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A B S T R A C T

Some surfactants can enhance the removal of phenol by laccase (Lac) in various industrial effluents. Their
behavior and function in the biodegradation of phenolic wastewater have been experimentally reported by many
researchers, but the underlying molecular mechanism is still unclear. Therefore, the interaction mechanisms of
phenol with Lac from Trametes versicolor were investigated in the presence or absence of Triton X-100 (TX100) or
rhamnolipid (RL) by molecular docking and molecular dynamics (MD) simulations. The results indicate that
phenol contacts with an active site of Lac by hydrogen bonds (HBs) and van der Waals (vdW) interactions in
aqueous solution for maintaining its stability. The presence of TX100 or RL results in the significant changes of
enzymatic conformations. Meanwhile, the hydrophobic parts of surfactants contact with the outside surface of
Lac. These changes lead to the decrease of binding energy between phenol and Lac. The migration behavior of
water molecules within hydration shell is also inevitably affected. Therefore, the amphipathic TX100 or RL may
influence the phenol degradation ability of Lac by modulating their interactions and water environment. This
study offers molecular level of understanding on the function of surfactants in biosystem.
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1. Introduction

Phenol and its chemical derivatives are commonly used for raw
materials in many industrial fields, for instance, tannery, petrochem-
ical, paper, chemical and pharmaceutical industries [1]. Excessive dis-
charge of phenolic wastewater into natural environment causes severe
water pollution, and further threaten human health even at a very low
concentration [2]. The concentration of phenolic compounds has ex-
ceeded 1.0 mg/L in various industrial wastewater, thus it is hard to
reduce it up to the specified concentration (0.1–1.0mg/L) due to its
solubility and stability in water [3]. Phenol and its vapors can harm the
skin, respiratory tract, and the eyes, and seriously can cause acute
toxicity with mutagenic and carcinogenic characters [4]. At present,
many conventional methods have been used for treating phenol-con-
taining wastewater, such as chemical oxidation, physical absorption,
photocatalysis, solvent extraction and biodegradation [1,2]. As shown
in Table S1, every method is not perfect because of its double sides.
With more attention paid to the environmental protection and sus-
tainable development, plenty of researchers are more concerned about
biodegradation of phenol due to its outstanding capacity of decom-
position and low secondary pollution [5]. Although many factors still
restrict the removal efficiency of phenol, including the degradation
capacity of microorganisms, enzymatic activity and the environmental
factors (e.g., temperature, oxygen, water, and pH) [5,6], biological
treatment is a crucial part in many sewage treatment plants. In the stage
of biodegradation, various enzymes secreted by microorganisms are
responsible for the transformation and decomposition of contaminants.
Laccases are mainly isolated from plants and fungus [7]. It belongs to
oxidoreductase with high redox potential. They are extensively im-
plemented to eliminate phenols in wastewater treatment during the
past few of years [8,9]. However, the removal efficiency of phenols by
laccase (Lac) in the absence of other additives is undesirable due to the
hydrophobicity and toxicity of phenols [10,11].

For hydrophobic organic compounds (HOCs), many surfactants
could significantly enhance their removal efficiencies [12–14]. Surfac-
tants are classified as two main types according to the sources, in-
cluding chemical surfactants and biosurfactants [12]. The former is
often synthesized by chemical industries, while the latter is generally
produced via specific microorganisms or plants under certain condi-
tions. For example, synthetic surfactants typically include sodium do-
decyl sulfate, Triton X-100, cetyl trimethyl ammonium bromide, Brij35,
etc. [13]. In addition, there are two different biosurfactants, including
microbial-based and plant-based surfactants. The microbial-based bio-
surfactants, such as glycolipids, phospholipids, and lipopeptides, are
usually produced by Pseudomonas spp., Candida spp., etc. [15]. On the
other hand, the plant-based surfactants (eg., sapindus mukurossi and
saponin) are extracted from sapindus and genus Camellia [13,16]. They
are widely employed to manufacture detergent for our daily life, as
emulgator for pesticides, making sanitizer for pharmaceutical industry,
and increasing solubility of organic matters in aqueous phase [13,17].
Until now, enormous attention is paid to the widespread use of sur-
factants to improve the biodegradation ability of various organic pol-
lution because they could increase the bioavailability of HOCs and in-
fluence cell surface properties of microorganisms [11,18–24]. Mao
et al. [25] summarized the application of various surfactants on the
remediation of polluted soils, it showed that the solubilizing capability,
adsorption behavior and biocompatibility of surfactants play an es-
sential role in the removal of HOCs, heavy metals and radionuclides.
Numerous studies also indicated that the addition of specific surfactants
(e.g., Triton X-100, rhamnolipid, Tween 80) during the biodegradation
of phenols with laccases could obviously increase their removal effi-
ciencies by protecting the enzyme from the poisonousness of phenols,
changing enzyme’s activity sites, and availably enhancing the solubility
of phenols to contact with enzyme, etc. [9,10,26,27]. However, in these
previous studies, it was lack of investigation on the influence of sur-
factants/biosurfactants on the interaction and removal process of

