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Abstract

Pseudaminic and legionaminic acids are a subgroup of nonulosonic acids (NulOs) unique to bacterial species. There is a lack
of advances in the study of these NulOs due to their complex synthesis and production. Recently, it was seen that “Candi-
datus Accumulibacter” can produce Pse or Leg analogues as part of its extracellular polymeric substances (EPS). In order
to employ a “Ca. Accumulibacter” enrichment as production platform for bacterial sialic acids, it is necessary to determine
which fractions of the EPS of “Ca. Accumulibacter” contain NulOs and how to enrich and/or isolate them. We extracted
the EPS from granules enriched with “Ca. Accumulibcater” and used size-exclusion chromatography (SEC) to separate
them into different molecular weight (MW) fractions. This separation resulted in two high molecular weight (> 5500 kDa)
fractions dominated by polysaccharides, with a NulO content up to 4 times higher than the extracted EPS. This suggests
that NulOs in “Ca. Accumulibacter” are likely located in high molecular weight polysaccharides. Additionally, it was seen
that the extracted EPS and the NulO-rich fractions can bind and neutralize histones. This opens the possibility of EPS and
NulO-rich fractions as potential source for sepsis treatment drugs.

Key points

® NulOs in “Ca. Accumulibacter” are likely located in high MW polysaccharides

o SEC allows to obtain high MW polysaccharide-rich fractions enriched with NulOs
e EPS and the NulOs-rich fractions are a potential source for sepsis treatment drugs

Keywords Nonulosonic acids - Size-exclusion chromatography - Fractionation - Histone binding - Granules

Introduction

Nonulosonic acids (NulOs) are a family of a-keto-acid
carbohydrates with a nine-carbon backbone, with a wide
variety of chemical forms. The different NulOs are normally
found as terminal residues of extracellular glycoconjugates,
acting as recognition molecules. The most studied
representatives are derivatives of neuraminic (Neu) and
ketodeoxynonulosonic (Kdn) acids (also known as sialic
acids), specially N-acetyl-neuraminic acid (Neu5Ac), due
to their importance in human physiology (Chen and Varki
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2010). However, there is a subgroup of NulOs that are unique
to bacterial species. Examples of these are the derivatives of
pseudaminic (Pse) or legionaminic (Leg) acids, which are
often referred as “bacterial sialic acids” (Knirel et al. 2003).
Bacteria have been reported to use these NulOs to decorate
their surface polymers, such as capsular polysaccharides,
lipopolysaccharides, flagella, or S-layer glycocoproteins.
Bacteria can also polymerize NulOs in these structures,
forming polysialic acid (polySia) chains, with different
degrees of polymerization (Haines-Menges et al. 2015).
Bacterial sialic acids have been mainly studied for their role
in pathogenesis. In pathogenic bacteria, these molecules
serve as virulence factor and as mechanism of evading the
host’s immune response by molecular mimicking, due to the
structural similarities with human sialic acids (Varki et al.
2017). Bacterial sialic acids have also been suggested to play
important roles in bacterial motility and biofilm formation
(Goon et al. 2003; Jurcisek et al. 2005). However, further
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research is needed to fully understand the exact role of Pse
and Leg and their derivatives.

An important reason for the lack of advances in this field
is the lack of chemical access to NulOs in general, and Pse
and Leg and their derivatives in particular. NeuSAc has
been traditionally synthesized chemically or extracted from
natural sources. Engineered bacteria (i.e., Escherichia coli)
have also been explored for its production. However, the
complex structure of Pse and Leg makes their synthesis, pro-
duction, and commercialization difficult (Flack et al. 2020).
The biosynthetic pathway of these carbohydrates is complex
and requires several steps (Tomek et al. 2017). This makes
enzymatic methods for the production of these compounds
and derivatives too complex and their production would be
very costly (Chidwick et al. 2021). There have nonetheless
been advances in the chemical synthesis of Pse and Leg; the
production yields are still low for a proper commercial pro-
duction (Carter and Kiefel 2018). Moreover, the dependency
of organic solvents for their chemical synthesis is a concern
for the sustainability of the production. Microbial biosyn-
thesis of Pse and Leg has been mainly studied in pathogenic
bacteria, which complicates the use of these organisms as
production method. Therefore, new sustainable and efficient
ways of production need to be explored.

A genome level study revealed that the biosynthetic path-
way for different NulOs is widespread among archaea and
bacteria (Lewis et al. 2009). However, NulOs have been
overlooked in non-pathogenic bacteria. Very recently, a
mass spectrometry based survey revealed an unexpectedly
wide distribution of NulOs among non-pathogenic environ-
mental bacteria (Kleikamp et al. 2020). Pinel et al. (2020)
described the presence of Kdn and bacterial sialic acids in
biofilms forming in cooling towers. In wastewater environ-
ments, Boleij et al. (2020) detected NeuAc, Kdn, and bacte-
rial sialic acids in the extracellular polymeric substances
(EPS) of anammox granular sludge. Sialic acids were also
identified in aerobic granular sludge dominated with “Can-
didatus Accumulibacter” (de Graaff et al. 2019). Further
research with a highly enriched culture of “Ca. Accumuli-
bacter” revealed its potential to produce different types of
NulOs as part of its EPS, primarily the bacterial sialic acids
Pse and/or Leg, which have the same molecular weight
(Tomés-Martinez et al. 2021). Although the role of these
carbohydrates in non-pathogenic environmental bacteria is
still unknown, these findings point towards a new potential
sustainable source of bacterial sialic acids.

“Ca. Accumulibacter” is the most abundant and well-
studied polyphosphate accumulating organism (PAO) in
wastewater treatment plants with biological phosphorus
removal. Even though this microorganism has never been
isolated, it has been successfully cultivated in laboratory
bioreactors for decades (Smolders et al. 1994), reaching
levels of enrichment of more than 95% (Guedes da Silva
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et al. 2020). This successful enrichment has been achieved
by employing ecological selection principles. “Ca. Accu-
mulibacter” grows in the form of compact bioaggregates
(granules) held together by the EPS (Weissbrodt et al. 2013;
Barr et al. 2016). If bacterial sialic acids can be produced by
a natural enrichment of “Ca. Accumulibacter” in a mixed-
culture bioreactor, the aforementioned problem of involving
pathogenic bacteria in the production process and the high
cost of employing pure cultures will be avoided. This will be
beneficial for the large scale industrial production of NulOs.

In order to employ a “Ca. Accumulibacter” enrichment
to produce bacterial sialic acids, it is necessary to determine
which fractions of the EPS of “Ca. Accumulibacter” con-
tain NulOs and how to enrich and/or isolate them. In addi-
tion, NulOs can be polymerized into polysialic acid chains,
conferring a high negative charge density. The polyanionic
characteristics of these polymers allow their application in
binding and neutralizing positively charged compounds,
such as against histone-mediated cytotoxicity. Positively
charged histones act as antimicrobial peptides to combat
against pathogens. However, they are also toxic for host cells
and excessive extracellular histones are associated with the
development of sepsis or other diseases (Xu et al. 2009).
Negatively charged polysialic acid inactivates the cytotoxic
characteristics of histones (Galuska et al. 2017; Zlatina et al.
2017).

