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Hormesis is a biphasic concentration—response relationship. During the luminescence inhibition test of
Vibrio ginghaiensis sp.-Q67 (Q67), some organic solvents display the hormesis phenomenon. However,
the mechanism of hormesis with respect to organic solvents remains unclear. This study focuses on
luciferase, which is the key factor in luminescent reactions, and explores its role in the mechanism of
hormesis. Q67 luciferase has two subunits, & and B. Molecular docking and molecular dynamics
simulations were carried out by taking organic solvents as ligand and the two subunits as receptor. In
addition, the binding free energies of the complexes formed by the ligand and Q67 luciferase were
calculated. The results showed that the organic solvent ligands exhibiting hormesis bind to the B subunit
first, while those that do not exhibit hormesis bind more easily to the a subunit. The hormetic organic
solvents bind to B subunit first at low concentration, and change the flexibility of residues Ser145-Argl165
located on the a subunit; this enables flavin mononucleotide (FMN) to bind to the a subunit, exhibiting
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Introduction

Hormesis is a biphasic concentration-response phenomenon,
which shows beneficial effects at low-concentrations and inhi-
bition at high-concentrations.” The hormetic concentration
response (HCR) is different from the S-shaped concentration
response curve (CRC) in terms of threshold level in the classical
monotonic model, which challenges the way of chemical risk
assessment.> Calabrese et al.®* suggested that hormesis is
a generalized phenomenon. Thus far, in numerous studies,
many chemicals, such as antibiotics,* endocrine disruptors®
and pesticides,® have shown hormesis. In our previous study, we
also observed hormesis of some ionic liquids (ILs)"** and
organic solvents to Vibrio ginghaiensis sp.-Q67 (Q67).

The mainstream theories regarding the mechanism of
hormesis are overcompensation and direct stimulation.” At the
molecular level, receptor-mediated and cell signalling-mediated
mechanisms are the main theories to interpret hormesis."
However, for different toxic endpoints, the specific mechanisms
of hormesis are different.** Morre et al.*® suggested that the TIP/
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a subunit and compete with/block FMN binding to the a subunit, resulting in inhibition.

NOX protein was the molecular target of the biological effects of
hormesis involved in the stimulation of plant growth. Chen
et al.*® speculated that the occupation of the AMP pocket by the
imidazolium ring is responsible for hormetic stimulation.
Therefore, the mechanisms of hormesis are different for diverse
targets. In addition, different chemicals such as organic
solvents and ILs may have varying mechanisms of hormesis for
the same tested organism. When Q67 was the tested organism
and luminescence inhibition was the toxicity endpoint, some
organic solvents exhibited the hormesis phenomenon in the
short-term (15 min) toxicity test,* but ionic liquids did not show
hormesis until after exposure for 12 h (the long-term toxicity
test).’

Some researchers found a common pattern;'” the hormesis
of 1-alkyl-3-methylimidazolium chloride on Q67 was accompa-
nied by the stimulation of flavin mononucleotide (FMN)/
nicotinamide adenine dinucleotide (NADH) and antioxidant
inductions. However, the mechanism of hormesis with respect
to organic solvents remains elusive during the luminescence
inhibition test on bioluminescent bacteria. Based on our
previous studies," we screened some organic solvents with
good water solubility that are widely used in the pharmaceutical
industry, electronics industry and oil processing.'® Herein, we
classified these organic solvents with respect to their CRCs.

Different types of bioluminescent bacteria share the same
luminescence mechanism.' They produce blue-green light with
a wavelength of 450-490 nm by employing luciferase as the

This journal is © The Royal Society of Chemistry 2017
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catalyst and long-chain aliphatic aldehydes (RCHO), dioxygen
and FMN as the substrates.>*** The reaction proceeds as follows:

luciferase

FMNH, + O, + RCHO
FMN + RCOOH + H,0 + light (1)

Therefore, luciferase as catalyst is vital for the luminescence
process. In this context, it is of interest to identify whether the
different binding patterns of organic solvents and Q67 lucif-
erase lead to different concentration-response relationships.
The Q67 luciferase has two subunits, o and B (Fig. 1),> which we
named as Q67Luca and Q67Lucp. As the natural substrates of
the luminous reaction in photobacterium, FMN binds to
Q67Luca.*