phenols with Lac at molecular level.
This motivates the present work, in which we study the interaction

of phenol with Lac in the coexistence of Triton X-100 (TX100) or
rhamnolipid (RL). By means of molecular docking and molecular dy-
namics (MD) simulation, the behavior of Lac, phenol and surfactants is
revealed in aqueous systems. Herein, this work mainly investigates the
effects of the two surfactants on the entire stability of Lac, conforma-
tional transformation of complexes, hydrogen bonds, binding energy
distribution, and dynamic transformation of water molecules during the
biodegradation of phenol by laccase-oxidation. These outcomes would
be useful to provide theoretical knowledge about the biodegradation
phenomena of phenol.

2. Theoretical background and computational details

2.1. Theoretical background

2.1.1. Reliability of initial binding matrix
The initial binding matrix was proposed by carrying out Molegro

Virtual Docker (MVD) [28]. MVD used the docking search algorithm
based on evolutionary algorithm to find the lowest energy region of Lac
and put phenol molecule into this area. According to the related report,
the accuracy of MVD is 87%, which universally exceeds other molecular
docking software [29]. Therefore, we think that the binding model
given by MVD is reliable.

2.1.2. The motion of particles
MD simulations describe the physical movements of particles by

solving Newton’s equations for a system of N interacting particles:
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For particle i, the mass is mi, the displacement within time interval (t) is
ri, the force is Fi.

The interactions of particles depend on coulomb forces and other
non-bonded interactions. In this study, we calculated the atomic charge
of phenol and surfactants at the B3LYP/6-31G* level based on
Automated Topology Builder website [30]. The charge distribution of
Lac was given from GROMOS 54a7 force field [31] in Gromacs package
[32]. The coulomb forces are confirmed by coulomb's law, while other
non-bonded forces are also described by Lennard-Jones potential [33].
The Lennard-Jones potential of particle i and j ( rV ( )ijLJ ) can be com-
puted by the below equation:
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Where εij is the depth of the potential well, rij represents the distance
between the particles, and σij is the distance at which the inter-particle
potential is zero.

2.1.3. Calculation of binding energy
Binding energy was defined as [34],

= − −G G G Gbinding complex free-protein free-ligand

Gbinding is binding free-energy, Gcomplex is the total energy of complex,
and the G /Gfree-protein free-ligand is total free energies of the isolated protein
and ligand in solvent, respectively. The g_mmpbsa [34] tool was em-
ployed to calculate energy distribution in this study. Solvent accessible
surface area (SASA) model was used to compute nonpolar energy re-
lying on the following equation with high accuracy [35],

= +G γA bnonpolar

Where Gnonpolar is the non-electrostatic contributions to the solvation
free energy, γ is a coefficient for surface tension of the solvent, A and b
are SASA and fitting parameter, respectively.
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2.2. Computational details

2.2.1. Construction of computational systems
In this study, phenol was implemented to act as a typical organic

pollutant and two surfactants including TX100 and RL were employed
as solute molecules during the simulation. The reliable 3D structure of
Lac (PDB ID: 1GYC) reported in white-rot fungus was obtained from
RCSB website (http://www.rcsb.org/pdb/home/home.do). The in-
formation on their water solubility, molecular weight, and critical mi-
celle concentration (CMC) derived from previous investigations
[23,36,37] were given in Table 1. Their 2D structures were also ex-
hibited in Fig. S1. MD simulations were utilized for studying the dy-
namics of binary systems with the coexistence of Lac and phenol (LP1)
and ternary systems with Lac, phenol and TX100 (LP2) or RL (LP3).
Other six systems acted as comparison groups, including the system
with the presence of only Lac (Lac(aq)) or phenol (Phenol(aq)), the
copresence of Lac and TX100 (LT) or RL (LR), the incorporation of
phenol and TX100 (PT) or RL (PR). Therefore, a total of nine systems
were constructed in the present study, and more details were shown in
Table S2. The number of TX100 or RL molecules was 23 for performing
the better behavior of aggregation[38] in every system with surfactants.