The aim of the present research was to determine in
which EPS component of “Ca. Accumulibacter” NulOs are
by fractionation and to evaluate the potential application of
the NulOs-rich fractions against sepsis. EPS were extracted
and characterized from granules from a lab enrichment of
“Ca. Accumulibacter”. Extracted EPS was separated into
different molecular weight fractions using size-exclusion
chromatography. The anionic characteristic of the fractions
was evaluated, and the NulOs content was measured. Finally,
the potential application against sepsis was evaluated per-
forming a histone-binding assay.

Materials and methods
Reactor operation

The PAO enrichment was obtained in a 2 L (1.5 L working
volume) sequencing batch reactor (SBR), following condi-
tions similar to the one described by Guedes da Silva et al.
(2020) with some adaptations. The reactor was inoculated
using activated sludge from a municipal wastewater treat-
ment plant (Harnaschpolder, The Netherlands). Each SBR
cycle lasted 6 h, consisting of 20 min of settling, 15 min of
effluent removal, 5 min of N, sparging, 5 min of feeding,
135 min of anaerobic phase and 180 min of aerobic phase.
The hydraulic retention time (HRT) was 12 h (removal of
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750 mL of broth per cycle). The average solids retention
time (SRT) was controlled to 8 days by the removal of efflu-
ent at the end of the mixed aerobic phase. The pH was con-
trolled at 7.0+ 0.1 by dosing 0.2 M HCI or 0.2 M NaOH.
The temperature was maintained at 20+ 1 °C.

The reactor was fed with two separate media: a con-
centrated COD medium (400 mg COD/L) of 68:32 g-qp/
gcop acetate:propionate (5.53 g/L NaAc-3H,0, 1.20 g/L
NaPr, 0.04 g/L yeast extract) and a concentrated mineral
medium (1.53 g/L NH,Cl, 1.59 g/L. MgSO,-7H,0, 0.40 g/L.
CaCl, 2H,0, 0.48 KCI, 0.04 g/L N-allylthiourea (ATU),
2.22 g/L NaH,PO,-H,0, 6 mL/L of trace element solution
prepared following Smolders et al. (1994). In each cycle,
75 mL of each medium were added to the reactor, together
with 600 mL of demineralized water. The final feed con-
tained 400 mg COD/L of acetate.

Monitoring of the SBR

Electrical conductivity in the bulk liquid was used to fol-
low phosphate release and uptake patterns and to verify the
steady performance of the reactor (Weissbrodt et al. 2014).
Extracellular concentrations of phosphate and ammonium
were measured with a Gallery Discrete Analyzer (Thermo
Fisher Scientific, Waltham, MA). Acetate was measured by
high performance liquid chromatography (HPLC) with an
Aminex HPX-87H column (Bio-Rad, Hercules, CA), cou-
pled to RI and UV detectors (Waters, Milford, MA), using
0.01 M phosphoric acid as eluent supplied at a flow rate of
0.6 mL/min.

Microbial community analysis

The microbial community was characterized by 16S rRNA
gene amplicon sequencing. DNA was extracted from the
granules using the DNeasy UltraClean Microbial kit (Qia-
gen, Venlo, The Netherlands), using the manufacturer’s pro-
tocol. The extracted DNA was quantified using a Qubit 4
(Thermo Fisher Scientific, Waltham, MA). Samples were
sent to Novogene Ltd. (Hong Kong, China) for amplicon
sequencing of the V3-4 hypervariable region of the 16S
rRNA gene (position 341-806) on a MiSeq desktop sequenc-
ing platform (Illumina, San Diego, CA) operated under
paired-end mode. The raw sequencing reads were processed
by Novogene Ltd. (Hong Kong, China) and quality filtered
using the QIIME software (Caporaso et al. 2010). Chimeric
sequences were removed using UCHIME (Edgar et al. 2011)
and sequences with >97% identity were assigned to the same
operational taxonomic units (OTUs) using UPARSE (Edgar
2013). Each OTU was taxonomically annotated using the
Mothur software against the SSU rRNA database of the
SILVA Database (Quast et al. 2013). Sequences obtained

are deposited under the Bioproject accession number
PRINAS887943 in the NCBI database.

EPS extraction

Biomass samples collected at the end of the aerobic phase
were freeze-dried prior to EPS extraction. EPS were
extracted in alkaline conditions at high temperature, using
a method adapted from Felz et al. (2016). Freeze-dried bio-
mass were stirred in of 0.1 M NaOH (1% w/v of volatile
solids) at 80 °C for 30 min. Extraction mixtures were cen-
trifuged at 4000 X g at 4 °C for 20 min. Supernatants were
collected and dialyzed overnight in dialysis tubing with a
molecular cut-off of 3.5 kDa, frozen at— 80 °C and freeze-
dried. The freeze-dried extracted EPS samples were stored
for further analysis.

Size-exclusion chromatography fractionation

Freeze-dried EPS was solubilized in NaOH 0.01 M to a con-
centration of 10 mg/mL. Size-exclusion chromatography
(SEC) was performed using a Hiload 16/600 Superose 6 pre-
packed column (Cytiva Lifesciences, Marlborough, MA) fit-
ted on a system containing GX-271 dispenser/dilutor, a 307
pump and a 112 UV (280 nm) detector (Gilson, Middleton,
WI). Fractions of molecular weights (MW) were determined
after calibration with a HMW gel filtration calibration kit
(44-669 kDa) (Cytiva Lifesciences, Marlborough, MA) and
Blue Dextran (2000 kDa). Molecular weights higher than the
standards were calculated by linear extrapolation of the cali-
bration line. A total of 15 mL of dissolved EPS was injected
in the column with a flow rate of 1 mL/min. The running
buffer consisted of 0.15 M NaCl and 0.05 M glycine-NaOH
at pH 10. Seven different fractions were collected with MW
ranges as shown in Table 1. The different fractions were dia-
lyzed overnight in dialysis tubing with a molecular cut-off of

Table 1 Weight distribution of the fractions obtained from SEC of
the extracted EPS after dialysis and lyophilization. The non-soluble
fraction represents the remaining solids after solubilization of the
extracted EPS prior to the fractionation

Fraction name MW range (kDa) Weight percent-
age of EPS (%)
F1 > 15,000 7.7
F2 5500-15,000 8.4
F3 738-5500 9.8
F4 100-738 12.1
F5 12-100 8.9
F6 5-12 34.7
F7 3-5 5.7
Non-soluble fraction 12.7
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3.5 kDa, frozen at — 80 °C and freeze-dried. The freeze-dried
fractions were stored for further analysis.

EPS and fractions characterization
Protein and carbohydrate content

Protein content was estimated using the bicinchoninic acid
(BCA) assay (Smith et al. 1985) with bovine serum albu-
min (BSA) as standard. Carbohydrate content was deter-
mined using the phenol-sulfuric acid assay (Dubois et al.
1956) with glucose as standard. Both methods were used as
described by Felz et al. (2019).

