
 1 

CHAPTER 1: RESEARCH OBJECTIVES 

 

 
1.1 Pentachlorophenol (PCP) is a major environmental pollutant in North 

America.  Pentachlorophenol 4-monooxgenase (PcpB) is the first enzyme in 

the PCP biodegradation pathway. There are some disputes of the catalytic 

product of PCP by PcpB in this pathway. They differ on whether the 

metabolite of PCP catalyzed by PcpB is tetrachlorohydroquinone (TCHQ) or 

tetrachlorobenzoquinone (TCBQ). In order to verify the metabolite of PCP 

catalyzed by PcpB, we redesigned the experiment and confirmed by HPLC 

method that TCHQ is the metabolite of PCP in the PCP biodegradation 

pathway from Sphingonobium Chlorophenolicum sp. ATCC 39723.   

 

1.2 PcpC (tetrachlorohydroquinone reductive dehalogenase) is the third enzyme 

in the PCP biodegradation pathway. PcpC can convert TCHQ first to 

trichlorohydroquinone (TriCHQ) and then to 2,6-dichlorohydroquinone 

(DCHQ). In order to measure the GST and dehalogenase activities, PcpC, 

PcpC (C13S) mutant and a surface loop deletion mutant PcpC (LD) were 

overexpressed, purified and characterized. 

 

1.3 In order to better understand the biological functions of PcpB, PcpC and 

PcpA (dichlorohydroquinone dioxygenase), we screened the crystallization 

conditions for these enzymes using both in-house protein crystallization 
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screening and high throughput screening at the Hauptman-Woodward 

Institute, Buffalo, New York. 
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CHAPTER 2: INTRODUCTION 
 
 
2.1. PENTACHLOROPHENOL BIODEGRADATION PATHWAY 

 
 

Pentachlorophenol (PCP), a synthetic wide-spectrum biocide, was widely 

used in agriculture and timber industry in the last century (Jorens and Schepens, 

1993). Due to its high toxicity and widespread distribution in soil and groundwater, 

PCP was banned from usage by the U.S. Environmental Protection Agency in 

1987 (McCarthy et al., 1997 and Wild et al., 1993). Currently, it is listed as one of 

the major environmental pollutants in both North America and Europe. However, 

PCP is still used in some developing countries, even in Canada. 

 

Cl

OH

Cl

Cl

Cl

Cl

 

 

Figure 2.1.1 Diagram of the chemical structure of Pentachronophenal (PCP). 

 

 The molecular formula of PCP is C6Cl5OH (Fig. 2.1.1).  Pure PCP is light 

tan to white needle-like crystals.  It is a non-flammable relatively volatile 

compound.  PCP is slightly soluble in water with pKa of 4.7 (Crosby, 1981), but it 

is soluble in almost all of the organic solvents. Its salts, such as sodium 
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pentachlorophenate (Na-PCP, molecular formula: C6Cl5ONa), are easily soluble 

in water.  

 

  Uniroyal Chemicals, a division of Uniroyal Ltd., in Clover Bar, Alberta, 

used to be the major producer of PCP in Canada. PCP production was stopped 

in Canada in July 1983 (Gilman et al., 1988). Since then, PCP used in Canada 

has been mainly provided by Reichold Chemical Inc. (Tacoma, Washington, 

USA), Vulcan Chemicals (Wichita, Kansas, USA), and Rhone-Poulenc (France) 

(Gilman et al., 1988).  The two major manufacturers were Reichald Chemical Co. 

and Vulcan Chemicals in the United States (NSC, 1997). 

 

 The half-life of PCP ranges from 33 hours to 16 days in humans 

(Reigner et al., 1992). The concentration of PCP in drinking-water is usually in 

the range of 0.01-0.1 µg/L (WHO, 1987). Concentration of PCP was ranging from 

not-detectable to about 7.3 µg/L in Canadian water samples (WHO, 1987).  The 

approximated daily net intake of PCP is 0.05 ug/kg of body weight by the general 

population in Canada, mainly through food and indoor air (Coad and Newhook, 

1992). Meanwhile, the estimated average net intake of PCP is 16 µg/kg of body 

weight per day by the general population in USA, and 99.9% of the total intake of 

PCP are from fruits, vegetables, and grains (hattemer-Frey and Travis, 1989). 

    

           PCP is a highly toxic chemical. It is readily absorbed through the intact 

skin, the respiratory and gastrointestinal tracts, and it is widely distributed to 
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other tissues (HSG 19, 1989) in the blood.  Liver and kidney incomplex with 

plasma proteins (Reigner et al., 1993) were discovered to contain the highest 

concentration of PCP in humans, and a lower concentration of PCP was 

observed in brain, body fat, and muscle tissue (HSG 19, 1989). 

  

            There are some acute human poisoning symptoms such as central 

nervous system damage, hyperpyrexia, and dyspnoea, leading to cardiac arrest 

after large accidental or suicide dose (WHO, 1998).  The EPA found that liver 

and kidney damage, and cancer can occur in the long term (EPA, Consumer 

Factsheet, 1998). The chronic disorders include immunological effects, which 

include T-cell activation and autoimmunity, functional immunodepression, B-cell 

dysregulation, and T-lymphocyte dysfunction (McConnachie and Zahalsky, 1991 

and Daniel et al., 1995).  Some cancers such as soft-tissue sarcoma and non-

Hodgkin’s lymphoma were reported after long periods of exposure to PCP or 

occupational exposure to PCP (Lilienfeld and Gallo, 1989, Johnson, 1990, and 

IARC, 1991).  Other cancers such as multiple myeloma and kidney cancer were 

reported following occupational long-term exposure to PCP in Canada (Paul et 

al., 2006). 

 

            There are four PCP-biodegradation bacteria isolated from geographically 

diverse areas:  Arthrobacter, Flavobacterium, Pseudomonas, and Sphingomonas 

(recently renamed as Sphingobium) (Crawford and Ederer, 1999).  They all 
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belong to the genus Sphingomonas, a genus was established in 1990 (Yabuuchi, 

1990).  

 

             Because of high and stable chlorination, PCP is usually hard to be 

biodegraded by microorganisms.  However, a number of soil and aquatic 

microorganisms such as Sphingobium chlorophenolicum (Takeuchi et al., 2001, 

and Xun et al., 1992), Rhodococcus chlorophenolicus sp. nov. (Apajalahti et al., 

1986), Penta (Chu and Kirsch, 1972), the saprophytic coryneform bacterium KC-

3 (Saber and Crawford, 1985), Arthrobacter strain NC (Stanlake and Finn, 1982), 

and Pseudomonas sp. (Suzuki, 1997, and Watanabe, 1973) have evolved 

pathways to degrade PCP and use its ring-cleavage products as their carbon 

sources. 

 

         There are two different pathways in the bacterial PCP biodegradation.  

Juha et al. (1986) and Häggblom et al. (1988) reported that the first pathway was 

dominated by two ‘Rhodococus chlorophenolicus’ isolates (PCP-1 and CP-1).  

An intermediate called 2,3,5,6-tetrachloro-p-hydroquinone was produced by 

these two bacteria.  Uotila et al. (1992) reported that a cytochrome p450 enzyme 

catalyzed the para hydroxylation of PCP in the first PCP biodegradation step.  

Little is known about this pathway right now.  The second pathway was first 

studied in Sphingobium (Flavobacterium) sp. strain ATCC 39723, which was 

isolated from a PCP-contaminated soil in Minnesota (Saber and Crawford, 1985).  

This strain had been studied in details regarding its growth characteristics in the 
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PCP biodegradation (Topp et al., 1988, and Topp and Hanson, 1990).  Gonzalez 

and Hu reported that glutamate is needed as a cosubstrate to degrade PCP in 

these cells (Gonzalez and Hu, 1991).   Another study reported that these cells 

can also degrade other chlorophenols (Steiert et al., 1987).  

 

          Several other aerobic PCP-degrading soil bacteria have been isolated as 

pure cultures and studied in detail such as PCP-mineralizing Arthrobacter sp. 

strain KC-3 (Chasseaud, 1979) and PCP-mineralizing  Arthrobacter sp. strain 

ATCC 33790 (Stanlake and Finn, 1982). Two Pseudomonas strains studied to 

degrade PCP were Pseudomonas sp. strain SR3 and Pseudomonas sp. strain 

RA2 (Radehaus and Schmidt, 1992). 

 

          PCP is hard to biodegrade in contaminated groundwater and soil, because 

microbes that degrade PCP are not always present at contaminated site.  These 

microbes are needed to be inoculated with axenic cultures in the contaminated 

sites (McAllister et al., 1996, and Klecka and Maier, 1985). Enzyme-catalyzed 

biodegradation has been used as another method to remove PCP from 

contaminated groundwater and soil.  Researchers have reported that PCP can 

be removed by horseradish peroxidase (Samokyszyn, 1995,  Öberg and  Rappe, 

1992, and Aitken, 1994), lignin peroxidase (Aitken, 1994, Hammel and Tardone, 

1988, Mileski,1988, Aitken, 1989, Chung and Aust, 1995, and Rüttimann-

Johnson and Lamar, 1996), lactoperoxidase (Öberg and Paul, 1985), Coprinus 

cinereus peroxidase (Sarr, 1993), and a laccase from Trametes-versicolor 
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(Konishi and Inoue, 1972, Roy-Arcand and Archibald 1991, and Ricotta et al. 

1996).  It was reported that the biodegradation of PCP by peroxidases might 

catalyze the conversion of PCP to less chlorinated products (Hammel and 

Tardone, 1988, Mileski et al., 1988, and Ricotta et al., 1996) or making the 

polymerization of PCP with natural organic precursors through a 

pentachlorophenoxyl basic intermediate (Rüttimann-Johnson and Lamar, 1996, 

Morimoto and Tatsumi, 1997, Bollag et al., 1977, and Shannon and Bartha 1988).  

The primary product of enzyme-catalyzed biodegradation of PCP was reported to 

be tetrachloro-p-benzoquinone (chloranil) (Samokyszyn, 1995, Hammel and 

Tardone, 1988,  Mileski et al., 1988,  Chung and Aust, 1995, Konishi and Inoue, 

1972,  and Ricotta et al., 1996) and large amounts of the added PCP was 

recovered after the reaction (Samokyszyn, 1995, Hammel and Tardone, 1988,  

Aitken et al., 1989,  Sarr, 1993, Konishi and Inoue, 1972, and Thurston, 1994).  

However, Kazunga et al. reported that the primary product of the horseradish 

peroxidase –catalyzed degradation of PCP from pH 4 to 7 was 2,3,4,5,6-

pentachloro-4-pentachlorophenoxy-2,5-cyclohexadienone (PPCHD), which is 

formed by the connection with two radical pentachlorophenoxyls (Kazunga et al., 

1999).  They also demonstrated that chloranil can not be detected in the aqueous 

phase from peroxidase-catalyzed oxidation of PCP and the degradation of PCP 

by horseradish peroxidase is much more extensive than has been indicated in 

the previous work if the initial product is filtered or separated by other different 

physical methods.  
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         Sphingobium chlorophenolicum strain ATCC 39723 is the well-studied 

strain in the PCP biodegradation.  The oxygenolytic removal of the first chlorine 

from PCP in this strain is catalyzed by pentachlorophenal 4-monooxygenase 

(PcpB), which is the first enzyme in the PCP biodegradation pathway.  PcpB is a 

flavin adenine dinucleotide (FAD) binding and a reduced form of nicotinamide 

adenine dinucleotide phosphate (NADPH) requiring oxygenase.  Its functional 

domain is specific to phenolic substrates (Orser et al., 1993).  PcpB catalyzes the 

hydroxylation of the para position of a diverse range of polyhalogenated phenols 

and removes the first chlorine from PCP (McCarthy et al., 1997).  It catalyzes the 

rate-limiting reaction to biodegrade PCP (Copley, 2000, and Xun et al., 1992).  

The nucleotide sequence of the pcpB gene and the recombinant protein had 

already been determined (Wang et al., 2001).  The computer-aided model of 

PcpB was built and the active-site residues of PcpB were also identified based 

on this model (Nakamura et al., 2003), but the three-dimensional crystal structure 

has not yet been determined.  