Molecular docking® examines whether the two molecules
can bind and predicts the binding mode based on the three-
dimensional structures of molecules. Docking methods are
fast and often able to identify the correct binding site and
ligand poses, though they rarely yield accurate binding affini-
ties. Molecular dynamics (MD) simulations, particularly the
binding free energy simulation module, can yield more infor-
mation to help us understand protein function through the
modelling of the protein stable states** and ligand-protein
binding affinities.> However, the accuracy of MD depends on
the optimization of force fields***” and the simulation time
scale is limited by computer performance. The combination of
molecular docking and MD is often used to reveal the mecha-
nism of toxic pollutants or hazardous materials in toxicology
and environmental science.”®°

In this study, we first conducted the toxicity test to verify the
different concentration-response relationships of organic
solvents to Q67. Then, we docked the organic solvents to
Q67Luca. and Q67LucfP separately and applied molecular
dynamics to simulate the interaction. Finally, the binding free
energies were calculated by Molecular Mechanics/Generalized
Born Surface Area (MM/GBSA) energy calculations.®® Analysis

Fig. 1 (a) The complex of FMN and luciferase in Q67, where the left
part (blue) of the ribbon structure and the right part (red) represent the
o.and B subunits, respectively. (b) The hydrogen bond contact between
FMN and the side chain and backbone of binding residues in the
o subunits is expressed by green lines and hydrophobic contact groups
are expressed by eyelash shaped curves.

This journal is © The Royal Society of Chemistry 2017
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of the results of the toxicity test and molecular simulations
revealed the mechanism of hormesis displayed by the organic
solvents during the Q67 toxicity test. When the CRC of hormesis
is J-shaped, the corresponding organic solvents are called J-
shaped organic solvents. Similarly, organic solvents with S-
shaped CRCs are called S-shaped solvents.

Experimental
Chemicals

Eight organic solvents were selected in this study: tetrahydro-
furan (THF), isopropanol, acetone, methanol, formaldehyde,
phenol, ethyl acetate (EAC) and dimethyl sulfoxide (DMSO). All
solutions were prepared with Milli-Q water and stored in
darkness. Some physical properties of the chemicals are listed
in Table 1.

Toxicity test

The freeze-dried luminescent bacterium Vibrio ginghaiensis sp.-
Q67 was purchased from Beijing Hamamatsu Corp., Ltd. (Bei-
jing, China). The components and preparation of the culture
medium were the same as reported in the literature.** The
methods of bacteria activation, inoculation and culture were
based on Wang's research.*

Microplate toxicity analysis (MTA) was used to determine the
effect of organic solvents on Q67. The test details are described
in our previous study.*** The effect (E) is expressed as
a percentage inhibition of bioluminescence of Q67, which is
calculated as follows:

Iy—1
E= I (2)
where I, is an average of the relative light units (RLU) of Q67
exposed to the controls (12 parallels), and I is an average of RLU
to the test chemical or mixture (three parallels) in one
microplate.

Concentration-response curve (CRC) characterization

The CRCs of the organic solvents to Q67 were modelled by the
nonlinear least squares fit.** The monotonic (S-shaped) CRC
was fitted by the assessment and prediction of the toxicity of
chemical mixture (APTox) program,*” while the non-monotonic
(J-shaped) CRC was fitted by the least squares support vector
regression (LSSVR) procedure.*® The uncertainty of the experi-
mental concentration inhibition was expressed as the 95%
observation-based confidence intervals (OCIs).**** The good-
ness of fit was described by the determination coefficient (R?)
and root mean square error (RMSE).