Fourier-transformed infra-red spectroscopy

The FT-IR spectra of the different fractions was recorded
on a FT-IR spectrometer (Perkin Elmer, Shelton, CT) at
room temperature, with a wavenumber range from 550 to
4000 cm™!. Resolution of 1 cm™' and accumulation of 8
scans were applied to each sample.

Nonulosonic acid analysis

NulOs were analyzed by high resolution mass spectrom-
etry according to Kleikamp et al. (2020). Freeze-dried bio-
mass was hydrolyzed in of diluted (2 M) acetic acid dur-
ing 2 h at 80 °C. After centrifugation, samples were dried
using a Speedbac concentrator and labeled using DMB
(1,2-diamino-4,5-methylene dioxybenzene dihydrochlo-
ride) during 2.5 h at 50 °C. Labeled NulOs were analyzed
by reverse phase chromatography Orbitrap mass spectrom-
etry (QE plus quadrupole Orbitrap, Thermo Fisher Scien-
tific, Waltham, MA). NulOs were identified according to
their mass. To estimate the relative amount of NulOs in the
samples, the peak area of a standard of Kdn was used as
reference.

SDS-PAGE analysis and staining with Alcian Blue

SDS-PAGE was performed using NuPage® Novex 4-12%
Bis—Tris gels (Invitrogen, Waltham, MA) as described
by Boleij et al. (2018). After dissolving in NaOH 0.1 M,
each fraction was prepared in NuPAGE LDS-buffer and
DTT (dithiothreitol) was added to a final concentration of
10 mM. Samples were incubated at 70 °C for 10 min for
protein denaturation. A volume of 10 pL of sample was
loaded per well. The Spectra Multicolor Broad Range Pro-
tein Ladder (Thermo Fisher Scientific, Waltham, MA) was
used as MW marker. Gel electrophoresis was performed at
200 V for 35 min. After electrophoresis, the gel was stained
with Alcian Blue at pH 2.5 for the visualization of carboxy-
late groups (R-COO7™). The gel was extensively washed in
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solution I (25% (v/v) ethanol and 10% (v/v) acetic acid) for
2.5 h, refreshing the solution 4 times. After washing, the
gel was stained in 0.125% (v/v) Alcian Blue in solution I for
30 min and washed in solution I overnight.

Histone binding and agarose gel electrophoresis

Interaction of EPS and the obtained fractions with his-
tones was tested using a method adapted from Zlatina et al.
(2017). A mass of 5 pg of histones (H1, H2A, or H2B)
was incubated with different amounts of EPS (in a ratio of
1:1, 1:2, or 1:3 histone:EPS), fractions (in a ratio of 1:2,
1:3, or 1:4 histone:fraction) or free Neu5Ac (in a ratio
1:3 histone:Neu5Ac) in 50 mM Tris for 1 h at 30 °C and
300 rpm. Subsequently, 1-pL glycerol was added to each
sample, and samples were loaded on a 0.8% agarose gel in
500 mM Tris/HCI, 90 mM boric acid, and pH 8.5. The elec-
trophoresis was performed at 80 V for 90 min with a running
buffer (90 mM Tris/HCI, 90 mM boric acid, pH 8.5). The
agarose gel was stained with Coomassie Blue for 1 h and
washed in demineralized water overnight.

Results
EPS extraction

For this study, the EPS of a lab-scale enrichment of “Ca.
Accumulibacter” performing phosphate removal were
extracted. The reactor performance and microbial commu-
nity composition was similar as in earlier reports (Oehmen
et al. 2005; Guedes da Silva et al. 2020), showing high PAO
activity and enrichment of “Ca. Accumulibacter” (Fig. S1).
The EPS extraction yield was 58.3 + 14.7% w/w of volatile
solids. The protein and carbohydrate content of the extracted
EPS accounted for 60.7 + 6.8 and 19.0 +4.3% w/w of vol-
atile solids of EPS, respectively. Due to the limitation of
the total carbohydrate assay, NulOs are not detected by this
method (de Graaff et al. 2019). Thus, the amount of NulOs
was not included in the carbohydrate content of EPS.

EPS fractionation and characterization

The extracted pool of EPS was solubilized and fractionated
in different molecular weight (MW) ranges using size-exclu-
sion chromatography (SEC). Extracted EPS was separated
in seven different fractions with apparent molecular weights
ranging from 3 to more than 15,000 kDa. Notably, part of
the EPS could not be solubilized and was not injected for
the fractionation (non-soluble fraction). Table 1 shows the
contribution of each fraction to the overall EPS. Most of
the fractions (F1-F5) contributed similarly, with weight per-
centages ranging from 7.7 to 12.1%, with the exception of
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the smaller fractions. F6 (12—100 kDa) showed the highest
contribution, corresponding to 34.7% of the total extracted
EPS. On the other hand, F7 represented the lowest amount
and was excluded from the subsequent analyses due to insuf-
ficient sample.

It is worth pointing out that, the fractionation range of
the Hiload 16/600 Superose 6 column used in this research
is between 5 to 5000 kDa, and the elution limitation is
40,000 kDa. Although the molecular weight of fraction F1
and F2 are out of the fractionation range of the column, as it
is still within the elution limitation, they were collected and
analyzed. Their molecular weight range was calculated by
extrapolating the calibration curve. Moreover, one should
be aware that all the molecular weight specification of the
column corresponds to “globular proteins”. As the EPS may
not be globular proteins, the molecular weight measured by
SEC can only be considered as a relative value.

For each of the fractions, the contents of total proteins
and carbohydrates were estimated using colorimetric meth-
ods and BSA and glucose as standards, respectively. Figure 1
shows the carbohydrate to protein ratio for the extracted EPS
and each of the fractions obtained from SEC. Although
extracted EPS was dominated by proteins, the high MW
fractions (F1 and F2) were dominated by carbohydrates
(PS/PN ratio > 1). The decrease of the MW in the fractions
was accompanied with an increase of protein content rela-
tive to the carbohydrate content. The smallest MW frac-
tions (F4-F6) were dominated by proteins (PS/PN ratio < 1).

Interestingly, FS and F6 were mainly composed of proteins
and the carbohydrate fraction was negligible (PS/PN ratio
of 0.01). Thus, SEC allowed the separation of the extracted
EPS in high MW carbohydrates dominated fractions.

In order to get a better evaluation of the differences
between the obtained fractions, FT-IR spectroscopy was
used to analyze their composition. Figure 2 shows the indi-
vidual FT-IR spectrum of each of the fractions. These results
confirmed the decrease of carbohydrate content and increase
of protein content as the MW decreases. F1 shows a high
peak at~ 1030 cm™!, corresponding to the C-O stretching
of carbohydrates. This peak decreases in F2 and becomes
negligible in the rest of the fractions. The opposite ten-
dency occurs with the peaks at~1530 and ~ 1640 cm™!,
corresponding to the N-O stretching and N-H bending of
proteins, respectively. This peak becomes dominant in the
fractions with the lowest PS/PN ratio (F4 and F5). Addition-
ally, F1 shows a peak at~ 1730 cm™!, which is associated to
the a-keto aldonic acid structure of NulOs (de Graaff et al.
2019). This peak appears subtly in the spectrum of F2, and
it is absent in the rest of the fractions. These results suggest
the presence of NulOs in the high MW fractions (F1 and F2).

