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ABSTRACT 

In this study metabolism of bupropion, efavirenz, and 7-EFC by CYP2B6 wild type 

(CYP2B6.1) and six polymorphic variants (CYP2B6.4 to CYP2B6.9) was investigated in 

a reconstituted system to gain a better understanding of the effects of the mutations on 

the catalytic properties of these naturally occurring variants. All six variants were 

successfully over-expressed in Escherichia coli,  including CYP2B6.8 (the K139E 

variant) which previously could not be over-expressed in mammalian COS-1 cells (Lang 

et al., J. Pharmacol. Exp. Ther. 311:34-43, 2004). The steady-state turnover rates for 

the hydroxylation of bupropion and efavirenz and for the O-deethylation of 7-EFC 

showed that these mutations significantly alter the catalytic activities of CYP2B6. It was 

found that CYP2B6.6 exhibits 4- and 27-fold increases in the Km values for the 

hydroxylation of bupropion and efavirenz, respectively, and CYP2B6.8 completely loses 

its ability to metabolize any of the substrates under normal turnover conditions.  

However, when compared to CYP2B6.1, CYP2B6.8 retains 77% of its 7-EFC O-

deethylase activity in the presence of tert-butyl hydroperoxide as an alternative oxidant, 

indicating that the heme and the active site are catalytically competent. Pre-steady-state 

measurements of the rate of electron transfer from CPR to CYP2B6.8 using stopped-

flow spectrophotometry revealed that CYP2B6.8 is incapable of accepting electrons 

from CPR. These observations provide conclusive evidence suggesting that the charge-

reversal mutation in the K139E variant prevents CYP2B6.8 from forming a functional 

complex with CPR. Results from this work provide further insights to better understand 

the genotype-phenotype correlation regarding CYP2B6 polymorphisms and drug 

metabolism.  
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INTRODUCTION 

Cytochrome P450 2B6 (CYP2B6) participates in the metabolism of a number of 

clinically important drugs including bupropion (antidepressant), cyclophosphamide 

(anticancer), efavirenz (antiretroviral), and propofol (anesthetic) among many others 

(Walsky et al., 2006; Wang and Tompkins, 2008).  In particular, bupropion and efavirenz 

are almost exclusively metabolized by CYP2B6 in humans (Faucette et al., 2000; Ward 

et al., 2003; Desta et al., 2007; Chen et al., 2010). The importance of CYP2B6 to drug 

metabolism also lies in its polymorphic nature.  CYP2B6 is one of the most polymorphic 

CYP genes since ~100 single nucleotide polymorphisms (SNPs) have been identified 

and 29 of these SNPs result in amino acid substitutions (http://www.cypalleles.ki.se). 

Some of the CYP2B6 alleles occur with relatively high frequencies across different 

populations; the allele frequency for CYP2B6*6 is approximately 21% in Mongolians, 

28.2% in Caucasians, 32.8 % in African-Americans, and 62% in Papua New Guineans 

(Lang et al., 2001; Mehlotra et al., 2006; Davaalkham et al., 2009). CYP2B6*4 and *5 

occur more frequently among the Han Chinese (9.1%) and Caucasians (12.2%), 

respectively, than other ethnic populations (Jacob et al., 2004; Guan et al., 2006). The 

occurrence of these genetic mutations in CYP2B6 has been correlated with large 

interindividual variability in drug exposures among different ethnic populations. A 

number of studies have indicated that CYP2B6 polymorphism can affect both the 

protein expression level and the functionality of CYP2B6, hence resulting in significant 

effects on drug clearance and efficacy (Ekins et al., 1998; Faucette et al., 2000; Lang et 

al., 2004).  
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Based on an analysis of a bank of human liver microsomes using a specific monoclonal 

antibody against CYP2B6, Ekins et al (1998) reported that the protein level of CYP2B6 

was highly variable in humans as it may vary by up to 100-fold. This variation in protein 

levels may be due to a variety of factors such as CYP2B6 polymorphism, induction, etc. 

It was found that several CYP2B6 alleles were associated with low levels of protein 

expression. For instance, Hofmann et al (2008) reported that single nucleotide 

polymorphism c.516G>T in allele CYP2B6*6 was alone responsible for aberrant splicing 

resulting in high-splice variant (SV) 1 and low-CYP2B6 expression phenotype. The 

protein level of homozygous carriers of CYP2B6.5 was reduced by approximately 

eightfold compared with homozygous CYP2B6.1 (Lang et al., 2001; Desta et al., 2007). 

