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• Phenol causes the configuration change of
anammox sludge EPS.

• Tryptophan proteins dominated the com-
bination with EPS.

• CO functional group of EPS was preferen-
tially responded to phenol.

• The combing process of EPS and phenol
was visualized by 3-D molecular simula-
tion.
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The rapid development of chemical industry has induced to the large amount of phenolic wastewater production.
When the promising anaerobic ammonium oxidation (anammox) was employed to treat the industrial wastewater,
phenolic compounds would possibly inhibit the microbial performance. Extracellular polymeric substances (EPSs)
play an essential role in protecting cells from being intoxicated by phenolic compound while the distinct mechanism
remains elusive. In this work, the interaction of phenol with anammox sludge EPSs and transmembrane ammonium
transport (Amt) domain was explored at molecular level by using spectral method and molecular docking simulation.
It was found that phenol statically quenched the fluorescent components of EPSs and the protein component domi-
nated the interaction between EPSs and phenol. The overall interactionwas an entropy-driven process with hydropho-
bic interaction as the main driving force, and the CO vibration responded preferentially. As phenol continued to
penetrate into the cell surface, there were hydrogen bond, hydrophobic interaction force and π-π base-stacking forces
between the Amt domain and phenol. The interaction between phenol and amino acid residues of the Amt domain
would interfere the NH4

+ transport and further affect the activity of anammox sludge. This work is beneficial for in-
depth understanding the role of EPSs in protecting anammox sludge from inhibiting by phenolic pollutants.
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1. Introduction

Phenol is an important organic raw material, which has been widely
used in the production of many commodities including resins, nylons, plas-
ticizers, additives, medicines, pesticides, dyes and gasoline additives, etc.
(Hassan et al., 2018). The growing demand on phenol greatly boosts the rel-
evant industrial development but it also leads to a large amount of phenol-
containing wastewater production (Li et al., 2021b). Phenol is a typical
toxic phenolic compound, which has beenwidely found in cokingwastewa-
ter, pharmaceutical wastewater, sludge digestion liquid and landfill leach-
ate. It has been listed as a priority control pollutant in the United States of
America, China, and many other countries (He et al., 2020b). Most of the
previous works selected phenol as the model pollutant of industrial waste-
water to study its potential ecotoxicity and develop the corresponding re-
moval technology.

To address the deteriorating water environment, the nitrogen content
discharged from the industrial wastewater is strictly controlled. As a result,
exploring the cost-effective nitrogen removal technology for the above
phenol-containing industrial wastewater treatment is meaningful. In the
field of biological nitrogen removal, anaerobic ammonium oxidation
(anammox) is a promising technology, with few energy requirement and
chemical consumption (Li et al., 2019). The application of anammox tech-
nology for treatment of industrial wastewater with high ammonia nitrogen,
such as coking and petrochemical, has been gradually expanded (Wu et al.,
2019; Zhang et al., 2019a). Previous studies have shown that high concen-
trations of phenol induced a significant toxic effect on anammox sludge. For
instance, it was reported that 300 mg L−1 phenol deteriorated the
anammox bioreactor operation, and the abundance of Ca. Brocadia de-
creased by 31% (Pereira et al., 2014). Whereas, anammox bioreactor per-
formance was not affected by exposing at 200 mg L−1 phenol (Pereira
et al., 2014; Zhou et al., 2020). Different sludge morphologies,
i.e., suspended or granular, would result in a different half inhibitory con-
centration of phenol (Peng et al., 2018; Yang et al., 2013). Under the phenol
stress, anammox sludge would largely excrete extracellular polymeric sub-
stances (EPSs) to sustain cell activity (Wang et al., 2019). Nevertheless, the
exact role and response mechanism of anammox EPSs to phenol still re-
mains elucidated.