To confirm the presence and type of NulOs in the EPS
and the fractions obtained by SEC, the different samples
were analyzed using mass spectrometry. It revealed the pres-
ence of double acetylated Pse or Leg (PseAc, or LegAc,),
which cannot be distinguished as they have the same molecu-
lar mass. This NulO was detected in the extracted EPS and

Fig. 1 Carbohydrate to protein 3
ratio (PS/PN) of the differ-

ent MW fractions obtained by
SEC. Carbohydrate and protein
content are expressed as glucose
and BSA equivalents
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Fig.2 FT-IR spectra of the
different MW fractions obtained
by SEC. Gray areas highlight
peaks corresponding to carbo-
hydrates (~ 1030 cm™"), proteins
(~1530 and~ 1640 cm™), and
NulOs (~ 1730 cm.™)
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in the high MW fractions (F1, F2, and F3). The rest of the
fractions showed negligible amount of NulO. In order to esti-
mate the amount of NulO in each sample, the area of PseAc,
or LegAc, was compared to a reference amount of standard
Kdn. Although this cannot be used as absolute quantification,

Fig.3 Relative quantification of
NulOs in the extracted EPS and
in the different MW fractions
obtained by SEC. The detected
NulO is LegAc, or PseAc,,
which could not be distin-
guished as the have the same
molecular weight. The amount
of NulOs was estimated based
on the relative area of a spiked
standard of Kdn
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allowed obtaining fractions highly enriched with PseAc, or
LegAc,. Those fractions are also carbohydrate-rich and with
a MW > 5500 kDa.

The carboxylic group of NulOs can confer a negative
charge to the polymer, which binds with Alcian Blue. In order
to confirm and visualize the strongly acidic carboxylic groups
in the extracted EPS and the separated fractions, samples were
loaded in a SDS-PAGE gel. After the separation, the gel was
stained using Alcian Blue at pH 2.5, which is specific for
acidic glyconjugates (Fig. 4). The extracted EPS and fractions
F1 and F2 were heavily stained at the position correspond-
ing to high molecular weight, implying the presence of acidic
glycoconjugates. In comparison, F3 was slightly stained, and
F4-F6 were not stained at all. This confirmed the presence of
strong acidic groups in the high MW fractions, which is in line
with the high amount of PseAc, or LegAc, in these fractions.

Histone binding assay

Negatively charged polymers, such as polysialic acids or hepa-
rin, can be used as treatment of sepsis due to their capacity
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Fig.4 SDS-PAGE gel of the extracted EPS and the different MW
fractions obtained by SEC. The gel was stained with Alcian Blue at
pH 2.5 for acidic carbohydrates

to bind histones. To test the potential of extracted EPS and
the NulO-rich fractions (F1 and F2) for application in the
treatment of sepsis, a histone binding assay was performed.
Histones were incubated with the different samples, and the
migration characteristics was evaluated (Fig. 5). Histones (e.g.,
H1, H2A and H2B) are positively charged and they migrate
towards the cathode (negative pole). When they are incubated
with negatively charged polymers, if the interaction result to
the neutralization of the charge of histones, their migration
towards the cathode will be reduced.

Firstly, the histone-binding capacity of EPS was tested with
three different histones (H1, H2A, and H2B) by dosing different
amounts of EPS (Fig. 5A). In the case of histone H1, the migra-
tion was slightly only reduced and only when a dosage ratio of 1:3
histone:EPS was used. When a lower dosage of EPS was used, no
migration reduction was observed. In the case of histones H2A and
H2B, a dosage ratio of 1:1 histone:EPS was already effective, as
the migration was only half of the histone control. An increase of
dosage ratio to 1:2 and 1:3, significantly decreased the migration
characteristics of the histones.

As H2A and H2B are the most abundant histones caus-
ing sepsis (Zlatina et al. 2017), they were further tested with
the NulO-rich fractions (F1 and F2) (Fig. 5B). Both fractions
reduced the migration of the histone H2B but only F2 reduced
the migration of histone H2A. This indicated that they bind
with the histones and neutralized their charge. Once the dosage
ratio was increased from 1:2 to 1:4 histone:EPS, the neutrali-
zation effect increased as well. Generally, the neutralization
effect of both NulO-rich fractions is stronger with H2B than
with H2A. F2 had a higher reduction of the migration of both
histones, when compared to F1, even though the NulO content
was lower in F2. It was also noticed that the binding capacity
of the extracted EPS was higher than the NulO-rich fractions, a
dosage ratio of 1:3 histone:EPS already inhibited the migration
of both histones. The exact interaction between EPS (including
the fractions) and histones is unclear: probably the polymer
conformation or the polymerization degree of NulOs plays a
role in addition to the charge, or there are other binding sites
besides the NulO, for example sulfated glycosaminoglycans
(Zlatina et al. 2017; Wang et al. 2020b).

Discussion

An enrichment of “Ca. Accumulibacter” can be
a potential production platform of Pse or Leg
derivatives

The lack of chemical access to Pse and Leg and their deriva-
tives hinders the study of these types of NulOs. Although
their production has been attempted through engineered
bacteria or chemical synthesis (Carter and Kiefel 2018;
Flack et al. 2020), it is still very costly and too complex.
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Fig.5 Histone binding assay.
Histones were incubated with
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different amounts (as indicated
by the mass ratio) of extracted
EPS (A) or NulO-rich frac-
tions (F1 (> 15,000 kDa) and
F2 (5500-15,000 kDa)) (B).
After electrophoresis, gels were
stained with Coomassie Blue
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A sustainable alternative can be the use of mixed cultures,
which require non-sterile conditions and reduce the cost
substantially (Kleerebezem and van Loosdrecht 2007).
This mixed culture biotechnology has been employed for
the production of different chemicals, such as, polyhy-
droxyalkanoates, organic acids, or medium-chain fatty acids
(Serafim et al. 2008; Dionisi and Silva 2016; Stamatopoulou
et al. 2020).

Recently, it was demonstrated that “Ca. Accumulibac-
ter” has the potential to produce different types of NulOs in
its EPS (Tomés-Martinez et al. 2021). In the current work,
we showed the production of PseAc, or LegAc, by “Ca.
Accumulibacter” under our reactor conditions. This bacteria
can be cultivated in lab reactors, reaching enrichment lev-
els of up to 95% of the total community (Guedes da Silva
et al. 2020). This type of reactors allows a good control of
the conditions, ensuring the long-term reproducibility of
the production. Moreover, culture conditions can be easily
adapted for specific requirements. For example, it could be
determined under which conditions the NulOs production is
optimized, and by manipulating the operational conditions,
to reach the optimized production.

After NulOs production by “Ca. Accumulibacter”, a
purification strategy needs to be implemented. Here, we
managed to increase the NulO content 4 times by a simple
purification. Firstly, EPS was extracted by alkaline condi-
tions. The resulting extracted EPS was then fractionated
based on molecular weight using size-exclusion chroma-
tography (SEC). This resulted in a NulO enrichment in the
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fractions corresponding to the highest molecular weights
(>5,500 kDa). Further purification has to be explored to
obtain PseAc, or LegAc,. Mild acetic acid hydrolysis has
been used previously to release and purify Pse from poly-
saccharides (Lee et al. 2018). After the release, additional
separation steps would be needed to obtain the final product.

