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Abstract 

The cytochrome P450 enzymes (CYPs) are very attractive biocatalysts because of 

their ability to regio- and stereo-selectively catalyze the insertion of a single atom of 

molecular oxygen into inactivated C-H bonds. There are many drawbacks, however, 

limiting the use of these enzymes in organic synthesis, including the need for expensive 

cofactors, low stability, and low tolerance to organic solvents. The goal of this thesis 

was to overcome some of these drawbacks for human CYP2D6. This isoform was 

selected because of its broad substrate promiscuity and high importance in drug 

metabolism. 

We have tested inexpensive chemicals to replace the natural cofactors of 

CYP2D6, NADPH and cytochrome P450 reductase (CPR). The results showed that 

cumene hydroperoxide and tert-buty\  hydroperoxide can successfully substitute CPR 

and NAD(P)H with retained regio- and stereo-selectivity. Moreover, with these 

surrogates, product formation and initial rates are increased by as much as two fold 

compared to the use of the natural cofactors. 

It is widely accepted that even small proportions of organic solvents in the buffer 

can deactivate most enzymes including P450s. Our studies on the biocatalysis of 

CYP2D6 in organic solvent/buffer emulsions showed that under the optimized 

conditions, as much as 76% of the enzyme activity was retained. Product formation in 

biphasic solvent systems is comparable whether the natural redox partner and cofactor 

are used, or a surrogate. In addition, a correlation was observed between the log P and 

the suitability of a solvent for enzymatic activity, with higher log P resulting in higher 

enzymatic activity. These results were obtained with dextromethorphan (DXM), a 

water soluble substrate. A very hydrophobic substrate, T-benzyloxy^-iV.iV-

diethylaminomethyl-coumarin (BDAC), was also tested successfully to demonstrate 

the utility of this method. 

Lyophilization is usually required to remove water before using enzymes in 

nearly anhydrous solvents. This physical process is harmful to P450 enzyme activity. 
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We therefore tested numerous sugars as lyoprotectant during lyophilization. Addition 

of trehalose or sucrose before lyophilization allowed the retention of 80% of the 

CYP2D6 activity, compared to 40% remaining activity in its absence. CYP2D6 

co-lyophilized with trehalose was next tested in selected hydrophobic organic solvents 

in the absence of water. The enzymatic activity was found to strongly depend on the 

hydrophobicity of the solvent. Interestingly, the enzyme showed higher catalytic ability 

in w-decane or «-dodecane than in the standard buffer. This was unexpected 

considering that the activity of most enzymes was reported to decrease to 10% or less 

in nearly anhydrous organic solvents. 

The last objective of this thesis was to improve the stability and/or activity of 

CYP2D6. Use of DNA self-assemblies to encapsulate P450 enzymes was envisaged to 

potentially increase their stability. Indeed, DNA assemblies have many advantages 

compared to traditional solid supports reported for enzymes. Our preliminary results 

showed that CYP2D6 templated the formation of cyclic DNA dimeric and tetrameric 

over polymeric self-assemblies. Characterization of the CYP2D6 activity in the 

presence of the DNA self-assemblies revealed no loss of activity or stability. 
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Resume 

Les enzymes cytochromes P450 (CYPs) ont des proprietes attrayantes comme 

biocatalyseurs a cause de leur habilete a catalyser l'insertion d'un seul atome 

d'oxygene dans une liaison C-H inactive de maniere regio- et stereo-selective. Par 

contre, plusieurs inconvenients limitent 1'utilisation des ces enzymes en synthese 

organique tels que l'exigence de cofacteurs dispendieux pour leur activite enzymatique, 

leur manque de stabilite ainsi que leur manque de tolerance envers les solvant 

organique. Le but de cette these etait de surmonter quelques uns de ces inconvenients 

pour l'enzyme CYP2D6 d'origine humaine. 

Nous avons examine plusieurs produits chimiques peu couteux en vue de 

remplacer les cofacteurs indigenes de CYP2D6 dont NADPH et la reductase des 

cytochromes P450. Les resultats demontrent que l'hydroperoxyde de cumene et 

l'hydroperoxyde tert-butylique peuvent remplacer les cofacteurs indigenes tout en 

retenant les regio- et stereo-selectivites de l'enzyme. De plus, en utilisant ces 

substituants, la formation de produit et les vitesses reactionelles initiales sont 

augmentees jusqu'a deux fois compare aux reactions avec les cofacteurs naturels. 

II est reconnu que meme des quantites minimes de solvant organique dans une 

solution tampon peuvent desactiver la plupart des enzymes incluant les P450s. Nos 

etudes demontrent que dans les conditions ideales, jusqu'a 76% de l'activite de 

CYP2D6 est maintenue dans des emulsions de solvant organique et de solution tampon. 

Dans ce genre de solvant biphasique, il y a peut de difference entre la formation de 

produits par CYP2D6 avec les cofacteurs naturels ou des substituants. De plus, on 

observe une correlation entre le logP et 1'aptitude d'un solvant pour l'activite 

enzymatique tel qu'un logP plus eleve engendre une activite enzymatique superieure. 

Ces resultats on ete obtenues avec dextromethorphane (DXM), un substrat hydrophile. 

Un autre substrat tres hydrophobe, 7-benzyloxy-4-iV,iV-diethylaminomethyl-

coumarine (BDAC), a egalement ete teste pour demontrer l'utilite de cette methode. 

