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NOTE

Is The Biotransformation of Chlorinated Dibenzo-p-dioxins by 
Sphingomonas wittichii RW1 Governed by Thermodynamic Factors?

Density functional theory (DFT) calculations were used to 
explore the relationship between the biotransformation of 
dibenzo-p-dioxin and selected chlorinated derivatives by res-
ting cells of Sphingomonas wittichii RW1 and measuring the 
thermodynamic properties of the biotransformation subs-
trates. Sphingomonas wittichii RW1 can aerobically catabo-
lize dibenzo-p-dioxin as well as 2,7-dichloro-, 1,2,3-trichloro-, 
1,2,3,4-tetrachloro-, and 1,2,3,4,7,8-hexachlorodibenzo-p- 
dioxin; however, neither the 2,3,7-trichloro- nor the 1,2,3,7,8- 
pentachlorodibenzo-p-dioxin was transformed to its corres-
ponding metabolic intermediate. The experimental biotrans-
formation rates established were apparently governed by the 
selected thermodynamic properties of the substrates tested.

Keywords: dibenzo-p-dioxin, biotransformation rates, Sphin-
gomonas wittichii RW1, DFT calculation, correlation analysis

Polychlorinated aromatic compounds are among the most 
problematic environmental pollutants because of their che-
mical inertness, lipid solubility, and toxicity (Meharg and 
Osborn, 1995; Brzuzy and Hites, 1996; Reineke, 1998; Jones 
et al., 2001; Jeon et al., 2013). Naturally occurring microor-
ganisms have evolved to degrade and mineralize many, but 
by no means all, of these compounds. For example, poly-
chlorinated dibenzo-p-dioxins, polychlorinated dibenzo-
furans (PCDD/Fs), and highly chlorinated biphenyls are 
degraded only very slowly or not at all (McLachlan, 1996; 
Jones et al., 2001). In recent years, numerous studies have 
attempted to elucidate the mechanism by which aerobic 
bacteria degrade PCDD/Fs produced by incineration pro-
cesses or as unwanted by-products of the synthesis of pesti-
cides and herbicides (Wittich, 1998; Chang, 2008; Jeon et 

al., 2013). PCDD/Fs have attracted particular interest on 
account of the environmental concerns associated with their 
persistence and toxicity (Bünz and Schmidt, 1997).
  Our previous studies have demonstrated that Sphingomonas 
wittichii RW1 (Hong et al., 2002; Nam et al., 2006) can 
transform dibenzo-p-dioxin, 2,7-dichlorodibenzo-p-dioxin, 
1,2,3-trichlorodibenzo-p-dioxin, 1,2,3,4-tetrachlorodibenzo- 
p-dioxin, and 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin; how-
ever, some dioxin congeners, such as 2,3,7-trichlorodibenzo- 
p-dioxin and 1,2,3,7,8-pentachlorodibenzo-p-dioxin were 
surprisingly transformed to their corresponding metabo-
lites by the same strain at rates not significantly different 
from the rate of transformation of the control compound. 
Here, we describe a comparison between the aerobic bio-
transformation rates established for dibenzo-p-dioxin and 
six selected chlorinated derivatives in the laboratory and the 
rates predicted by modeling studies. In addition, we present 
data illustrating the potential impact of certain substitution 
patterns on the degradability of the compounds. A thermo-
dynamic argument is proposed to account for the inability of 
strain RW1 to transform the two congeners 2,3,7-trichloro- 
and 1,2,3,7,8-pentachlorodibenzo-p-dioxin. Density func-
tional theory (DFT) calculations (Mhin et al., 2002; Dorofeeva 
and Yungman, 2003; Lee et al., 2003; Thomson and Ewan, 
2007; Wang et al., 2008; Jansson et al., 2009) were employed 
to investigate the mechanisms underlying the biotransforma-
tion rates established for mixtures of dibenzo-p-dioxin and 
several selected chlorinated congeners, such as 2,7-dichloro- 
and 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin. The identified 
structure-reactivity indicator was then used to predict the 
biotransformation ability.
  The biotransformation rates of the individual dibenzo-p- 
dioxin congeners have been reported previously (Hong et 
al., 2002; Nam et al., 2006); however, the biotransformation 
experiments involving dioxin mixtures were performed using 
resting Sphingomonas wittichii RW1 cells produced using 
dibenzofuran as the sole source of carbon and energy, as re-
ported previously (Keim et al., 1999; Hong et al., 2002; Nam 
et al., 2006). An appropriate aliquot of the required congener 
mixture stock solution prepared using a toluene-nonane 
mixture (1:1 by volume) was added to sterilized replicate 
Erlenmeyer flasks, and the solvent was evaporated by flush-
ing the flask with N2. The biodegradabilities of dibenzo-p- 
dioxin and the selected chlorinated congeners were com-
pared by examining substrate mixtures containing equal 
amounts (0.5 mg of each compound) of dibenzo-p-dioxin, 
2,7-di-, 1,2,3-tri-, 2,3,7-tri-, 1,2,3,4-tetra-, 1,2,3,7,8-penta-, 
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Table 1. Thermodynamic properties of dibenzo-p-dioxin and the selected chlorinated congeners tested in this study. All values (Ee (Hartree), ΔEe
rel 

