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Abstract A novel approach was established to predict
toxicity of environmental pollutants by using green fluo-
rescent protein (GFP) as bio-marker. In the approach,
recombinant Escherichia coli was constructed to express
GFP. The toxicity values (—IgECsy) of 14 halogenated
phenols to recombinant E. coli with GFP gene were mea-
sured. And optimized calculation was carried out at
B3LYP/6-31G* level using density functional theory
method. Based on the MTLSER model, the obtained
parameters were taken as theoretical descriptors to establish
the novel QSAR model for predicting —1gECs
(R*> = 0.922). The model includes two variables (standard
entropy (5”) and the most negative atomic net charges of the
molecule (g7)). The results of cross—validation test
(¢> = 0.868) indicate the model of this study has optimum
stability, which shows that it is feasible to predict to toxicity
of chemistry utilizing recombinant E. coli with GFP gene.

Keywords Quantitative structure—activity relationship
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Bacteria, algae, fish and other organisms have been used to
evaluate the toxicity of environmental pollutants. Among
the organism, the luminescent bacteria are the most
favoured because of their convenience, sensitivity and
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efficiency in the evaluation. The luminescent bacteria
fluoresce due to the reaction of fluorescence enzyme, and
green fluorescent protein (GFP) can fluoresce itself. In
recent years, GFP was widely used in microbial metabolic
engineering, microbial ecology, microbial cell biology as
molecular marker duo to its easy detection, high sensitivity,
fluorescence stability, intoxicity and so on (Romero et al.
2008; Yang 2010). One of the many applications is to
detect degradation of environmental pollutants using GFP
expressed in appropriate bacteria (Yao et al. 2003; Jin and
Zhang 2008; Tian and Wang 2005). It is well known that
protein expression responses to cell growth and physio-
logical state. Therefore, GFP expression correlates well to
the cell growth. Thus GFP can be an appropriate organism
to evaluate the toxicity of environmental pollutants. But the
application of GFP in this aspect has not been reported in
litenature to the best of our knowledge.

Several methods have been used to detect environmental
pollutants, such as health risk evaluation method and
parameter determination method (Tang et al. 2009), cap-
illary gas chromatography method (Jin 2009). But novel
substances increase on the daily base and their environ-
mental hazards may not be known. Their screening for such
hazards are time consuming and costly. Quantitative
structure—activity/property  relationship (QSAR/QSPR)
method is an effective way to solve this problem (Yu and
Hu 2005; Zhang and Zhang 2010; Li et al. 2010). Xie et al.
(2008) studied the QSPR of solubility and n-Octanol/Water
partition coefficients for substituted phenols, the results
showed the stability and predictive power were more
advantageous than those based on AM1 molecular orbital
method and molecular connectivity method. Loader et al.
(2006) researched QSAR of the cytotoxicity of ortho alkyl
substituted 4-X-phenols based on theoretical bond lengths
and electron densities.
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In this study, the toxicities of 14 halogenated phenols to
recombinant strain with GFP gene were determined. Using
Gaussian 03 program (Frisch et al. 2003), the structural
parameters and thermodynamic parameters of these com-
pounds have been calculated by density functional theory
(DFT) at the B3LYP/6-31G* level. The QSAR model was
established, and then the toxicity of compounds was dis-
cussed on the basis of the molecular structure. The feasi-
bility of using the constructed model to predict the toxicity
of environmental pollutants was investigated.

Materials and Methods

Escherichia coli BL21 (DE3), DH5«, plasmid pUC19-GFP
were from our laboratory, plasmid pET28a as gift was from
the Zhejiang Medical University, Xu Jian associate
Professor.

Taq DNA polymerase, dNTP, T4ADNA ligase, DNA
marker and Isopropyl beta-D-thiogalactopyranoside
(IPTG) were purchased from Shanghai Sangon company.
Hind 1II and EcoRI were purchased from Dalian TaKaRa
company. Oligonucleotide primers were synthesized by
Shanghai Sangon company. Halogen compounds were
purchased from Sigma—Aldrich (Shanghai) Trading Co
Ltd, and other biochemical reagents of AR grade were
provided by local supplier.

The plasmid pUCI19-GFP and pET28a were simulta-
neously digested with EcoRI and HindIll, and then ligated
with T4 ligase before being transferred into competent cell
E. coli BL21 (DE3). The process of recombinant plasmid
construction was described in Fig. 1.

The positive clones were chosen by PCR. The forward
primer and reverse primer are5’-GGAATTCCATATGGTG
AGCAAGGGCGAGG-3' and 5-CCCAAGCTTCT-TGTA
CAG-CTCGTCCATGC-3/, respectively.