   

         There are some disputes over the initial metabolite of PCP catalyzed by 

PcpB in the PCP biodegradation pathway.  They differ on whether the catalytic 

product of PcpB is tetrachlorohydroquinone (TCHQ) or tetrachlorobenzoquinone 

(TCBQ) in the PCP biodegradation pathway (Fig. 2.1.2) (Xun et al., 1992a, Xun 

et al., 1992b, Dai et al., 2003).  According to the PcpB reaction stoichiometry 

(Xun et al., 1992c), two molecules of NADPH and one molecule of O2 are 

required for reaction with one molecule of PCP.   In the initial paper (Xun et al., 



 10 

1992a), Xun et al. suggested TCHQ be the product of PcpB catalysis based on 

the observation that TCHQ was detected in the reaction mixture (Xun and Orser, 

1991, Xun et al., 1992a, Xun et al., 1992b).  In this paper, the concentration of 

PCP is 7.5 x 10-5 mM (75 nmol of PCP in 250 µl mixture) and the concentration 

of NADPH is 1.2 mM (15 µl of 20 mM NADPH in 250 µl mixture). According to 

this experiment, the catalytic product of PcpB should be TCHQ, because the 

concentration of NADPH is 1.6 x 104 times of the concentration of PCP.  If the 

catalytic product of PcpB were TCBQ, then excessive amount of NADPH would 

reduce TCBQ to TCHQ.  
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Figure 2.1.2.  The catalytic reaction of PCP by PcpB in the PCP biodegradation 

pathway of Sphingonobium chlorophenolicum sp. ATCC 39723. (A). The catalytic 

reaction of PCP by PcpB was proposed by Xun et al. (Xun and Orser, 1991, Xun 
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et al., 1992a, Xun et al., 1992b).  (B). The catalytic reaction of PCP by PcpB was 

proposed by Dai et al. (Dai et al., 2003). 

 

In another recent paper, Dai et al. (2003) claimed that the initial metabolite 

of PCP catalyzed by PcpB was TCBQ instead of TCHQ.  The result was 

supported by two lines of evidence (Dai et al., 2003).  First, TCBQ was identified 

from the ethyl acetate extraction of the reaction mixture.  Second, glutathione-S-

trichlorobenzoquinone (GS-TriCBQ) was formed upon adding glutathione to the 

reaction mixture, which was quantified by HPLC.  In this study, as they could not 

separate TCHQ and TCBQ by HPLC, they analyzed the product by Gas 

Chromatography/ Mass Spectrometer (GC/MS ).  If the GC/MS method is used to 

analyze the product, they proposed that the metabolite of PCP catalyzed by 

PcpB should be TCBQ, because TCHQ is an unstable compound, and is  

converted to TCBQ when heated during GC/MS analysis. 

 

We carefully re-examined the above experiments, and determined that the 

conclusion made by either group may have been based on experimental artifacts.  

In aqueous solutions, TCHQ and TCBQ are in a redox-equilibrium unless under 

rigorous anaerobic conditions.  In the experiments by Xun et al., excessive 

amount of NADPH (molar ratio between NADPH and PCP as high as 1.6 x 104) 

was used to increase the conversion of PCP into its final product in the reaction 

mixture (1992a, Xun et al.).  The unused NADPH would shift the redox-

equilibrium of reaction towards the TCHQ side.  On the other hand, addition of 
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glutathione to the reaction mixture would shift the redox-equilibrium of reaction 

towards the TCBQ side as in the experiment by Dai et al. (Dai et al., 2003).  In 

addition, enol compounds like TCHQ can only be extracted into organic solvents 

at very low concentrations.  Addition of ethyl acetate to the reaction mixture 

shifted the redox-equilibrium of reaction towards the TCBQ side.  Therefore, only 

TCHQ would be observed in the presence of excessive NADPH and only TCBQ 

was identified in the presence of glutathione or ethyl acetate as the metabolite of 

PCP catalyzed by PcpB in the PCP biodegradation pathway.  

 

 In this study, we examined the effects of NADPH and glutathione to the 

redox-equilibrium between TCHQ and TCBQ, re-designed the experimental 

conditions for characterizing catalysis by PcpB by using high concentration of 

PcpB and limiting the molar ratio between NADPH and PCP as 1:2 to determine 

the catalytic product of PcpB by HPLC, and confirmed that TCHQ instead of 

TCBQ was the catalytic product of PcpB in the PCP biodegradation pathway. 

 

The complete biodegradation pathway and the key enzymes for microbial 

degradation of PCP are known in detail only in Sphigobium chlorophenolicum 

(Takeuchi et al., 2001). This pathway was first contributed by Dr. Larry Wackett, 

University of Minnesota and the pathway is still in its early stage.  The PCP 

biodegradation pathway for Sphingobium chlorophenolicum sp. ATCC 39723 

reported by Cai et al. is shown in Fig. 2.1.3 (2002):  
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Figure 2.1.3. Diagram of pentachlorophenol biodegradation pathway of 

Sphingobium chlorophenolicum sp. strain ATCC 39723. (Adapted from Cai et al., 

2002)   

Abbreviations: PCP, pentachlorophenol, TCBQ, tetrachlorobenzoquinone, 

TCHQ, tetrachlorohydroquinone, TriCHQ, trichlorohydroquinone, DCHQ, 2, 6-

dichlorohydroquinone, 2-CMA, 2-chloromaleylacetate, MA, maleylacetate, 3-

OXO, 3-oxoadipate, PcpB, pentachlorophenol 4-monooxygenase, PcpD, 

tetrachlorobenzoquinone reductase, PcpC, tetrachlorohydroquinone reductive 

dehalogenase, PcpA, 2, 6-dichlorohydroquinone dioxygenase, PcpE, 

chloromaleylacetate reductase. 
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           There are five enzymes including: PCP 4-monooxygenase (PcpB), 

tetrachlorobenzoquinone reductase (PcpD), tetrachlorohydroquinone reductive 

dehalogenase (PcpC), Dichlorohydroquinone dioxygenase (PcpA), and 

maleylacetate  reductase (PcpE) in the PCP biodegradation pathway of 

Sphingonobium chlorophenolicum sp. strain ATCC 39723.  The pathway begins 

with the conversion of PCP to tetrachlorobenzoquinone (TCBQ) catalyzed by 

PCP-4- monooxygenase (PcpB) (Chung and Aust, 1995).  It requires one 

molecule of oxygen and two molecules of NADPH in this catalytic reaction.  

TCBQ is subsequently reduced to tetrachloroquinone (TCHQ) catalyzed by 

TCBQ reductase (PcpD) (Xun and Orser, 1991).  It also requires one molecule of 

NADPH in this catalytic reaction.  Two successive reductive dehalogenation 

reactions are catalyzed by TCHQ reductive dehalogenase (PcpC), converting 

TCHQ first to trichloroquinone (TriCHQ), and then to 2, 6-dichlorohydroquinone 

(DCHQ) (Xun et al., 1992a, Xun et al., 1992b, Orser et al., 1993).  One molecule 

of glutathione disulfide is formed by two molecules of glutathione in each catalytic 

reaction.  DCHQ is cleaved to 2-chloromaleylacetate (2-CMA) by DCHQ 

dioxygenase (PcpA) (Ohtsubo et al., 1999, Xun et al., 1999, Cai and Xun, 2002), 

which requires Fe2+ and oxygen for activity. 2-CMA is converted first to MA and 

then to 3-oxoadipate (3-OXO) catalyzed by MA reductase (PcpE) (Cai and Xun, 

2002), which requires one molecule of NADPH in each catalytic reaction. Finally, 

3-oxoadipate is converted to 3-OXO-CoA and then to succinyl-CoA and acetyl-

CoA which are intermediates of the citric acid cycle.  
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          PcpA is the fourth enzyme in the PCP biodegradation pathway.  PcpA is 

an O2-dependent ring cleavage dioxygenase, which is an enzyme that catalyzes 

the insertion of one molecule of oxygen into an organic substrate in the catalytic 

reaction.  

 

           According to the reaction stoichiometry, PcpA converts 2,6-DCHQ to 2-

chloromaleylacetate in the presence of one equivalent O2 and one equivalent Cl- .  

PCP-degrading enzyme activity of PcpA was arrested when PcpA was released 

from the periplasmic space by EDTA or osmotic shock treatment (Xun and Orser, 

1991).  In this report, they also found that no periplasmic protein was released 

when equal concentration of Ca²+ or Mg²+ was added together with EDTA, and 

the low concentration of EDTA (25 µM) released protein  periplasmic proteins 

from a Flavobacterium sp. (Xun and Orser, 1991).  Xun et al reported PcpA 

should be defined as “2,6-dichloro-p-hydroquinone 1,2-dioxygenase” by HPLC-

MS method (Xun et al., 1999).  The optimal pH was 6.7 in 40 mM Kpi buffer, and 

the pH of enzyme activity was ranged from pH 6.3 to 8.0.  The buffer 

concentration of enzyme activity was ranged from 5 to over 100 mM Kpi, and the 

optimal ionic strength was at 20 mM Kpi buffer (Xun et al., 1999).  PcpA is a ring-

cleavage dioxygenase, that it requires Fe²+ for enzyme activity (Xun and Orser, 

1991).  Xu et al. reported that PcpA has low but significant sequence similarity to 

the extradiol dioxygenases class, and PcpA is an O2-dependent ring cleavage 

dioxygenase, not a hydrolytic dehalogenase (Xu et al., 1999). 
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          In my current crystallographic study, I focused on PcpC, the third enzyme 

in the PCP biodegradation pathway. It is also called TCHQ reductive 

dehalogenase.  Enzymatic cleavage of the carbon-halogen is the mechanism of 

dehalogenation. There are seven mechanisms of dehalogenation that are known 

(Fetzner and Lingens, 1994):  (i) Reductive dehalogenation � the halogen 

substituent is replaced by hydrogen, (ii) Oxygenolytic dehalogenation � 

incorporating one (or two) oxygen into the substrate by monooxygenases (or 

dioxygenases),  (iii)  Hydrolytic dehalogenation � the halogen is replaced by a 

hydroxyl group (which is derived from water) in a nucleophilic substitution 

reaction,  (iv) “thiolytic” dehalogenation � the formation of a S-chloromethyl 

glutathione conjugate is catalyzed by a dehalogenating glutathione S-transferase 

in a concomitant dechlorination,  (v) Intramolecular substitution � epoxides are 

yielded in a intramolecular nucleophilic displacement,  (vi) Dehydrohalogenation 

� a double bond is formed from the elimination of HCl, and (vii) Hydration � 

dehalogenation of vinylic compounds forms an unsaturated bond, to which a 

water molecule is added.   

 

              PcpC was found in the Gram-negative soil bacterium Spingomonas 

chlorophenolica sp. nov. (Xun et al., 1992b).  TCHQ reductive dehalogenase has 

low but significant sequence identity to members of the theta and zeta classes of 

the glutathione S- transferase (GST) superfamily (McCarthy et al., 1996, Baker et 

al., 1997).  McCarthy et al. reported that TCHQ reductive dehalogenase oxidative 

damage can be reduced by 25 mM DTT (McCarthy et al., 1996) and Cys13 is 
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required for the reductive dehalogenation reaction of TCHQ to TriCHQ and also 

required for the dehalogenation of  TriCHQ to DCHQ (Dai et al., 2003).   TCHQ 

reductive dehalogenase was proposed to have originated from a 

maleylacetoacetate (MAA) isomerase, which catalyses the glutathione-

dependent isomerization of a double bond in MAA (McCarthy et al., 1996).  

Although TCHQ dehalogenase has an insignificant level of identity overall to the 

known MAA isomerases, the active site region of TCHQ reductive dehalogenase 

is highly conserved and contains the cysteine that is involved in the reductive 

dehalogenation reaction (Anandarajah et al., 2000).  

 

           A glutathione conjugate is formed by nucleophilic attack of glutathione 

upon an electrophilic substrate in the GST superfamily. One glutathione is 

consumed and there is a single glutathione binding site for most of the GST 

superfamily members, such as MAA and MP isomerases (Armstrong, 1991, 

Polekhina et al., 2001, Thom et al., 2001).  However, two molecules of 

glutathione are consumed for TCHQ reductive dehalogenase in the reductive 

dehalogenation.  The first glutathione is consumed in nucleophilic attack on an 

electrophilic intermediate. The second glutathione is consumed in the thiol-

disulfide exchange reaction.  Warner et al. reported that the binding of the 

second glutathione is very weak and its pKa of the nucleophilic thiol is lack of 

interruption (Warner et al., 2005). The pKa value of the second glutathione 

ranged from 8.6 to 9.2 (Warner et al., 2005).  Warner et al. found that a thiol-

disulfide covalently bound to Cysteine 13 (Warner et al., 2005).  Cysteine 13 is in 
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the active site of PcpC and is required from TCHQ to TriCHQ and from TriCHQ 

to DCHQ in the reductive dehalogenation (McCarthy et al., 1996).  