La lyophilisation d'enzymes est habituellement requise pour enlever l'eau avant 
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leur utilisation dans des solvants anhydres. Ce processus physique est cependant 

nefaste a l'activite des P450s. Nous avons done examine plusieurs sucres pour leur 

effet lyoprotecteur durant la lyophilisation. L'addition du trehalose ou du sucrose avant 

la lyophilization permet la retention de 80% de l'activite de CYP2D6 compare a une 

retention de 40% en son absence. Ensuite, Tenzyme CYP2D6 co-lyophilizee avec le 

trehalose a ete testee dans des solvants hydrophobes en absence d'eau. L'activite de 

CYP2D6 dans ce milieu depend fortement sur l'hydrophobicite du solvant. En effet, 

l'habilete catalytique de l'enzyme est plus elevee dans les solvants n-decane et 

n-dodecante que dans une solution tampon standard. Ceci a largement depasse toute 

attente puisque l'activite de la purpart des enzymes diminue generalement de 90% ou 

plus dans les solvants organiques anhydres. 

Le dernier objectif de cette these etait d'ameliorer la stabilite et/ou l'activite de 

CYP2D6. Nous avons envisage l'utilisation d'ADN auto-assemblees pour encapsuler 

les P450s et augmenter leur stabilite. Nos resultats preliminaires suggerent que 

CYP2D6 favorise la formation de dimeres et de tetrameres cyclique d'ADN au depend 

des polymeres. L'activite et la stabilite de CYP2D6 en presence des capsules d'ADN 

auto-assemblees est inchangee. 
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Chapter One 

Chapter One 

Literature review: P450 enzymes as biocatalysts 

1.1 Enzymes 

Proteins, derived from the translation of mRNA, are essential components for life. 

They play versatile roles ranging from structural components to signaling. Among them, 

proteins which catalyze reactions are referred to as enzymes. Typically composed of a 

linear combination of the 20 amino acids, the structures of enzymes are dynamic and 

flexible. As with chemical catalysts, most enzymes speed reactions up by lowering the 

energy of activation. Enzymes have evolved to fulfill a variety of needs in adjusting the 

rates of reactions essential to living cells. As of June 26, 2007, 4037 types of enzymes 

were identified (http://www.expasy.ch/enzyme/"), ribozymes excluded. Researchers have 

learned lessons from these natural catalysts in their search for man-made catalysts. To 

date, however, artificial catalysts cannot compete with biocatalysts' efficiency. Carbonic 

anhydrase (CA), an enzyme able to catalyze up to 106 reactions per sec [1], is the most 

proficient enzyme reported so far. More interestingly, some enzymes are known to 

catalyze reactions yet unachievable chemically. One example is hydroxylation at specific 

inactivated C-H bonds, catalyzed by cytochrome P450 enzymes amongst others [2, 3]. 

This thesis work has focused on improving the stability and activity of one P450 isoform, 

human CYP2D6, under typical conditions of biocatalysis. 

1.2 Historical perspective of cytochrome P450 Enzymes 

The first cytochrome P450 enzyme (CYP) was identified more than 50 years ago in 

a search for pigments [4]. In 1963, a group of pigments were ultimately characterized as 

cytochromes and named from the spectroscopic absorption maxima at 450 nm observed 

after reduction and ligation with carbon monoxide [5]. This absorption is caused by the 

cysteine ligated heme prosthetic group found at the core of these enzymes. This ligand 

distinguishes P450 enzymes from other heme proteins such as hemoglobin which 

contains a histidine heme iron ligand. There are only two other enzyme families with a 

proximal heme iron cysteine ligand, chloroperoxidase (CPO) and nitric oxide synthase 
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Chapter One 

(NOS). The cysteine ligand is believed to facilitate the activation of molecular oxygen by 

the heme group [6-9]. 

Almost all species of the kingdom produce and utilize P450 enzymes to accomplish 

at least one of the following functions, i) food uptake; ii) endogenous compounds 

syntheses; iii) exogenous compounds (including drugs and pollutants) biodegradation; 

and iv) defensive compounds syntheses. Plants for example, develop resistance to 

herbicides and pesticides via expression of P450 enzymes which break down the 

"harmful" molecules [10]. Human utilize P450 enzymes not only in the metabolism of 

xenobiotics, but also in the biosynthesis of vitamins, steroids and hormones [11]. Insect 

P450 enzymes execute syntheses and biodegradation of ecdysteroids and juvenile 

hormones, and detoxify insecticides [12]. 

The nomenclature of P450s is based on amino acid identity, phylogeneticity and 

gene organization. Typically, a root symbol CYP  is followed by a number indicating a 

family sharing more than 40% amino acids sequence similarity. Then a letter identifies 

the subfamily, with members showing at least 55% similarity. A subsequent number 

designates the gene (http://drnelson.utmem.edu/CvtochromeP450.html). As of March 09, 

2007, 787 isoforms of P450 enzymes had been reported 

(http://www.icgeb.org/~p450srv/new/p450.html). 

