying crystallographic structures obtained from the Protein Data Bank (PDB). For these pur-
poses, the structures of encompassing HMG-CoA reductase (HMGR, pdb code: 1DQ8),10 rec-
eptor for the advanced glycation endproducts (RAGE, pdb code: 6XQ1),11 oncogenic phos-
phatase SHP2 (pdb code: 5IBS)12 and human p53 DNA-binding domain (PDB code: 6GGB)13 
were extracted.  

To assess antimicrobial potential, docking studies were performed on various enzymes, 
the crystal structures of which were also retrieved from the PDB. These enzymes include the 
crystal structures of Pseudomonas aeruginosa Earp in complex with TDP (pdb code: 6J7L),14 
Salmonella typhi TtsA (pdb code: 6V40),15 Staphylococcus aureus Cas9 (pdb code: 5CZZ),16 
and Streptococcus mutans MetE (pdb code: 3T0C).17  

The structures of ligands (pectin derivatives) and targets were prepared in AutoDockTools 
program, while the docking calculations were performed in the AutoDock program.18 A grid 
box, encompassing the rigid structure of targets, was employed to accommodate the inves-
tigated pectin derivatives. The Lamarckian genetic algorithm served as the search method, 
applying 100 runs for each virtual screening. The analysis and graphical presentation of the 
docking study results were performed using the Discovery Studio software (BIOVIA Software 
product).19 

RESULTS AND DISCUSSION 

Pectin is the focus of increasing attention as a potential antioxidant because 
of its unique physicochemical properties and low toxicity. Pectins have a notable 
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ability to scavenge free radicals and their efficiency depends on the D-galac-
turonic acid (GalA) content.20 In addition to radical mechanisms, it is known that 
pectins also possess inhibitory capabilities. To ascertain whether esterification 
(methylation in this case) significantly impacts the inhibitory potential of pectins, 
the docking studies were conducted on two sets of target proteins. For the first set 
of targets, the anticancer potential of pectin derivatives was investigated, while 
for the second set of targets, the antimicrobial activity of the tested pectin deri-
vatives is predicted. The following four enzymes were selected as targets for 
testing anticancer potential. 

Docking study on HMG-CoA reductase (HMGR) 
HMGR serves as a catalyst in the initial step of cholesterol biosynthesis, 

thereby regulating a pivotal factor in cardiovascular diseases. Pectin is used as an 
agent to mitigate total blood cholesterol levels.21 Moreover, HMGR inhibitors 
are explored as potential anticancer agents against malignant neoplasms in 
women.22 To ascertain whether the investigated pectin derivatives possess inhi-
bitory potential against HMGR, a docking study was conducted. The natural lig-
and of the enzyme (coenzyme A) and the drug atorvastatin were employed as 
control compounds (further detailed in Supplementary material to this paper). 
Docking results demonstrated that coenzyme A binds to the active sites of enz-
yme with binding energies of –30.12 kJ/mol (Fig. 1a). Atorvastatin also binds to 
both active sites, albeit with slightly higher binding energy (–30.96 kJ/mol), 
affirming its inhibitory activity. None of the four pectin derivatives bind to the 
active sites but instead occupy a nearby binding pocket, exhibiting similar bind-
ing energies (ranging from –30.96 to –31.38 kJ/mol) and significant conform-
ational flexibility. By binding to this adjacent binding pocket, predominantly 
through hydrogen bonds with Glu559, Gly560, Asn658, Gly756, Leu862 or 
Ser865 (Fig. S-1 of the Supplementary material), pectin derivative impedes the 
approach of coenzyme A to the active site, indicative of noncompetitive inhi-
bition. Furthermore, as all four derivatives bind to the same pocket with similar 
binding energies, it can be inferred that methylation does not influence the 
inhibitory activity of pectin. 

Docking study on AGE receptor (RAGE) 
The receptor for the advanced glycation end products (RAGE) is a ubiquit-