NulOs in“Ca. Accumulibacter” are likely located
in high MW carbohydrates

The separation of the extracted EPS into different MW frac-
tions revealed that PseAc, and/or LegAc, are present in high
MW polymers (F1 and F2). These fractions, as oppose to the
rest, are rich in carbohydrates. Typically, polysaccharides
have a much higher MW than proteins. Gémez-Ordéiiez
et al. (2012) described polysaccharides from seaweed with
MW higher than 2400 kDa. Liu et al. (2016) showed the
presence of polymers with MW higher than 1000 kDa in
the EPS of aerobic granules. However, most of the studies
in bacterial EPS report a MW to a maximum of 670 kDa
(Garnier et al. 2005; Simon et al. 2009). It is noted that, the
fractionation range and elution limitation of the SEC column
in those studies were much lower than the current research.
Probably due to the separation limitation of the column, EPS
with higher molecular weight was overlooked. On the other
hand, glycosylation of proteins can significantly increase
their apparent molecular weight in SEC separation. Human
mucus is a complex polymeric mixture with protein biomol-
ecules ranging from 6 kDa to 100 MDa. Specifically, mucins
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have a typical MW of 200 kDa to 100 MDa (Radicioni et al.
2016). Mucins are highly glycosylated proteins linked with
sialic acids and represent 20-30% by weight of the mucus.
As the PS/PN ratio in fractions F1 and F2 is higher than
1, there is a possibility that these two fractions are highly
glycosylated proteins comparable to mucins, with similar
MW range (5.5-40 MDa), linked with bacterial sialic acids.

Pathogenic bacteria have been described to decorate some
of their surface polymers with NulOs, such as capsular polysac-
charides, lipopolysaccharides, flagella or S-layer glycocoproteins
(Haines-Menges et al. 2015). The MW of these polymers has
been reported to range from tens to hundreds kDa. The capsular
polysaccharide of Streptococcus pneumonia ranged from 606
to 1145 kDa (Bednar and Hennessey 1993). For some strains
of E. coli, the described MW was lower, ranging from 51.3
to 130.6 kDa (Restaino et al. 2019). Their results showed that
lipopolysaccharides have a higher MW than capsular polysac-
charide, judging from their elution time in SEC.

Although it was not determined exactly which type of
polymer contains PseAc, or LegAc, in “Ca. Accumulibacter”,
definitely the NulO-containing polymer is highly glycosylated
with a high MW. This could be a glycoprotein similar to
mucins, or lipopolysaccharides with a high carbohydrate
content. Further purification and analysis could reveal the
exact location of these NulOs.

NulOs-rich EPS and fractions as potential source
for sepsis treatment drugs

Negatively charged polysaccharides such as heparin or polysialic
acids have a cytoprotective effect by neutralization of extracel-
lular histones (Ulm et al. 2013; Wang et al. 2020b). We demon-
strated the potential use of the extracted EPS from “Ca. Accu-
mulibacter” for this application. The extracted EPS can bind
histones H2A and H2B and neutralize them, as indicated by the
decrease of migration distance in Fig. 5. However, the complex
composition of EPS will hinder their direct application in the
medical field. Separation and purification techniques are needed
to obtain compounds that can act as final sepsis treatment drugs.

In this study, the use of SEC for the separation of the
extracted EPS allowed to obtain fractions rich in NulOs
and dominated by polysaccharides (F1 and F2). For medi-
cal application, polysaccharides are preferred over pro-
teins, as proteins show stability and immunogenicity prob-
lems (Wang et al. 2020a). Fractions F1 and F2 were tested
for their capacity to neutralize histones. A slightly lower
capacity than the extracted EPS was observed, which can
be compensated by a higher dosage to achieve a similar
effect as the extracted EPS. Although F1 had a higher
NulOs content than F2, F2 had a higher histone neu-
tralization effect. Additionally, the higher the dosage, the
stronger the effect was. According to Zlatina et al. (2017),
polysialic acids rather than single sialic acid monomer

manifest the neutralization capacity to histones. Moreo-
ver, this capacity of polysialic acids depends on the degree
of polymerization. This might explain the higher effect of
F2, where PseAc, or LegAc, might have a higher degree
of polymerization than in F1.

It was noticed that the extracted EPS displayed a stronger
neutralizing effect than the NulOs-rich fractions. These dif-
ferences could be caused by the presence of binding sites
other than NulOs in the EPS. For instance, sulfated poly-
saccharides have been described in the EPS of aerobic and
anaerobic granular sludge (Felz et al. 2020; de Bruin et al.
2022), which could potentially contribute to the histone
binding capacity of EPS. Further research is needed to exam-
ine all the histone binding sites in the EPS and the fractions,
in order to fully understand the neutralization mechanisms.

In summary, we showed that enrichments of “Ca. Accumuli-
bacter” can be a potential sustainable alternative for the produc-
tion of bacterial NulOs (e.g., PseAc, or LegAc,). Size-exclusion
chromatography equipped with high molecular weight separa-
tion column can be used as initial purification step to obtain
NulOs-rich fractions. This separation obtained high molecular
weight fractions (> 5500 kDa) dominated by polysaccharides,
where the NulO content was increased up to 4 times, compared
with the extracted EPS. Additionally, the capacity of EPS and
these fractions to bind histones suggest that they can serve as
source for sepsis treatment drugs, although further purification
needs to be evaluated.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00253-022-12326-x.

Author contribution STM and YL planned the research based on intensive
discussions among all the authors. STM and LMC performed most of the
laboratory work. MP conducted the mass spectrometry analysis. STM
interpreted the data with support of YL, MvL, and YL. STM and YL
played major roles in drafting and writing the manuscript with input of
DW and MvL. All authors read and approved the manuscript.

Funding This work is part of the research project “Nature inspired
biopolymer nanocomposites towards a cyclic economy” (Nanocycle)
funded by the program Closed cycles — Transition to a circular
economy (grant no. ALWGK.2016.025) of the Earth and Life Sciences
Division of the Dutch Research Council (NWO).

Availability of data and material The data generated and/or
analyzed during the current study are included in this article and its
supplementary material. Sequences obtained are deposited under the
Bioproject accession number PRINA887943 in the NCBI database.

Code availability Not applicable.

Declarations
Ethical approval Not applicable.

Patient consent Not applicable.

Conflict of interest The authors declare no competing interests.