Previous studies have shown that the amount of EPSs excreted by
anammox sludge was higher than that of activated sludge (Hou et al.,
2015) and protein was a predominant component of anammox sludge
EPSs (Boleij et al., 2018; Jia et al., 2017). Among the extracellular proteins,
researchers have found that hydrophobic amino acids are the main compo-
nents (Jia et al., 2017; Sun et al., 2018). The above hydrophobic groups in
EPSs are possible to interact with lipophilic aromatic compound, thereby
reducing the potential toxicity of phenol to anammox sludge. However,
the details on the role of anammox sludge EPSs and its structural change
under phenol stress are not yet known, and it is also not clear on what hap-
pens when phenol contacts with membrane proteins.

Here, this work aims to unveil the binding mechanism between
anammox sludge EPSs and phenol based on the spectral analysis method
from the perspectives of kinetics, thermodynamics and configuration
change. What's more, a three-dimensional molecular structure diagram of
the interaction between the transmembrane ammonium transport (Amt)
domain and phenol was obtained through molecular simulation technol-
ogy. This work is beneficial to better understanding the role of EPSs in
protecting microorganisms from toxic pollutants in the anammox system.
It also provides theoretical support for in-depth understanding the stability
of anammox sludge under the stress of phenolic compounds.

2. Materials and methods

2.1. Anammox sludge EPSs sources and its binding with phenol

Anammox granular sludge has been successfully enriched in a lab-scale
upflow anaerobic sludge blanket reactor. The dominant bacterium in the
enriched anammox sludge is Ca. Kuenenia (49.09%). The detailed
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informationwas shown in our previous work (Li et al., 2020b). The heating
method was used to extract EPSs from anammox sludge, as reported by He
et al. (2020a). Briefly, the anammox sludge washed three times with 0.9%
NaCl was heat-treated at 80 °C for 1 h, and then centrifuged at 8000 rpm for
15 min, and the supernatant was the total EPSs. The extracted total EPSs
was filtered through the 0.45 μm membrane and quantified through a
total organic carbon (TOC) analyzer (Multi N/C 2100, Analytik Jena,
Germany).

To probe the potential influence of phenol on EPSs structural change, a
batch shaking flask experiment was conducted. In brief, EPSs (100 mg TOC
L−1) was mixed with phenol in a series of concentrations (0–25 mg L−1) to
a final volume of 25mL. Each group of EPSs-phenolmixture was placed in a
shaker at 35 °C, and oscillated at 150 rpm for 24 h to reach equilibrium. The
obtained EPSs-phenol sample was subjected to subsequent determination
and analysis.
2.2. Sample spectra collection and chemical analysis

Ultraviolet (UV) absorption spectra were obtained using a dual beam
spectrophotometer (UV-4500, Shimadzu Co., Japan). The UV differential
spectrum (190–400 nm) of the EPSs-phenol mixture was obtained by
using phenol solution as a reference. The linear regression based on 1/(A-
A0) and 1/Cwas then carried out to obtain the binding constant, according
to the double reciprocal formula (Text S1). The synchronous fluorescence
spectra were collected by a fluorescence spectrophotometer (F-4600,
Hitachi Co., Japan), with scanning wavelength from200 to 500 nm. The in-
terval of excitation and emission were 60 and 100 nm, respectively. Addi-
tionally, three-dimensional fluorescence excitation emission matrix (EEM)
spectra were collected. Due to the severe overlap of fluorescence spectrum,
parallel factor (PARAFAC) analysiswas performed to decompose EEM spec-
trum to obtain effective spectral information (Zhang et al., 2019b). Further-
more, the freeze-dried EPSs or EPSs-phenol samples were mixed with KBr
for Fourier transform infrared (FTIR) spectroscopy scanning after grinding.
Two-dimensional correlation spectroscopy (2DCOS) analysis was per-
formed by using FTIR data, according to our previous work (Li et al.,
2020b).