The recombinant strain BL21(DE3) pET28a-GFP was
cultured in LB medium (peptone 10 g L™', yeast extract
5g L', NaCl 10 g L™") for 2 h, and then the culture
temperature was adjusted to 28°C, while 0.2 mM IPTG
was added. Under the conditions, the recombinant strain
was cultured for 2 h before half inhibitory concentration
was measured.

The half inhibitory concentrations of 14 halogenated
phenols were measured using ModulusTM microplate
photometer. And 5 gradients were set with even logarithm
interval, each concentration was parallel measured 6 times.

Using Gaussian 03 program, the selected compounds
have been calculated by DFT at the B3LYP/6-31G* level.
The term, Opt Freq, refers to the optimization of the
molecular structure (Opt) followed by frequencies calcu-
lations (Freq) performed at the stationary point on the
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Fig. 1 Construction of the recombinant plasmid pET28a-GFP

potential energy surface. The properties of parameters were
obtained directly from DFT calculations (Gaussian’s output
file).

Zhou et al. (2005), Zhai et al. (2006) and Wang et al.
(2008) have calculated some POPs (PCBs, PCNs and
PBDEs) by DFT and the relevant QSAR models are better
than those from semi-empirical methods. Especially, the
correlation increases obviously once thermodynamic
parameters are included in the QSAR model (Chen et al.
2007; Liu et al. 2007) and the model such as Eq. (1):

XYZ=XYZy+aX+bY +cZ+--- (1)

where XYZ is the property of solute and solvent interaction,
such as the distribution coefficient, retention capacity,
toxicity (ECso and LCsg) and so on, which are often
expressed as the value of the logarithm or negative loga-
rithm, XYZ, is the constant term, a, b, ¢ the coefficient. The
coefficients were determined by stepwise regression
analysis.

In regression analysis, all independent variables were
verified using 7 test in a significant level o = 0.05. The
Variation inflation factor (VIF) was used to check the
multicollinearity between independent variables. Here
VIF = 1/(1 —*) in which r is the correlation coefficient of
multiple regressions between one variable and the others in
the equation. If VIF = 1.0, no intercorrelation exists for
each variable; if VIF ranges from 1.0 to 5.0, the related
equation is acceptable; and if VIF is larger than 10.0, the
regression equation is unstable and recheck is necessary.
The quality of the model was evaluated in terms of
the leave-one-out (LOO) cross-validation correlation
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coefficient ¢°, the squared conventional correlation
coefficient R2, and the standard error SE.

Results and Discussion

The 1.0 % agarose electrophoresis of PCR products was
identified after amplification (see Fig. 2). The results
showed the size of DNA band amplified matchs to theo-
retical speculation value of GFP fragment (850 bp), which
indicated that the recombinant plasmid pET28a-GFP was
constructed successfully.

The partial calculated structural and thermodynamic
parameters are listed in Table 1. To obtain correlation
equation of —IgECs, structural parameters and thermo-
dynamic parameters of halogenated phenols were taken as
theoretical descriptors. By employing SPSS 12.0 for
Windows, forward stepwise regression analysis was carried

1000bp ——p s
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750bp ——>

Fig. 2 Agarose electrophoresis of PCR products

out on observed values of —1gECsy to GFP, and the results
are presented in Eq. (2).

—1gECsy = 17.662 + 10.5785" x 107 +29.975¢~  (2)

n =14, R> = 0.922(R = 0.960), SE = 0.126,
q* = 0.868, RMS; 00 = 0.149

where n, RZ, SE, q2 and RMS; oo are the number of
regression equations, correlation coefficient, standard
deviation, cross-validation correlation coefficient and RMS
error, respectively. As Eq. (2) gives high correlation
coefficients and small standard deviations, the correlation
of Eq. (2) is excellent. For comparison, the relevance of the
model was hardly affected by adding other parameters or
increasing the number of parameters.

Equation (2) shows: (a) —IgECso increases with the
most negative atomic charge (¢ ), this is because the charge
of the molecular impact property of fluorescent protein.
(b) —1gECs is directly proportional to the entropy (8% due
to the degree of disorder caused by s? expression, and the
larger the degree of disorder, the stronger the toxicity.