@ Springer


https://doi.org/10.1007/s00253-022-12326-x

Applied Microbiology and Biotechnology

References

Barr JJ, Dutilh BE, Skennerton CT, Fukushima T, Hastie ML, Gorman
1], Tyson GW, Bond PL (2016) Metagenomic and metaproteomic
analyses of Accumulibacter phosphatis-enriched floccular and
granular biofilm. Environ Microbiol 18:273-287. https://doi.org/
10.1111/1462-2920.13019

Bednar B, Hennessey JP (1993) Molecular size analysis of capsular
polysaccharide preparations from Streptococcus pneumoniae.
Carbohydr Res 243:115-130. https://doi.org/10.1016/0008-6215(93)
84085-K

Boleij M, Kleikamp H, Pabst M, Neu TR, van Loosdrecht MCM, Lin
Y (2020) Decorating the anammox house: sialic acids and sulfated
glycosaminoglycans in the extracellular polymeric substances of
anammox granular sludge. Environ Sci Technol 54:5218-5226.
https://doi.org/10.1021/ACS.EST.9B07207

Boleij M, Pabst M, Neu TR, van Loosdrecht MCM, Lin Y (2018)
Identification of glycoproteins isolated from extracellular polymeric
substances of full-scale anammox granular sludge. Environ Sci
Technol 52:13127-13135. https://doi.org/10.1021/acs.est.8b03180

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, P&€a AG, Goodrich JK, Gordon JI, Huttley
GA, Kelley ST, Knights D, Koenig JE, Ley RE, Lozupone CA,
McDonald D, Muegge BD, Pirrung M, Reeder J, Sevinsky JR,
Turnbaugh PJ, Walters WA, Widmann J, Yatsunenko T, Zaneveld
J (2010) Knight R (2010) QIIME allows analysis of high-through-
put community sequencing data. Nat Methods 75(7):335-336.
https://doi.org/10.1038/nmeth.f.303

Carter JR, Kiefel MJ (2018) A new approach to the synthesis of legion-
aminic acid analogues. RSC Adv 8:35768-35775. https://doi.org/
10.1039/C8RA07771A

Chen X, Varki A (2010) Advances in the biology and chemistry of
sialic acids. ACS Chem Biol 5:163-176

Chidwick HS, Flack EKP, Keenan T, Walton J, Thomas GH (2021) Fas-
cione MA (2021) Reconstitution and optimisation of the biosyn-
thesis of bacterial sugar pseudaminic acid (Pse5Ac7Ac) enables
preparative enzymatic synthesis of CMP-Pse5Ac7Ac. Sci Reports
111(11):1-12. https://doi.org/10.1038/s41598-021-83707-x

de Bruin S, Vasquez-Cardenas D, Sarbu SM, Meysman FIR, Sousa DZ,
van Loosdrecht MCM, Lin Y (2022) Sulfated glycosaminoglycan-
like polymers are present in an acidophilic biofilm from a sulfidic
cave. Sci Total Environ 829:154472. https://doi.org/10.1016/J.
SCITOTENV.2022.154472

de Graaff DR, Felz S, Neu TR, Pronk M, van Loosdrecht MCM, Lin
Y (2019) Sialic acids in the extracellular polymeric substances of
seawater-adapted aerobic granular sludge. Water Res 155:343—
351. https://doi.org/10.1016/J.WATRES.2019.02.040

Dionisi D, Silva IMO (2016) Production of ethanol, organic acids and
hydrogen: an opportunity for mixed culture biotechnology? Rev
Environ Sci Bio/Technology 152(15):213-242. https://doi.org/10.
1007/S11157-016-9393-Y

Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F (1956) Colori-
metric method for determination of sugars and related substances.
Anal Chem 28:350-356. https://doi.org/10.1021/AC60111A017/
ASSET/AC60111A017.FP.PNG_V03

Edgar RC (2013) (2013) UPARSE: highly accurate OTU sequences
from microbial amplicon reads. Nat Methods 1010(10):996-998.
https://doi.org/10.1038/nmeth.2604

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R (2011)
UCHIME improves sensitivity and speed of chimera detection.
Bioinformatics 27:2194-2200. https://doi.org/10.1093/BIOIN
FORMATICS/BTR381

Felz S, Al-Zuhairy S, Aarstad OA, van Loosdrecht MCM, Lin YM (2016)
Extraction of structural extracellular polymeric substances from aero-
bic granular sludge. J Vis Exp:e54534. https://doi.org/10.3791/54534

@ Springer

Felz S, Neu TR, van Loosdrecht MCM, Lin Y (2020) Aerobic granular
sludge contains hyaluronic acid-like and sulfated glycosamino-
glycans-like polymers. Water Res 169:115291. https://doi.org/10.
1016/J.WATRES.2019.115291

Felz S, Vermeulen P, van Loosdrecht MCM, Lin YM (2019) Chemical
characterization methods for the analysis of structural extracellu-
lar polymeric substances (EPS). Water Res 157:201-208. https://
doi.org/10.1016/J.WATRES.2019.03.068

Flack EKP, Chidwick HS, Best M, Thomas GH, Fascione MA (2020)
Synthetic approaches for accessing pseudaminic acid (Pse) bac-
terial glycans. ChemBioChem 21:1397-1407. https://doi.org/10.
1002/CBIC.202000019

Galuska SP, Galuska CE, Tharmalingam T, Zlatina K, Prem G, Huse-
jnov FCO, Rudd PM, Vann WF, Reid C, Vionnet J, Gallagher
ME, Carrington FA, Hassett SL, Carrington SD (2017) In vitro
generation of polysialylated cervical mucins by bacterial polysia-
lyltransferases to counteract cytotoxicity of extracellular histones.
FEBS J 284:1688-1699. https://doi.org/10.1111/FEBS.14073

Garnier C, Gorner T, Lartiges BS, Abdelouhab S, De Donato P (2005)
Characterization of activated sludge exopolymers from various
origins: a combined size-exclusion chromatography and infrared
microscopy study. Water Res 39:3044-3054. https://doi.org/10.
1016/J.WATRES.2005.05.007

Gomez-Ordéiez E, Jiménez-Escrig A, Rupérez P (2012) Molecular
weight distribution of polysaccharides from edible seaweeds by
high-performance size-exclusion chromatography (HPSEC). Talanta
93:153-159. https://doi.org/10.1016/J. TALANTA.2012.01.067

Goon S, Kelly JF, Logan SM, Ewing CP, Guerry P (2003) Pseudaminic
acid, the major modification on Campylobacter flagellin, is syn-
thesized via the Cj1293 gene. Mol Microbiol 50:659-671. https://
doi.org/10.1046/J.1365-2958.2003.03725.X

Guedes da Silva L, Olavarria Gamez K, Castro Gomes J, Akkermans
K, Welles L, Abbas B, van Loosdrecht MCM, Wahl SA (2020)
Revealing the metabolic flexibility of “Candidatus Accumulibac-
ter phosphatis™ through redox cofactor analysis and metabolic net-
work modeling. Appl Environ Microbiol 86:¢00808-20. https://
doi.org/10.1128/AEM.00808-20

Haines-Menges BL, Whitaker WB, Lubin JB, Boyd EF (2015) Host
sialic acids: a delicacy for the pathogen with discerning taste. In:
Metabolism and Bacterial Pathogenesis. Am Soc Microbiol pp.
321-342. https://doi.org/10.1128/microbiolspec. MBP-0005-2014

Jurcisek J, Greiner L, Watanabe H, Zaleski A, Apicella MA, Bakaletz
LO (2005) Role of sialic acid and complex carbohydrate biosyn-
thesis in biofilm formation by nontypeable Haemophilus influen-
zae in the Chinchilla Middle Ear. Infect Immun 73:3210. https://
doi.org/10.1128/1A1.73.6.3210-3218.2005