  

          McCarthy et al. reported that the product of PcpC is not only TriCHQ and 

DCHQ but also 2,3,5-trichloro-6-S-glutathionylhydroquinone (GS-TriCHQ) and an 

unidentified isomer of dichloro-S-glutathionylhydroquinone (GS-DCHQ). GS-

TriCHQ and GS-DCHQ dramatically decrease when the purified enzyme are 

treated with DTT, which means these two products undergo some type of 

oxidative damage.  McCarthy et al also found that there was some oxidative 

damage of TCHQ dehalogenase during protein purification and the glutathione 

conjugates were formed by the oxidatively damaged enzyme (McCarthy et al., 

1996). The oxidative damage can be recovered by treating with DTT, which 

suggests that this damage may involve a cysteine residue (McCarthy et al., 

1996). Based on this information, cysteine13 of PcpC protein is going to be 

mutated to serine13 in order to obtain a relatively large quantity of purified 

proteins for protein crystallographic study.    

 

          PcpD, tetrachlorobenzoquinone (TCBQ) reductase, is the second enzyme 

in the PCP biodegradation pathway of Sphingonobium chlorophenolicum sp. 

ATCC 39723. PcpD catalyzes the NADPH-dependent reduction of 

tetrachlorobenzoquinone (TCBQ) to tetrachlorohydroquinone (TCHQ) (Fig. 2. 2. 

3. P.17) (Dai et al., 2003).  Little else is known about PcpD so far.  
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          PcpE, 2-chloromaleylacetate reductase, is the last enzyme in the PCP 

biodegradation pathway in Sphigobium chlorophenolicum sp. ATCC 39723.  

PcpE reduced 2-chloromaleylacetate (2-CMA) to maleylacetate (MA) and then to 

3-oxoadipate (3-OXO) by consuming one molecule of NADPH in each catalytic 

reaction (Fig. 2.1.3. P.17) (Dai and Xun, 2002).  Little else is known about PcpE 

so far. 
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2.2. PROTEIN CRYSTALLIZATION 

 
            

 The principle of crystallization is to produce a single well-organized 

crystal that is large enough to provide a diffraction pattern data when it is hit with 

x-rays and this crystal should consist of pure protein.  This diffraction pattern data 

can then be analyzed to determine the three-dimensional structure of the protein.  

In order to grow an ideal crystal, the following factors are required to consider, 

such as protein purity, protein concentration, temperature, precipitants, and pH.  

The purity of protein should usually be at least 95% in order to obtain sufficient 

homogeneity. Different proteins will need different protein concentration in order 

to grow an ideal crystal.  As pH can result in different packing orientations, pH 

conditions are critical in protein crystallization. Buffers, such as Tris-HCl buffer or 

phosphate buffer, are commonly used for maintaining a specific pH (Branden and 

Tooze, 1999).  Precipitants, such as ammonium sulfate, isopropanol, or 

polyethylene glycol, are some chemicals that cause protein to precipitate from 

the solution (Rhodes, 1993).  The temperature is also known as one of the vital 

effectors on protein solubility.  Christopher et al. reported that protein solubility is 

reliant on temperature (Christopher et al, 1998).  

  

            Some most commonly used methods for protein crystallization are: vapor 

diffusion method including hanging drop and sitting drop methods, microbatch 

method, and High Through-Put Methods.  
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             Both vapor diffusion methods are based on principle of equilibrium.  

These two methods involve a droplet consisting of a mixture in different ratio of 

purified protein sample, buffer, and precipitant.  The droplet equilibrates with a 

larger reservoir involving of higher concentrations of similar buffers and 

precipitants.  The droplet of protein mixture solution contains a lower 

concentration of precipitant, but since water always vaporizes from the top 

(droplet) and passes to the bottom (reservoir), the precipitant and protein 

concentration in the droplet increases to reach an equilibrium, which is suitable 

for crystallization.  Owing to the system in an equilibrium condition, these optimal 

conditions are sustained until the crystals are formed (Rhodes, 1993, McRee, 

1993).  

 

                The hanging drop and sitting drop vapor diffusion systems for protein 

crystallization are shown in Figures 2.2.1 and 2.2.2, respectively (Rhodes, 1993, 

McRee, 1993).  
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H2O

Coverlid with 

protein solution

High-vaccum

grease

Reservoir 

with 

precipitant

 

Figure 2.2.1. Diagram of hanging drop vapor diffusion method for protein 

crystallization. Reservoir solution usually contains mixture solution of buffer and 

precipitant. Protein solution contains the same compounds, but in lower 

concentrations.  

H2O

Coverlid

High-Vaccum

grease

Protein solution

Reservoir solution

 

Figure 2.2.2.  Diagram of sitting drop vapor diffusion method for protein 

crystallization. In this method, the protein droplet sits on a pedestal above the 

reservoir solution, as opposed to hanging drop vapor diffusion. 
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Microbatch method is another important method for protein crystallization. 

The advantage of this method is to decrease the consumption of protein sample 

by producing crystallization trials in a very small quantity of sample (1-2 µL), so 

this is a time-saving, tiny sample consumption, and efficient way for protein 

crystallization. The principle of this method is to change the protein solubility and 

the dielectric characteristic of the solution to establish a supersaturated medium 

environment in order to acquire the ideal crystals. The system of this method is 

shown in Fig. 2.2.3. 

 

oil

Protein 
/precipitant drop

 

 

Figure 2.2.3.   Diagram of the microbach method for protein crystallization. In 

this method, protein sample and precipitant are mixed in different ratio. The top 

of droplet is covered with parafilm oil (adopt from Hampton Research, 2001). 

 

High Through-Put Methods: 
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           One unavoidable aspect of crystallizing a protein from scratch is the need 

for a large number of experiments exploring the various conditions that are 

necessary for successful crystal growth. However, it is tedious to set up and 

screen so many different experimental conditions. Thus, high through-put 

methods exist to help streamline this process. There are numerous kits available 

which apply preassembled ingredients in systems guaranteed to produce 

successful crystallization. Using such a kit, a scientist avoids the hassle of 

purifying a protein and determining the appropriate crystallization conditions. 

Another method that has proven useful in setting up a vast number of 

crystallizations involves robotics. What would otherwise be slow and error-prone 

when carried out by a human can be accomplished efficiently and accurately with 

an automated system. Robotic crystallization systems use the same components 

described above, but carry out each step of the procedure quickly and with a 

large number of replicates. Each experiment utilizes tiny amounts of solution, and 

the advantage of the smaller size is two-fold: the smaller sample sizes not only 

cut-down on expenditure of purified protein, but smaller amounts of solution lead 

to quicker crystallizations.  Each experiment is monitored by a camera which 

records crystal growth at different periods of time.  
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CHAPTER 3: EXPERIMENTAL APPROACHES 
AND MATERIALS 

 
 

3.1. HPLC assay 

 

3.1.1. Principle of HPLC  

 

HPLC (high-performance liquid chromatography), a sort of column 

chromatography, is mainly used in analytical chemistry, biochemistry, life science, 

and pharmaceutical science.  HPLC is applied to isolate compounds of a solution 

mixture by using a variety of chemical interactions between the analytes and the 

chromatography column.  

 

The basic operating principle of HPLC is to utilize a liquid mobile phase to 

separate the compounds of a solution mixture.  These compounds (also called 

analytes) are first dissolved in a specific mobile phase, and then compounds are 

forced to run through a specially designed chromatographic column under a high 

pressure, which is not found in other chromatographic separating systems.  The 

elution and separation of the compounds can be optimized by changing both the 

mobile phase and stationary phase.  
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3.1.2. Calibration curves for PCP, TCHQ and TCBQ   

 

          All experiments involved in the current study were performed in duplicate.  

Sample solutions containing 200 µM, 100 µM, 50 µM and 25 µM of PCP, TCHQ 

or TCBQ were prepared by serial dilution with deionized distilled water.  The 

samples were then analyzed by HPLC on an Alltech C8 column.  30 µL of each 

sample was injected into the column and eluted with the mobile phase solvent of 

60% acetonitrile and 40% acetic acid (0.1%).  The retention times for TCHQ, 

TCBQ and PCP were 7 min, 9.5 min and 17.5 min, respectively.  The peak area 

for each sample on the HPLC histogram was calculated.  Standard curve for 

each substance was obtained by linear fit of the sample concentration against 

peak area.  Quantification of PCP, TCHQ or TCBQ in the other experimental 

samples was performed by comparing their peak areas against the standard 

curves. 

 

3.1.3. Determination of the catalytic product of PcpB 

 

       PcpB and NADPH were added into 100 µL deionized water in a 200 µL 

Eppendorf centrifuge tube.  The final concentrations for both PcpB and NADPH 

were 100 µM.  The solution was incubated at room temperature for at least one 

minute.  PCP was then added into the solution with final concentration of 200 µM 

to initiate the catalytic reaction by PcpB.  Samples with volume of 30 µL were 
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taken out from the reaction mixture at 1 min, 2 min, 3 min, 4 min, and 5 min, 

respectively, and quenched with either 30 µL of 1 M HCl or acetonitrile containing 

0.1 M HCl.  The quenched samples were immediately centrifuged at 13,000 rpm 

for 30 s on a VWR Galaxy™ 14D microcentrifuge.  40 µL of the supernatants 

were loaded onto the Alltech C8 column for HPLC analyses. 

 

3.2. Overexpression of the PcpC (C13S) mutnat 

 

3.2.1. Extraction of the genomic DNA from S. chlorophenolicum 

 

The genomic DNA of S. chlorophenolicum strain ATCC 39723 was kindly 

provided by Dr. Lifeng Chen, a research associate in our laboratory. 

 

3.2.2. Preparation of the PcpC (C13S) mutant 

 

        In order to prepare the PcpC (C13S) mutant, a pair of primers were 

designed based on the sequence information to mutate cysteine13 (TGT) to 

serine13 (AGT).   

 

Forward primer: 

5’TATCTACATATGCCTGAAGTCAGTCTCTACAATTACACCATGTCGATCAGT

TCGATGAAGAC3’ 
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Reverse primer: 

5’CTCGAGGATGCCGCCCT TCCAATTGGG3’ 

 

Using the genomic DNA as a template, we amplified a DNA fragment of 

the expected size (Fig. 4.2.1) by polymerase chain reaction (PCR). The PCR 

amplification was carried out for 30 cycles.  Each cycle consisted of denaturation 

at 95 oC for 1 min, annealing at 55 oC for 45 s, and extension at 72 oC for 1 min. 

The PCR product was gel purified and ligased with PCR® 2.1vector by T4 DNA 

ligase. The ligation reaction was incubated at 14 oC overnight.  The ligation 

product was transformed into TOPO10 E. coli cells according to the TA cloningTM 

kit (Invitrogen).  The TOPO10 cells were initiated by inoculating 0.6 µL of 

overnight stock into 6 mL LB broth containing 50 mg/mL ampicillin.  The culture 

was grown overnight at 37 ºC and shaken at 250 rpm.  After double digesting the 

miniprep of overnight TOPO10 cell culture by NdeI and XhoI, the sequence of the 

insert (PcpCC13S) in TOPO10 cell was determined in both directions using T7 

promoter primers.   After sequence verification, PCR® 2.1 vector PcpCC13S was 

isolated from TOPO10 cell.  The product of the expected size (~747 bp) was gel 

purified again, digested with NdeI and XhoI, and ligated into the NdeI–XhoI sites 

in PET-30a-c (+) vector to yield the plasmid PET-30a-c (+) PcpCC13S plasmid.  

The ligation product was transformed into competent DH5α cells for maintenance 

of the plasmid.  Protein expression was initiated by inoculating 0.6 µLof E. coli 

BL21-star (PET-30a-c (+) PcpCC13S) overnight stock into 6 mL LB broth 

containing 30 mg/mL kanamycin.  The culture was grown overnight at 37 ºC and 
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shaken at 250 rpm. 1.5 mL of overnight culture was used to inoculate 1,500 mL 

LB broth containing 30 mg/mL kanamycin.  Upon reaching an OD595 of 0.6 and 

0.8, mutated fusion protein expression was induced by adding IPTG to a final 

concentration of 0.05 mM.  The culture was further incubated at 25 ºC for 4 hours 

and the cells were harvested by centrifugation at 8000g for 8 min at 4 ºC.  The 

cell pellet was suspended in 40 mL ice-cold lysis buffer containing 20 mM Tris-

HCl pH 7.0, 500 mM NaCl, 0.5 mM PMSF, 1uM pepstatin A, 5 mM β-ME ,10 mM 

imidazole and 1 mg/mL Lysozyme.  Cell breakage was performed by sonication 

on ice for 2 seconds followed by 8 seconds cooling for 30 cycles.  The sonicated 

crude extract was centrifuged at 13,800g for 30 min at 4 ºC.  The supernatant 

was ready for protein purification. 