However, the decrease in the protein levels of CYP2B6.5 did not seem to significantly 

affect overall drug clearance, which may be compensated for by an increase in enzyme 

activity due to the amino acid substitution of R487C (Zanger et al., 2007). As to the 

effect on the functionality of CYP2B6, it has been reported that CYP2B6 polymorphisms 

may have profound impacts on the catalytic functions of CYP2B6. We and others have 

previously demonstrated that CYP2B6.4 (the K262R variant) exhibits alterations in both 

drug metabolism and inactivation (Bumpus et al., 2005; Shebley and Hollenberg, 2007; 

Talakad et al., 2009).   As reported, the K262→R mutation led to a loss in the 

mechanism-based inactivation by phencyclidine and the K262R variant was also less 

susceptible to inhibition by several clinically used drugs including clopidogrel, 

itraconazole, raloxifene and sertraline (Shebley and Hollenberg, 2007; Talakad et al., 

2009). The combined effects of genetic mutations and/or induction in CYP2B6 on 

protein expression levels and catalytic activities may cause 20- to 250-fold 
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interindividual variability in exposure to drugs (Wang and Tompkins, 2008).  Numerous 

clinical studies have correlated the c.516G>T polymorphism with high efavirenz plasma 

concentrations (Owen et al., 2006; Rotger et al., 2006; Mukonzo et al., 2009).  HIV-

infected patients homozygous for CYP2B6*6 have been shown to be at an increased 

risk for neurotoxicity because of elevated plasma levels of efavirenz (Telenti and 

Zanger, 2008).   

In order to establish genotype-phenotype correlations, it is important to understand how 

CYP2B6 polymorphisms may affect the enzyme activity of CYP2B6. So far, systematic 

functional characterizations of the CYP2B6 polymorphic variants have been scarce, in 

part due to the low levels of protein expression in heterologous expression systems for 

some of the CYP2B6 alleles. Nonetheless, Jinno et al (2003) reported that the 7-EFC 

O-deethylase activities of the variants CYP2B6.2 to CYP2B6.7 were increased over that 

of CYP2B6.1 using recombinant CYP2B6 preparations from mammalian COS-1 cells. 

Recently 26 allelic variants of CYP2B6 (CYP2B6.2–CYP2B6.28 except for CYP2B6.22) 

were heterologously expressed in mammalian COS-7 cells and their kinetic parameters 

for the metabolism of 7-EFC and selegiline were reported (Watanabe et al., 2010). 

These authors depicted a much more complex picture with respect to the effects of the 

various amino acid substitutions on the catalytic activities of CYP2B6 polymorphic 

variants. However, the metabolism of bupropion and efavirenz by the majority of these 

polymorphic variants has not been characterized in detail and the mechanism(s) by 

which the CYP2B6 variants affect the functional activity of CYP2B6 remain poorly 

understood.  
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In this study, we investigated the metabolism of buproprion, efavirenz, and 7-EFC by six 

polymorphic variants of CYP2B6 (CYP2B6.4 to CYP2B6.9) in a reconstituted system to 

examine their catalytic properties. CYP2B6 WT and the six polymorphic variants were 

each over-expressed in Escherichia coli and purified to homogeneity to give active 

forms of CYP2B6. Measurements of the steady-state turnover rates for bupropion, 

efavirenz, and 7-EFC demonstrated that these mutations significantly alter the catalytic 

activities of CYP2B6. Interestingly, CYP2B6.8 completely lost its ability to metabolize 

these substrates under steady-state conditions in the reconstituted system even though 

it retained a functional heme.  This loss of activity observed in the K139E variant has 

been attributed to the fact that this variant is incapable of accepting electrons from CPR. 

Thus it can be concluded that the charge-reversal mutation in the K139E variant 

abolishes its ability to interact with CPR to form a functional complex leading to 

permanent loss of catalytic activities regardless of the substrates used.   
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METHODS 

Mutagenesis, over-expression, and purification of the CYP2B6.4-CYP2B6.9 

polymorphic variants. Site-directed mutagenesis was performed using the Quikchange 

method according to the manufacturer’s instructions (Agilent Technologies Inc., Santa 

Clara, CA). The single mutants, CYP2B6.4, CYP2B6.5, CYP2B6.8 and CYP2B6.9, were 

prepared using the plasmid of CYP2B6 WT as the template and a pair of 

complementary mutagenic primers containing the desired mutations as shown in Table 

1. The double mutant CYP2B6.6 was prepared using the plasmid of CYP2B6.4 as the 

template and the mutagenic primers of CYP2B6.9, whereas the triple mutant CYP2B6.7 

was prepared using the plasmid of CYP2B6.6 and the mutagenic primers of CYP2B6.5. 