Molecular docking and molecular dynamics simulation

The atomic coordinates of Q67 luciferase with FMN (flavin
mononucleotide) were taken from the structure file constructed
by Chen et al.>> We named the subunits of Q67 luciferase as
Q67Luca and Q67LucP. The molecular docking and molecular
dynamics (MD) simulations were used to simulate the structure
of the organic solvent-luciferase complex. The ligand files for

RSC Adv., 2017, 7, 37636-37642 | 37637
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Table 1 Basic information regarding the eight organic solvents

Name Formula CAS MW (g mol ") Source Purity
Tetrahydrofuran (THF) C,HgO 109-99-9 72.11 Sigma-Aldrich =99.9%
Isopropanol (CH;),CHOH 67-63-0 60.1 Aladdin =99.5%
Acetone CH3;COCH; 67-64-1 58.08 Sinopharm =99.5%
Methanol CH,;0H 67-56-1 32.04 Sigma-Aldrich =99.9%
Formaldehyde HCHO 50-00-0 30.03 Aladdin 10.4 mg mL ™"
Phenol Ce¢HsOH 108-95-2 94.11 Aladdin =99.5%

Ethyl acetate (EAC) C,Hg0, 141-78-6 88.11 Sigma-Aldrich =99.8%
Dimethyl sulfoxide (DMSO) C,H0S 67-68-5 78.13 Sigma =99.5%

% MW refers to molecular weight.

eight organic solvents were read in Chimera 1.10.2,"* all of the
hydrogen atoms and AM1-BCC** charges were added, and non-
polar hydrogen atoms were merged.

UCSF DOCK (version 6.6)* was run to dock the ligand into
Q67Luca. A subset of spheres within 8.0 A around FMN in
Q67Luca was selected to represent the binding site. The scoring
grids were calculated using the accessory program GRID. Flex-
ible ligand docking was performed and the maximum orienta-
tion was set as 50 000. The grid score was the first filtration and
Amber score was the second. The conformation with the lowest
negative Amber score was chosen as the initial conformation for
MD. To identify the accuracy of molecular docking, we docked
FMN with Q67 luciferase, and the result is shown in Fig. S1.f
Thus, the best Amber score conformation overlaps well with
original conformation, and the RMSD is 0.8 A, less than the
docking credibility scope of RMSD =< 2.0 A,* which implies that
the docking method is credible.

The structure of ligand-Lucf was obtained using a semi-
flexible docking approach with AutoDockVina.** Q67Lucf is
used as a receptor and considered to be fully rigid, while the
organic solvent ligand is flexible. For the docking calculations,
a box of size 40 x 40 x 40 A was used, centred at the geometric
centre of the ligand-Lucp structure. The exhaustiveness value
(exhaustiveness of finding the global minimum) was changed to
25 (default is 8), and the program was allowed to generate 10
binding modes (default is 9). The maximum energy difference
between the best binding mode and the worst displayed was 3
kecal mol . The docking pose with the lowest negative score
(highest binding affinity) was chosen as the initial conforma-
tion for MD.

MD was performed using the AMBER 12 software package.*®
The organic solvent-Q67 luciferase (Q67Luca or Q67Lucp)
complex (selecting the general AMBER force field (GAFF)*” and
RESP charges for the organic solvent ligand and ff12SB force
field*® for Q67 luciferase) was solvated by TIP3P water mole-
cules, with a minimum distance of 8.5 A from the complex
surface. The system was gradually heated from 0 to 300 K within
50 ps and subsequently simulated at 300 K for the equilibration
and production phases.” The ptraj module was used to analyze
the root mean-square displacements (RMSD) between the
trajectory structures and the first snapshot structure in 1st ns
trajectory and root mean-square fluctuation (RMSF) of various
residues. All systems were equilibrated at 5 ns, and the MDs

37638 | RSC Adv., 2017, 7, 37636-37642

were prolonged for another 3 ns. One hundred snapshots of the
simulated structures were sampled within the last 1 ns with
a step of 10 ps.

Binding free energy and its components

The MM/GBSA procedure*' was employed to calculate the
binding free energies (AG) of the organic solvents bound to Q67
luciferase using 100 snapshots of each complex (every 10 ps)
generated from the last 1 ns MD trajectories.