1.3 P450 enzymes reactions and mechanism 

P450 enzymes have attracted the interests of biochemists, medicinal chemists, 

toxicologists and pharmacologists for decades because of their importance in drug 

metabolism. Synthetic chemists have joined this area of research because of the 

exceptional ability of these enzymes to catalyze many difficult reactions [2, 13-17], 

including hydrocarbon hydroxylation, heteroatom oxidation and dealkylation, epoxidation, 

aromatic ring formation, carbon-carbon bond formation or cleavage, dehydrogenation, 

olefin or aromatic ring oxidation, dehalogenation, and many more. The most sought-after 

reaction among these, and also the most prevalent in P450 catalysis, is hydroxylation at 

inactivated carbon-hydrogen bonds. Not only does this reaction proceed with high 

regioselectivity and stereoselectivity, but the enzyme also performs it under very mild 

conditions [18]. 
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Chapter One 

A general mechanism for P450 enzymes including multiple intermediates was 

proposed more than two decades ago. Evidences for these intermediates have been 

reported in the last decade through versatile spectroscopic techniques [19-22], synthetic 

metalloporphyrins [23, 24], computational chemistry [25, 26], and novel diagnostic 

substrates [27-29]. The widely accepted mechanism includes (Schem e 1.1) : 1) in the 

resting state the heme iron is 6-coordinate low spin; then, binding of a substrate triggers a 

state change to low spin 5-coordinate with release of the water molecule from the heme 

distal site; 2) one electron is next transferred from nicotinamide adenine dinucleotide 

phosphate (reduced) (NAD(P)H) to the P450 heme iron via one or more electron transfer 

proteins (redox partners such as CPR) thus reducing the ferric heme to ferrous; 3) ferrous 

heme binds molecular oxygen to form a P450-dioxygen complex; 4) reduction of this 

system with a second electron and protonation of the distal oxygen atom yields a ferric 

hydroperoxy intermediate; 5) further protonation of the distal oxygen and water release 

generates the highly reactive iron-oxo (ferryl, compound I) intermediate; 6) hydrogen 

abstraction on the substrate produces a radical and a ferryl-hydroxy intermediate; 7) 

rebound of the hydroxyl group onto the substrate radical leads to hydroxylation of the 

substrates; 8) dissociation of the product regenerates the enzyme resting state. At step 4 or 

5 the release of superoxide or hydrogen peroxide may occur. This so-called uncoupling 

mechanism is common, and results in the suppression of hydroxylation with consumption 

ofNAD(P)H. 

8 H2 0 
ROH I  ^ H 1 

)H 
TeJS7 

OH ^  H2O 2 

•i 
R-

Cys H 2 0 Z — ' " 
Peroxide shunt RH 

rL O  H 20 A /*y? 

^jUj^^S* 02 

H20 5 
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Chapter One 

Scheme 1. 1 The catalytic cycle of P450 enzymes illustrating the proposed intermediates. 

The rhombus represents protopophyrin IX. The proximal Cys ligand remains attached to 

the heme iron but is shown here only once for clarity. See test for a detailed description. 

1.4 P450 cofactors and oxygen surrogates 

As indicated in Sectio n 1.3 , P450 enzymes must be reduced for catalysis. Two 

electrons must be transferred separately to the P450 heme group and therefore cannot be 

donated directly by NAD(P)H (hydride donors; donation of two electrons at a time). P450 

enzymes must work with other proteins, referred to as redox partners, which accept 

electrons from NAD(P)H and transfer them to the P450 one at a time. 

The P450 enzymes are generally grouped into 3 classes based on the electron 

transfer system that they use [30, 31]. Figure 1. 1 illustrates the most common modes of 

electron transfer systems observed. Class I family comprises bacterial and mitochondrial 

P450s, to which electrons are transferred from a sulfur-iron ferredoxin (Fdx, bacteria) or 

adrenodoxin (AdX, mitochondria) proteins. FdX or AdX must first be reduced by 

ferredoxin reductase (FdR) or adrenodoxin reductase (AdR) respectively, using electrons 

from NAD(P)H. Class II P450s systems, use a cytochrome P450 reductase (CPR) 

containing flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) 

cofactors which transfer electrons from NAD(P)H to the P450 enzyme. Most class II 

systems have a separate electron transfer protein (CPR) and a separate P450 protein, 

which unite for catalysis by sliding along membranes, anchored at their JV-terminals. 

Some bacterial P450 enzymes of class II, however, have evolved into a single protein 

containing both the heme domain and the redox partners. Class III P450 enzymes contain 

FMN, iron-sulfur clusters, and heme binding domains, all in one protein. NAD(P)H 

reduces FMN which transfer the electron to the iron-sulfur cluster before transferring it to 

the P450 heme. A prototypical example is P450-PFOR fusion enzymes such as CYP116 

[32]. 

4 



Chapter One 

NADPH + H+ 
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RH + O2 

ROH + H20 
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(FMN+iron cluster heme binding doamins) 

Figure 1. 1 schematic illustrations of the 3 classes of P450 enzymes based on electron 

transfer systems. See text for detailed explanation. The linear arrows highlight the 

approximate direction of electron transfer. 