To confirm these mutations, the entire DNA coding regions of all the six polymorphic 

mutants were sequenced by the Biomedical Core Facilities at the University of 

Michigan. 

CYP2B6 WT and the six variants were over-expressed individually in Escherichia coli 

C41(DE3) cells and purified as reported previously (Zhang et al., 2009) ,  but with some 

modifications. The major modification was that the CYP2B6 gene was subcloned into 

the pLW01 vector containing a T7 promoter as reported by Bridges et al (1998). 

CYP2B6 WT and the six variants were expressed as an N-terminal truncated form to 

increase the expression yield as previously reported (Hanna et al., 2000). 

Metabolism of 7-EFC, bupropion and efavirenz by the CYP2B6.4-CYP2B6.9 

polymorphic variants.  Metabolism of 7-EFC, bupropion and efavirenz by CYP2B6 WT 

and the six polymorphic variants was carried out in a reconstituted system.  

Dilauroylphosphatidylcholine was absent from the reconstituted systems since it was 
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not required for the catalysis of the truncated form of CYP2B6 (Scott et al., 2001). 

Measurements of the kinetic parameters, Km and kcat, for the 7-EFC O-deethylase 

activities were performed on a 96-well microtiter plate as reported previously (Kenaan et 

al., 2010). CYP2B6 WT and the six polymorphic variants (37.5 pmoles) were 

reconstituted with 75 pmoles of CPR on ice for 45 min. The reconstituted enzymes were 

then supplemented with catalase (15 units) and diluted with 50 mM potassium 

phosphate buffer (pH 7.4) to a final volume of 150 µl. The final concentrations of 7-EFC 

varied in the range of 0-80 µM. The mixture was allowed to equilibrate at 37 oC for 10 

min. NADPH was then added to give a final concentration of 0.3 mM to initiate the 

reactions. The reactions were then terminated after 6 min of incubation by the addition 

of 50 µl of acetonitrile. The fluorescence emission from the O-deethylated product, 7-

hydroxy-4-trifluoromethylcoumarin (7-HFC), was measured at 510 nm with excitation at 

410 nm using a VictorII fluorescence plate reader (PerkinElmer, Waltham, MA).  

Unlike 7-EFC, the metabolism of bupropion was performed in glass test tubes. 

Following the reconstitution as described above, the reconstituted enzymes were then 

supplemented with catalase (15 units) and diluted with 50 mM potassium phosphate 

buffer (pH 7.4) to a final volume of 130 µl. The mixture was allowed to equilibrate at 37 

oC for 10 min and 100 µl of the mixture was transferred into the assay buffer containing 

0-1 mM bupropion and 1 mM NADPH in 50 mM HEPES buffer. The reaction mixture 

was incubated at 37 oC for 30 min and the metabolism was terminated by adding an 

equal volume of ice-cold acetonitrile containing 0.1 % formic acid. Testosterone (400 

pmol) was spiked into each sample as an internal standard. The samples were then 

centrifuged at 16,000xg for 10 min to pellet the proteins. A 100 µl aliquot of the 
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supernatant was loaded onto a RP C18 column (150×2.00 mm, Aqua 5µ 125Å, 

Phenomenex, Torrance, CA). The analytes and internal standards were separated and 

eluted at a flow rate of 0.3 mL/min on a Shimadzu HPLC system with a gradient of 

Solvent A (0.1% TFA in water) and Solvent B (0.1% TFA in acetonitrile): starting with 

2% B for 10 min, linearly increasing to 70% B over 20 min and then held at 70% B for 4 

min. The analytes were detected at 214 nm using an ultraviolet detector.  

The metabolism of efavirenz was determined using substrate concentrations of 0-250 

µM as described for bupropion. Efavirenz and its metabolites were resolved on a RP 

C18 column (Varian Microsorb-MV, 4.6×250 mm) isocratically with 45% acetonitrile/55% 

water containing 0.1% TFA at a flow rate of 0.8 ml/min.  