Results and discussion

Concentration-response relationships of eight organic
solvents

The concentration-response curves (CRCs) of the organic
solvents on Q67 are monotonic (S-shaped) for THF, iso-
propanol, acetone and methanol and non-monotonic (J-shaped)
for formaldehyde, phenol, EAC and DMSO (Fig. 2). The statis-
tical results are listed in Table 2, and the values of RMSE (<0.05)
and R”> (>0.992) indicated that the S- and J-shaped CRCs were
well fitted by the APTox program and LSSVR procedure,
respectively. The fitted CRCs were subsequently used to calcu-
late the median effective concentration (ECs,) and the
minimum inhibitory effect (Eyn) or the maximum stimulation
effect. The Ei, values of the four J-shaped organic solvents are
—20.5% (THF), —21.6% (isopropanol), —33.5% (acetone) and
—16.6% (methanol). Thus, acetone has the maximum stimula-
tion effect.

Root mean-square displacements (RMSD)

The root mean square displacement (RMSD) is used to eval-
uate the kinetic stability of the model system. The lower the
RMSD is, the more stable the model system. From Fig. 3, after
8 ns simulation in each system, the fluctuation of RMSD is
relatively small. In the last 3 ns of the model systems, the
average values and standard deviations of RMSD are 1.56 +
0.09 A (methanol-Q67Luce), 1.32 + 0.06 A (THF-Q67Luca),
1.51 + 0.07 A (isopropanol-Q67Luca), 1.52 4 0.10 A (acetone-
Q67Luca), 1.32 + 0.08 A (phenol-Q67Luca), 1.25 £ 0.08 A
(DMSO-Q67Luca), 1.52 + 0.06 A (formaldehyde-Q67Luca),
1.55 + 0.06 A (EAC-Q67Luca), 1.41 + 0.06 A (methanol-
Q67Lucp), 1.23 + 0.07 A (THF-Q67Lucp), 1.48 + 0.07 A

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 The concentration—response curves (CRCs) of the eight
organic solvents, where the scattered points, solid lines (in red), and
short dashed lines represent the experimental values, fitted CRCs, and
the 95% confidence intervals of the CRCs, respectively.

(isopropanol-Q67Lucp), 1.36 + 0.06 A (acetone-Q67LucB),
1.36 £ 0.06 A (phenol-Q67Lucp), 1.42 + 0.07 A (DMSO-
Q67LucP), 1.49 + 0.05 A (formaldehyde-Q67Lucp), and 1.52 +
0.06 A (EAC-Q67LucB). All standard deviations of RMSD are
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less than 0.1 A, indicating that the model systems are tending
towards stability.

Binding free energy

The binding free energy (AG) refers to how easily a ligand binds
to a protein. The higher the absolute value of AG (negative
value), the stronger the binding affinity. The calculated AG for
the four J-shaped organic solvents and four S-shaped organic
solvents binding to Q67Luca and Q67Lucf are presented in
Tables 3 and 4, respectively. The organic solvent-Q67 luciferase
interactions of the lowest energy conformation are shown in
Fig. S2 and S3.f

From Tables 3 and 4, the values of van der Waals interaction
energy (AE,qw) and electrostatic energy (AEe.) are negative,
which means that the gas-phase electrostatic energy (AEyy =
AEqw + AE) is a favorable factor for the binding of the organic
solvent. Moreover, the values of the nonpolar solvation energy
(AGnonpoar,sol) are negative, but those of the polar solvation free
energy (AGpolar,sol) are positive. However, the contribution from
AGhonpolar,sol cOuld not compensate for the unfavorable effect
from AGpolar,sol- Thus, the solvation energy is an unfavorable
factor for binding of organic solvents. Similar results were
observed in Chen's report that predict the mixture effects of
three pesticides by integrating molecular simulation with
concentration addition modeling. As he explained, the contri-
bution from ligand-protein polar interactions could not
compensate for the large desolvation penalty.>*

As is shown in Tables 3 and 4, the AG values for the J-shaped
organic solvents binding to Q67Lucp (—14.54, —17.39, —7.57
and —6.63 kcal mol " for THF, isopropanol, acetone and
methanol, respectively) are more negative than those of its
binding to Q67Luca (—10.20, —10.01, —6.06 and —3.32 kcal
mol '), but the opposite was observed for the S-shaped organic
solvents. Thus, the binding of the J-shaped organic solvents
occurs more easily with Q67Lucf than with Q67Luco.