For many years, researchers have known that these complex electron transfer 

systems can sometimes be replaced with hydrogen peroxide (peroxide shunt pathway), 
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although with low efficiency (Schem e 1.1 ) [33]. The cofactor surrogates reported include 

hydrogen peroxide, te/t-butyl hydroperoxide (BHP), cumene hydroperoxide (CHP), 

peracids, periodate, chlorite and iodosobenzene [34-37]. A number of studies aiming to 

increase the peroxide shunt efficiency by mutagenesis have been reported in the last 

decades [38-42]. Another alternative to replace the P450 redox partner(s) and NAD(P)H 

involves the use of electrode [43, 44]. Vilker and coworkers observed a reaction rate of 

36 nmol of 5-exo-hydroxycamphor per nmol of P450cam per min using tin oxide 

electrode compared to 2300 nmol with the natural system [45]. This method is promising 

for the assembly of biosensors. Shumyantseva et al. discovered that the use of "reversed" 

electrodes (immobilized substrate on the electrode) is effective for P450scc detection [46]. 

Recently, a bacterial P450 isoform, P450BS/3, has attracted interest because it merely 

utilizes hydrogen peroxide as a source of electrons and oxygen atoms [47-49]. This 

enzyme shows comparable catalytic activity to P450BM3-

Chapter 2 of this thesis reports our success in replacing the natural cofactors of 

human P450 3A4 and 2D6 with cheap chemical surrogates. Under optimal conditions, the 

use of cumene hydroperoxide with CYP2D6 generates twice as much product compared 

to the use of the natural cofactors (CPR / NADPH) [50]. 

1.5 CYP101 (P450cam) and CYP102 (P450BM-3) 

The most studied P450 enzymes are by far CYP101 (also known as P450cam) from 

class I and CYP102 (also known as P450BM-3) from class II. CYP101 is expressed by 

Pseudomonas putida to allow the use of camphor as a carbon source. Most of the current 

mechanistic knowledge of P450 enzymes comes from studies with CYP101 [2]. The first 

P450 crystal structure was also obtained with this isoform [51]. CYP101 catalyzes the 5-

exo-hydroxylation of camphor using putidaredoxin (PdX), putidaredoxin reductase (PdR), 

and NADH (see Scheme 1.2). 

The availability of numerous crystal structures of CYP101 makes this enzyme an 

excellent candidate for mutagenic studies. A significant amount of work was devoted to 

modification of CYP101 for industrial applications [52-57]. The high specificity of 

CYP101 for the substrate camphor, however, is a serious limitation to its use as a 

biocatalyst [2]. A triple mutant designed based on the crystal structure shed light on the 
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possibility of trimming the active site for accommodating substrates other than camphor 

[53]. CYP101 variants able to convert propane or ethane, to propanol [54] or ethanol [55] 

was obtained after mutating five to nine amino acids including residues located far from 

active site. Mutation at F87 and Y96 enhanced the ability of the enzyme to modify 

polycyclic aromatic hydrocarbons such as phenanthrene, fluoranthene, pyrene and 

benzo[a]pyrene [56]. Another disadvantage associated with the use of CYP101 is that the 

coupling/uncoupling ratio of CYP101 with substrates other than camphor is low. A 

double mutant (Y96F-V247L) was designed to address this problem and showed 60% 

coupling efficiency compared to < 2% for the wild type [57]. 

o PdX red 

NAD+ NAD H 

Scheme 1. 2 Transformation of camphor to 5-exo-hydroxycamphor by CYP101 

(P450cam). Abbreviations: PdXred: putidoredoxin in the reduced form; PdX0X1: 

putidoredoxin in the oxidized form. 

Since its discovery, CYP102 from Bacillus  megaterium  has attracted much more 

attention than any other isoforms for fine chemical conversion because of its natural 

fusion to the redox partner and experimentally high catalytic activity. The natural 

substrates and reactions catalyzed by CYP102 are illustrated in Scheme 1.3. 
00-3 

HO '  ^ 

CYP102 

0 
(0-1 

NADH NAD+ 

(n = 12-22 ) 

tr 
oo-2 

7 



Chapter One 

Scheme 1.3 Typical substrates of CYP102. Hydroxylation is catalyzed at co-1, w-2, and/or 

w-3 positions (as indicated by the arrows). 

It was recently reported that wild-type CYP102 can modify certain pharmaceuticals 

in the same way that human P450s enzymes do [58]. The substrate specificity of wild-

type CYP102 is, however, much narrower than for its mammalian counterparts and the 

yields of drug metabolites are generally low and highly variable. Mutagenesis has, 

however, modified the substrate specificity of CYP102. For example, several research 

groups have created variants showing high turnover numbers and high regioselectivity in 

the epoxidation of terminal alkenes such as 1-hexene [59]. High activity towards 

branched fatty acids has also been reported for several mutants [60, 61]. Other reactions 

that have been accessed after CYP102 random mutagenesis include the transformation of 

propranolol to 4'-hydroxylpropranolol and 5'-hydroxylpropranolol [62], the conversion 

of short length alkanes including gaseous ethane to the corresponding alcohols [63]. 

CYP102 mutants with high activity for the oxidation of benzene, styrene, cyclohexane, 1-

hexene, and 1-propylene have also been engineered [64], as well as increased 

thermostability and peroxide resistance [65]. Finally, CYP102 was also used as a template 

to make artificial family of P450 enzymes with recombination of subunits made by 

cutting the chain at 7 crossover locations [66]. Several recent reviews about the potential 

of CYP102 as abiocatalyst summarize the field [67, 68]. 