The method for determination of polysaccharide, protein, and humic
acid in EPSs was same as in our previous report (Li et al., 2020a). The
zeta potential of EPSs-phenol mixture was measured using Nanosize ZS po-
tentiometer (Malvern Instrumens Co., UK). Three parallel measurements
were performed for each test. One-way ANOVAwas used to analyze the dif-
ference between the two groups. The significant difference was defined as p
< 0.05 and the extremely significant difference was defined as p < 0.01.
2.3. Molecular docking simulation

Considering that phenol continuously penetrates inward, it is inevitable
to contact with anammox cell membrane proteins. The Amt domain of
anammox bacterium was selected for molecular docking with phenol, and
the crystal structure has been deconstructed by Pflüger et al. (2018),
which could be acquired from the Protein Data Bank (PDB ID: 6EU6). The
steepest descent methodwas applied tominimize the energy of the Amt do-
main to eliminate the close contact between atoms. The 3D structure of phe-
nol was acquired from the PubChem database (Compound CID: 108-95-2).
Chem3D 14.0 was used to optimize the energy minimization. The molecu-
lar docking simulation between Amt domain and phenol was conducted by
AutoDock (version 4.2.6) (Morris et al., 2009). 1000 conformations were
searched, and the conformation with the lowest energy was selected as
the optimal binding conformation. Chimera 1.13.1 and PyMOL 2.1 were
used to analyze the hydrophobic properties and electrostatic potential of
the protein-ligand, respectively. The interaction between the receptor and
the ligand was analyzed via the fully automated protein–ligand interaction
profiler, an online server (https://plip-tool.biotec.tu-dresden.de/plip-web/
plip) (Salentin et al., 2015).

https://plip-tool.biotec.tu-dresden.de/plip-web/plip
https://plip-tool.biotec.tu-dresden.de/plip-web/plip
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3. Results and discussion

3.1. The binding property of phenol onto anammox EPSs

The components of anammoxEPSs are shown inTable S1. The proteins/
polysaccharides ratio was 5.8. Apparently, proteins were the main compo-
nent of EPSs, which is consistent to other studies (Guo et al., 2017; He et al.,
2020a; Sun et al., 2018; Yin et al., 2015). The zeta potential of EPSs-phenol
mixture are shown in Table S2. The addition of 1 mg L−1 phenol had a sig-
nificant reduction (p< 0.01) in the absolute value of negative zeta potential
(from−14.2 mV to−2.43 mV). The absolute value of negative zeta poten-
tial gradually increased with the phenol concentration increasing to 10 mg
L−1, but it was always lower than the initial value. Until the 20mgL−1 phe-
nol was added, the absolute value of negative zeta potential exceeded the
pristine EPSs (−15.9 mV). Phenol mainly existed in the form of molecules
under neutral pH conditions (Dąbrowski et al., 2005). As a consequence,
the reduction in the absolute value of negative zeta potential was mainly
due to configuration change rather than charge neutralization.

The binding constant between phenol and EPSs was probed by UV dif-
ferential absorption spectroscopy. The spectral segments at 190–400 nm
could well represent the information of EPSs. Fig. 1a showed that the absor-
bance of EPSs near 200 nm decreased with the addition of phenol, and the
absorption wavelength was redshifted. As previously reported, this was
mainly caused by the π-π* transition of CO in the peptide bond (Oladepo
et al., 2011). The binding constant of phenol and EPSs (K, M−1) was calcu-
lated according to the double reciprocal formula (Purcell et al., 2000) (Text
S1). Based on the linear regression result, the binding constant between
phenol and anammox sludge EPSswas estimated as 17,348.25M−1 (35 °C).