ously expressed transmembrane immunoglobulin-like receptor with multiple iso-
forms, engaging in binding with a diverse array of endogenous extracellular lig-
ands and intracellular effectors. Due to its involvement in various pathological 
conditions such as cancer, diabetes, cardiovascular diseases and neurodegen-
eration, RAGE has emerged as an appealing therapeutic target for inhibitors tar-
geting both its extracellular and intracellular domains.23 The detailed description 
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of the receptor and its binding sites are provided in the Supplementary material. 
To ascertain the inhibitory capabilities of the investigated pectin derivatives 
against the AGE receptor, a docking study was conducted, employing tranilast as 
a test compound. The receptor structure encompasses only the V and C1 domains 
from the extracellular portion and docking was performed on both domains. The 
results of docking revealed that the control compound (tranilast) binds to site 2 
located on the V domain (Fig. 1b), with a binding energy of –27.20 kJ/mol. All 
four investigated pectin derivatives bind to the same binding site (site 3) on the V 
domain. Their binding to the same site indicates that methylation does not influ-
ence the activity of these derivatives. Additionally, besides sharing the same 
binding site, their binding energies are highly similar (ranging from –21.76 to 
–22.59 kJ/mol). The binding site of pectin derivatives aligns with that of galac-
turonic acid, as determined from the docking study.24 Discrepancies in the bind-
ing site between the control compound and pectin derivatives result from the pre-
sence of aromatic rings in the control compound, as well as a significantly higher 
number of donor and acceptor groups for the conventional hydrogen bonding in 
pectin derivatives. Specifically, tranilast forms classical hydrogen bonds with 
Lys110 and Asn112, as well as π–aromatic interactions with Ala21, Ala23 and 
Arg98. Conversely, pectin derivatives predominantly form a larger number of 
hydrogen bonds in the most stable binding site, involving residues Gln24, Thr27, 
Glu32, Pro33, Val35 or Tyr118 (Fig. S2). The results of docking suggest the 
inhibitory capabilities of pectin derivatives, consistent with some previous exp-
erimental findings on this subject. It is noteworthy that pectic oligosaccharides 
from orange peel (OPOs) and pectin polysaccharides from Arabica coffee husks 
have been reported to exhibit inhibitory capacities against AGEs.24,25 

Docking results on tumor protein p53 
Pectin exhibits anticancer properties, which have been demonstrated to imp-

ede tumor development and proliferation across a diverse range of cancer cell 
types.26 Notably, modified pectin (MP) shows promise in mitigating the prog-
ression and metastasis of colon and breast cancers. Furthermore, beyond its role 
as a soluble dietary fibre, MP demonstrates beneficial effects on malignancy by 
activating tumour-suppressor protein p53.27 This activation subsequently triggers 
apoptosis pathways and induces cell cycle arrest, contributing to the suppression 
of tumour progression. The extended description of the structure and function of 
the tumour protein p53 is provided in the Supplementary material (SM3). The 
docking results indicate that all four derivatives of pectin bind to the same site 
(Fig. 1c), which does not correspond to the DNA-binding site. The binding 
energies are highly similar (ranging from –24.27 to –25.52 kJ/mol), suggesting 
that methylation does not affect the binding site and thus, the mechanism of 
enzyme inhibition. All four derivatives bind to the beta-sheet structure of the 
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enzyme, primarily through hydrogen bonds with amino acid residues. The deri-
vatives predominantly form conventional hydrogen bonds with Phe113, Tyr126 
and Asn131. In addition to the conventional and weak hydrogen bonds of the 
C–H/O type, derivatives also engage in π-aromatic interactions with Arg110 and 
Trp146 (Fig. S-3 of the Supplementary material). It is evident that a competitive 
mechanism is not at play and the binding of pectin to the region of the protein 
with a beta-sheet structure induces conformational changes, resulting in alterat-
ions in the conformation of the DNA-binding site (non-competitive mechanism). 

 
Fig. 1. Binding sites and binding energies of the investigated compounds for HMGR (a), the 

AGE receptors (b), p53 cancer mutant (c) and oncogenic phosphatase SHP2 (d). 

Docking study on the oncogenic phosphatase SHP2 
The Src homology 2-containing protein tyrosine phosphatase 2 (SHP2) is a 

non-receptor protein tyrosine phosphatase widely expressed, predominantly 
within the cytoplasm of various tissues. Src homology region 2-containing pro-
tein tyrosine phosphatase 2 (SHP2) is implicated in breast cancer, leukaemia, 
lung cancer, liver cancer, gastric cancer, laryngeal cancer, oral cancer and other 
malignancies.28 Germline mutations in SHP2 lead to developmental disorders, 
while somatic mutations are observed in both childhood and adult cancers, con-
tributing to leukaemia in murine models. SHP2 presents as a promising thera-
peutic target due to its involvement in numerous biological processes. For further 
details on the structure and function of the protein, refer to Supplementary 
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material. The docking results indicate non-competitive inhibition, as all four 
derivatives bind to an allosteric site on SHP2 (Fig. 1d). Binding energies are sim-
ilar for all four tested compounds, ranging from –24.27 to –25.10 kJ/mol, sug-
gesting that the degree of methylation does not play a significant role in recog-
nition at the binding site on SHP2. The classical hydrogen bonds are responsible 
for the binding of derivatives to SHP2, although contributions are also made by 
carbon–hydrogen bonds and hydrophobic interactions. The formation of hydro-
gen bonds primarily includes Thr108, Glu110, His114, Thr218, Glu 232 and 
Arg229 (Fig. S-4 of the Supplementary material). 