1.6 Mammalian cytochrome P450 enzymes 

In mammals, P450 enzymes are responsible for the synthesis of endogeneous 

regulators such as hormones, steroids, as well as the phase I metabolism of exogeneous 

compounds such as drugs and pollutants [69]. Like bacterial P450 enzymes, they oxidize 

substrates by reducing molecular oxygen to water. Bacterial P450 enzymes are generally 

soluble proteins whereas mammalian P450 enzymes and CPR are membrane-bound 

proteins. Two-dimensional movements of the mammalian enzymes allow side-by-side 

interactions between them. 

The human genome reveals 57 P450 isoforms, with the seven major isoforms 

involved in drug metabolism being CYP3A4, CYP2C9, CYP2D6, CYP2C19, CYP1A2, 
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CYP2E1 and CYP2A6. Three of them (CYP3A4, CYP2D6, and CYP2C9) are involved 

in the metabolism of ~75% of all current pharmaceuticals. For the purpose of metabolism 

studies, a series of marker substrates, each specific to one isoform, have been identified 

and are shown on Schem e 1. 4 along with the major product formed. Also, novel 

fluorescent probes have recently been developed as marker substrates to facilitate 

screening [70, 71]. 

V v \ CYP1A 2 
I 1  / > -

I 
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0 ^ 0 

N 
/> 

O ^ N N 
i 
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OH 
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^ 
OH 
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Scheme 1.4 Standard transformations used as marker for the seven human P450 enzymes, 

CYP1A2 [72], CYP2A6 [73], CYP2C9 [74], CYP2C19 [75], CYP2D6 [76], CYP2E1 

[77], and CYP3A4 [78]. 
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Human cytochrome P450 enzymes have been studied more for their 

pharmacological involvement than for fine chemicals biotransformation. Their very high 

substrate promiscuity, however, makes them especially attractive biocatalysts among 

P450 enzymes [2, 69]. For example, Scheme 1. 5 shows selected CYP2D6 substrates and 

the positions of transformation. Drawbacks that limit applications of human P450s as 

biocatalysts include low turnover numbers, limited tolerance to organic solvents, and the 

need for expensive cofactors. Some research groups have reported studies to overcome 

these disadvantages; however, a lot more work is needed [42, 79-82]. The ability of 

P450s to catalyze hydroxylation at inactivated carbon-hydrogen bond in a regio- and 

stereo-selective manner is a strong incentive to this endeavour. 
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In conclusion, mammalian P450 enzymes have a great potential in a variety of 

useful applications. 

1.7 Enzyme s i n organi c solvent s 

Most enzymes work naturally under aqueous conditions. Organic solvents, however, 

are preferred by chemists for a number of reasons including substrate solubility, moisture 

sensitivity of some substrates, reagents or products, shift of the reaction equilibrium by 

water, and for the ease of harvesting products [83]. Organic solvents molecules, 

nevertheless, were initially believed to deactivate enzymes because of enzyme 

denaturation. It was found later that organic media can keep enzymes active by 

rigidifying enzymes in active conformation. Media engineering has been successfully 

applied for enzymatic esterification, transesterification, and enantioselective resolution 

[84-87] with commercial or chemically modified lipases. Surprisingly, the change of 

reaction media from aqueous to selected organic solvents can affect not only the yield and 

the transformation rate but also the stereoselectivity of the enzyme [84, 88]. For example, 

Hirose et  al.  reported that Pseudomonas  sp. lipase shows opposite yet outstanding 

stereoselectivity in transforming dihydropyridine dicarboxylates to (R)-monoesters in 

water saturated cyclohexane or to (S)-monoesters in water saturated diisopropyl ether 

[89]. 

Interestingly, some enzymes are more stable in anhydrous  hydrophobic solvents 

than in buffers [90, 91]. This may be explained by a more rigid conformation adopted in 

the absence of bulk water molecules. A very small amount of water molecules are 

nevertheless considered essential as absolute anhydrous  conditions to support enzymatic 

activity [92]. Hydrophilic organic solvents are more detrimental than hydrophobic 

organic solvents for they can stripe essential water molecules. The exact amount of water 

needed is enzyme-dependent, and thus, water activity is normally an important parameter 

to standardize enzyme activity. Water activity (aw) is the relative availability of water in a 

substance. It is defined as the vapor pressure of water divided by that of pure water at the 

same temperature. Many studies show that the water activity of the reaction medium 

strongly correlates to the enzyme activity [93]. An interesting correlation has been 
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observed in galactooligosaccharides synthesis by the commercial enzyme /3-glycosidase. 

CloneZyme Gly-001-02 can be optimized to catalyze different length of oligosaccharide 

formation by varying water activity and substrate concentration [94]. The widespread use 

of lipase-catalyzed reactions in synthesis is easily explained by the high stability of these 

enzymes, and their lack of cofactorial needs. 

Oxido-reductases are much more complex systems, including oxidants and/or 

reductants. A change of medium may detrimentally affect not only the protein fold and 

pH but also electron shuttling, essential to redox reactions. It has been reported that the 

catalytic properties of some oxido-reductases are retained in certain organic solvents [95-

97]. Horse liver alcohol dehydrogenase works very well (ee  of 95 to 100%) in isopropyl 

ether on a 1 to 10 mmol scale [98]. Chloroperoxidase can catalyze chlorination reactions 

in the presence of organic solvents with log P  values less than 0 [99]. Manganese 

peroxidase shows significant activity towards polycyclic aromatic hydrocarbons when up 

to 36 % (v/v) of acetone is added to the medium [100]. 