2.2.2. Computational parameter
Firstly, initial binding matrix was obtained by MVD. In the case,

grid resolution of MolDock Score was set at 0.30 Å with 1500 of max
iteration and 0.50 Å resolution of predicting the binding cavity of Lac
for gaining the best result. In addition, original ligands of Lac were
removed manually before running docking [39]. Docking process was
carried out five times to avoid an accidental error. The complex of the
best reranking score was selected for further research from many pos-
sible structures.

Subsequently, Gromacs (v5.1.4) simulation package was employed
in present study to simulate all reaction systems, which belongs to an
open source MD software with high efficiency by GPU acceleration
[32,40]. All simulations used GROMOS 54a7 force field [31] due to its
compatibility and stability for systems of biomacromolecule with or-
ganic molecules [39]. All systems were set in the same conditions as
298 K of temperature, 8 nm×8 nm×8 nm of cubic box, and Simple
Point Charge (SPC) water model [41] for their comparison. Moreover,
the short-range electrostatic cut-off was 1.4 nm and using Particle Mesh
Ewald (PME) [42] for long-range electrostatics in order to gain the best
consequence. For each system, 200 ps canonical ensemble
(NVT)+200 ps isothermal-isobaric ensemble (NPT)+30 ns MD si-
mulations were executed under the periodic boundary condition. An-
other input parameters for g_mmpbsa such as solute dielectric constant,
solvent dielectric constant, and solvent probe radius were set as 2, 80,
and 1.4 Å for obtaining the best result [34], respectively.

2.2.3. Analysis of MD trajectory
The trajectory of MD simulation was extracted for LP1, LP2 and LP3

systems and saved at interval 100 ps for free energy calculation in the
last 10 ns. The total of 202 frames was used to calculate binding free
energy eventually. The number of water molecules within 5 Å of phenol
was calculated by a Tool Command Language script from Visual
Molecular Dynamics (VMD) software [49] in this investigation.

3. Results and discussion

3.1. Conformations

3.1.1. Structure profiles and interactions of initial Lac with phenol
Fig. 1A represented the optimal complex of Lac and phenol, the

Table 1
The physicochemical properties of phenol and the surfactants.

Full name Chemical formula Abbreviation Molecular weight/(g/mol) Water solubility/(g/100 mL) CMC/(μM)

Phenol C6H5OH Phenol 94.11 8.3 –
Triton X-100 C14H21(C2H4O)nOH TX100 646.85 soluble 220～240
Mono-rhamnolipid C26H48O9 RL 504.65 soluble 10～120

Fig. 1. The initial structures of Lac and phenol and their interactions.
(A) The backbone of Lac was shown as blue strip, while the cyan, red and white represented C, O and H atoms of phenol, respectively; (B) The interactions between
Lac and phenol. Hydrogen bonds were shown as green dotted lines, while the spoked arcs represented residues of Lac making non-bonded contacting with phenol,
and red dotted lines also described the hydrophobic interactions among their atoms in detail. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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phenol molecule was trapped into a special cavity of Lac. The optimal
complex was confirmed by comparing the MolDock score, Rerank score
and binding affinity from MVD, their values were −52.467, −47.793
and −60.085 kJ/mol, respectively. Furthermore, we also determined
some interactions of Lac and phenol via LigPlot+ [43], and the two-
dimension diagram was shown in Fig. 1B. Xu et al. [44] found hydroxyl
group of phenolic compounds makes it easier to be oxidized by fungal
Lac via one-electron reaction yielding free radical than other sub-
stituents (e.g., eNO2 and eCOCH3). We also found the existence of
hydrogen bonds between the oxygen atom of phenol and nitrogen
atoms of His111/Ala80 (abbreviation of amino acid plus its number, the
same as below), the bond lengths were 3.12 Å and 2.97 Å, respectively.
In addition, Ser113, Leu459, Phe344, Pro79, and Phe450 as hydro-
phobic groups affected the combination and stability of the complex of
Lac and phenol. This result was in agreement with the interactions
between Lac and nonylphenol/octylphenols reported by Mo et al. [45],
both phenolic compounds were bound to the same active site of Lac
with some common residues, such as Phe344, Phe450 and Leu459.
Therefore, hydrogen-bond interactions, together with hydrophobic
contacts, were necessary to the interactions of phenolic pollutants with
Lac. The viewpoint was also testified by Chen’s investigation on mo-
lecular basis of Lac bound to lignin model compounds [39].