The interaction forces between phenol and EPSsmay include hydropho-
bic interactions, hydrogen bonds, van der Waals force and/or electrostatic
force. It can be determined according to the thermodynamic parameters
Fig. 1. TheUVdifferential absorption spectrum of EPSswith the linear regression of
the binding constant according to the double reciprocal formula at different
concentrations of phenol (a), and the change of fluorescence intensity
decomposed by PARAFAC (b).
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of the reaction. Enthalpy change (ΔH) can approximate to be constant
within a small temperature range (Yang et al., n.d.). The entropy-
changing (ΔS, kJ mol−1 K−1) and free energy (ΔG, kJ mol−1) can then
be estimated according to the thermodynamic parameter relations (Text
S2). The thermodynamic function value of the combination of phenol and
EPSs was calculated as ΔH = 147.39 KJ mol−1; ΔS = 0.559 KJ mol−1

K−1 (35 °C), 0.559 KJ mol−1 K−1 (25 °C); and ΔG = −25.01 KJ mol−1

(35 °C),−19.41 KJ mol−1 (25 °C). ΔH > 0, ΔG < 0, showed that the com-
bination of phenol with EPSs was a spontaneous endothermic reaction. ΔS
> 0, |ΔH| < |TΔS|, illustrated that the disorder degree of the system in-
creased (Hu et al., 2009). The above results imply that the combination of
EPSs and phenol was an entropy driven process, with hydrophobic interac-
tion as the main driving force.

3.2. Fluorescence quenching mechanism

Through analyzing with PARAFAC, the EEM spectrum of EPSs can be
decomposed into two major fluorescent components, i.e., protein-like
(Component 1) and humic acid-like (Component 2) substances (Xiao
et al., 2007). The excitation/emission of the two fluorescent components
was 225/275, 325 nm (Component 1) and 240, 310/390 nm (Component
2) (Fig. S1). The aromatic proteins at 225/325 nm showed the highest fluo-
rescence intensity, followed by tryptophan proteins at 275/325 nm and
humic acids at 240/390 nm. The differential spectra of EEM showed that
the main fluorescence components of EPSs obviously changed after the ad-
dition of phenol. Phenol could result in a typical fluorescence quenching
phenomenon (Fig. 1b), suggesting its strong interaction with EPSs.

To further explore the fluorescence quenching type of EPSs by phenol,
both the fluorescence quenching constant (Ksv, M−1) and quenching rate
constant (kq, M−1 s−1) were calculated by Stern-Volmer formula (Text
S3). Table 1 showed that the kq of three main fluorescence substances all
higher than 2 × 1010 M−1 s−1, indicating a possible static quenching pro-
cess (Bi et al., 2005). In other words, phenol combined with EPSs to form a
non-fluorescent complex, which leads to fluorescence quenching. Also, the
quenching constant of proteins was found to be the largest, which signified
that proteins might dominate the interaction between EPSs and phenol. In-
deed, our previous proteomic analysis of anammox EPSs revealed that there
are a large number of proteins related to binding, transport, and outer-
membrane cell components, etc. (Li et al., 2021a).

3.3. Phenol affects the conformation of EPSs

The synchronous fluorescence spectra of tryptophan and aromatic pro-
tein can be obtained via setting the excitation-emission interval (Δλ) of
60 nm and 100 nm, respectively (Fig. 2). It was found that the synchronous
fluorescence quenching of EPSs was obvious with the addition of phenol.
Besides, the maximum emission wavelength was redshifted, indicating
that phenol clearly affected the conformation of EPSs. The polarity near
the fluorophore was enhanced and the hydrophobicity decreased (Deng
et al., 2017). To further characterize the priority response order of func-
tional groups and the secondary structure change of proteins under phenol
stress, FTIR spectroscopy was further analyzed (Fig. 2c).

The FTIR spectra showed that itmainly involved the OH stretchingwith
hydrocarbons (3410 cm−1), the CO vibration associated with protein
amide I (1639 cm−1), the CO symmetric stretching of COO in amide II
(1402 cm−1), COH and CO with polysaccharide (1145 cm−1), and OPO
Table 1
The Stern-Volmer quenching constant and quenching rate constant of themainfluo-
rescent substance in EPSs after interacting with phenol.