Physical or chemical modifications are, however, often necessary to overcome the 

effect of solvents on enzymes. These may include, for example, adsorption on a solid 

support [101,102], encapsulation in sol-gel or polymers [103,104], entrapment in reverse 

micelles [105], and cross-linking or covalent addition of stabilizing groups [106]. For 

instance, maleic anhydride or 2,4-bis(o-methyoxypolyethylene glycol)-6-chloro-5,-triazine 

can dramatically increase stability of horseradish peroxidase in organic solvent such as 

benzene [107, 108]. 

Some achievements have been accomplished to physically or chemically modify 

P450 enzymes. Enzyme immobilization on stable supports has been used to facilitate 

applications as in biosensors. For examples, P450 1A2 was immobilized using Langmiur-

Blodgett films as a solid support [109]. This system allowed detection of many organic 

substrates. Immobilized CYP102 in sol-gel was found to transform /3-ionone, octane and 

naphthalene using a NADH recycling system with formate dehydrogenase [110]. 

Molecular dynamics (MD) has been used to study loss of P450 activity in 

presence of organic medium [111, 112]. It suggests that the activity loss results from 

organic solvent molecules pertubing the heme coordination and conformational change 

near active site access tunnel. Most of the engineering work to increase the tolerance of 
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P450 enzymes towards organic solvent has involved random mutagenesis (directed 

revolution) [42, 81-82]. For instance, both a single and double mutants of CYP102 were 

found with 10 fold increased specific activity in 2% (v/v) THF and 6-fold in 25% (v/v) 

DMSO compared to the wild type. The tolerance to other organic solvents was also 

improved [113]. Kumar and coworkers have screened >3000 colonies derived from 

random mutagenesis and found a P450 2B1 mutant, V183L/F202L/L209A/S334P or QM, 

possessing enhanced hydrogen peroxide mediated catalysis. After 3 extra mutations 

(QM/K236I/D257N/L295H) the variant was found to exhibits more than 2-fold higher 

activity than QM in nearly pure DMSO [114]. 

1.8 Enzyme stability 

A major factor limiting enzyme applications in industry is their low stability, 

especially under harsh operation conditions and/or after numerous operation cycles. As 

described in Sectio n 1.7 , enzyme immobilization on inert solid supports has been 

effective at increasing their kinetic stability. Few such examples have been reported for 

oxido-reductases, and a handful for P450 enzymes. 

A limited number of thermopilic enzymes have been identified [115]. By 

definition, these enzymes show high activity and stability at relatively high temperature. 

To date, three thermophilic P450 isoforms have been identified and purified, including 

CYP119 from Sulfolobus  solfataricus  [116], P450st from Sulfolobus  tokodaii  [117], and 

CYP175A1 from Thermus  thermophilus  HB27 [118]. The factors contributing to higher 

enzyme stability may include a higher abundance of salt bridges, more extended aromatic 

clusters, and minimal alanine/isoalanine interactions in the interior of the proteins leading 

to better side-chain packing [115]. Although thermophilic enzymes are very attractive for 

industrial applications, the very narrow substrate range of these 3 P450s is a significant 

obstacle. 

In summary, P450 enzymes represent powerful biocatalysts because of their 

ability to catalyze regio- and stereo-specific hydroxylations at inactivated C-H bonds. The 

human CYP2D6 and CYP3A4 are of special interest in synthesis because of their high 

substrate promiscuity. There are, however, many drawbacks that have restricted the 

applications of P450 enzymes including expensive cofactor requirements, low organic 
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solvents tolerance, and low stability. In this thesis, the first two issues have been 

addressed and effective solutions to overcome these limitations are described. Some 

preliminary studies also suggest the possible stabilization of P450 enzymes by DNA self-

assembly. 

1.9 Objective of this thesis 

Although P450 enzymes represent powerful biocatalysts because of their ability to 

catalyze region- and stereo-specific hydroxylations at inactivated C-H bonds, the use of 

P450 enzymes as biocatalysts is limited by a number of technical factors. The goal of this 

thesis is to overcome the major drawbacks associated with handling P450 2D6. More 

specific objectives include: 1) replacement of the expensive cofactors, 2) develop 

conditions for use of CYP2D6 in organic solvents, 3) increase 2D6 stability. 

Chapter 2 describes our efforts at replacing the expensive natural cofactors of 

CYP2D6 and CYP3A4 with inexpensive chemical oxidants. 

In chapter 3, the behaviours of CYP2D6 in different biphasic solvent systems were 

evaluated. The purpose of introducing biphasic systems is to enlarge the scope of 

application of the enzyme as most of CYP2D6 substrates are insoluble in water. 

Next, we hope to study the activity of CYP2D6 in nearly anhydrous solvents. This 

required enzyme lyophilisation which is known to dramatically reduce enzyme activity. 

Various lyoprotectants were investigated to protect CYP2D6 and CYP3A4 against the 

harmful effects of lyophilisation. 

Chapter 5 is an extension of chapter 3. In order to enlarge further the scope of 

application of CYP2D6 to water sensitive reactions, the activity of this enzyme was tested 

in a variety of selected nearly anhydrous organic solvents. 

Due to great features of DNA self-assembly such as programmability and the 

rigidity of the double helices, encapsulation of CYP2D6 within DNA self-assemblies was 

investigated as method to stabilize the enzyme. In chapter 6, preliminary studies of P450 

enzymes with DNA self-assemblies are reported. 