 

3.3. Protein purification 

 

3.3.1. Purification of PcpB.  

 

E. coli M15 cells over-expressing recombinant His6-tagged PcpB were 

kindly provided by Dr. Shelley D. Copley of the University of Colorado at Boulder.  

One liter of LB media containing 30 µg/mL kanamycin was inoculated with 1.0 

mL of overnight culture from a single colony of M15 cells on a LB plus kanamycin 

cultural plate and incubated at 37 °C with shaking at 250 rpm until OD600 of the 

culture reached 0.4-0.6.  The expression of PcpB was induced by adding IPTG 

(final concentration of 1mM) to the cell culture.  Cell growth was allowed to 
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proceed for an additional four hours.  The cells were harvested by centrifugation 

at 5,000 rpm for 20 minutes on a Beckman-Coulter Allegra® 25R centrifuge.  Cell 

pellets were flash-frozen and stored at -80 °C.  The recombinant PcpB was 

purified using affinity chromatography on a 5-mL Ni-NTA agarose column.  A 

pellet from one liter cell culture was resuspended in 40 mL lysis buffer (50 mM 

phosphate buffer, pH 7.7, 300 mM NaCl, 10 mM imidazole, 0.03% Triton-X 100, 

0.5 mM PMSF, 1 µM pepstatin A, and 40 mg lysozyme) and incubated with 

rotating at 4 °C for 30 minutes.  The lysis solution was centrifuged at 13,000 rpm 

for 20 minutes.  The supernatant was mixed with 5 mL Ni-NTA agarose media 

and shaken for 2 hours.  The Ni-NTA agarose media were then packed into a 

column and washed thoroughly with the washing buffer (50 mM phosphate buffer, 

pH 7.7, 300 mM NaCl, 50 mM imidazole, 0.03% Triton-X 100, 0.5 mM PMSF, 

and 1 µM pepstatin A) at a flow rate of 2 mL/minute until the elute UV 

absorbance was approximately zero. The column was washed again with 10% of 

elution buffer (50 mM phosphate buffer, pH 7.7, 300 mM NaCl, 250 mM 

imidazole, 0.5 mM PMSF, and 1 µM pepstatin A) at a flow rate of 2 mL/minute 

until the elute UV absorbance was approximately zero again.  PcpB was eluted 

with 20 mL elution buffer.  The purity of PcpB in the elution fractions was 

examined on a 12% SDS-PAGE gel (Table 3.3.1).  Fractions containing pure 

PcpB were combined, buffer-exchanged to the storage buffer (50 mM phosphate 

buffer, pH 7.7, 0.2 mM PMSF, and 5% glycerol), and concentrated to about 10 

mg/mL. The final enzyme with more than 95% purity was aliquoted and stored at 

-80 °C. 
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Table 3.3.1. The chemical ingredients of the stacking gel and separating gel in 

the 12% SDS-PAGE  

 

 Stacking gel (4%) Separating gel (12%) 

Reagent Volume (to make 2.0 ml) Volume (to make 5.0 ml) 

40% Acrylamide 0.2 mL 1.5 mL 

Water (distilled) 1.5 mL 2.2 mL 

1.5 M Tris-HCl pH8.8  1.25 mL 

0.5 M Tris-HCl pH6.8 0.25 mL  

20% SDS 10 µL 25 µL 

10% Ammonium 

persulfate 

10 µL 25 µL 

TEMED (added last) 2 µL 4 µL 

 

 

3.3.2. Purification of the PcpC (C13S) mutant 

 

All purification was undertaken at 4 ºC.  The binding and washing buffer is 

20 mM Tris-HCl pH 7.7, 0.5 mM PMSF, 1uM Pepstatin A, 5 mM β-ME, 0.5 M 

NaCl, and 10 mM imidazole.  The elution buffer is 20 mM Tris-HCl, pH 7.7, 0.5 

mM PMSF, 1uM Pepstatin A, 5 mM β-ME, and 250 mM imidazole.  The 

supernatant obtained from diusruption of the E. coli cells over-expressing the 
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PcpC (C13S) mutant was loaded on a 5-mL Ni-NTA column and the PcpC (C13S) 

mutant was purified on an AKTA® Purifier FPLC system (GE HealthCare). The 

column was washed with washing buffer at a flowrate of 5.0 mL/min until the 

baseline was flat.  The column was washed with 4% of elution buffer,  the elute 

UV absorbance was approximately zero.  Finally, the sample was eluted by linear 

gradient elution with the imidazole concentration ranging from 50 to 250 µM.  The 

eluted protein was collected at 5-mL fractions.  The purity of the PcpC (C13S) 

mutant in the elution fractions was examined on a 12% SDS-PAGE gel.    

 

3.3.3. Purification of PcpA 

 

The E. coli BL21-AI cells over-expressing recombinant His6-tagged PcpA 

were kindly provided by Dr. Lifeng Chen of our laboratory.  The recombinant 

PcpA was purified using the same protocol described above for the PcpC (C13S) 

mutant.  The purity of PcpA in the elution fractions was also examined with a 

12% SDS-PAGE gel.  

 

3.4. Protein crystallization 

 

3.4.1. Crystallization of PcpC (C13S) mutant 

 

The hanging-drop vapor diffusion method was used for PcpC (C13S) 

mutant crystallization.  Seven different crystallization screens kits including 
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ComPAS suite (Table 3.4.1), JCSG+ suite (Table 3.4.2), PACT™ (Table 3.4.3), 

ClassicsTM (Table 3.4.4), Classic liteTM (Table 3.4.5) AmSO4
+(Table 3.4.6), 

PEGsTM (Table 3.4.7) were screened.  The total screening contained 1344 

different conditions with different types of precipitant, precipitant concentration, 

buffer, pH, salt and additive.  Two protein concentrations (2.5 mg/mL and 5.0 

mg/mL) were used in each condition. 

 

           A 24-well plate from Qiagen-Nextal was used for hanging drop vapor 

diffusion method.  600 µL of precipitating solutions from the screens was pipetted 

into the reservoirs individually.  2.0 µL of purified protein sample was pipetted 

into the center of a cover slide, which is a clean siliconized glass, and mixed with 

2.0 µL of precipitating reservoir solution immediately. The cover slide was 

inverted and sealed over the reservoir. The plate was incubated at room 

temperature for crystal growth. 

 

          The purified PcpC (C13S) mutant was also sent to Hauptman-Woodward 

Institute, Buffalo, New York, for microbatch-based high throughput crystallization 

screening. Two different PcpC (C13S) concentrations (6 mg/mL and 8 mg/mL) 

and 1536 different conditions were attempted. 

 

3.4.2. Crystallization of PcpA 
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The purified PcpA was sent to Hauptman-Woodward Institute, Buffalo, 

New York, for microbatch-based high throughput crystallization screening. One 

PcpA concentration (5 mg/mL) and 1536 different conditions were examined. 

 

3.4.3. Crystallization of pcpB 

 

           The hanging-drop vapor diffusion method was used for PcpB 

crystallization screening.  Six different crystallization screening kits from Qiagen-

Nextal Inc. including JCSG+ suite, PACT™, ClassicsTM, Classic liteTM, AmSO4
+, 

PEGsTM solution screens and in total 1152 different conditions including different 

types of precipitants, precipitant concentrations, buffers, pHs, salts, and 

additives, had been examined.  Two different protein concentrations (2.5 mg/mL 

and 5.0mg/mL) were used in each condition. 

 

 

 

 

 

 

 

 

 

 



 35 

3.5. GST activity assay 

 

 Yeast GST was purchased from Sigma-Aldrich Canada.  A surface loop 

deletion mutant of PcpC (name PcpC (LD)) was kindly provided by Dr. Lifeng 

Chen of our laboratory. 

 

            Stock solution of GSH at 200 mM was prepared by adding 0.25 g of GSH 

into 4 mL deionized water.  All protein samples (PcpC, PcpC (C13S) mutant, 

PcpC (LD) mutant) were adjusted to the same concentration of 0.25 mg/mL. 10 

ml of master mixture of substrate was made by adding 100 µL of 200 mM GSH 

and 100 µL of 100 mM DTNB into 9.8 mL Dulbeco’s Phosphate Buffer Saline.  

The master solution mixture should be used within 60 min of preparation. 1 mL of 

the master mixture of substrate was transferred to a cuvette and the absorbance 

recorded at 340 nm (blank).  2 µL of yeast GST and 50 µL of PcpC, PcpC (C13S) 

mutant, PcpC (LD) mutant were added to the cuvette, respectively.  The 

solutions were mixed well by covering the cuvette with parafilm and inverting 

several times.  The results were read from one to seven min on a UV-visible 

spectrophotometer.   
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3.6. CHEMICALS 

 

Buffers: 

 

           Citric Acid Anhydrous (C6H8O7) (OmniPur®  Grade ), was purchased from 

VWR Canlab (Ontario, Canada). 

          di-Ammonium Hydrogen Phosphate (H9N2O4P) (ACS Grade), was 

purchased from Sigma-Aldrich Canada Ltd (Ontario, Canada). 

           HEPES (C8H18N2O4S) (Biotechnology Performance Certified), was 

purchased from Sigma-Aldrich Canada Ltd (Ontario, Canada). 

          MES (C6H13NO4S.H2O) (Biotechnology Performance Certified), was 

purchased from Sigma-Aldrich Canada Ltd (Ontario, Canada). 

          MOPS (3-(N-morpholino)propanesulfonic acid, C4H8ONC3H6SO3H)(Ultrol 

Grade), was purchased from EMD Chemicals Inc.( Gibbstown, New Jersey,USA) 

         Potassium Phosphate, monobasic (KH2PO4) (ACS Grade), was purchased 

from VWR Canlab (Ontario, Canada). 

         Potassium Phosphate, dibasic (K2HPO4) (ACS Grade), was purchased 

from VWR Canlab (Ontario, Canada). 

         Sodium Acetate Anhydrous (CH3COONa) (AnalaR® Grade), was purchased 

from VWR Canlab (Ontario, Canada). 

         Sodium Cacodylate (C2H6AsO2Na) (Sigma Ultra Grade), was purchased 

from Sigma-Aldrich Canada Ltd (Ontario, Canada). 
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         Sodium Citrate (Na3C6H5O7.2H2O) (AnalaR® Grade), was purchased from 

VWR Canlab (Ontario, Canada). 

         TAPS (N-Tris(hydroxymethyl)methyl-3-aminopropane sulfonic acid, 

C7H17NO6S) (Biotechnology Performance Certified), was purchased from Sigma-

Aldrich Canada Ltd (Ontario, Canada). 

        Tris (C4H11NO3) (Reagent Grade), was purchased from Sigma-Aldrich 

Canada Ltd (Ontario, Canada). 

        Tri-sodium Citrate Dihydrote (C6H9Na3O9 / C6H5Na3O7.2H2)(ACS Grade), 

was purchased from EMD Chemicals Inc.( Gibbstown, New Jersey,USA). 

 

Cryoprotectants: 

 

         Glycerol (C3H8O3) (ACS Grade), was purchased from VWR Canlab 

(Ontario, Canada). 

 

Precipitants: 

 

        Polyethylene glycol 400 (PEG 400, C2H6O2) (Purum Grade) was purchased 

from Fluka Chemical Cooperation (Wisconsin, USA).  

         Polyethylene glycol 1,000 (PEG 1,000, C2H6O2), Polyethylene glycol 4, 000 

(PEG 4,000, C2H6O2), Polyethylene glycol 6,000 (PEG 6,000, C2H6O2) and 

Polyethylene glycol 8,000 (PEG 8,000, C2H6O2) (Purum Grade) were purchased 

from Sigma-Aldrich Canada Ltd (Ontario, Canada). 
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         2-Methy-2-4-pentanediol (MPD, C6H14O2) (Purum Grade), was purchased 

from Fluka Chemical Coop. (Wisconsin, USA). 

 

 

Salts: 

 

          Ammonium Acetate (CH3COONH4) (ACS Grade), was purchased from 

EMD Chemicals Inc. (Gibbstown, New Jersey, USA). 