Root mean square fluctuation (RMSF)

The root mean square fluctuation (RMSF) reflects the fluctua-
tion of residues in the model system. The parts of conforma-
tions are easier to change when RMSF is higher. As the natural
substrates of the photobacterium luminous reaction, FMN

Table2 Statistics (the determination coefficient, R?, and root mean square error, RMSE), ECso, lower and upper limits of 95% confidence intervals

of ECsg and Ein values of the eight organic solvents

Name Fitting function ~ R? RMSE Lower® (mol L™ ") ECso (mol L") Upper” (mol L™ Enmin® (%)
Tetrahydrofuran (THF) LSSVR 0.998  0.020 4,50 x 107" 5.08 x 107" 5.55 x 107" —20.5
Isopropanol LSSVR 0.992  0.048 4.64 x 10" 6.35 x 10" 8.01 x 10" —21.6
Acetone LSSVR 0.994  0.047 7.60 x 107" 1.074 1.403 -33.5
Methanol LSSVR 0.997  0.023 2.314 2.783 3.102 -16.6
Formaldehyde Logit 0.994 0.029 1.14 x 1073 1.32 x 1073 1.55 x 1073 —
Phenol Weibull 0.990  0.034 2.39 x 1072 3.08 x 1072 3.95 x 1072 —

Ethyl acetate (EAC) Logit 0.992  0.036 1.35 x 107" 1.75 x 10" 2.31 x 107" —
Dimethyl sulfoxide (DMSO) Logit 0.994 0.030 1.761 2.031 2.318 —

@ Lower refers to lower limit of 95% confidence intervals of ECs,. © Upper refers to upper limit of 95% confidence intervals of ECsg. © Ep;, refers to
the minimum inhibited effect or the maximum stimulated effect.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Plots of root mean square deviation (RMSD) vs. time for eight
complexes of organic ligand—-luciferase in Q67 where the gray and
black lines represent the Q67Luca— and Q67Lucf-organic ligand
complexes, respectively.

binds to Q67Luca.** For Q67Luca, the fluctuation of the residue
Thr179a of the a-helix can make it bigger and easier for FMN
binding to occur. In addition, the loop of the residues Ser145a-
Arg1650a has high flexibility, which enables the fluctuation of the
a-helix.”* As observed from Fig. 4, the RMSF of J-shaped organic
solvents binding to Q67Lucp first are slightly higher for pure Q67
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luciferase without binding FMN and organic solvents. This
indicates that the loop of the residues Ser1450-Arg1650 became
more flexible because of the J-shaped organic solvents binding to
Q67Lucp, assisting FMN to bind to Q67Lucoa.

Mechanistic hypothesis of the hormesis

Overcompensation stimulation hormesis (OCSH)** is an adap-
tive response for organisms facing low levels of stress, which
results in enhanced fitness for some physiological systems in
finite periods. The key conceptual features of OCSH are the
disruption of homeostasis, the modest overcompensation,
reestablishment of homeostasis and the adaptive nature of the
process.”® Hormetic concentration responses without the
observation of an overcompensating response are called direct
stimulation hormesis (DSH)."* DSH includes receptor-mediated
and cell signalling-mediated mechanisms. The specific differ-
ence between OCSH and DSH is seen in Fig. S4.1°* In this study,
the mechanism of hormesis of organic solvents was based on
Q67 luciferase as the receptor and the organic solvents as the
xenobiotic substances. The hormesis phenomenon occurred
after exposure for 15 min. These characteristics were in line
with direct stimulation hormesis (DSH) and it could be the
mechanism for the organic solvents.

Allosteric regulation occurs when an allosteric modulator
binds at an allosteric site, a site distinct from the orthosteric
site, inducing a change in conformation of the protein and its
function and activity.* In this study, J-shaped organic solvents
bind to Q67Lucp first, while the S-shaped organic solvents bind
to Q67Luca. At low concentrations, J-shaped organic solvents do
not block Q67Luca and do not prevent the combination of FMN
and Q67Luca. In addition, the loop of the residues Ser145a-
Arg165a becomes more flexible, which assists FMN to bind to
Q67Luca. Thus, a stimulatory effect is observed on the lumi-
nous reaction. With increase of concentration, the Q67Lucf is
gradually filled up, and the J-shaped organic solvent starts to
bind to Q67Luca and prevents FMN from binding to Q67Luca.
This inhibits the luminous reaction. In the case of S-shaped
organic solvents, FMN cannot bind to Q67Luca at low concen-
trations, because the solvents bind to Q67Luca in the first place.
The luminous reaction is thus inhibited from the start. To
summarize, precisely because of the binding order, the organic
solvents display different
relationships.