Overall, each chapter aims at conquering one major drawback limiting the 

applications of P450 enzymes and each new chapter builds on the previous ones. 
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Chapter Two 

P450 enzymes attract a lot of attentions to chemists due to their unique and 

powerful catalysis of doing hydroxylation at inactivated C-H bond in regiospecific and 

stereospecific manners. The use of such enzymes in organic syntheses will largely 

reduce synthetic processes and increase efficiencies. As two major human isoforms, 

CYP3A4 and CYP2D6 are especially attractive owing to high promiscuity (A list of 

substrates of CYP2D6 is recorded in chapter one.). The catalyses of human P450 

enzymes, however, are restricted by the requirement of coenzyme CPR (details in 

chapter one) and electron donor NADPH. The achievement of utilizing two enzymes 

together in large scale remains difficulties. In addition, there is economically 

unflavoured to use NADPH as electron donor due to its very high price. Therefore, 

finding cheap surrogates to replace both coenzyme CPR and NADPH is the first step 

towards using human P450 enzymes in large scale production. 

Contributions of co-authors 

This chapter is a copy of a published communication and is reproduced with permission from the journal 

ChemBioChem. It is cited as Amandine Chefson, Jin Zhao, and Karine Auclair, "Replacement of the 

natural cofactors by selected hydrogen peroxide donors or organic peroxides results in improved activity 

for CYP3A4 and CYP2D6" ChemBioChem  2006, 7, 916-919. I accomplished the experiments and 

collected data related to CYP2D6. Amandine Chefson was responsible for the study related to CYP3A4. 
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Replacement of the natural cofactors by selected hydrogen peroxide 

donors or organic peroxides results in improved activity for CYP3A4 

and CYP2D6 

The cytochrome P450 enzymes (P450s or CYPs) form a ubiquitous family of 

heme proteins able to catalyze the monooxygenation of a wide range of substrates. 

P450s are of considerable interest in synthetic organic chemistry because of their 

impressive ability to catalyze the insertion of oxygen into non-activated C-H bonds. 

This useful reaction in organic chemistry has received much attention over several 

decades, but still remains a significant challenge. Some metal catalysts have been 

successfully used,[l] and biomimetic nonheme iron catalysts have been developed [2] 

but the regio- and/or stereo-selectivity usually remains poor. Biocatalysts such as P450 

enzymes represent a promising alternative.[3] One limitation to the use of P450s in 

synthesis is the need for a complex system of cofactors including NADPH and a redox 

partner such as cytochrome P450 reductase (CPR) or a ferrodoxin/ferredoxin reductase 

system. A number of groups have attempted to overcome this drawback. 

Electrochemical methods,[4] cobaltocene,[5] and cobalt(III)sepulchrate,[6] have all 

been used to replace the cofactors albeit with limited success or applicability. Although 

many P450 enzymes are also known to accept peroxides or aqueous hydrogen peroxide 

as a source of oxygen (shunt pathway), [7] this pathway is generally not efficient. Some 

mutants of P450BM-3 and P450cam have been engineered by directed evolution to 

efficiently use hydrogen peroxide in the absence of cofactors. [8] A heme domain 

mutant of P450BM-3 has been engineered to catalyze regio- and stereo-selective 

oxidations in the presence of hydrogen peroxide instead of its natural cofactors. [9] The 

initial reaction rates were however significantly lower than those observed with the 

wild type enzyme under natural conditions (NADPH). Moreover, this enzyme is 
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naturally very specific for fatty acids and must be mutated to accept any new 

substrates. [10] 

We selected the use the two human P450 isoforms CYP2D6 and CYP3A4 

because of their high substrate promiscuity-a significant advantage for use in synthesis. 

Neither of these enzymes showed significant activity in the presence of aqueous 

hydrogen peroxide. We show here that without mutagenesis, the two studied isoforms 

can use various hydrogen peroxide donors or organic peroxides such as sodium 

percarbonate (SPC), cumene hydroperoxide (CHP) and tert-butylhydroperoxide 

(tBHP), to catalyze reactions in aqueous medium. Interestingly, product formation and 

initial rates are increased by as much as two fold compared  to the use of the natural 

cofactors. Moreover, the regio- and stereo-selectivities are maintained. 

The activity of CYP2D6 was monitored using the standard reaction of 

dextromethorphan demethylation to dextrorphan. All the reactions performed with 

hydrogen peroxide donors or organic peroxides were compared to the control reaction 

performed with the natural cofactors (NADPH/CPR) standardized to 100% activity 

(Figure 2.1). HPLC traces show a significant amount of unreacted substrate because a 

very large excess was used. The shoulder on the substrate peak in B is assigned to 

cumene alcohol. The results obtained with cofactor surrogates are summarized in 

Table 2.1. The best cofactor replacement was CHP, which yielded after one hour up to 

210% of the amount of product obtained under the natural conditions. Very low 

concentrations of CHP were optimal. tBHP also showed good activity (80%) compared 

to the solid sources of hydrogen peroxide which yielded at best 53% activity (30 mM 

SPC, calculated in peroxide equivalents). Spectrometric analysis (LC-MS) was used to 

confirm the identity of the product. Combined with HPLC analysis of Af-demethylated 

and O-demethylated standards, the data allowed us to confirm that the major product 

was dextrorphan in all cases (Odemethylation). 
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Figure 2.1: HPLC chromatograms with fluorescence detection (\.Xc = 280 nm, Xem = 

310 nm) after incubation at 37 °C for 1 hr of CYP2D6 (0.20 fiM) and dextromethorphan 

(100 HM) in 0.1 M potassium phosphate at pH 7.4. A: reaction with CPR (0.83 /m) and 

NADPH (1.67 mM). B: reaction with cumene hydroperoxide (0.1 mil). C: reaction 

with tert-butylhydroperoxide (2 mM). The retention times for the substrate 

dextromethorphan (DXM) and the product dextrorphan (DXO) were 6.2 and 5.4 min 

respectively. 