Fluorescence component Ksv (M−1) kq (M−1 s−1) R2

Aromatic protein 1.24 × 104 1.24 × 1012 0.9508
Tryptophan protein 2.92 × 104 2.92 × 1012 0.9246
Humic acid 0.20 × 103 0.20 × 1011 0.8408



Fig. 2. Synchronous fluorescence spectra of the EPSs under phenol disturbance (a:
Δλ = 60 nm, b: Δλ = 100 nm), and the FTIR absorbance spectra of the freeze-
dried EPSs samples (c).

Fig. 3. The obtained FTIR synchronous (a) and asynchronous (b) spectra of EPSs
under phenol disturbance from 2DCOS analysis.

Table 2
Band assignments for the protein secondary structures of EPSs after exposing to
different concentrations of phenol.

Secondary structures At. %

Phenol concentration (mg L−1)

0 2.5 10 20

β-Sheet 60.39 ± 1.03 47.17 ± 2.65 48.19 ± 1.54 51.13 ± 2.68
Random coil 6.52 ± 2.11 22.20 ± 1.32 13.86 ± 2.36 16.12 ± 1.86
α-Helix 15.67 ± 1.36 19.47 ± 1.89 17.69 ± 2.09 19.35 ± 2.31
β-Turn 17.42 ± 1.25 11.15 ± 2.14 20.26 ± 3.01 13.40 ± 1.99
α-Helix/(β-sheet +
random coil)

0.23 ± 0.55 0.28 ± 0.04 0.29 ± 0.07 0.29 ± 0.05
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stretch associated with nucleic acid (875 cm−1) (Wang et al., 2020). The
precedence response order of the different groups under phenol distur-
bancewas studied by 2DCOS analysis (Fig. 3). In the synchronous spectrum
of 2DCOS, there were 5 autocorrelation peaks located near 3410, 1640,
1400, 1145 and 875 cm−1 (Fig. 3). Their cross correlation peaks were all
positive, indicating that their changes were consistent. The signs of the
cross-correlation peaks in the asynchronous spectrum are shown in
Table 3. The sequence of group changes in EPSs under phenol disturbance
was 1640 > 3410 > 1400 > 1145 > 875 cm−1 according to the order rule
(Chen et al., 2015; Chen et al., 2019a). Protein-related groups was found
to preferentially interact with phenol.

The amide I band ranged at1600–1700 cm−1 was then analyzed
(Fig. S2) (Yin et al., 2015) and the relative content of the different protein
4

structures was shown in Table 2. The addition of phenol changed the sec-
ondary structure of proteins in the EPSs, and the most obvious was that
the content of β-sheets decreased, while the content of random coils in-
creased. The ratio of α-helix/(β-sheet + random coil) was commonly
adopted to reflect the tightness of protein structure. An increased ratio
was observed with the addition of phenol, implying that the overall struc-
ture of EPSs protein became compact. Proteins with denser structures
may expose fewer internal hydrophobic groups (Wang et al., 2012). The re-
duction of the internal hydrophobic point may not be conducive to the sub-
sequent binding of phenol.

3.4. Molecular docking simulation analysis

As phenol continuouslymigrates into the EPSs and penetrates to the cell
surface, it is inevitable to contact with membrane proteins. The molecular
docking structure diagram was obtained by using molecular simulation
technology to intuitively understand the interaction between phenol and



Table 3
2DCOS results on the sign of each cross-peak in synchronous and asynchronous
maps of EPS-phenol mixture.