          Ammonium Chloride (NH4Cl) (ACS Grade), was purchased from EMD 

Chemicals Inc. (Gibbstown, New Jersey, USA). 

           Ammonium Sulfate (NH4)2SO4 (ACS Grade), was purchased from VWR 

Canlab (Ontario, Canada). 

          Calcium Acetate ((CH3COO)2Ca) (SigmaUltra® Grade), was purchased 

from Sigma-Aldrich Canada Ltd (Ontario, Canada). 

          Calcium Chloride Dehydrate (CaCl2 • 2H2O) (ACS Grade), was purchased 

from EMD Chemicals Inc. (Gibbstown, New Jersey, USA). 

          Calcium Chloride (CaCl2) (ACS Grade), was purchased from VWR Canlab 

(Ontario, Canada). 

          Cobalt Sulfate Hexahydrate (CoSO4.7H2o) (SigmaUltra Grade), was 

purchased from Sigma-Aldrich Canada Ltd (Ontario, Canada). 

         Lithium Chloride (LiCl) (OmniPur  Grade), was purchased VWR Canlab 

(Ontario, Canada). 
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         Lithium Sulfate (Li2SO4) (Reagent Grade), was purchased from Sigma-

Aldrich Canada Ltd (Ontario, Canada). 

         Manganesium Acetate ((CH3COO)2 Mg · 4H2O)( BioChemika Ultra Grade), 

was purchased from Sigma-Aldrich Canada Ltd (Ontario, Canada). 

           Magnesium Chloride Hexahydrate (MgCl2.6H2O) (ACS Grade), was 

purchased from EMD Chemicals Inc. (Gibbstown, New Jersey, USA). 

           Manganesium Sulfate Hexahydrate (MgSO4 · 6H2O) (ACS Grade), was 

purchased from EMD Chemicals Inc. (Gibbstown, New Jersey, USA). 

           Mono-Ammonium dihydrogen phosphate  ((NH4)H2PO4) (ACS Grade), 

was purchased from Sigma-Aldrich Canada Ltd (Ontario, Canada). 

           Potassium Acetate (CH3COOK) (ACS Grade), was purchased from Fisher 

Scientific (Ontario, Canada). 

          Potassium Chloride (KCl) (ACS Grade), was purchased from EMD 

Chemicals Inc. (Gibbstown, New Jersey, USA). 

          Potassium phosphate dibasic (K2HPO4) (ACS Grade), was purchased 

from EMD Chemicals Inc. (Gibbstown, New Jersey, USA). 

         Potassium phosphate-monobasic (K2HPO4) (ACS Grade), was purchased 

from EMD Chemicals Inc. (Gibbstown, New Jersey, USA). 

         Potassium Thiocyanate (KSCN) (SigmaUltra Grade), was purchased from 

Sigma-Aldrich Canada Ltd (Ontario, Canada). 

        Sodium Chloride (NaCl) (ACS Grade), was purchased from EMD Chemicals 

Inc. (Gibbstown, New Jersey, USA). 
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HPLC Assay: 

 

          PCP (Pentachlorophenol), TCHQ (Tetrachlorohydroquinone, TCBQ 

(Tetrachlorobenzoquinone), NADPH (Nicotinamide adenine dinucleotide 

phosphate) , acetonitrile, glutathione (reduced form), imidazole, LB broth and 

IPTG (isopropyl β-D-1-thiogalactopyranoside) (Biotechnology Performance 

Certified) were all purchased from EMD Chemicals Inc. (Gibbstown, New Jersey, 

USA).  

 

Proteins: 

 

PcpB were kindly provided by Dr. Shelley D. Copley of the University of 

Colorado at Boulder.  

 

Protein Overexpression: 

 

         Antibiotics Kanamycin-Na and ampicillin-Na were purchased from Sigma-

Aldrich Canada Ltd (Ontario, Canada) and VWR International Ltd (Ontario, 

Canada) respectively. 

 

          Bacteria of S. chlorophenolicum ATCC 53874 was purchased from 

American Type Culture Collection (ATCC) (Manassas, Virginia, USA). 
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          LB broth and isopropyl β-D-1-thiogalactopyranoside (IPTG) were 

purchased from Sigma-Aldrich Canada (Oakville, Ontario, Canada). Ni-NTA 

medium was purchased from Qiagen Canada Inc. (Mississauga, Ontario, 

Canada). 

 

          Restriction enzymes Nde I, Xho I, and T4 DNA Ligase were purchased 

from Invitrogen Canada Inc. (Burlington, Ontario, Canada). 

 

          PCR Purification Kit, Gel Exraction Kit, and DNeasy® Tissue Kit were 

purchased from QIAGEN Canada Inc. (Mississauga, Ontario, Canada). 

 

          DNA Clean and ConcentrationTM Kit and ZymocleanTM Gel DNA Recovery 

Kit were purchased from Zymo Research (Orange, California, USA). 

 

         TA cloning® kit was purchased from Invitrogen Canada Inc. (Burlington, 

Ontario, Canada). 

 

         DH5α competent cell was purchased from Zymo Research (Orange, 

California, USA). 

 

         BL21 StarTM (DE3) One Shot ® chemically Competent Cell was purchased 

from Invitrogen Canada Inc. (Burlington, Ontario, Canada). 
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Protein Purification: 

          DTT (OmniPur® Grade) and Lysozyme (HPLC grade) were purchased from 

Sigma-Aldrich Canada Ltd (Oakville, Ontario, Canada), Tris-HCl were purchased 

from CalbioChem (San Diego, California, USA), Imidazole (ACS Grade) was 

purchased from EMD Chemicals Inc. (Gibbstown, New Jersey, USA).  

    

Protein Characterization: 

 

          The Bradford reagent, low-molecular weight range Sigma marker, 40% 

acrylamide/bis-acryamide, TEMED (C6H16N2) and Tris base (C4H11NO3) were  

purchased from Sigma-Aldrich Canada Ltd. (Ontario, Canada). 

 

          Molecular weight marker Precision Plus ProteinTM Standards was 

purchased from Bio-Rad Laboratories, Inc. (Hercules, California, USA). 

 

          Ammonium persulfate (OmniPur® Grade), glacial acetic acid (ACS Grade), 

glycerol (ACS Grade), methanol (HPLC Grade), sodium dodecyl sulfate 

(C12H25SO4Na, OmniPur® Grade) were purchased from VWR International Ltd. 

(Ontario, Canada).  

 

         Glycine (C2H5NO2, electrophoresis grade) was purchased from Fisher 

Scientific Ltd. (Ontario, Canada). 
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         EZBlueTM Gel staining reagent was purchased from Sigma-Aldrich Canada 

Ltd. (Ontario, Canada).  

 

Protein crystallization: 

 

         PACT™ Screen, JCSG+ suite Screen, PEGsTM Screen, AmSO4
+ Screen, 

ClassicsTM Screen, Classic liteTM screen was purchased from Qiagen-Nextal 

(Montreal, Quebec, Canada). 

 

         ComPAS suite screen was purchased from Qiagen Canada Inc.  

(Mississauga, Ontario, Canada). 

    

3.7. EQUIPMENT 

 

            The balance used was an Ohause AdventurerTM balance, which was 

purchased from Ohause Corporation (Pine Brook, New Jersey, USA). It is a 

balance for normal sample measurement (maximal weight capacity: 510 g, 

readability: 0.01 g). 

 

           The benchtop Ultraviolet and white light transilluminators were purchased 

from VWR Sientific (Mississauga, Ontario, Canada). The wavelength of the 

Ultraviolet is 302 nm. 
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           The centrifuges used were VWR® Galaxy 14D centrifuge with the 

maximum speed at 13,000 rpm for small quantity of sample solutions up to 1.5 ml 

and Beckman-Coulter Allegra® 25R centrifuge with the maximum speed at 

10,000 rpm and 14,000 rpm were used for 250 ml & 50 ml of sample solutions, 

respectively. 

 

            The circulating water bath was purchased from PolyScience, division of 

Preston Industries incorporation (Niles, Illinoise, USA). The temperature is 

ranged from -30 oC to 150 oC. 

 

            The DNA agarose gel systems called Sub SystemTM 150 and Sub 

SystemTM 170 Electrophoresis System were purchased from Labnet International, 

Inc. (Woodbridge, New Jersey, USA). 

 

           The Mastercycler® personal model 5332  PCR instrument used was 

purchased from eppendorf AG (Hamburg, Germany).  

 

           The microscope used was a VWR VistaVisionTM stereo microscope model 

ProZoom 12778-124 Binocular Dual Halogen with 10 X magnification eyepieces.  

 

           The Precision® incubator was purchased from Pacific Combustion 

Engineering Company (Winchester, Virginia, USA). Its temperature is ranged 

from 5 oC to 65 oC, and temperature is electronic control. 
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           The pH meter used was VWR SympHony model SB 21. It can be 

calibrated by three different standard buffer solutions (pH: 4.01, 7.00 and 10.01) 

in a range from ± 0.01 to 0.02 pH units.       

 

            The SDS-PAGE electrophoresis gel system called XCell SureLock Mini-

CellTM was purchased from Invitrogen Corporation (Burlinton, Ontario, Canada). 

             The shaker used is an incubated and refrigerated shaker model SHKE 

4000, which was purchased from Barnstead International (Melrose Park, Illinois, 

USA). The temperature of the shaker is ranged from 5 oC to 60 oC, and the 

speed is ranged from 15 to 500rpm.  

 

           The two liquid chromatography instruments used were ÄKTA prime with 

software PrimeView version 1.00 and ÄKTA purifier with software Unicorn 

version 5.01 were purchased from Amershen Biosciences (Wiskstroms, 

Sweeden). The 5 ml HisTrap TM HP column (prepacked with precharged Ni 

Sepharose TM High Performance) used was purchased from Amershen 

Biosciences (Wiskstroms, Sweeden). 

 

          The ultrasonic cell disruptor and homogenizer (sonicator) called SonifierTM 

150 was purchased from Branson Ultrasonics Corporation (Danbury, Connecticut, 

USA). Its maximal vibration is at a fixed frequency of 22.5 KHZ.   
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          The UV-VISIBLE spectrometer used was a GENESYSTM 

Spectrophotometer, which was purchased from Thermo Electron corporaton 

(Madison, Wisconsin, USA). 
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CHAPTER 4: RESULTS AND DISCUSSION 
 

4.1. DETERMINATION OF THE CATALYTIC PRODUCT OF PcpB 

 

4.1.1. Results 

 

4.1.1.1. Purification of PcpB 

          

The Escherichia coli M13 cells over-expressing recombinant His6-tagged 

PcpB were kindly provided by Dr. Shelley D. Copley of the University of Colorado 

at Boulder.  PcpB was purified by affinity chromatography on a Ni-NTA column.  

The purity of PcpB in the elution fractions was examined on a 12% SDS-PAGE 

gel (Fig. 4.1.1). The molecular weight of the recombinant PcpB was determined 

to be 61 KDa, which is consistent with the theoretical molecular weight. The 

purity of PcpB was higher than 95%. Fractions containing pure PcpB were 

combined, buffer-exchanged to storing buffer (20 mM phosphate buffer, pH 7.0, 

0.25 mM PMSF, 5% glycerol), concentrated to 15 mg/mL, and stored at -80 °C.  

 

4.1.1.2. Standard curves of PCP, TCHQ and TCBQ 

 

          The standard curves for PCP, TCHQ and TCBQ were calibrated in 

duplicate by HPLC method.  Sample solutions containing 100 µM, 80 µM, 40 µM, 

20 µM, and 10 µM of PCP, TCHQ or TCBQ were prepared by serial dilution with 
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deionized distilled water.  30 µL of each sample solution was injected into an 

Alltech Econosphere® C8 column and eluted with an isocratic mobile phase 

solvent of 60% acetonitrile and 40% acetic acid (0.1%).  The retention time was 

17.5 min, 7.0 min and 9.5 min for PCP, TCHQ and TCBQ, respectively. Peak 

area for each sample on the HPLC histogram was calculated. The standard 

curves for PCP, TCHQ and TCBQ were obtained by linear fit between the 

sample concentrations and peak areas (Figure 4.1.2).  Quantification of PCP, 

TCHQ or TCBQ in other experimental samples was performed by comparing its 

peak area against the standard curves. 