3.1.2. Conformational transformation during MD simulation
The related literature [46] reported that the surfactant led to con-

formational changes of enzyme by interacting with the enzyme. In this
study, we also observed the structural changes of Lac-phenol complex
in the presence of TX-100 or RL in Fig. 2. The surfactants spontaneously
aggregated into many conformations each other around the surface of
Lac at 10 ns in LP2 and LP3, which affected the structure of Lac and

resulted in the decrease of enzyme surface contacted with liquid. Lou
et al. [47] also proposed a protecting mechanism that some non-ionic
surfactants could reduce enzyme deactivation caused by adverse en-
vironment such as air-liquid interface and mechanical agitation. How-
ever, the conformation of Lac-phenol complex in LP1 didn’t change
obviously at different time points, while the orientation of phenol
turned slightly. It implied that the Lac-phenol complex was steady in
the bulk water [39]. Another phenomenon was that the distance of
center of mass (COM) among Lac-phenol without surfactants retained
the constant of 1.5 nm (Fig. S2). Therefore, the binding model of Lac
with phenol for its biodegradation based on the docking result of MVD
was acceptable. The tremendous changes of COM (Fig. S2) occurred
within the range from 12 ns to 22 ns in LP2 and LP3, which suggested
that the presence of surfactants had a great influence on its binding
status. The calculation of root-mean-square deviation (RMSD) was
shown in Fig. 3A. The RMSD values increased rapidly at the first 10 ns
and then reached steady at 30 ns, which showed that the structures
were transformed for novel environment. The equilibrium value of
RMSD was about 2.5 Å in LP1. The result was in accordance with the
findings reported by Chen et al. [39]. The significance analysis of RMSD
with or without surfactants reported that significant difference was
caused by the addition of surfactants (t= 29.724, p < 0.01 for Lac(aq)
and LT; t= 30.081, p < 0.01 for Lac(aq) and LR; t= 90.033,
p < 0.01 for LP1 and LP2; t=−21.436, p < 0.01 for LP1 and LP3). In
view of the folding of Lac (Fig. 3B), the radius of gyration (Rg) value
decreased in LP1 while it mildly increased in LP2 and LP3. It was also
seen that Rg of Lac in LP2 showed less fluctuation than that of LP3 due
to its interactions with different surfactants [27]. Additionally, the Rg
values of phenol (Table S3, Fig. S3) maintained stable in Phenol(aq), PT
and PR systems, which were attributed to its simple structure and

Fig. 2. Conformational transformation of complexes in the model system LPn (n= 1, 2, 3).
The red cyclic structure represented phenol and the cyan ball-and-stick configuration was TX100 or RL. The secondary structure of Lac was also exhibited in cartoon
pattern. Note, the water molecules were not shown for simplicity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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rigidity of benzene ring. In addition to these above results, the overall
folding of amino acids of Lac in LP1 and LP2 was accompanied by a
reduction of its solvent accessible surface area (SASA) [48] in Fig. 3C.
For Lac, it had the largest SASA value in its stretched conformation. The
SASA values of LP2 and LP3 systems were higher than that of LP1
system. Therefore, the amino acids from Lac unfolded its compact
structure in the presence of surfactants, some water molecules around
the surface of Lac could be driven into newly opened pocket. These
water solvent molecules closed pockets may be hydration shell water.
Previous study also indicated that the cavities and channels of protein
play an essential role in studying protein-ligand binding, molecular
transport, and enzyme catalysis [49]. In present study, the volume of
cavities (Vc) [50] value of Lac in LP3 was bigger than that of in LP1 or
LP2 (see Fig. 3D). This indicated that more cavities were formed on the
surface of Lac. The addition of RL molecules changed local topology of
Lac surface other than bulk water environment. More importantly, the
cavities variation would interfere with the enzyme-catalyzed process
[51].

The above analysis demonstrated that Lac and surfactants formed
complex clusters spontaneously in aqueous solution [52], driven by
their electrostatic interactions in GROMOS 54a7 force filed. Lac un-
folded its amino acids of surface binding with surfactants, which af-
fected the behavior of phenol. The binding site of phenol moved to
another pocket of Lac in order to adapt this change. These results
showed that TX100 and RL may influence folding behavior of Lac and
interactions between Lac and phenol through dissimilar methods [21]:
(1) Majority of TX100 and RL improved the unfolding of Lac by elec-
trostatic force; (2) Some surfactants molecules directly interacted with
phenol by vdW and electrostatic interactions. These findings can rea-
sonably explain the behavior of surfactants reported by experimental
investigation.