The radical mechanism is present in the protective mechanism of derivatized 
pectins from apples, citrus fruits and polygalacturonic acid, which reduce the 
growth of Escherichia coli and Staphylococcus aureus.20 However, the antimic-
robial action of pectins is not solely achieved through the radical mechanism but 
also by inhibiting relevant biomolecules. For this purpose, four targets were sel-
ected, which play a crucial role in antimicrobial activity.  

Docking study on the Salmonella Typhi TtsA 
S. Typhi TtsA is a protein crucial for secreting typhoid toxin, a virulence 

factor of S. Typhi. TtsA aids in transporting the toxin across the peptidoglycan 
layer of the bacterial cell wall, essential for its release into the Salmonella-con-
taining vacuole.29 A detailed description of the structure and function of the 
enzyme is given in the Supplementary material. To determine whether the inves-
tigated pectin derivatives possess inhibitory capabilities, a docking study was 
conducted, in which azithromycin (Supplementary material) was used as the test 
compound. Azithromycin and pectin derivatives are bound at the same site, 
between the amino-terminal catalytic domain (1–92) and carboxy-terminal 
substrate binding domain (93–180) of TtsA (Fig. 2a), forming hydrogen bonds 
mainly with the N-terminal histidine-epitope (Fig. S-5 of the Supplementary mat-
erial). Pectin derivatives have higher binding energies (in the range of –30.12 to 
–30.96 kJ/mol) than azithromycin (–28.87 kJ/mol), which indicates a more pro-
nounced inhibitory potential of derivatives. Stronger binding energies are due to 
a larger number of hydrogen bonds of pectin derivatives (about 4 bonds, Fig. S-5) 
than azithromycin (only 1 bond, Fig. S-5). 

Docking study of Pseudomonas aeruginosa Earp 
Protein glycosylation, the most widespread posttranslational modification in 

nature, significantly influences protein structure and function. Arginine glycosyl-
ation was reported as an L-rhamnosylation modification on a specific arginine 
residue within bacterial translation elongation factor P (EF-P). P. aeruginosa 
EarP may provide a platform for the development of new narrow-spectrum anti-
bacterial agents to combat infections from P. aeruginosa and other EarP-con-
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taining pathogenic bacteria. A detailed description of the structure and function 
of the Earp is given in the Supplementary material. Thymidine-5'-diphosphate 
(TDP) was used as a control compound (the structures of target and TDP were 
extracted from the crystal structure with the pdb code 6J7L).30 The control com-
pound is as expected docked on active site (Asp12, Asp16 and Glu272) with high 
binding energy –37.66 kJ/mol. The findings indicate that all four examined pec-
tin derivatives demonstrate binding affinity to the same site (Fig. 2b), but with 
significantly lower binding energies (in the range of –28.45 to –28.87 kJ/mol). 
One can conclude that pectin derivatives possess inhibitory properties and meth-
ylation exerts minimal influence on the activity of these derivatives, by binding 
to this adjacent binding pocket, predominantly through hydrogen bonds with 
Asn13, Asp16, Thr296 and Lys300 (Fig. S-6 of the Supplementary material).  

 
Fig. 2. The binding sites and binding energies of investigated compounds for Salmonella typhi 

TtsA (a), Pseudomonas aeruginosa Earp (b), Streptococcus mutans MetE (c) and 
Staphylococcus aureus Cas9 (d).  

Docking results on Streptococcus mutans MetE 
S. mutans MetE is an enzyme found in the bacterium S. mutans. Specifically, 

MetE is involved in the biosynthesis of methionine, an essential amino acid. S. 
mutans is primarily known for its role in dental caries (tooth decay) and dental 
plaque formation. However, it can also cause other oral health issues such as 
gingivitis and periodontitis when conditions favour its growth and colonization in 
the oral cavity. Additionally, S. mutans has been implicated in infective endo-
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carditis, a serious infection of the heart valves, particularly in individuals with 
underlying heart conditions or compromised immune systems. A detailed des-
cription of the structure and function of the MetE is given in the Supplementary 
material.31 Amoxicillin (AMX) is one of the most prescribed antibiotics globally, 
which for the purposes of this study is used as a control compound. Not one 
molecule from derivatives of neither pectin nor amoxicillin is docked on the act-
ive site where Zn is coordinated (Fig. 2c). Amoxicillin was docked for a site 
located in the N domain, with the binding energy of –38.07 kJ/mol), indicating its 
allosteric mechanism of inhibition. The 123tMe-PECTIN derivative was bound 
to the same site, forming hydrogen bonds with Arg43, Phe63, Leu65, Asp71, 
Il90, Asn131 and Asn132 (Fig. S-7 of the Supplementary material), with a sig-
nificantly lower binding energy of –31.38 kJ/mol. It is obvious that the binding 
of these two compounds causes conformational changes in the N-domain, which 
are transmitted to the C-domain, interfering with the binding of the substrate to 
the active site. The remaining three pectin derivatives bind near the α-helix that 
connects two domains, with significantly higher binding energies (in range from 
–37.66 to –38.49 kJ/mol) compared to the 123tMe-pectin derivative. It is possible 
that the docked derivatives may act as an allosteric modulator inducing con-
formational changes that affect enzyme activity. The conventional hydrogen 
bonds with the Arg287, Asn288, His321 and Asn549 are mainly responsible for 
the binding of mentioned derivatives (Fig. S-7 of the Supplementary material). 