(kJ/mol), ZPE (kJ/mol), ΔET (kJ/mol), Stot (J/mol·K), ΔHf (kJ/mol), and ΔGf (kJ/mol)) were calculated at 301.15 K and 101.3 kPa according to the hybrid 
B3LYP density functional theory with 6-31G** basis sets using the Gaussian 98 suite of programs. 

Congener Ee ΔEe
rel ZPE ΔET=301 Stot,301 ΔH°f,301 ΔG°f,301

DD -612.54108 - 441.16 466.43 394.84 -59.20 59.12
2,7-DCDD -1531.72290 0.00 390.03 422.08 461.24 -110.54 16.01
1,2,3-TriCDD -1991.30502 23.77 364.89 400.24 494.17 -100.83 30.04
2,3,7-TriCDD -1991.31327 2.09 364.59 399.99 496.01 -122.76 7.61
1,2,3,4-TeCDD -2450.88835 36.48 339.53 378.32 516.26 -101.55 36.69
1,2,3,7,8-PeCDD -2910.48422 4.44 313.63 355.85 553.17 -135.81 5.44
1,2,3,4,7,8-HxCDD -3370.06714 6.11 288.32 333.93 575.51 -135.44 13.18

Symbols; Ee (Hartree), Electronic energy; ΔEe
rel (kJ/mol), Relative electronic energy; ZPE (kJ/mol), Zero-point energies; ΔET (kJ/mol), Thermal energy; Stot (J/mol·K), Total en-

tropy; ΔHf (kJ/mol), Enthalpy of formation; ΔGf (kJ/mol), Gibbs free energy of formation. 

Fig. 1. Biotransformation 
kinetics associated with the 
transformation of a mixture 
of 7 selected dibenzo- p-di-
oxin congeners by resting 
S. wittichii RW1 cells.

and 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin. The biotrans-
formation was monitored and quantified by employing rep-
licate 100 ml Erlenmeyer flasks. Each flask contained 10 ml 
of a cell suspension (OD578 = 8.0), with each substrate present 
at 50 μg/ml. Every 24 h, a set of triplicate flasks was re-
moved, 2 ml of ortho-phosphoric acid was added to each 
flask to stop the reaction, and the flasks were immediately 
frozen and stored at -70°C. After incubation for 120 h, all 
flasks were thawed, and the contents were extracted, as des-
cribed previously (Hong et al., 2002). The recovery rates 
were routinely determined by adding 500 μg 2-chlorodi-
benzo-p-dioxin and 5 ng 2,3,4,5-tetrachlorophenol to each 
flask prior to extraction. Extracts obtained from the flasks 
and the corresponding controls were dried over anhydrous 
sodium sulfate, and the solvent was evaporated under reduced 
pressure. Aliquots were analyzed directly using a gas chro-
matography-mass spectrometry system, as described below.
  The concentrations of dibenzo-p-dioxin and the chlorinated 
dioxin congeners were determined using high-resolution gas 
chromatography-ion trap mass spectrometry. Gas chroma-
tography-mass spectrometry measurements were carried out 
using a Trace GC 2000 system (Thermoquest, USA) linked 
to a Finnigan Polaris Q mass spectrometer (Thermoquest) 
with a 60 m DB-5 column. The initial temperature, 60°C, 
was maintained for 2 min, increased to 310°C over 10 min, 
and then held at that temperature for an additional 10 min. 
The formation of metabolic intermediates in these biotrans-
formation experiments was confirmed using the same ap-
proach or using the method reported previously (Hong et 
al., 2002; Nam et al., 2006). In all experiments, which were 
generally performed in triplicate, heat-inactivated (75°C for 
20 min) and poisoned cell suspensions (10 mM NaN3) were 