 

Marker     Elution1       Elution2

61 KDa

250 KDa

100 KDa

75 KDa

50 Kda

37 KDa

25 KDa

20 KDa

15 KDa

10 KDa

 

Figure 4.1.1. Purification of PcpB. Lane “Marker” represents the protein 

molecular weight marker. Lanes “Elution1” and “Elution2” represent two elution 

fractions of the recombinant PcpB.   
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Figure 4.1.2. Standard curves for PCP, TCHQ and TCBQ.   
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Figure 4.1.3. Reduction of TCBQ by NADPH under different molar ratios 

between NADPH and TCBQ. The reduction reaction was monitored from 1 to 5 

min.  The results at the 1, 2, 3, 4, and 5 min were represented by solid square, 

solid diamond, solid triangle, asterisk, and solid circle, respectively. 

 

4.1.1.3. NADPH readily reduces TCBQ to TCHQ 

 

TCHQ and TCBQ are present in a redox-equilibrium in aqueous solution 

unless under rigorous anaerobic conditions. The redox-equilibrium can easily be 

shifted by reducing agents such as NADPH or oxidizing agents such as O2.  Any 

reagent that reacts with either TCHQ or TCBQ would also shift the redox-

equilibrium. The non-enzymatic reduction of TCBQ by NADPH was studied at 

room temperature under four different molar ratios of NADPH and TCBQ.  Both 

TCHQ and TCBQ were detected by HPLC.  Because either phosphate buffer (pH 

7.0) or Tris-HCl buffer (pH 7.0) interfered with the detection of TCHQ by 

generating a strong solvent-front peak, the reduction reaction was undertaken in 

de-ionized distilled water (pH 6.8).  As shown in Fig. 4.1.3, the reduction of 
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TCBQ by NADPH was rapid at all four molar ratios.  Reestablishment of the 

redox-equilibrium was achieved in less than 1 min.  When the molar ratio was 0.5 

or 1, approximately 50-65% of TCBQ was reduced to TCHQ.  When the molar 

ratio was 2.5 or higher, almost all TCBQ was reduced to TCHQ.  Therefore, in 

order to unambiguously confirm the identity of the catalytic product of the PcpB 

catalysed reaction, the molar ratio between NADPH and the product should 

always be less than 1 in the reaction system. 

 

4.1.1.4. Ethyl acetate extraction increased the oxidation of TCHQ 

 

Because ethyl acetate extraction may have influenced previous results 

(Dai et al., 2003), we investigated the effect of ethyl acetate extraction on the 

redox-equilibrium between TCHQ and TCBQ using UV-visible spectroscopy.  As 

shown in Fig. 4.1.4, the solution containing 100 µM TCHQ in 50 mM phosphate 

buffer exhibited a bell-shaped absorption peak centered at 304 nm, whereas the 

bell-shaped absorption peak for the 100 µM TCBQ solution was centered at 292 

nm.  The solution containing 100 µM of both TCHQ and TCBQ showed a much 

larger peak centered at 300 nm, which could be obviously viewed as a 

summation of the respective absorption peaks for TCHQ and TCBQ.  The ethyl 

acetate extract of the 100 µM TCBQ solution gave a narrower absorption peak 

centered at 292 nm (Fig. 4.1.4).  However, the ethyl acetate extract of the 100 

µM TCHQ solution gave two absorption peaks with maxima at 292 and 304 nm, 

and the ethyl acetate extract of the solution containing 100 µM TCHQ and 100 
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µM TCBQ showed a stronger absorption at 292 nm than the extract from 100 µM 

TCBQ solution and a weaker absorption at 304 nm than the extract from 100 µM 

TCHQ solution (Fig. 4.1.4).  These observations strongly suggested that TCHQ 

had been oxidized during the ethyl acetate extraction, and the extent of oxidation 

could approach 100%. 

 

 

Figure 4.1.4. The UV-visible spectra for the 1-mL solutions containing 100 µM 

TCHQ, 100 µM TCBQ, and 100 µM of both TCHQ and TCBQ, respectively, in 

either 50 mM phosphate buffer, pH 7.0 (A) or ethyl acetate extract (B). 

 

4.1.1.5. Glutathione shifts the TCHQ-TCBQ redox-quilibrium towards TCBQ 

 

As a strong nucleophile, glutathione (GSH) may react rapidly with any 

electrophilic TCBQ formed through TCHQ oxidation to form GS-TriCBQ, 

dragging the redox-equilibrium towards TCBQ.  Thus, we quantified the effects of 

GSH on the redox-equilibrium by adding GSH into 100 µM TCHQ water solution 
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at five different concentrations using an HPLC method (Fig. 4.1.5).  GSH was 

indeed capable of shifting the redox-equilibrium to the TCBQ side and re-

establishment of the redox-equilibrium occurred within 1 min.  At 50 µM GSH, as 

much as 90% of TCHQ was converted to TCBQ, GS-TriCBQ or 

tetrachlorobenzosemiquinone.  As GSH concentration is 100 µM or higher, only 

about 10-30% of TCHQ was converted.  This is likely due to that the reaction 

system was in a stronger reducing environment and the oxidation of TCHQ to 

TCBQ was decreased.  In order to confirm this rationale, we measured the 

oxygen consumption rate in a 1-mL enclosed system containing GSH and TCHQ 

in 50 mM phosphate buffer, pH 7.0.  Addition of GSH into the phosphate buffer 

solution produced very little oxygen consumption.  However, subsequent addition 

of TCHQ into the phosphate buffer solution increased the oxygen consumption 

rate dramatically, ranging from 3.0 µM/min at 2 mM GSH to 9.5 µM/min at 200 

µM GSH (Table 4.1.1).  It is obvious that the oxidation of TCHQ was much slower 

at higher GSH concentrations.  This observation is consistent with the above 

HPLC analysis.  Therefore, any nucleophilic compound such as GSH, which can 

shift the redox-equilibrium towards TCBQ, should be avoided in the 

characterization of PcpB. 
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Figure 4.1.5. The effects of GSH on the redox-equilibrium between TCHQ and 

TCBQ.  The reaction was monitored from 1 to 5 min.  The results at the 1, 2, 3, 4, 

and 5 min were shown in solid square, solid diamond, solid triangle, asterisk, and 

solid circle, respectively. 

 

Table 4.1.1. Oxygen consumption rate (average ± standard deviation of two 

independent measurements) from 100 µM TCHQ incubated in an enclosed 

reaction system with different GSH concentrations at 23.5 °C 

GSH (µM) Oxygen consumption (µM/min) 

0 5.4 ± 0.3 

50 9.1 ± 0.1 

100 8.1 ± 0.4 

200 9.5 ± 0.3 

500 6.3 ± 0.3 

1000 4.2 ± 0.5 

2000 3.0 ± 0.3 
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4.1.1.6. TCHQ rather than TCBQ was the catalytic product of PcpB 

 

Contrary to the claim by Dai et al. (2003) that TCHQ and TCBQ were 

usually co-eluted on HPLC, previous studies by Tjeerdema and Crosby (1992) 

and our group showed that PCP, TCHQ and TCBQ could be easily separated by 

HPLC.  Therefore, we decided to adapt the HPLC method to characterize the 

catalytic product of PcpB. 

 

 

Figure 4.1.6. HPLC analysis of the catalytic product of PcpB.  The retention time 

for TCBQ (9.5 min) was indicated by an arrow in the histogram. 

 

We first incubated 200 µL reaction mixture containing 100 µM PcpB and 

100 µM NADPH at room temperature for at least 1 minute to ensure sufficient 

binding of NADPH to PcpB and reduction of the flavin.  Unbound NADPH should 

therefore be present to a minimum amount in the reaction mixture.  PCP, with the 

final concentration at 200 µM, was then added to the reaction mixture to initiate 
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the catalytic reaction of PcpB for 1 min before the reaction was quenched with 1 

M HCl.  The quenched reaction mixture was immediately centrifuged at 13,000 

rpm for 0.5 min and the supernatant was immediately loaded onto an Alltech C8 

column for HPLC analysis.  Under the current experimental conditions (equimolar 

enzyme: NADPH and excess PCP), NADPH would predominantly react with PCP, 

leaving the molar ratio between the un-reacted NADPH and the catalytic product 

of PcpB far below 1.  Thus, the catalytic product of PcpB would be detected 

unambiguously no matter if it was TCHQ or TCBQ.  As shown in Fig. 4.1.6, the 

HPLC histogram clearly showed the absorption peaks for TCHQ and PCP.  But 

no trace of TCBQ was detected.  In addition, the absorption peaks for both 

TCHQ and PCP were small, implying the small molecules bound significantly to 

the viscous gel of the denatured PcpB due to the large amount of enzyme used 

in the reaction and/or precipitated out due to lower solubility at acidic pH after 

quenching with HCl.  In order to examine the possibility that TCBQ was the 

catalytic product of PcpB and completely precipitated out and/or bound to the 

denatured PcpB during the quenching, we repeated the above experiment by 

stopping the reaction either with 0.1 M HCl in acetonitrile as the quenching 

reagent to increase the presence of TCBQ in the supernatant or with the filtration 

method using an Amicon centrifugal filter unit with molecular weight cutoff of 10 

kDa.  However, we still could not detect any TCBQ in the reaction mixture.  We 

observed that the absorption peak for PCP in the Amicon filtrate was still small, 

suggesting that PCP bound specifically and/or non-specifically to PcpB because 

of the large amount of enzyme used.  In addition, that the absorption peak for 
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TCHQ in the filtrate was also small suggests that PcpB, its catalytic product, and 

flavin (either FMN or FAD) were likely present as a ternary complex, in which 

TCHQ could be trapped much easier by GSH to form GS-TriCBQ. 

 

 

Figure 4.1.7. Homology structural model of PcpB. (A). A ribbon representation. 

(B). Electrostatic potential distribution at the proposed active site by Nakamura et 

al. (2004). 

 

To further investigate the catalytic mechanism, a structural model of PcpB 

was constructed by homology modeling using the coordinates of the aromatic 

hydroxylase from Streptomyces strain pga64 (PDB ID: 2qa1) as the template 

(Koskiniemi et al., 2007).  The active site of PcpB, as defined by Nakamura et al. 

(2004), was highly positively charged (Fig. 4.1.7).  The positive electrostatic 

potentials make it favorable for PcpB to produce TCHQ instead of TCBQ, 

because the electrophilic TCBQ is not stable in a positively charged environment 
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and the reaction catalyzed by PcpB would have to cross a much higher energy 

barrier if the catalytic product were TCBQ.   

 

4.1.2. Discussion 

 

In the current studies, we showed that reducing agent NADPH rapidly 

reduced TCBQ to TCHQ (Fig. 4.1.3).  To confirm the identity of the catalytic 

product of PcpB, the experiment should be designed carefully to ensure that the 

unreacted NADPH was less than the catalytic product in the reaction system.  

Although Xun et al. (1991) used the substrates NADPH and PCP at 1:1 ratio in 

their initial characterization of PcpB, the low catalytic activity of PcpB resulted in 

the molar ratio between NADPH and the catalytic product of PcpB being much 

higher than 1 at any time during the reaction.  The inefficiency of PcpB led Xun et 

al. to use a much higher molar ratio (16,000) between NADPH and PCP in their 

subsequent studies on PcpB (Xun et al., 1992).  However, under either 

circumstance, only TCHQ would be identified due to the high molar ratio between 

NADPH and the product of PcpB regardless of whether the initial product was 

TCHQ or TCBQ. 

 

Dai et al. provided two key pieces of evidence to support TCBQ as the 

catalytic product of PcpB (2003).  The first piece of evidence was the 

identification of TCBQ by gas chromatography-mass spectrometry (GC/MS) from 

the ethyl acetate extract of the PcpB reaction mixture.  The ethyl acetate 
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extraction step was reported to be necessary in the GC/MS detection (2003).  As 

described in the introduction section, benzoquinones are less soluble than 

hydroquinones in aqueous solutions (Gibbs, 1998) and organic solvent extraction 

may increase the oxidation of hydroquinones to the corresponding 

benzoquinones.  In the current studies we showed that ethyl acetate extraction 

increased the oxidation of TCHQ to TCBQ (Fig. 4.1.4).  Therefore, the ethyl 

acetate extraction experiment undertaken by Dai et al. (2003) was not sufficient 

to support TCBQ as the catalytic product of PcpB.  The second piece of evidence 

was the formation of 2,3,5-trichloro-6-S-glutathionylbenzoquinone (GS-TriCBQ) 

upon adding GSH to the PcpB reaction mixture (Dai et al., 2003).  However, the 

current studies also showed that GSH shifted the redox equilibrium towards 

TCBQ and the oxidation of TCHQ was slower at higher GSH concentrations (Fig. 