The kinetic parameters for the metabolism of 7-EFC, bupropion and efavirenz were 

obtained by fitting the activities obtained at the various substrate concentrations to the 

Michaelis-Menten equation using the GraphPad Prism software (GraphPad Software, 

La Jolla, CA). 

tert-butyl hydroperoxide (tBHP)-supported 7-EFC O-deethylase activities of the 

CYP2B6.4-CYP2B6.9 polymorphic variants. To examine the effect of mutations on the 

catalytic activity of CYP2B6 alone, we determined the 7-EFC O-deethylase activities of 

the polymorphic variants in the absence of CPR, but in the presence of the alternative 

oxidant tBHP. The reactions were carried out on a microtiter plate in 0.15 mL of 0.1 M 

potassium phosphate solution (pH 7.4). Each well of the plate contained CYP2B6 (0.38 

µM) and saturating amount of 7-EFC (38 µM). tBHP was added to a final concentration 

of 0.69 mM to initiate the reaction. The reaction was incubated at 37 oC for 20 min and 
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the fluorescence of 7-HFC was measured using a VictorII plate reader as described 

above.   

The rate of electron transfer from CPR to the ferric CYP2B6.4-CYP2B6.9 polymorphic 

variants. The rate of electron transfer from CPR to the ferric CYP2B6 WT and 

polymorphic variants was determined at 25 oC using an SF61DX2 stopped-flow 

spectrophotometer (TgK Scientific, UK) as described previously (Zhang et al., 2009). To 

pre-form the P450-CPR complex, equimolar CYP2B6 and CPR (3 µM each) were 

incubated on ice overnight in 0.1 M potassium phosphate solution (pH 7.4).  The 

preformed complex was rapidly mixed in the stopped-flow spectrophotometer with an 

equal volume of 0.1 M potassium phosphate solution (pH 7.4) containing 0.3 mM 

NADPH. Both solutions had been saturated with carbon monoxide. The kinetics of 

electron transfer were monitored at 450 nm. The rate constants were obtained by fitting 

the kinetic traces at 450 nm to exponential functions using KinetAsyst software (TgK 

Scientific, UK). 
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RESULTS 

Over-expression of the CYP2B6.4-CYP2B6.9 polymorphic variants in Escherichia coli. 

Unlike the previous reports where CYP2B6 polymorphic variants were over-expressed 

in mammalian COS cells or baculovirus-infected insect cells (Jinno et al., 2003; Lang et 

al., 2004; Watanabe et al., 2010), the six polymorphic variants used in this study were 

alternatively over-expressed in Escherichia coli and purified to homogeneity.  The 

expression yields were approximately 50-250 nmoles per liter of culture (data not 

shown).  Unexpectedly, CYP2B6.8 (the K139E variant), which could not be expressed 

in mammalian COS-1 cells (Lang et al., 2004), was well expressed in Escherichia coli. 

The carbonmonoxy forms of the purified CYP2B6 variants exhibited maximal absorption 

at 450 nm as shown in Figure 1. All the variants except for CYP2B6.8 contained 

minimal amounts of P420 (<10%), the inactive form of P450. It was estimated that 

CYP2B6.8 contained ~46% of P420 based on the extinction coefficients of P450 and 

P420 species as reported by Omura and Sato (1964). 

 Steady-state activities of the CYP2B6.4-CYP2B6.9 polymorphic variants for the 

metabolism of 7-EFC, bupropion, and efavirenz. To functionally characterize the six 

polymorphic variants, the metabolism of three probe substrates, 7-EFC, bupropion and 

efavirenz, was investigated. The results are shown in Figure 2 and the kinetic 

parameters are summarized in Table 2. As shown in Figure 2A, all six of the variants 

except for CYP2B6.8 catalyze the O-deethylation of 7-EFC with decreased catalytic 

efficiencies as judged by the ratios of kcat/Km (Table 2). The major change in the kinetic 

parameter is a twofold increase in the Km for CYP2B6.6. The steady-state 7-EFC O-
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deethylase activity of CYP2B6.8 was not detected, as previously reported (Watanabe et 

al., 2010).  

Bupropion and efavirenz are hydroxylated by CYP2B6 to give hydroxybupropion and 8-

hydroxyefavirenz, respectively, and both hydroxylation reactions are specific for 

CYP2B6 (Faucette et al., 2000; Ward et al., 2003).  Thus bupropion and efavirenz may 

be considered more appropriate substrates than 7-EFC for evaluation of the effects of 

mutations on the functional activities of the CYP2B6 polymorphic variants. In the case of 

bupropion, CYP2B6 WT hydroxylates it with the Km and kcat values of 95 µM and 6.8 

min-1 , respectively, as shown in Figure 2B and Table 2. This Km value is in the range of 

65-155 µM as reported for CYP2B6 WT (Faucette et al., 2000; Lang et al., 2004). 