3.2. Interaction mechanism between Lac and phenol in different systems

3.2.1. Hydrogen bonds (HBs) dynamics
It was commonly known that HBs were of great importance for

protein-ligand interaction, stability of biomacromolecule, and enzy-
matic catalysis [53,54]. The HBs dynamics of Lac-phenol complexes
with or without surfactants were shown in Fig. 4. The presence of
surfactants (TX100 or RL) changed the HBs between Lac and phenol.
The phenol mainly formed two kinds of HBs (see Table 2) in the whole
simulation: one was composed of hydroxyl oxygen of phenol with ni-
trogen atoms of Lac, another consisted of hydroxyl oxygen of phenol
with water molecules. In addition, TX100 or RL distinctly increased the
number of HBs between phenol and water after 7 ns as shown in Fig. S4.
These HBs might disturb the formation of HBs between Lac and phenol.
Previous investigation also reported that the surfactant could form
hydrogen bonds with phenolic groups of degrading enzyme, which
prevented enzyme-substrate adsorption [55].

3.2.2. Dynamic distribution of interaction energies
The interaction energies between Lac and phenol at the last 10 ns

were plotted in Fig. S5. In these three systems, both electrostatic and
vdW interactions (always negative value of energies) favored the
binding of phenol to Lac. The electrostatic interactions in LP2 were
frequently fluctuated in the equilibrium position of LP1, while this in-
teraction in LP3 was obviously lower than that of LP1 system. The vdW
interactions in LP2 and LP3 showed much more fluctuation than that in
LP1, suggesting the binding model between Lac and phenol suffered
more changes on account of the binding of surfactants to Lac or phenol.
This was similar to the case of Rg and SASA in previous description,
indicating that the presence of surfactants resulted in the following
outcomes: (1) To a certain extent, it facilitated the unfolding of Lac,

Fig. 3. The variation of (A) root-mean-square-deviations (RMSD), (B) radius of gyration (Rg), (C) solvent accessible surface area (SASA) and (D) volume of cavities
(Vc) in LPn (n=1, 2, 3).
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which indirectly weakened the vdW interactions between Lac and
phenol; (2) Some TX100 or RL molecules migrated to around the
phenol, this phenomenon interfered the electrostatic interactions of
Lac-phenol complex. The accurate calculation of binding free-energy
was one of the most important works for researching biochemical re-
action. The MM/PBSA method was widely used to calculate the binding
energy in many research fields [54,56,57]. In our study, binding free
energies were computed by this method. As shown in Fig. 5A, the ad-
dition of TX100 or RL significantly reduced the binding stability of
phenol. The changes of vdW interactions were consistent with the
binding energy. Therefore, vdW interactions played a dominant role in
the stability of complex. In previous study, the vdW interactions were
the primary force that facilitated the lignin model compounds to the Lac
from plant and fungus [58]. Another interesting finding was that the
polar solvation energy and SASA energy changed a little with or
without surfactants. This suggested that the solvent environment in
different systems for the changes of binding energy gave poor con-
tributions. In addition, the electrostatic energy between phenol and Lac
in LP3 was prominently lower than that of LP1 and LP2 systems. The
difference of electrostatic energy may be attributed to the charge
property of surfactants, since TX100 belongs to non-ionic surfactants
while RL is with negative charge in aqueous solution.

Contribution energy of each residue to total binding energy was
shown in Fig. 5B. The results showed that three residues (Leu459,
Phe81 and Glu460) mainly provided the binding region with large
energy (absolute value was larger than 2 kJ/mol) in LP1, while there
was only one residue (Asp492) in LP2 and two residues (Asp50, Lys59)
in LP3, respectively. For quantitative analysis of the key residues, the
following formula according to a previous work [54] with modification
was used:

= ⎧
⎨⎩

≥
<

K 1, D 1.5 kJ/mol
0, D 1.5 kJ/molD

= −D |G G |0 i

Where KD is the abbreviation of key residues; G0 is the binding energy
of each residue in the absence of surfactants. G1 and G2 (Gi), are the
binding energy of each residue in the presence of TX100 and RL, re-
spectively. In addition, the value “1” of KD indicates that the residue is
key residue.