Position Sign

nm 3409 1639 1402 1145 875

3409 + +(−) +(+) +(+) +(+)
1639 + +(+) +(+) +(+)
1402 + +(−) +(+)
1145 + +(+)
875 +
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protein. Ammonium transporter is an important transmembrane protein of
anammox, involving in the transportation of NH4

+ from outside to inside
the cell (Chen et al., 2019b; Pflüger et al., 2018). Fig. 4 showed the molec-
ular docking simulation of Amt domain and phenol. The minimum binding
free energy of the two was−4.66 kcal mol−1 and the interaction forces be-
tween phenol and Amt domain include hydrogen bonds, hydrophobic
forces and π-π base-stacking forces. The amino acid residue involved in
the formation of hydrogen bonds was Ser-227. At the same time, there
were hydrophobic interactions between aromatic amino acid residues
Phe-99, Phe-103, Leu-229 and the phenol. The π-π base-stacking forces
mainly existed between the aromatic amino acid Trp-144 and phenol.
Among them, Ser-227, Phe-103 and Trp-144 were located on the NH4

+

channel (Pflüger et al., 2018), and the changes in these amino acid residues
may affect the NH4

+ transport.

3.5. Effects of external disturbances on the interaction between EPSs and phenol

EPSs play an indispensable role during resistance of anammox sludge to
phenol poisoning. Unpredictable factors inevitably lead to the living envi-
ronment fluctuations of anammox sludge during the bioreactor operation.
Herein, the effects of external disturbances, such as temperature and pH
changes, on the interaction between EPSs and phenol were further investi-
gated. Phenol showed the strongest interaction with anammox sludge EPSs
at 35 °C, as evidenced by the highest binding constant (17,348.25 M−1, R2

= 0.9004). The binding strength was weakened as the temperature de-
creased, and the binding constants were 2516.41 M−1 (R2 = 0.9952),
and 2207.02 M−1 (R2 = 0.9989) at 25 °C and 15 °C, respectively. It is
worth noting that the binding constant at 35 °C was 6.9 times higher than
that of 25 °C, which is more significant than the difference between 25 °C
and 15 °C. Wang et al. (2019) investigated the effect of phenol on main-
stream anammox sludge and they found that 35 mg L−1 phenol severely
inhibited anammox activity at low temperature (20 °C). The threshold con-
centration of phenol on anammox sludge is reduced at low temperature
Fig. 4.Molecular docking simulation of the interaction betweenAmt domain and phenol
hydrophobicity of the protein, and the blue area represented the strong hydrophilicity. (b
and π-π base-stacking forces. PHE: phenylalanine; TRP: tryptophan; SER: serine; LEU: le
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compared to 35 °C. According to our result, this may be due to the weak-
ened binding ability of EPSs to phenol at low temperature.

The influence of different pH conditions on binding phenol was investi-
gated (Table S3). The binding constant was the largest in neutral and
weakly alkaline environment. An acidic or alkaline environment at pH >
8 can adversely affect the combination. This may be due to the stronger
compression and compact structure of EPSs in acidic environments, and si-
multaneously the electrostatic repulsion increased in the alkaline environ-
ment. Nevertheless, EPSs had more extended chain structure in neutral
and weakly alkaline environment, which was conducive to take function
with phenol (Wang et al., 2012).

4. Conclusions

In this study, the interaction of phenol with anammox sludge EPSs and
transmembrane Amt domain were revealed through spectroscopic analysis
and molecular simulation technique. The combining of anammox sludge
EPSs and phenol was an entropy driven process with hydrophobic interac-
tion as the main driving force, and the protein component played a leading
role in the binding process. Under the phenol stress, the CO vibration
responded preferentially over other functional groups within the EPSs.
The secondary structure of the protein in EPSs changed and became more
compact due to the entry of phenol, which resulted in fewer exposed inter-
nal hydrophobic points and was not conducive to subsequent phenol bind-
ing. As phenol continuously migrates into the EPSs and penetrates to the
cell surface, it interacted with amino acid residues of Amt domain such as
Ser-227, Phe-103 and Trp-144, located on the NH4

+ channel, through hy-
drogen bond, hydrophobic interaction force and π-π base-stacking forces.
The above combination might adversely affect the transport of NH4

+ by
anammox sludge. The results of this work will help to better understand
the behavior of phenol in anammox sludge when treating phenol-
containing industrial wastewater.
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