However, the six polymorphic variants exhibit significantly altered activities for the 

hydroxylation of bupropion.  As observed for 7-EFC, CYP2B6.8 exhibits no ability to 

hydroxylate bupropion. Among the other variants, CYP2B6.4, CYP2B6.5, CYP2B6.6 

and CYP2B6.9 have decreased catalytic efficiencies for bupropion hydroxylation 

compared with CYP2B6.1. In particular, CYP2B6.6 demonstrates the largest increases 

in the Km and kcat values by 4- and 1.8-fold, respectively, which lead to a 60% decrease 

in the catalytic efficiency.  Interestingly CYP2B6.7, which contains three amino acid 

substitutions (Q172H/K262R/R487C), shows the least alteration in the hydroxylation of 

bupropion.  

To examine the effects of the genetic mutations on efavirenz metabolism, we 

determined the steady-state activity for the formation of 8-hydroxyefavirenz, the major 

metabolite of efavirenz formed by CYP2B6 (Ward et al., 2003).  As shown in Figure 2C, 

the impact of these genetic mutations on the catalytic activities for efavirenz 
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hydroxylation seems more variable than 7-EFC and bupropion. The Km and kcat values 

of CYP2B6.1 are 7.3 µM and 4.0 min-1, respectively, which are similar to the Km and kcat 

values of 12.4 and 5.2 min-1 as reported for recombinant CYP2B6 by Ward et al (2003).  

However, the Km and kcat values of some of the variants show very large deviations from 

those of the wild type. Notably, 5- and 6-fold increases in kcat were observed for 

CYP2B6.5 and CYP2B6.7, respectively, which lead to ~50% increase in the catalytic 

efficiencies for efavirenz hydroxylation. This increase in the catalytic efficiency was not 

observed for either of the probe substrates, 7-EFC and bupropion. As observed 

previously, CYP2B6.6 and CYP2B6.9 show decreased catalytic efficiencies and the 

decreases are substantial. Compared with the wild type, the kcat/Km values of CYP2B6.6 

and CYP2B6.9 for efavirenz metabolism are decreased by 5- and 3-fold, respectively. 

This is primarily due to the increase in the Km values. CYP2B6.6 shows a 27-fold 

increase in the Km compared with that of CYP2B6.1, which is the largest increase in the 

Km value in this study. Once again, CYP2B6.8 shows no activity for efavirenz 

hydroxylation. 

7-EFC O-deethylase activities of the CYP2B6.4-CYP2B6.9 polymorphic variants 

supported by tert-butyl hydroperoxide. To investigate the effects of the genetic 

mutations on the heme and the active site of the variants, we used tBHP as an 

alternative oxidant to support the catalytic activity of CYP2B6, bypassing the electron 

transfer process involving CPR. The relative 7-EFC O-deethylase activities of 

CYP2B6.1 and the six variants are presented in Figure 3.  As shown, all the variants are 

functional in O-deethylating 7-EFC, indicating that the heme and the active site 

environment of the variants are not adversely affected by these mutations. In fact, 
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CYP2B6.5, CYP2B6.6 and CYP2B6.7 show ~2.5-fold increases in the 7-EFC O-

deethylase activities. Surprisingly, CYP2B6.8, which does not exhibit any catalytic 

activities in the reconstituted system in the presence of NADPH, retains 77% of the 7-

EFC O-deethylase activity when supported by the alternative oxidant tBHP. This result 

demonstrates that the heme and the active site environment of CYP2B6.8 remain 

largely functional, suggesting that the loss of activities observed under steady-state 

conditions is due to impaired electron transfer from CPR. 

Rates of electron transfer from CPR to the ferric CYP2B6.4-CYP2B6.9 polymorphic 

variants. To further investigate the causes for the alterations in the catalytic activities of 

these polymorphic variants, we investigated the rate of electron transfer from CPR to 

ferric CYP2B6, a critical step prior to substrate hydroxylation in the catalytic cycle of 

P450s. This is especially relevant to understand why CYP2B6.8 loses its catalytic 

activity when it retains a functional heme and active site. The kinetic traces for the 

electron transfer are depicted in Figure 4, and the rate constants and relative 

amplitudes for the fast and slow phases are summarized in Table 3. As shown, CPR 

transfers an electron to ferric CYP2B6.1 in the presence of NADPH with a biphasic rate 

constants of 0.31 (23%) and 0.04 s-1 (67%) for the fast and slow phases , respectively.  