4.1.5 and Table 4.1.1).  Dai et al. reported a 95% conversion rate for PCP by 

using 2 mM GSH to trap the catalytic product of PcpB (2003).  This conversion 

rate would be much higher than our observation reported above if TCHQ were 

the catalytic product of PcpB.  But we could not conclude TCBQ as the catalytic 

product of PcpB either, because the high conversion rate could have been 

obtained with TCHQ as the catalytic product of PcpB for the following reasons.  

First, the reaction carried out by Dai et al. was at 37 ºC, whereas ours was only 

at room temperature (~ 23 ºC).  The oxidation of TCHQ to TCBQ would be more 

than twice as fast at 37 ºC.  Secondly, the reaction undertaken by Dai et al. was 

at pH 8.0, whereas our experiment was done at pH 6.8.  TCHQ would be 

oxidized much faster in alkaline solutions than in acidic solutions (Kung and 
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McBride, 1988).  Finally, the usage of a large amount of PcpB in the reaction by 

Dai et al. might result in the formation of the transient state ternary complex of 

PcpB, the catalytic product, and flavin.  GSH could directly react with the ternary 

complex to form GS-TriCBQ, which would be much faster than first shifting the 

redox-equilibrium towards the TCBQ side and then reacting with the TCBQ.  

Thus, trapping the catalytic product of PcpB by GSH is unlikely to be an 

appropriate method to detect the identity of the catalytic product of PcpB. 

 

Under newly designed experimental conditions, we showed 

unambiguously that TCHQ rather than TCBQ was the catalytic product of PcpB.  

Then, two important questions that are needed to be addressed are what role 

PcpD plays and how TCBQ is produced during the biodegradation of PCP, since 

previous studies by both Dai et al. and our group confirmed that PcpD was 

indeed a TCBQ reductase instead of a monooxygenase reductase in spite of its 

low but statistically significant activity (Dai et al., 2003, Chen and Yang, 2008).  

To answer these two questions, we decided to analyze the published study 

results on the pcpD-knockout strain of S. chlorophenolicum ATCC 39723 (Dai et 

al., 2003).   

 

The pcpD-knockout strain of ATCC 39723 was able to degrade PCP at 

lower (100 µM) but not higher (300 µM) concentrations (Dai et al., 2003).  Three 

explanations were provided by Dai et al. for this phenomenon (Dai et al., 2003).  

The first explanation was that the absence of PcpD resulted in accumulation of 
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the toxic TCBQ that overcame the bacterial cells at higher concentrations of PCP 

(such as 300 µM).  If the explanation were valid, we would expect a deceleration 

of the degrading rate even at lower concentrations of PCP (such as 100 µM) 

because PcpB was inhibited by TCBQ in a concentration-dependent manner in 

the range of 0-80 µM and lost almost all of its catalytic activity at 80 µM of TCBQ 

(Dai et al., 2003).  However, the PCP degrading rate of the pcpD-knockout strain 

was about the same throughout the whole degradation process in the presence 

of 100 µM of PCP (Dai et al., 2003), indicating that TCBQ was not accumulating 

within the bacterial cells.  The second explanation was that PcpD might be 

involved in the bacterial response towards the toxicity of PCP or its metabolites, 

and the third explanation was that the knockout of gene pcpD might alter the 

expression level of the regulatory gene pcpR.  But currently there are no 

experimental evidences available to support these two explanations. 
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Figure 4.1.8. Peroxidase activity assay of the S. chlorophenolicum strain ATCC 

39723 cell culture and its cell lysate supernatant.  (A). 1.5 mL bacterial cell 

culture + 1.5 mL reaction mixture containing 1% pyrocatechol, (B). 1.5 mL 

bacterial cell culture + 1.5 mL reaction mixture containing 1% pyrocatechol and 

1.5% H2O2, (C). 300 µL of 50 mM phosphate buffer, pH 7.0 + 1.5 mL reaction 

mixture containing 1% pyrocatechol and 1.5% H2O2, (D). 300 µL of cell lysate 

supernatant + 1.5 mL reaction mixture containing 1% pyrocatechol and 1.5% 

H2O2, and (E). 300 µL of boiled cell lysate supernatant + 1.5 mL reaction mixture 

containing 1% pyrocatechol and 1.5% H2O2. 

 

Compared to the wild-type, the pcpD-knockout strain showed a much 

slower degradation rate at 100 µM of PCP (Dai et al., 2003), implying that there 

was a small amount of TCBQ in the bacterial cells.  However, the almost 

unchanged PCP degradation rate suggested that the in vivo concentration of 

TCBQ was constant.  It was likely that TCBQ was produced by other enzymes 

rather than PcpB and/or by non-enzymatic oxidation of TCHQ, because TCBQ 

would accumulate to higher concentrations, inhibit the rate-limiting enzyme PcpB, 
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and decrease the PCP degradation rate if it were produced by PcpB.  Taking into 

consideration that PCP could be converted to TCBQ in vivo by peroxidases in 

fungi (Reddy and Gold, 2000) and in vitro by horseradish peroxidase 

(Samokyszyn et al., 1995, Vaidyanathan et al., 2007), we suspected that TCBQ 

was also produced from PCP by at least one peroxidase in S. chlorophenolicum 

strain ATCC 39723.  We thus measured the peroxidase activity of the cell culture 

of strain ATCC 39723 and the supernatant of the bacterial cell lysate (Fig. 4.1.8).  

Peroxidases were observed to be consistently expressed and did not require 

PCP induction in the strain ATCC 39723, implying that the conversion of PCP to 

TCBQ by peroxidases was non-specific.  The peroxidases might also non-

specifically oxidize TCHQ, the catalytic product of PcpB, to TCBQ. Based on the 

above observation, we hypothesized that PcpD acted as a protective enzyme 

against the cyto-toxicity caused by TCBQ rather than as a PCP-degradation 

enzyme, because TCBQ has been shown to be extremely toxic to E. coli 

spheroplasts at concentrations lower than 1 µM (McCarthy et al., 1997).  Our 

current hypothesis can readily explain the experimental results on the pcpD-

knockout strain of ATCC39723.  At lower concentrations of PCP (such as 100 

µM), only a small amount of TCBQ was produced non-specifically by the 

peroxidases, causing a partial inhibition of PcpB but not high toxicity to the 

bacterial cells.  As PCP was increased to higher concentrations (such as 300 

µM), more TCBQ was produced by the peroxidases, leading to severe toxicity to 

the bacterial cells and complete inhibition of the bacterial growth.  Further studies, 

including identifying and cloning the peroxidases, are required to fully understand 
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the PCP biodegradation pathway and the cyto-protection mechanism in S. 

chlorophenolicum. 

 

4.1.3. Conclusion 

 

In the current study, we showed that chemical reagents NADPH, ethyl 

acetate and GSH were capable of shifting the redox-equilibrium between TCHQ 

and TCBQ.  Under newly designed experimental conditions, TCHQ rather than 

TCBQ was identified unambiguously to be the catalytic product of PcpB.  Re-

analysis of the study results on the pcpD-knockout strain of S. chlorophenolicum 

ATCC 39723 implicated PcpD as a protective enzyme against the cyto-toxicity of 

TCBQ rather than as a PCP-degradation enzyme. From above results, the new 

PCP biodegradatipon pathway of Sphingobium chlorophenolicum sp. strain 

ATCC 39723 is shown in Fig. 4.1.9: 
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Figure 4.1.9. Diagram of new pentachlorophenol biodegradation pathway of Sphingobium 

chlorophenolicum sp. strain ATCC 39723. 
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4.2. CRYSTALLIZATION OF PcpC, PcpA AND PcpB 

 

4.2.1. Crystallization of PcpC 

 

4.2.1.1. Cloning and over-expression of PcpC (C13S) mutant 

 

Using a pair of primers with sequences corresponding to the 5’ (containing 

C13S mutation) and 3’ ends of gene pcpC, respectively, we amplified a DNA 

fragment by PCR using the genomic DNA of S. chlorophenolicum strain 

ATCC39723 as a template (Fig. 4.2.1).  DNA sequencing confirmed that the PCR 

product contained 747 bp.  This amplified pcpC sequence was subsequently 

subcloned into expression vector pET30a(+) to form the plasmid pET30/pcpC 

encoding a fusion protein of PcpC bearing a C-terminal tag of 6xHis.  Over-

expression of plasmid pET30/pcpC in E. coli BL21-AI cells produced the 

recombinant His-tagged PcpC (C13S) mutant with an apparent molecular weight 

of 29 kD (Fig. 4.2.2). 

 

747 bp
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2072 bp

1500 bp

600 bp
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800 bp
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1100 bp
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Figure 4.2.1. PCR product for PcpC (C13S) mutant on a 1% agarose gel. 
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4.2.1.2. Purification of PcpC (C13S) mutant 

           

The purified PcpC(C13S) protein which was purified by one step of Ni-

NTA column was run on 12% SDS-PAGE gel.  The diagram of the result was 

showed on Fig. 4.17.  From the SDS-PAGE gel, the size of PcpC(C13S) protein 

is 29 KDa, which is the expected size of PcpC(C13S) protein. In this 12% of 

SDS-PAGE gel, there are no extra bands in the first two elutions E1 and E2, and 

there are some extra bands in the rest of elutions from E3 to E8.  The first two 

elutions are pure enough for crystallization, and the rest of elutions can be used 

to recycle in the next purification.  

 

E1           E2             E3          E4         E5        E6 E7         E8

250 KD

150 KD

100 KD 

75 KD

50 KD

37 KD

29 KD

25 KD

20 KD

 

Figure 4.2.2. Purification of PcpC (C13S) mutant. The left lane represents the 

molecular weight marker. Lanes E1 to E8 represent elution fractions of the 

enzyme. 
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4.2.1.3. Crystallization of PcpC (C13S) mutant 

 

The crystallization conditions for PcpC (C13S) mutant were screened by 

both in-house protein crystallization screening kits from Qiagen-Nextal and 

automatic high throughput screening at the Hauptman-Woodward Institute, 

Buffalo, New York. 

 

Promising crystallization conditions were obtained from the following 

seven in-house crystallization screening kits: PACT™, JCSG+ suite, PEGsTM, 

AmSO4
+, ClassicsTM, Classic liteTM, and ComPAS (Qiagen-Nextal).  The buffer 

systems are listed below: 

 

A. 0.2 M NaCl, 0.1 M Hepes pH 7.5, 1.6 M (NH4)2SO4 (Fig. 4.2.3-a) 

B. 0.1 M Tris-HCl pH8.5, 1.5 M Lithium Sulfate 

C. 0.1 M Hepes pH 7.5, 1.5 M Lithium Sulfate 

D. 0.1 M Calcium Chloride, 0.1 M Tris-HCl pH 8.5, 25% (W/V) tert-buternol 

E. 0.1 M MES pH 6.5, 2.0 M (NH4)2SO4, 5% (V/V) PEG 400 (Fig. 4.2.3-b) 

F. 0.1 M Tris-HCl pH 8.5, 2.0 M (NH4)2SO4 (Fig. 4.2.3-c) 

 

All these conditions have been optimized by the vapor diffusion method. 

For condition A, the concentration of NaCl was ranged from 0.05 to 0.2 M, the pH 

of 0.1 M HEPES buffer was ranged from 7.0 to 8.0, and the concentration of  

(NH4)2SO4 was ranged from 1.2 to 1.7 M. 
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Crystal a                                  crystal b  crystal c

 

Figure 4.2.3. The crystals of PcpC(C13S) obtained from three hits in seven 

screens.  

 

For condition B, the pH of 0.1 M Tris-HCl buffer was examined at 8.0, 8.5 

and 8.8, and the lithium sulfate concentration was evaluated at 1.2 M, 1.3 M, 1.4 

M, 1.6 M and 1.7 M.  

 

For condition C, the pH of HEPES buffer was tested at 7.0, 7.5 and 8.0, 

and the lithium sulfate concentration was examined at 1.2 M, 1.3 M, 1.4 M, 1.6 M 

and 1.7 M. 

 

For condition D, the pH of 0.1 M Tris-HCl buffer was evaluated at 8.0 and 

8.5, the tert-buternol concentration was at 22%, 23%, 24%, 25%, 26% and 27%, 

and 0.1 M Tris-HCl buffer was replaced by 0.1 M HEPES buffer, pH 7.0 or 7.5. 

The (NH4)2SO4 concentration was examined at 1.4 M, 1.6 M, 1.8 M, 2.0 M, 2.2 M 
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and 2.4 M, and the PEG 400 concentration was examined at 1%, 3%, 5%, 7%, 

9% and 11%. 