Kleerebezem R, van Loosdrecht MC (2007) Mixed culture biotechnol-
ogy for bioenergy production. Curr Opin Biotechnol 18:207-212.
https://doi.org/10.1016/J.COPBIO.2007.05.001

Kleikamp HBC, Lin YM, McMillan DGG, Geelhoed JS, Naus-Wiezer
SNH, van Baarlen P, Saha C, Louwen R, Sorokin DY, van Loos-
drecht MCM, Pabst M (2020) Tackling the chemical diversity
of microbial nonulosonic acids — a universal large-scale survey
approach. Chem Sci. https://doi.org/10.1039/C9SC06406K

Knirel YA, Shashkov AS, Tsvetkov YE, Jansson PE, Zidhringer U
(2003) 5,7-Diamino-3,5,7,9-tetradeoxynon-2-ulosonic acids in
bacterial glycopolymers: chemistry and biochemistry. Adv Car-
bohydr Chem Biochem 58:371-417. https://doi.org/10.1016/
S0065-2318(03)58007-6

Lee IM, Yang FL, Chen TL, Liao KS, Ren CT, Lin NT, Chang YP,
Wu CY, Wu SH (2018) Pseudaminic acid on exopolysaccharide
of Acinetobacter baumannii plays a critical role in phage-assisted
preparation of glycoconjugate vaccine with high antigenicity. J
Am Chem Soc 140:8639-8643. https://doi.org/10.1021/JACS.
8B04078/ASSET/IMAGES/LARGE/JA-2018-04078 A_0003.
JPEG


https://doi.org/10.1111/1462-2920.13019
https://doi.org/10.1111/1462-2920.13019
https://doi.org/10.1016/0008-6215(93)84085-K
https://doi.org/10.1016/0008-6215(93)84085-K
https://doi.org/10.1021/ACS.EST.9B07207
https://doi.org/10.1021/acs.est.8b03180
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1039/C8RA07771A
https://doi.org/10.1039/C8RA07771A
https://doi.org/10.1038/s41598-021-83707-x
https://doi.org/10.1016/J.SCITOTENV.2022.154472
https://doi.org/10.1016/J.SCITOTENV.2022.154472
https://doi.org/10.1016/J.WATRES.2019.02.040
https://doi.org/10.1007/S11157-016-9393-Y
https://doi.org/10.1007/S11157-016-9393-Y
https://doi.org/10.1021/AC60111A017/ASSET/AC60111A017.FP.PNG_V03
https://doi.org/10.1021/AC60111A017/ASSET/AC60111A017.FP.PNG_V03
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1093/BIOINFORMATICS/BTR381
https://doi.org/10.1093/BIOINFORMATICS/BTR381
https://doi.org/10.3791/54534
https://doi.org/10.1016/J.WATRES.2019.115291
https://doi.org/10.1016/J.WATRES.2019.115291
https://doi.org/10.1016/J.WATRES.2019.03.068
https://doi.org/10.1016/J.WATRES.2019.03.068
https://doi.org/10.1002/CBIC.202000019
https://doi.org/10.1002/CBIC.202000019
https://doi.org/10.1111/FEBS.14073
https://doi.org/10.1016/J.WATRES.2005.05.007
https://doi.org/10.1016/J.WATRES.2005.05.007
https://doi.org/10.1016/J.TALANTA.2012.01.067
https://doi.org/10.1046/J.1365-2958.2003.03725.X
https://doi.org/10.1046/J.1365-2958.2003.03725.X
https://doi.org/10.1128/AEM.00808-20
https://doi.org/10.1128/AEM.00808-20
https://doi.org/10.1128/microbiolspec.MBP-0005-2014
https://doi.org/10.1128/IAI.73.6.3210-3218.2005
https://doi.org/10.1128/IAI.73.6.3210-3218.2005
https://doi.org/10.1016/J.COPBIO.2007.05.001
https://doi.org/10.1039/C9SC06406K
https://doi.org/10.1016/S0065-2318(03)58007-6
https://doi.org/10.1016/S0065-2318(03)58007-6
https://doi.org/10.1021/JACS.8B04078/ASSET/IMAGES/LARGE/JA-2018-04078A_0003.JPEG
https://doi.org/10.1021/JACS.8B04078/ASSET/IMAGES/LARGE/JA-2018-04078A_0003.JPEG
https://doi.org/10.1021/JACS.8B04078/ASSET/IMAGES/LARGE/JA-2018-04078A_0003.JPEG

Applied Microbiology and Biotechnology

Lewis AL, Desa N, Hansen EE, Knirel YA, Gordon JI, Gagneux P,
Nizet V, Varki A (2009) Innovations in host and microbial sialic
acid biosynthesis revealed by phylogenomic prediction of nonulo-
sonic acid structure. Proc Natl Acad Sci U S A 106:13552-13557.
https://doi.org/10.1073/pnas.0902431106

Liu X, Sun S, Ma B, Zhang C, Wan C, Lee DJ (2016) Understanding
of aerobic granulation enhanced by starvation in the perspective
of quorum sensing. Appl Microbiol Biotechnol 100:3747-3755.
https://doi.org/10.1007/S00253-015-7246-1/TABLES/2

Oehmen A, Yuan Z, Blackall LL, Keller J (2005) Comparison of ace-
tate and propionate uptake by polyphosphate accumulating organ-
isms and glycogen accumulating organisms. Biotechnol Bioeng
91:162-168. https://doi.org/10.1002/BIT.20500

Pinel ISM, Kleikamp HBC, Pabst M, Vrouwenvelder JS, van Loos-
drecht MCM, Lin Y (2020) Sialic acids: an important family of
carbohydrates overlooked in environmental biofilms. Appl Sci
10:7694. https://doi.org/10.3390/APP10217694

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies
J, Glockner FO (2013) The SILVA ribosomal RNA gene
database project: improved data processing and web-based
tools. Nucleic Acids Res 41:D590. https://doi.org/10.1093/NAR/
GKS1219

Radicioni G, Cao R, Carpenter J, Ford AA, Wang TT, Li Y (2016) Kes-
imer M (2016) The innate immune properties of airway mucosal
surfaces are regulated by dynamic interactions between mucins
and interacting proteins: the mucin interactome. Mucosal Immu-
nol 96(9):1442-1454. https://doi.org/10.1038/mi.2016.27

Restaino OF, D’ambrosio S, Cassese E, Ferraiuolo SB, Alfano A, Ven-
triglia R, Marrazzo A, Schiraldi C, Cimini D (2019) Molecular
weight determination of heparosan- and chondroitin-like capsular
polysaccharides: figuring out differences between wild -type and
engineered Escherichia coli strains. Appl Microbiol Biotechnol
103:6771-6782. https://doi.org/10.1007/S00253-019-09969-8/
TABLES/2

Serafim LS, Lemos PC, Albuquerque MGE, Reis MAM (2008) Strate-
gies for PHA production by mixed cultures and renewable waste
materials. Appl Microbiol Biotechnol 81:615-628. https://doi.org/
10.1007/S00253-008-1757-Y/TABLES/2