These rate constants are similar to those as previously reported for CYP2B4 in the 

absence of benzphetamine (Zhang et al., 2009).  However, the rate constants for the 

variants are decreased to various extents compared with the wild type.  The most 

dramatic change was observed with CYP2B6.8. The monophasic rate constant for 

CYP2B6.8 is 0.01 s-1, which is approximately ~30-fold slower than that of CYP2B6.1. 
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The other five variants also show decreases ranging from three to sevenfold in the rate 

constants for the fast phase.  
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DISCUSSION 

In this work, we have characterized the catalytic properties of six polymorphic variants 

of CYP2B6 (CYP2B6.4 to CYP2B6.9) in a reconstituted system in order to gain a better 

understanding of the mechanism by which these genetic mutations affect the catalytic 

activities of CYP2B6. Unlike previous in vitro studies where CYP2B6 variants were 

over-expressed in mammalian COS cells (Jinno et al., 2003; Lang et al., 2004; 

Watanabe et al., 2010), the six polymorphic variants of CYP2B6 in this study were 

alternatively over-expressed in Escherichia coli and were used to determine Km and kcat 

values for the metabolism of three probe substrates, i.e., 7-EFC, bupropion and 

efavirenz, This is the first systematic investigation of the in vitro metabolism of 

bupropion and efavirenz by the CYP2B6.4 to CYP2B6.9 variants under the same 

experimental conditions. Therefore, the effects of these mutations on the functionality of 

CYP2B6 can be directly compared. 

Our studies showed that variants CYP2B6.4 to CYP2B6.9 exhibit altered catalytic 

activities for the metabolism of the three probe substrates and the extent to which the 

catalytic activities are altered varies not only with individual mutations but also with 

substrate tested. The six polymorphic variants show the least variation in the 

metabolism of 7-EFC based on two observations; 1) the largest variation in either Km or 

kcat is less than 2-fold compared with that of the wild type; 2) all six variants show a 

roughly twofold or less decrease in the catalytic efficiencies (see Table 2).  The results 

with bupropion are roughly similar. However, the alteration in the metabolism of 

efavirenz by these variants seems much more pronounced and unpredictable. For 

instance, the Km and kcat of CYP2B6.6 are increased substantially by 27- and 5.6-fold, 
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respectively, compared with the CYP2B6 WT. Consequently, this large increase in the 

Km results in the lowest catalytic efficiency of CYP2B6.6 for efavirenz metabolism. It can 

be anticipated that this low catalytic efficiency resulting from the large increase in the Km 

would substantially decrease the rate of metabolism for efavirenz at the effective 

plasma concentration of efavirenz, which has been estimated to be ~3-12 µM (Zanger 

et al., 2007). This relatively narrow range of effective plasma concentration for efavirenz 

is one of the factors thought to be responsible for the significant interindividual variability 

in the clinical efficacy of efavirenz among HIV-infected patients. Similar to CYP2B6.6, 

CYP2B6.9 also shows significantly decreased catalytic efficiency. However, CYP2B6.5 

and CYP2B6.7 show modest gains in the catalytic efficiencies, which are the only gains 

in catalytic efficiency observed in this study. The increased enzyme activity of 

CYP2B6.5 for the hydroxylation of efavirenz may account for the clinical observation 

that the efavirenz plasma concentrations for CYP2B6.5 carriers do not increase 

significantly even though the protein level of CYP2B6.5 may be decreased by up to 

eightfold (Lang et al., 2001; Desta et al., 2007).  It is reasonable to assume that the 

increased enzyme activity of CYP2B6.5 compensates for the decrease in its protein 

expression level.  

The extents of the alteration in the metabolism of bupropion by the six polymorphic 

variants are somewhere between those observed for 7-EFC and efavirenz.  All the 

variants show decreased catalytic efficiencies in the hydroxylation of bupropion with 

CYP2B6.4 and CYP2B6.9 being the least efficient.   

The most dramatic impact of the amino acid substitutions on the function of the CYP2B6 

variants investigated in this study was observed for CYP2B6.8 (the K139E variant). This 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 9, 2011 as DOI: 10.1124/jpet.111.183111

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #183111 

19 

 

variant contains a charge-reversal mutation of Lys139 to Glu. As a result, it loses the 

catalytic ability to metabolize any of the three substrates. Interestingly, the K139E 

variant is still functional in O-deethylating 7-EFC in the presence of the alternative 

oxidant tBHP, indicating that the active site of the K139E variant remains largely intact 

in spite of the mutation. Further investigation revealed that the electron transfer from 

CPR to the ferric K139E variant is severely impaired (see Figure 4). This provides 

conclusive evidence that the loss of the catalytic activity in the K139E variant is due to 

the impaired interactions between the K139E variant and CPR, not due to modification 

of the heme or active site. According to the crystal structure of CYP2B6 (Gay et al., 