employed as controls. Generally, metabolites were identified 
and quantified by comparing the mass spectra, retention 
times, and peak areas with the values obtained from authentic 
standards. Dibenzofuran and 2,3,4,5-tetrachlorophenol were 
obtained from Sigma-Aldrich (USA). Dibenzo-p-dioxin, 2- 
mono-, 2,7-di-, 1,2,3-tri-, 2,3,7-tri-, 1,2,3,4-tetra-, 1,2,3,7,8- 
penta-, and 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin were pur-
chased from Accustandard (USA). The solvents and ortho- 
phosphoric acid were obtained from Merck (Germany). All 
chemicals employed were of the highest quality commer-
cially available.
  To estimate ΔHf and ΔGf as well as the other reported ther-
modynamic properties of dibenzo-p-dioxin and its selected 
chlorinated congeners, DFT calculations were carried out 
at the level of hybrid B3LYP density functional theory with 
6-31G** basis sets using a Gaussian 98 suite of programs, 
as described previously (Mhin et al., 2002; Lee et al., 2003).
  In the dibenzo-p-dioxin congener mixture biotransforma-
tion experiments, 7 selected dioxin congeners were tested 
using resting cells of the strain Sphingomonas wittichii RW1 
(DSM 6014). Within 5 days, the concentrations of DD, 
2,7-DCDD, 1,2,3-TriCDD, 2,3,7-TriCDD, 1,2,3,4-TeCDD, 
1,2,3,7,8-PeCDD, and 1,2,3,4,7,8-HxCDD were reduced by, 
respectively, 93.82%, 16.32%, 22.46%, 1.10%, 16.31%, 0.86%, 
and 11.72% relative to the initial concentration present. 
During the biotransformation experiments, the catabolism 
of the chlorinated congeners present gave rise to the expected 
key metabolites reported previously for these congeners (data 
not shown) (Hong et al., 2002; Nam et al., 2006). The for-
mation of the expected metabolic intermediates from the 
chlorinated congeners was confirmed (i.e. 4-chlorocatechol 
for 2,7-DCDD; 3,4,5-trichlorocatechol for 1,2,3-TriCDD; 
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          (A)

         (B)

Fig. 2. Calculated energy requirements for the transformation of the se-
lected dioxin congeners by S. wittichii RW1. (A) The activation energy 
(Ea1) and Gibbs free energy of formation (ΔG1) for 1,2,3,4,7,8-HxCDD 
(catabolized), and the activation energy (Ea2) and Gibbs free energy of 
formation (ΔG2) for 1,2,3,7,8-PeCDD (not catabolized). (B) The activa-
tion energy (Ea1) and Gibbs free energy of formation (ΔG1) for 1,2,3- 
TriCDD (catabolized), and the activation energy (Ea2) and Gibbs free energy
of formation (ΔG2) for 2,3,7-TriCDD (not catabolized).

Table 2. Removal rates measured for dibenzo-p-dioxin and the selected 
chlorinated congeners, and their calculated Gibbs free energies of formation

Congener Removal rate
(ng × ml-1 × min-1)a ΔGf (kJ/mol)b

DD 6.5153 59.12
2,7-DCDD 1.1331 16.01
1,2,3-TriCDD 1.5599 30.04
2,3,7-TriCDD 0.0761 7.61
1,2,3,4-TeCDD 1.1324 36.69
1,2,3,7,8-PeCDD 0.0595 5.44
1,2,3,4,7,8-HxCDD 0.8139 13.18
Poisoned control 0.0430 -

a Each removal rate represents the mean of three independently performed meas-
urements using resting cells.
b ΔGf values at 301.15 K and 101.3 kPa are taken from Table 1.