 

For condition F, the pH of 0.1 M Tris-HCl buffer was studied at 8.0, 8.5 

and 8.8, the (NH4)2SO4 concentration was at 1.4 M, 1.6 M, 1.8 M, 2.0 M, 2.2 M 

and 2.4 M.  

 

All the crystals obtained from these conditions were still too small to 

collect X-ray diffraction data.  These conditions are still undergoing optimization 

in order to grow big crystals suitable for X-ray diffraction. The buffer conditions 

are listed below:      

 

Crystallization conditions were also obtained from the high throughput 

crystallization screening at Hauptman-Woodward Institute, Buffalo, New York. 

The screening was by microbatch with 1536 different conditions. Some of the 

crystal pictures are showed on Fig. 4.2.4. 

 

A. 0.2 M Magnesium Chloride Hexahydrate, 0.1 M Hepes pH 7.5, 30% (V/V) 

PEG 400 (Fig. 4.2.4-A) 

B. 0.1 M Potassium Thiocyanate, 0.1 M Hepes pH 7.5, 80% (V/V) PEG 400 (Fig. 

4.2.4-B) 

C. 0.1 M Hepes pH 7.5, 25% (W/V) PEG 3350 (Fig. 4.2.4-C) 
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D. 0.1 M Lithium Chloride, 0.1 M Hepes pH 7.5, 20% (W/V) PEG 4000 (Fig. 

4.2.4-D) 

E. 0.1 M Magnesium Chloride Hexahydrate, 0.1 M Tris-HCl pH 8.0, 20% (W/V) 

PEG 4000 (Fig. 4.2.4-E) 

F. 0.1 M Magnesium Acetate, 0.1 M Hepes pH 7.5, 40% (W/V) PEG 4000 (Fig. 

4.2.4-F) 

G. 0.1M Calcium Chloride Dehydrate, 0.1 M Hepes pH 7.5, 20% (W/V) PEG 

4000 (Fig. 4.2.4-G) 

H. 2.5 M Ammonium Chloride, 0.1 M Sodium Acetate pH 5.0 (Fig. 4.2.4-H) 

I. 2.69 M Magnesium Acetate, 0.1 M TAPS pH 9.0 (Fig. 4.2.4-I) 

J. 0.9 M Magnesium Acetate, 0.1 M Sodium Acetate pH 5.0. (Fig. 4.2.4-J) 

K.1.55 M Potassium Chloride, 0.1 M Tris-HCl pH 8.0. (Fig. 4.2.4-K) 

L. 2.3 M Potassium Phosphate dibasic, 0.1 M Sodium Acetate pH 5.0 (Fig. 4.2.4-

L) 

M. 0.53 M Cobalt Sulfate Heptahydrate, 0.1 M Tris-HCl pH 8.0 

N. 0.1 M Magnesium Sulfate Hexahydrate, 0.1 M Sodium Citrate pH 4.0, 20% 

(W/V) PEG 8000 

O. 0.1 M Potassium Phosphate-monobasic, 0.1 M HEPES pH 7.5, 20% (W/V) 

PEG 8000 

P. 0.1 M Cobalt Sulfate Heptahydrate, 0.1 M Sodium Acetate pH 5.0, 20% (W/V) 

PEG 4000 

Q. 0.1 M Lithium Chloride, 0.1 M MOPS pH 7.0, 40% (V/V) PEG 400 

R. 0.1 M Lithium Chloride, 0.1 M MES pH 6.0, 20% (V/V) PEG 1000 
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S. 0.2 M Potassium Chloride, 0.05 M MES pH 5.6, 5% (W/V) PEG 8000, 0.01 M 

Magnesium Chloride 

T. 1.0 M Lithium Chloride, 0.1 M Citric Acid pH 4.0, 10% (W/V) PEG 6000 

U. 3.0 M Sodium Chloride, 0.1 M Citric Acid pH 5.0 

V. 1.5 M Lithium Sulfate monohydrate, 0.1 M Sodium Acetate pH 4.6 

W. 4.0 M Ammonium Acetate, 0.1 M Sodium Acetate pH 4.6 

X. 0.01 M Magnesium Chloride Hexahydrate, 0.05 M Tris-HCl pH 7.5, 5.0% (V/V) 

Iso-propanol 

 

         All these conditions were optimized.  Because the vapor diffusion method 

was used, all the concentration of precipitate was decreased to half.   Some of 

the results were precipitaties, and some of them were very small crystals. 
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Figure 4.2.4. The crystals of PcpC (C13S) mutant obtained from Hauptman-

Woodward Institute, Buffalo, New York. 
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4.2.2. Crystallization of PcpA 

 

4.2.2.1. Purification  

       

The Escherichia coli BL21-AI cells over-expressing recombinant PcpA 

was provided by Dr. Lifeng Chen, a research associate in the laboratory.  PcpA 

was also purified by affinity chromatography on a Ni-NTA column.  The purity of 

PcpA in the elution fractions was examined on a 12% SDS-PAGE gel (Fig. 4.2.5).  

From the SDS-PAGE gel, the molecular weight of PcpA protein was estimated to 

be 36 KDa, which is consistent with the calculated one. There were no extra 

bands in the elution fractions E1, E6, E7, E8, and E9.  Some extra bands were 

observed in the elution fractions E2 to E5.  The elution fractions E1, E6, E7, E8 

and E9 are pure enough for crystallization.  The rest of elution fractions were re-

purified on the Ni-NTA column.  



 75 

 

250 KD

150 KD

100 KD

75 KD

50 KD

37 KD

25 KD

M        E1 E2 E3        E4         E5        E6        E7     E8      E9

 

Figure 4.2.5.  Purification of PcpA. Lane M represented the molecular weight 

marker. Lanes E1 to E9 represented PcpA elution fractions. 

 

4.2.2.2. Crystallization 

          

The crystallization conditions for PcpA were screened using the high 

throughput crystallization screening at Hauptman-Woodward Institute, Buffalo, 

New York.  In total, 1536 different conditions were screened by the microbatch 

method.  Quite a few crystallization conditions were obtained from this screening.  

Some of crystal pictures were showed in Fig. 4.2.6.  The buffer systems are 

listed below: 

 

A. 1.06 M Cobalt Sulfate Heptahydrate, 0.1 M Tris-HCl pH 8.0 (Fig. 4.2.6-A)  

B. 0.1 M Calcium Acetate, 0.1 M MOPS pH 7.0, 20% (w/v) PEG 4000 (Fig. 4.2.6-

B)        
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C. 0.1 M Lithium Chloride, 0.1 M Sodium Citrate pH 4.0, 40% (w/v) PEG 1000 

(Fig. 4.2.6-C)  

D. 0.1 M Calcium Acetate, 0.1 M HEPES pH 7.5, 40% (v/v) PEG 400 (Fig. 4.2.6-

D)     

E. 0.2 M di-Ammonium Hydrogen Phosphate pH 7.9, 20% (w/v) PEG 3350 (Fig. 

4.2.6-E)  

F. 0.2 M Calcium Chloride Dehydrate, 0.1 M HEPES pH 7.5, 28% (v/v) PEG 400 

(Fig. 4.2.6-F)     

G. 1.09M Calcium Acetate, 0.1 M MOPS pH 7.0 (Fig. 4.2.6-G)  

H. 1.06M Cobalt Sulfate Heptahydrate, 0.1 M TAPS pH 9.0 (Fig. 4.2.6-H) 

I. 0.1 M Potassium Phosphate Dibasic, 0.1 M TAPS pH 9.0, 20% (w/v) PEG 4000 

(Fig. 4.2.6-I)  

J. 0.1 M Ammonium Chloride, 0.1 M Tris-HCl pH 8.0, 20% (w/v) PEG 1000 (Fig. 

4.2.6-J)  

K. 0.08M Magnesium Acetate, 0.05 M Sodium Cacodylate pH 6.5, 15% (v/v)  

PEG 400 (Fig. 4.2.6-K)  

L. 0.2 M tri-Sodium Citrate Dehydrate, 0.1 M Sodium Cacodylate pH 6.5, 30% 

(v/v) iso-Propanol (Fig. 4.2.6-L)  

M. 0.04M Magnesium Chloride, 0.05M Sodium Cacodylate pH 6.0, 5% (v/v) MPD  

N. 1.0M Lithium Chloride, 0.1M Citric Acid pH 4.0, 10% (w/v) PEG 6000 

O. 3.2M Ammonium Sulfate, 0.1M Citric Acid pH 5.0 

P. 0.2 M Ammonium Acetate, 0.1 M tri-Sodium Citrate Dihydrate pH 5.6, 30% 

(w/v) PEG 4000  
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Q. 0.20M Sodium Chloride, 0.1M Tris-HCl pH 8.5, 25% (w/v) PEG 3350 

R. 0.4 M mono-Ammonium Dihydrogen Phosphate 
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crystal A                                 crystal B     crystal C

crystal D                                 crystal E      crystal F

           

 

crystal G                                   crystal H  crystal I

crystal J                                      crystal K crystal L

 

Figure 4.2.6. The crystals of PcpA obtained from Hauptman-Woodward Institute, 

Buffalo, New York.  
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4.2.3. Crystallization of PcpB 

 

4.2.3.1. Purification 

 

 The purification of recombinant His6-tagged PcpB was reported in section 

4.1.1.1. 

  

4.2.3.2. Crystallization 

         

The crystallization condition of PcpB was screened with six protein 

crystallization kits: PACT™, JCSG+ suite, PEGsTM, AmSO4
+, ClassicsTM, Classic 

liteTM screens (Qiagen-Nextal).  Six preliminary conditions (listed below) were 

obtained from the initial screening. 

 

A. 0.2 M Calcium Chloride, 0.1 M Sodium Acetate pH4.6, 30% 2-Methyl-2,4-

Pentanedial (MPD) 

B. 0.2 M Calcium Chloride, 0.1 M Sodium Acetate pH 4.6, 20% 2-Propanol 

C. 0.2 M Calcium Acetate, 0.1 M Sodium Cacodylate pH6.5, 18% PEG 8000 

D. 0.1 M Hepes pH7.5, 1.5 M Lithium Sulfate 

E. 0.2 M Lithium Sulfate, 0.1 M Tris-HCl pH 8.5, 30% PEG 4000 

F. 0.2 M Magnesium Acetate, 0.1 M Sodium Cacodylate pH6.5, 30% 2-Methyl-

2,4-Pentanedial (MPD) 
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         All these conditions were modified.  However, no crystals were obtained 

and all of them formed precipitations.  In order to solve the precipitation problem, 

glycerol was added to the protein solutions.  Further optimizations are required in 

order to grow big crystals suitable for x-ray diffraction. Different methods such as 

vapor diffusion method at 4 ºC, sitting-drop vapor diffusion method, microbatch 

method, and seeding method are needed to be explored during the optimization.    
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4.3. Preliminary GST activity assay of PcpC, PcpC (C13S) mutant and  

PcpC (LD) 

 

The GST activity of PcpC, PcpC mutation (PcpC(C13S)), and PcpC (LD) 

was assayed by spectrophotometry(Figure 4.3.1)  Yeast GST was used a 

positive control. The addition of Yeast GST resulted in the cleavage of the 

substrate DTNB as measured by the increase in absorbance at 340 nm. 

However, PcpC, PcpC (C13S) and PcpC (LD) did not possess any GST activity.  

This implicated that PcpC had evolved into a specific reductive dehalogenase 

although sequence analysis showed it belonged to the theta and zeta classes of 

GST superfamily (McCarthy et al., 1996, Baker et al., 1997). 
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Figure 4.3.1.  GST activity of PcpC, PcpC (C13S), and PcpC (LD). The results 

for yeast GST, PcpC, PcpC (C13S), PcpC (LD), and blank were shown in solid 

diamond, solid square, asterisk, solid triangle, and x, respectively.  Concentration 

of protein is 0.25 mg /ml. 
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5. FUTURE WORK 
 
 
           Identifying and cloning the peroxidases are required to fully understand 

the PCP biodegradation pathway and the cyto-protection mechanism in S. 

Chlorophenolicum. 

 
            Further modifications are required for PcpC, PcpB and PcpA in order to 

obtain big size crystals suitable for x-ray diffraction and finally solve the three-

dimensional structures. Different methods such as vapor diffusion method at 4 ºC, 

sitting-drop vapor diffusion method, microbatch method, and seeding method are 

needed to be explored during the modifications. 
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