2010), K139 is located in the C/D loop region that is known to be involved in the binding 

of the redox partners of P450s. Site-directed mutagenic studies of the interaction 

between CPR and CYP2B4 revealed that charge-pairing plays an important role in the 

P450-reductase interaction (Bridges et al., 1998). These authors identified that a few 

positively charged residues including K433, K139, R133, and R422 interact with 

negatively charged Asp or Glu residues on the reductase, contributing to a large extent 

to the formation of the P450-reductase complex. Furthermore mutation of the K139 

residue to an alanine led to a 23-fold decrease in the binding affinity for the P450-

reductase complex. It is conceivable that the charge-reversal mutation in the K139E 

variant of CYP2B6 would negate the formation of the complex in a more dramatic 

fashion due to charge repulsion. Since the loss of activity of CYP2B6.8 occurs prior to 

the oxidation of substrates as evidenced by the stopped-flow studies (see Figure 4), it is 

clear that CYP2B6.8 must be a phenotypic null variant regardless of other factors that 
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might influence enzyme activities such as transcription, steady-state protein level, and 

identity of the substrates etc. 

As to the other polymorphic variants, the amino acid substitutions as a result of the 

genetic mutations exert complex effects on the metabolism of substrates. Not only do 

some of the substitutions alter the interactions of CYP2B6 with CPR, but also affect the 

active site architecture as evidenced by the tBHP-supported activities (Figure 3). This 

complexity is confounded by the fact that these changes are substrate dependent. More 

studies are required to investigate the effects of these and other polymorphisms on the 

functionality of CYP2B6 both in vivo and in vitro in order to establish a genotype-

phenotype correlation to improve our understanding of the efficacy of clinically used 

drugs primarily metabolized by CYP2B6. 

In conclusion, the amino acid substitutions in the CYP2B6.4 to CYP2B6.9 variants 

significantly alter the metabolism of bupropion and efavirenz. They not only affect the 

active site architecture, but also affect the interactions with the P450 reductase as in the 

case of CYP2B6.8. Based on the functional characterization of the K139E variant, it can 

be concluded that the charge-reversal mutation in the K139E variant impairs the 

formation of a functional P450-reductase complex, leading to permanent loss of 

catalytic activity regardless of the nature of substrates.  
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LEGENDS FOR FIGURES 

Figure 1. The UV-visible difference spectra of the carbonmonoxy forms of the 
purified CYP2B6.4-CYP2B6.9 polymorphic variants. The difference spectra were 
recorded according the method of Omura and Sato (Omura and Sato, 1964). 
CYP2B6 WT and variants were reduced with a few grains of dithionite in 0.1 M 
potassium phosphate buffer (pH 7.4) containing 15% glycerol. The concentrations of 
CYP2B6 WT and CYP2B6.4-CYP2B6.9 were 0.41, 0.28, 0.62, 0.60, 0.27, 0.32, and 
0.53 µM, respectively. 

 

Figure 2. The steady-state activities of the CYP2B6.4-CYP2B6.9 polymorphic 
variants for the O-deethylation of 7-EFC (A), hydroxylation of bupropion (B) and 
hydroxylation of efavirenz (C).  The activities, expressed as nmoles of 
product/min/nmoles of P450, were determined at 37 oC under steady-state turnover 
conditions as described in Materials and Methods. The products are 7-HFC, 
hydroxybupropion, and 8-hydroxyefavirenz for 7-EFC, bupropion and efavirenz 
respectively. Legend: (�), CYP2B6.1; (�), CYP2B6.4; (�), CYP2B6.5; (�), 
CYP2B6.6; (�), CYP2B6.7; (�), CYP2B6.9. The solid lines are fits to the Michaelis-
Menten equation using GraphPad Prism 5 (GraphPad Software, Inc.).  

 

Figure 3. The tert-butyl hydroperoxide-supported 7-EFC O-deethylase activities of 
the CYP2B6.4-CYP2B6.9 polymorphic variants. The 7-EFC O-deethylase activity is 
expressed as the activity relative to that of CYP2B6.1. The details for the 
measurements of the 7-EFC O-dethylase activities in the presence of tBHP are 
provided in Materials and Methods. 