There were five key residues (Asp492, Leu459, Phe81, Glu460, and
Gln499) between Lac and phenol in the presence of TX100, and seven
key residues (Asp50, Leu459, Phe81, Glu460, Lys59, Pro346 and
Thr51) in the presence of RL. These residues of Lac had a major impact
on the changes of binding energy. Previous review [49] also summar-
ized the function of amino acids in enzyme catalysis. It indicated that
some charged residues, such as Glu, Asp, Arg, and Lys, were im-
plemented to provide charges that influenced the substrate and other
residues in the course of biodegradation. In above analysis, those key
residues also may affect the catalytic ability of Lac to phenol.

3.3. Dynamic transformation of water molecules

3.3.1. Water molecules overlapping Lac cavities
The amount of water molecules overlaying the surface of Lac cav-

ities (abbreviate as NW) was counted by trj_cavity [50] as shown in
Fig. 6A. The NW values kept around 300 in LP1 as well as that in LP2,
but more fluctuation appeared in LP3. This meant that RL would
mightily modulate the posture and folding of Lac. A recent paper [59]
also detailedly discussed the mechanism of formation of surfactant/

Fig. 4. Hydrogen bonds between Lac and phenol in LPn (n=1, 2, 3).

Table 2
The form of HBs between phenol and other components in several typical simulation time.

Time/(ns) LP1 LP2 LP3

Number Type Number Type Number Type

0 2 HO-N(His111,Ala80) 1 HO-N(His111) 2 HO-N(His111,Ala80)
10 1 HO-OW 2 HO-OW 2 HO-OW
20 1 HO-OW 1 HO-OW 2 HO-OW
30 0 – 3 HO-OW 2 HO-OW

HO represented the hydroxyl of phenol, N was the nitrogen atom of residues of Lac, and OW was oxygen atom of water molecule.
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protein adsorption layers, it emphasized that ionic surfactants were
easier to absorb on the surface of protein than non-ionic types due to
the high affinity. Consequently, RL at a high concentration could cause
gradual denaturation of the protein, corresponding to the unfolding of
Lac in this investigation.

3.3.2. The number of water molecules in binding region of Lac and phenol
The water molecules were divided into hydration shell water and

bulk water, the former was defined by a 4.9 Å distance restriction be-
tween the non-hydrogen atoms of phenol or Lac and water oxygen
atoms, while this distance of bulk water was larger than 4.9 Å [60]. The
density of water on the surface of enzyme was markedly higher than
that of bulk water, which could affect the hydrophilicity/hydro-
phobicity of the surface of molecules [61,62]. In previous studies, water
molecules within 5 Å of binding region played a significant role in the
process of biodegradation [51,54]. Based on the findings of prior re-
search [51,63], the water molecules around the binding region were
likely to promote or inhibit biochemical reaction in biodegradation.
Accordingly, the number of water molecules within 5 Å of phenol
(abbreviate as NP) was shown in Fig. 6B. These curves represented the
fluctuation of NP over simulation time and indicated their own solvent
environment. The initial NP in LP3 was about 5 as well as that in LP1.
The value gradually rose at 5 ns until up to the maximum of ∼40 from
13 ns to 22 ns, and then decreased slowly and finally achieved new
stability. Furthermore, similar phenomena were observed in LP2, its
peak of NP (about 25) was smaller than that of LP3. This variation
might be caused by different ways: (1) surfactants closed to phenol, it

occupied those interspace combined with solvent in vicinity of phenol;
(2) the unfolding of amino acid chains in binding region of Lac-phenol
released more extra space led to the access of bulk water molecules; (3)
the presence of surfactants altered the distribution of electrostatic force
[21], it affected the interactions between phenol and water molecules
within 5 Å distance.

4. Conclusions

In conclusion, the molecular interactions of Lac and phenol were
studied in the presence or absence of surfactants at molecular level in
this study. The results indicated that surfactants could change the
conformations of Lac and the interactions between Lac and phenol. The
anionic surfactant RL was stronger than nonionic surfactant TX-100 on
leading to unfolding of Lac. The primary driving force for the binding
between Lac and phenol was vdW interactions, which was agree with
previous research. Moreover, the present study also found that the HBs
and water behavior between Lac and phenol were affected by the ad-
dition of surfactants. This study contributes to understanding the re-
lationship of surfactants and Lac. It will be significant for future re-
search to look for a great additive in order to improve enzyme reaction.
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