3,4,5,6-tetrachlorocatechol for 1,2,3,4-TeCDD and 1,2,3,4,7,8- 
HxCDD) by mass spectrometry, as reported previously (Hong 
et al., 2002; Nam et al., 2006). All percentage removal values 
and the specific biotransformation rates represent the mean 
obtained from running three independently performed mea-
surements (Fig. 1). As shown in Table 2, the removal rates 
that had been established analytically for dibenzo-p-dioxin 
and the chlorinated congeners employed appeared to be cor-
related with the calculated values for the Gibbs free energy of 
formation. Thus, a linear regression analysis (data not shown) 
using the log10 normalized Gibbs free energy of formation 
data and the biotransformation rates indicated that about 
85% of the variation observed could be predicted (r2=0.85). 
As demonstrated earlier (Nam et al., 2006), the aerobic ca-
tabolism of 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin by Sphin-
gomonas wittichii RW1 gave rise to two polar metabolites 
(i.e. 3,4,5,6-tetrachlorocatechol and 2-methoxy-3,4,5,6-tet-
rachlorophenol) whereas the less chlorinated 1,2,3,7,8-pen-
tachlorodibenzo-p-dioxin was not transformed to any detec-
table extent by the same strain. Hong et al. (2002) showed 
previously that the non-substituted angular sites of the ben-
zene rings in 1,2,3,4-tetrachlorodibenzo-p-dioxin were po-
tential targets for an initial oxygenolytic attack. It was there-
fore surprising that the 1,2,3,7,8-pentachlorodibenzo-p-dio-
xin, which is chlorinated to a lesser degree than the catabo-
lized 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin, was not trans-
formed to detectable metabolites. In the case of 1,2,3,7,8- 
pentachlorodibenzo-p-dioxin, the chlorine substituents did 
not occupy all available sites on the higher chlorinated ring 
and, thus, were not expected to block an angular oxygen-
olytic attack. Thus, in principle, both of the rings were po-
tential targets for an initial angular attack, as reported for 
the non-chlorinated dibenzo-p-dioxin (Wilkes et al., 1992); 
however, only one benzene ring in 1,2,3,4,7,8-hexachloro-
dibenzo-p-dioxin included unoccupied angular sites that 
would enable oxygenation. The reported detection and iden-
tification of 3,4,5,6-tetrachlorocatechol as an oxidation pro-
duct derived from 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin 
confirmed that an initial attack could take place at the less 
substituted ring and, thus, the biotransformation could take 
place (Fig. 1). The ability of the substitution patterns to im-
pact the biodegradability of these compounds was tested 
using two different trichlorinated congeners, namely 1,2,3- 
and 2,3,7-trichlorodibenzo-p-dioxin, in our dibenzo-p-dio-
xin congener mixture (Fig. 1). The general molecular pro-