It can be seen from the Table 2, the VIF for Eq. (2) are
both 4.119, and all the absolute ¢ values are far larger than
the standard one (7,, = 2.160), suggesting Eq. (2) has
obvious statistic significance. The VIF is less than 5.0,
which shows that the correlation between the variables
from Eq. (2) is very low. The standard regression coeffi-
cients (SR) and t values are also listed in Table 2. As
shown in table 2, the value of 7, is 2.160 with confidence
level of 95 %. The results shown in Table 2 that the
absolute value of SR and t-scores for S” are greater than

Table 1 Measured and predicted —IgECs, of halogenated phenols and corresponding structural and thermodynamic parameters by B3LYP/

6-31G*
Number Molecule Exp. Eq. (1) Eq. (2) q (e) s’ @mol™' K
Cal. Diff. Cal. Diff.
p-chlorophenol 2.146 2.128 —0.018 2.132 —0.014 —0.6390 342.339
3-chlorophenol 2.230 2.170 —0.060 2.171 —0.059 —0.6376 342.084
2,3-Dichlorophenol 2.614 2.641 0.027 2.629 0.015 —0.6311 368.443
4 2,4-Dichlorophenol 2.768 2.620 —0.148 2.611 —0.157 —0.6325 370.267
2,5-Dichlorophenol 2.743 2.684 —0.059 2.670 —0.073 —0.6303 370.033
3,4-Dichlorophenol 2.712 2.526 —0.185 2.525 —0.187 —0.6359 371.004
3,5-Dichlorophenol 2.700 2.630 —0.070 2.622 —0.078 —0.6327 371.962
8* m-Fluorophenol 1.905 1.949 0.043 1.956 0.051 —0.6407 330.201
9 o-Fluorophenol 1.754 1.890 0.136 1.902 0.147 —0.6423 329.252
10 2,4-Difluorophenol 2.149 2.052 —0.097 2.068 —0.081 —0.6437 348.280
11 2-Chloro-4-fluorophenol 2.133 2.346 0.213 2.348 0.215 —0.6376 358.933
12% 3-Chloro-4-fluorophenol 2.232 2.276 0.044 2.285 0.053 —0.6405 360.460
13 2,3,5,6-Tetrafluorophenol 3.045 3.041 —0.004 3.015 —0.030 —0.6245 387.447
14 Pentafluorophenol 3.070 3.236 0.166 3214 0.144 —0.6256 408.927

The compounds with asterisk aren’t in training set for the validation of Eq. (1)
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Table 2 Correlation coefficients and the variance inflation factors
(VIF) and standard regression coefficients (SR) and ¢ scores
(o = 0.05) for Eq. (1)

Variable I VIF SR Uty = 2.160),
% = 0.05

q 0.870 4.119 0.433 2.530

N 0.870 4.119 0.559 3.265

those of ¢~ indicates that the impact on —1gECs, for s is
greater than that of ¢~ .

In order to identify “outliers” and examine the corre-
lation of the model, the cross-validation technique ‘LOO’
(Liu et al. 2003) was used. In this approach, one sample
was removed each time and the remaining samples were
used as training set. The correlation coefficient ¢* Eq. (2)
was 0.868 and mean square error (RMS;oo) was 0.149.
High correlation coefficient and lower RMS) oo suggests
that the model is of good stability and predictability.

In addition, we also verified the model with group val-
idation. Fourteen halogenated phenols were divided into
two groups: the first three compounds in every four
in-order are included in the first group (training sets); and
the left ones are all in second group (test sets). Using the
same regression method as mentioned above, the validation
models of the 11 compounds (training sets) were created

Eq. (3).
—1gECsy = 16.192 4+ 10.6385" x 10 +27.700g~  (3)

n=11, R> = 0.918(R = 0.958), SE = 0.136,
¢* = 0.787, RMS; 00 = 0.190

The correlation coefficient (R2 = 0.918), cross-
validation correlation coefficient (q2 = 0.787) of Eq. (3)
are close to the corresponding value of Eq. (2) (R* = 0.922,
g* = 0.868). Furthermore, we predicted the —1gECs, to GFP
by Egs. (2) and (3), respectively, and the predicted values and
errors are listed in Table 1. The maximum deviation of
—1gECsq values with Eq. (3) is —0.215 (No. 11 2-chloro-4-
fluorophenol), which are close to the corresponding values
(0.213) from Eq. (2). The results show that Eq. (2) is reliable
and possesses good predictive ability.

Jiang et al. (2011) and You et al. (2009) also studied the
toxicity of substituted phenol. Although the indication
organisms are different, the orders of the toxicity are
inconsistent, in which the toxicity of flurophenol is larger
than that of chlorophenol. Furthermore, the parameters of
models in our study are less than those in their models.
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