concentration—response

Table 3 The binding free energy and components for the complexes of the four J-shaped ligands with the Q67 luciferase a and f subunits

Component (kcal mol™") THF-o Isopropanol-o Acetone-o Methanol-a THF-B Isopropanol-$ Acetone-§ Methanol-f
AE 4w —10.36 —12.43 -9.16 —4.28 —14.08 —14.31 —13.75 —7.07
AEe —2.04 —2.61 —0.65 —12.22 —2.57 -9.87 —8.27 —6.04
AE, gy + AE e —12.40  —15.03 —9.82 —16.50 —16.65  —24.17 —22.02 —13.11
AGpotar,sol 4.14 7.20 5.92 14.60 3.96 8.68 16.34 7.73
AGponpolar,sol -1.94 -2.17 —2.15 —1.42 -1.85 -1.90 —~1.90 -1.26
AGso 2.20 5.03 3.77 13.18 2.11 6.78 14.45 6.48

AE,qy + AGronpolar,sol ~12.30  —14.60 ~11.32 —5.70 ~15.93  —16.20 —15.65 —8.32

AEeie + AGpolar,sol 2.10 4.59 5.26 2.38 1.39 ~1.19 8.08 1.69

AG —10.20 —10.01 —6.06 —3.32 —14.54 —-17.39 —7.57 —6.63

37640 | RSC Adv., 2017, 7, 37636-37642
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Table 4 The binding free energy and components for the complexes of the four S-shaped ligands with the Q67 luciferase a and B subunits

Component (keal mol ") Formaldehyde-a Phenol-a EAC-a DMSO-a. Formaldehyde- Phenol-B EAC-B DMSO-B
AE 4w —6.89 —14.42 —17.22 —12.73 —5.92 -9.95 —12.43 —7.12
AEe —8.77 —13.07 —8.85 —11.40 —8.95 —18.11 —2.61 —8.47
AFE 4w + AEge —15.66 —27.49 —26.07 —24.14 —14.86 —28.06 —15.03 —15.58
AGpolarsol 13.94 14.95 14.56 16.62 13.08 18.43 7.20 11.85
AGonpolar,sol —1.37 —2.61 —2.53 —2.09 ~1.19 —2.18 —2.17 —1.43
AGgo1 12.57 12.34 12.05 14.53 11.90 16.25 5.03 10.42
AEyqw + AGponpolar,sol —8.26 —17.03 —19.75 —14.82 —7.11 —12.13 —14.60 —8.56
AEeie + AGpolarsol —24.44 —40.56 —34.91 —35.55 —23.83 —46.17 —17.64 —24.04
AG —3.09 —-15.15 —14.02 -9.61 —2.98 —11.81 —10.01 —5.17
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Fig.4 Plots of the root mean square fluctuation (RMSF) vs. the residue
index for Q67Luca, where the solid dots represent the complexes of
the four J-shaped organic solvent ligands and Q67 luciferase. The
hollow dots represent Q67 luciferase without any ligand such as FMN
or organic solvent.

Conclusions

In this study, we found that four organic solvents, THF, iso-
propanol, acetone and methanol, have hormetic concentration—-
response relationships with Q67, but the other four solvents,
formaldehyde, phenol, EAC and DMSO, do not. Molecular
simulation reveals that the hormetic organic solvents first bind
to Q67LucP at low concentrations, and along with the binding,
slightly change the flexibility of the residues Ser145-Arg165
located on Q67Luca; this enables FMN to bind to Q67Luca and
finally exert the hormesis phenomenon. With increasing
concentrations, redundant molecules start to bind to Q67Luca
and compete with/block FMN binding to Q67Luca, resulting in
an inhibitory effect. It can be concluded that the inhibition is
induced by competition with FMN, while the simulation is
derived from binding with Q67Lucp.
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