Simon S, Pairo B, Villain M, D’Abzac P, Van HE, Lens P, Guibaud G
(2009) Evaluation of size exclusion chromatography (SEC) for
the characterization of extracellular polymeric substances (EPS)
in anaerobic granular sludges. Bioresour Technol 100:6258-6268.
https://doi.org/10.1016/J.BIORTECH.2009.07.013

Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH,
Provenzano MD, Fujimoto EK, Goeke NM, Olson BJ, Klenk
DC (1985) Measurement of protein using bicinchoninic acid.
Anal Biochem 150:76-85. https://doi.org/10.1016/0003-
2697(85)90442-7

Smolders GJF, van der Meij J, van Loosdrecht MCM, Heijnen JJ (1994)
Model of the anaerobic metabolism of the biological phosphorus
removal process: stoichiometry and pH influence. Biotechnol Bio-
eng 43:461-470. https://doi.org/10.1002/BIT.260430605

Stamatopoulou P, Malkowski J, Conrado L, Brown K, Scarborough M
(2020) Fermentation of organic residues to beneficial chemicals:
a review of medium-chain fatty acid production. Process 8:1571.
https://doi.org/10.3390/PR8121571

Tomas-Martinez S, Kleikamp HBC, Neu TR, Pabst M, Weissbrodt
DG, van Loosdrecht MCM (2021) Lin Y (2021) Production
of nonulosonic acids in the extracellular polymeric substances
of “Candidatus Accumulibacter phosphatis”. Appl Microbiol
Biotechnol 1058(105):3327-3338. https://doi.org/10.1007/
S00253-021-11249-3

Tomek MB, Janesch B, Maresch D, Windwarder M, Altmann F, Mess-
ner P, Schiffer C (2017) A pseudaminic acid or a legionaminic
acid derivative transferase is strain-specifically implicated in the
general protein O-glycosylation system of the periodontal patho-
gen Tannerella forsythia. Glycobiology 27:555-567. https://doi.
org/10.1093/GLYCOB/CWX019

Ulm C, Saffarzadeh M, Mahavadi P, Miiller S, Prem G, Saboor F,
Simon P, Middendorff R, Geyer H, Henneke I, Bayer N, Rinné
S, Liitteke T, Bottcher-Friebertshduser E, Gerardy-Schahn R,
Schwarzer D, Miihlenhoff M, Preissner KT, Giinther A, Geyer
R, Galuska SP (2013) Soluble polysialylated NCAM: a novel
player of the innate immune system in the lung. Cell Mol Life
Sci 70:3695-3708. https://doi.org/10.1007/S00018-013-1342-0/
FIGURES/8

Varki A, Schnaar RL, Schauer R (2017) Sialic acids and other nonu-
losonic acids. In: Varki A (ed) Essentials of Glycobiology, 3rd
edn. Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
pp 179-195

Wang K, Liu M, Mo R (2020a) Polysaccharide-based biomaterials for
protein delivery. Med Drug Discov 7:100031. https://doi.org/10.
1016/J.MEDIDD.2020.100031

Wang Z, Wang L, Cao C, Jin H, Zhang Y, Liu Y, Gao Y, Liang X, Li G,
Shou S (2020b) Heparin attenuates histone-mediated cytotoxicity
in septic acute kidney injury. Front Med 7:755. https://doi.org/10.
3389/FMED.2020.586652/BIBTEX

Weissbrodt DG, Maillard J, Brovelli A, Chabrelie A, May J, Holliger
C (2014) Multilevel correlations in the biological phosphorus
removal process: from bacterial enrichment to conductivity-based
metabolic batch tests and polyphosphatase assays. Biotechnol Bio-
eng 111:2421-2435. https://doi.org/10.1002/BIT.25320

Weissbrodt DG, Neu TR, Kuhlicke U, Rappaz Y, Holliger C (2013) Assess-
ment of bacterial and structural dynamics in aerobic granular biofilms.
Front Microbiol 4:175. https://doi.org/10.3389/fmicb.2013.00175

Xu J, Zhang X, Pelayo R, Monestier M, Ammollo CT, Semeraro F,
Taylor FB, Esmon NL, Lupu F, Esmon CT (2009) Extracellular
histones are major mediators of death in sepsis. Nat Med 15:1318-
1321. https://doi.org/10.1038/NM.2053

Zlatina K, Liitteke T, Galuska SP (2017) Individual impact of distinct
polysialic acid chain lengths on the cytotoxicity of histone H1,
H2A, H2B, H3 and H4. Polymers (Basel) 9:720. https://doi.org/
10.3390/POLYM9120720

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1073/pnas.0902431106
https://doi.org/10.1007/S00253-015-7246-1/TABLES/2
https://doi.org/10.1002/BIT.20500
https://doi.org/10.3390/APP10217694
https://doi.org/10.1093/NAR/GKS1219
https://doi.org/10.1093/NAR/GKS1219
https://doi.org/10.1038/mi.2016.27
https://doi.org/10.1007/S00253-019-09969-8/TABLES/2
https://doi.org/10.1007/S00253-019-09969-8/TABLES/2
https://doi.org/10.1007/S00253-008-1757-Y/TABLES/2
https://doi.org/10.1007/S00253-008-1757-Y/TABLES/2
https://doi.org/10.1016/J.BIORTECH.2009.07.013
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.1002/BIT.260430605
https://doi.org/10.3390/PR8121571
https://doi.org/10.1007/S00253-021-11249-3
https://doi.org/10.1007/S00253-021-11249-3
https://doi.org/10.1093/GLYCOB/CWX019
https://doi.org/10.1093/GLYCOB/CWX019
https://doi.org/10.1007/S00018-013-1342-0/FIGURES/8
https://doi.org/10.1007/S00018-013-1342-0/FIGURES/8
https://doi.org/10.1016/J.MEDIDD.2020.100031
https://doi.org/10.1016/J.MEDIDD.2020.100031
https://doi.org/10.3389/FMED.2020.586652/BIBTEX
https://doi.org/10.3389/FMED.2020.586652/BIBTEX
https://doi.org/10.1002/BIT.25320
https://doi.org/10.3389/fmicb.2013.00175
https://doi.org/10.1038/NM.2053
https://doi.org/10.3390/POLYM9120720
https://doi.org/10.3390/POLYM9120720

	Enrichment and application of extracellular nonulosonic acids containing polymers of Accumulibacter
	Abstract 
	Key points
	Introduction
	Materials and methods
	Reactor operation
	Monitoring of the SBR
	Microbial community analysis
	EPS extraction
	Size-exclusion chromatography fractionation
	EPS and fractions characterization
	Protein and carbohydrate content
	Fourier-transformed infra-red spectroscopy
	Nonulosonic acid analysis
	SDS-PAGE analysis and staining with Alcian Blue

	Histone binding and agarose gel electrophoresis

	Results
	EPS extraction
	EPS fractionation and characterization
	Histone binding assay

	Discussion
	An enrichment of “Ca. Accumulibacter” can be a potential production platform of Pse or Leg derivatives
	NulOs in “Ca. Accumulibacter” are likely located in high MW carbohydrates
	NulOs-rich EPS and fractions as potential source for sepsis treatment drugs

	References