Docking results on Staphylococcus aureus Cas9 
S. aureus Cas9 (SaCas9) is an RNA-guided endonuclease derived from the 

bacterium S. aureus. The bacterial protein from S. aureus is associated with 
various human infections, including skin and soft tissue infections, pneumonia, 
bloodstream infections and others.32 The RNA-guided DNA endonuclease Cas9 
cleaves double-stranded DNA targets with a protospacer adjacent motif (PAM) 
and complementarity to the RNA guide. For the purposes of docking studies, the 
target structure of S. aureus Cas9 in a complex with sgRNA and its DNA targets 
was selected.16 The cleavage site in the target DNA strand (the phosphodiester 
linkage between dC3 and dA4) is distant from the active site of the HNH domain 
(Asn580) and RuvC domain (Asp10), indicating that the present structure rep-
resents the inactive state. Triterpenoids, such as betulinic acid (BA), show pro-
mising antimicrobial properties and are a promising candidate for combating bio-
film-associated infections.33 The results of docking studies showed the existence 
of three binding sites (BS1, BS2 and BS3) of betulinic acid and pectin derivatives 
(Fig. 2d), with similar binding energies and number of conformations. However, 
all three places are not located on the enzyme, but in parts representing double 
helicoidal structures. The first binding site is located close to the cleavage site. 
All this leads to the conclusion that pectin derivatives and betulinic acid stabilize 
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the structure of the DNA double helix, thus preventing the DNA cleavage. The 
binding energy in the cleavage site (BS1) of betulinic acid (–47.70 kJ/mol) is 
higher than the binding energy of pectin derivatives (in range from –41.84 to  
–45.19 kJ/mol). 

CONCLUSION 

The present study investigated whether the esterification of pectin, parti-
cularly the methylation of carboxyl groups, affects the inhibitory potential of pec-
tins, with a focus on their antimicrobial and anticancer properties. The results of 
docking analyses indicate that pectin derivatives exhibit binding affinities to tar-
get proteins in some extend especially in microbial infection. The results of cal-
culations have revealed the minimal influence of methylation on chosen target set 
and mostly in allosteric mechanism of actions. It is also detected that pectin 
derivatives exhibit more affinity towards DNA compared to enzymes and that 
may unlock the potential for further investigation and therapeutically application. 

SUPPLEMENTARY MATERIAL 

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12903, or from the correspond-
ing author on request. 
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И З В О Д  

ТЕОРИЈСКА ЕВАЛУАЦИЈА ТЕРАПИЈСКОГ ПОТЕНЦИЈАЛА ПЕКТИНА У ФУНКЦИЈИ 
СТЕПЕНА МЕТИЛОВАЊА 
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Пектин је у фокусу научних интересовања како због својих физичко-хемијских и 
биохемијских особина, тако и због своје ниске токсичности. Метиловање пектина је при-
родан процес који постоји као део одбрамбеног система ћелијског зида од напада разли-
читих патогена. У овом раду урађена је докинг студија са циљем да се предвиди да ли 
метиловање и у ком степену утиче на антиканцерогене и антимикробне особине пек-
тина. Коришћена су 4 деривата пектина са различитим степеном метиловања и два сета 
биомолекула. У првом сету су ензими одговорни за антиканцерогено дејство (HMG-CoA 
редуктаза, АGE рецептор, туморни протеин p53, онкогена фосфатаза SHP2) а у другом 
су ензими одговорни за антимикробно дејство (Salmonella Typhi TtsA, Pseudomonas aeru-

ginosa Earp, Streptococcus mutans MetE и Staphylococcus aureus Cas9). Резултати докинга су 
указали да степен метиловања не игра одлучујућу улогу у поменутим активностима, јер 
се сва четири деривата везују на иста места са сличним енергијама везивања. Такође, 
показано је да деривати пектина имају већи афинитет везивања према ДНК него према 
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ензимима. Једино је потпуно метиловани дериват показао различито понашање, везу-
јући се на другом везивном месту у случају S. mutans MetE. 

(Примљено 22. априла, ревидирано 16. маја, прихваћено 2. јуна 2024) 
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