 

Figure 4. Kinetics of electron transfer from CPR to the ferric CYP2B6.4-CYP2B6.9 
polymorphic variants. The kinetics were determined in the absence of substrate at 
25 oC in a stopped-flow spectrophotometer as described in Materials and Methods. 
The final concentrations of CYP2B6 and CPR were 1.5 µM each. Legend: The 
kinetic traces from the top to the bottom are those for CYP2B6.1, CYP2B6.5, 
CYP2B6.6, CYP2B6.7, CYP2B6.4, CYP2B6.9, and CYP2B6.8. 
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Table 1. The forward mutagenic primers used for preparation of the polymorphic mutants of CYP2B6. The base pairs that 
contain the desired mutations are underlined. The single mutants were prepared using the plasmid of CYP2B6*1 as 
templates, while the double and triple mutants were prepared using the plasmids of CYP2B6*4 and CYP2B6*6 as 
templates, respectively, as described in Materials and Methods. 

CYP2B6  Amino Acid Mutagenic Primers 
CYP2B6*4 K262R GACCCCAGCGCCCCCCGCGACCTCATCGACACC 
CYP2B6*5 
CYP2B6*6 

R487C 
Q172H/K262R 

CAACATACCAGATCTGCTTCCTGCCCCGC 
CYP2B6*4 + GACCCCACCTTCCTCTTCCATTCCATTACCGC 

CYP2B6*7 
CYP2B6*8 

Q172H/K262R/R487C 
K139E 

CYP2B6*6 + CAACATACCAGATCTGCTTCCTGCCCCGC 
AGGGACTTCGGGATGGGAGAACGGAGTGTGGAG 

CYP2B6*9 Q172H GACCCCACCTTCCTCTTCCATTCCATTACCGC 
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Table 2. The Km and kcat for the metabolism of 7-EFC, bupropion and efavirenz by CYP2B6 WT and CYP2B6.4-
CYP2B6.9 polymorphic variants. The Km and kcat values were obtained by fitting the data shown in Figure 2 to the 
Michaelis-Menten equation as described in Materials and Methods. The reported Km and kcat were averages from two 
separate experiments, each of which was performed in duplicates. 

 

  

 

 

 

 

 

 

 

* not detected. 

  

CYP2B6 

7-EFC Bupropion Efavirenz 

Km  

(µM) 

kcat 

(min
-1

) 
kcat/Km 

Km  

(µM) 

kcat 

(min
-1

) 
kcat/Km 

Km  

(µM) 

kcat 

(min
-1

) 
kcat/Km 

CYP2B6.1 4.8±1.1 1.2±0.06 0.26 95±15 6.8±1.1 0.072 7.3±2.2 4.0±0.7 0.55 

CYP2B6.4 3.9±0.42 0.52±0.04 0.13 162±32 4.1±0.7 0.025 5.5±0.8 2.9±0.4 0.53 

CYP2B6.5 4.9±1.9 0.89±0.04 0.18 134±7 4.5±1.5 0.034 53±12 40.2±4.0 0.76 

CYP2B6.6 9.2±2.1 1.7±0.14 0.18 380±27 11.9±0.4 0.031 198±28 22.5±1.4 0.11 

CYP2B6.7 6.1±2.1 1.0±0.08 0.16 83±10 4.7±1.2 0.057 30.4±5.0 26.3±7.0 0.86 

CYP2B6.8 ND*    ND   ND  

CYP2B6.9 7.0±1.6 1.1±0.07 0.16 244±11 6.7±0.9 0.027 57.5±9.0 10.2±2.0 0.18 

T
his article has not been copyedited and form

atted. T
he final version m

ay differ from
 this version.

JPE
T

 Fast Forw
ard. Published on June 9, 2011 as D

O
I: 10.1124/jpet.111.183111

 at ASPET Journals on May 22, 2023 jpet.aspetjournals.org Downloaded from 

http://jpet.aspetjournals.org/


JPET #183111 

31 

 

Table 3. The kinetic parameters for the rate of electron transfer from CPR to the ferric CYP2B6.4-CYP2B6.9 
polymorphic variants. k1 and k2 are rate constants for the fast and slow phases respectively, while A1 and A2 are 
respective relative amplitudes. The data were averaged from two separate measurements with standard deviations < 
10%. 

CYP2B6 
Kinetic Parameters 

A1% k1, s
-1 A2% k2, s

-1 

CYP2B6.1 23 0.31 67 0.04 

CYP2B6.4 78 0.04 22 0.01 

CYP2B6.5 51 0.13 49 0.02 

CYP2B6.6 36 0.11 64 0.04 

CYP2B6.7 66 0.08 54 0.02 

CYP2B6.8   100 0.01 

CYP2B6.9 8 0.42 92 0.04 
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