perties that governed the transfer of the substrates into the 
bacterial cells, such as the molecular weight, which increased 
with increasing chlorine substitution, and the sizes and sub-
stitution patterns of the molecules, were expected to limit 
the turnover rate (Providenti et al., 1993; Schreiner et al., 
1997). Nevertheless, because 1,2,3- and 2,3,7-trichlorodi-
benzo-p-dioxin exhibited identical molecular weights, these 
factors could not sufficiently explain the transformation of 
1,2,3-trichlorodibenzo-p-dioxin and the lack of transfor-
mation (relative to the controls) of 2,3,7-trichorodibenzo- 
p-dioxin. Similarly, whereas the smaller and lighter 1,2,3,7,8- 
pentachlorodibenzo-p-dioxin was transformed at rates com-
parable to those of the abiotic controls, the larger and hea-
vier 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin was transformed. 
Hence, the biotransformation rates may be governed by 
the inherent thermodynamic properties of the recalcitrant 
pollutants in addition to the structural molecular properties. 
The thermodynamic properties of the chlorinated dioxin 
congeners were recently calculated using density functional 
theory (Mhin et al., 2002; Dorofeeva and Yungman, 2003; 
Lee et al., 2003; Thomson and Ewan, 2007; Wang et al., 
2008; Jansson et al., 2009); the corresponding data for the 
congeners tested in the mixture biotransformation experi-
ments in the present study are summarized in Table 1.
  All chlorinated dioxin congeners reported in Table 1 have 
substantially more negative ΔHf-values than those exhibited 
by the nonchlorinated dibenzo-p-dioxin. Based on the cal-
culated ΔGf-values, the nonchlorinated dibenzo-p-dioxin 
was expected to be the least stable among the dioxin con-
geners tested, whereas 1,2,3,7,8-pentachlorodibenzo-p-dio-
xin (ΔGf = 5.44 kJ/mol) was expected to be the most diffi-
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cult substrate to transform. This hypothesis was supported 
by the results obtained in the present study (Fig. 1 and Table 
2) and agreed with previous findings (Hong et al., 2002; Nam 
et al., 2006), confirming that 2,7-dichlorodibenzo-p-dioxin 
(ΔGf = 16.01 kJ/mol), 1,2,3,4-tetrachlorodibenzo-p-dioxin 
(ΔGf = 36.69 kJ/mol), and 1,2,3,4,7,8-hexachlorodibenzo-p- 
dioxin (ΔGf = 13.18 kJ/mol) were transformed by S. witti-
chii RW1. Finally, the transformation of 1,2,3-trichlorodi-
benzo-p-dioxin (ΔGf = 30.04 kJ/mol) and the lack of trans-
formation of 2,3,7-trichlorodibenzo-p-dioxin, which dis-
played a much lower ΔGf–value (ΔGf = 7.61 kJ/mol) and was 
not catabolized to yield detectable metabolites, further sup-
ported the notion that the thermodynamic properties con-
tributed to the biodegradability of the compounds. A pre-
liminary hypothetical explanation for these effects, based on 
the calculated Gibbs free energy of formation, is presented 
in Fig. 2. Figure 2 indicates that the lower ΔGf–values for the 
recalcitrant 2,3,7-trichloro- and 1,2,3,7,8-pentachlorodi-
benzo-p-dioxin may have led to much higher biotransfor-
mation activation energy requirements, thereby potentially 
limiting the aerobic biodegradability of these congeners on 
thermodynamic grounds. Both the experimental results and 
the thermodynamic data suggested that the observed trans-
formations of 1,2,3,7,8-pentachlorodibenzo-p-dioxin and 
2,3,7-trichlorodibenzo-p-dioxin by Sphingomonas wittichii 
RW1 at rates not significantly different from the controls 
may have resulted from the structural (i.e., substitution pat-
tern and size) and inherent thermodynamic properties of 
these compounds. The biotransformation experiments con-
ducted using a mixture of 7 individual dibenzo-p-dioxin con-
geners with different ΔGf–values revealed that the molecules 
were transformed with different efficiencies when present 
at the same concentration (Fig. 1); however, the predicted 
outcome did not entirely reflect the expected biotransfor-
mation rates if only the ΔGf –values were considered. The 
predicted results suggested that the 2,7-dichlorodibenzo-p- 
dioxin (ΔGf = 16.01 kJ/mol) would be transformed much 
slower than the 1,2,3,4-tetrachlorodibenzo-p-dioxin (ΔGf = 
36.69 kJ/mol), which was not the case.
  A complex system of effects appeared to govern the relation-
ship between the biotransformation rates of several dioxin 
congeners via aerobic bacterial catabolism and the congeners’ 
inherent thermodynamic and structural properties. In ad-
dition to the molecular size, which impacted the transfer of 
the substrates into the bacterial cell, the thermodynamic 
characteristics of the compounds (i.e., ΔGf) appeared to in-
fluence the degradability. Additional experimental data from 
similar recalcitrant pollutants, such as the polychlorinated 
dibenzofurans or biphenyls, would enable a more in-depth 
analysis of the relationship between the inherent molecular 
properties and the biotransformation rates.

  This subject is supported by Korea Ministry of Environment 
(MOE) as “GAIA program” (Project No. 2013-000550003). 
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