Some product formation was also observed in the control reactions without 

enzyme, generally representing <5% of the product formed in the presence of the 

enzyme. The only exception was with 100 mM SPB (sodium perborate) which yielded 

more of the product in the absence than in the presence of enzyme (depicted as 

negative values in Table 2.1). Aqueous hydrogen peroxide on the other hand did not 

yield detectable products under the conditions tested. 

Table 2.1 : CYP2D6-catalyzed formation of dextrorphan in the presence of various 

hydrogen peroxide donors or organic peroxides expressed as a percentage of activity 

compared to the reaction with the natural cofactors (CPR and NADPH). 

DXO 

v y \ 
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Peroxide 
equiv. 
(mM) 
0.1 
0.2 
0.5 
1 
2 
10 
20 
30 
50 
100 

SpC[a,b] 

-
-
-
-
-

14 ±4 
48 ±8 
53 ±12 
9 ±14 
-17 ±6 

SpB[a,c] 

-
-
-
-
-

8±4 
-

27 ±11 
1 ± 15 

-57 ± 37 

U H p[a,d] 

-
-
-
-
-

17±2 
-

28 ±4 
29 ±3 
16±4 

C Hp[a,e] 

210 ±4 
197 ±7 
168 ±13 
124 ±2 
83 ±2 

-
-
-
-
-

tBHPIaf| 

16±2 
28 ±7 
50 ±3 
69 ±2 
80 ±4 

-
-
-
-
-

H202aq
|a'g] 

N.D.M 

N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 

[a]Dextrorphan was quantified by HPLC after 1 hr of reaction at 37 °C for CHP and 

tBHP and 4 hrs for SPC, SPB and UHP. The mixtures (300 juL) contained CYP2D6 

(0.2 fM, all from the same batch), dextromethorphan (166 /xM for SPB, SPC and UHP, 

or 100 iiM for CHP and tBHP) in 0.1 M potassium phosphate at pH 7.4, to which was 

added various concentrations of hydrogen peroxide donors or organic peroxides. The 

control reaction was performed with the natural cofactors CPR (0.83 itM) and NADPH 

(1.67 iiM) and standardized to 100% activity. MSPC = sodium percarbonate; [c]SPB = 

sodium perborate; [d]UHP = urea-hydrogen peroxide; [e]CHP = cumene hydroperoxide; 
tfltBHP = tert-butylhydroperoxide; [g]H2C>2aq = aqueous hydrogen peroxide. [h]N.D: 

below the detection limit of 0.1 /xM (3.5%). 

The activity of CYP3A4 was monitored using the standard reaction of 

testosterone 6|3-hydroxylation. Potassium phosphate buffer was used at a concentration 

of 100 mM, except with SPC where the buffer was optimum at 1 M to offset the 

expected increase of pH induced by the release of carbonates in the reaction mixture. 

Again, five hydrogen peroxide donors or organic peroxides were tested (Figure 2.2, 

Table 2.2). Similar to CYP2D6, the best activity was obtained with CHP and reached 

132% of the activity promoted by the natural cofactors (CPR and NADPH). Relatively 

low concentrations of CHP were sufficient. SPC was also found to efficiently support 

the reaction, initially yielding 77% of the natural activity (see supporting information). 
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The reaction with SPC was further optimized by varying the buffer concentration and 

pH, and reached 119% of the activity with CPR/NADPH when 1 M of potassium 

phosphate at pH 7.0 instead of 7.4 was used. Thus after optimization, CHP and SPC 

yield comparable activities, although CHP is effective at lower total concentrations. 

The cither hydrogen peroxide donors and organic peroxides produced less than 50% of 

the natural activity. The optimal concentration for SPC was 500 mM (calculated in 

peroxide equivalent), which is about 10 times higher than for CYP2D6, hence the need 

to increase the buffer strength. In all cases no product formation was detected in the 

control reactions without CYP3A4. Finally, aqueous hydrogen peroxide did not lead to 

the formation of any detectable products. 

7 8 9 10 11 12 13 14 15 16 17 

Time (min) • 

Figure 2.2 : HPLC chromatograms with detection at 244 nm following incubation at 

37°C for 4 hrs of CYP3A4 (0.9 \m)  and testosterone (5 |JM) in 0.1 M potassium 

phosphate at pH 7.4, unless otherwise stated. The internal standard cortexolone (14.2 

min) was subtracted from the graphs for clarity. A: control reaction with no cofactor. B: 

reaction initiated with CPR (3.6 p.M) and NADPH (1 mM + 1 mM every 30 min) C: 

reaction with cumene hydroperoxide (1 mM). D: reaction with sodium percarbonate 

(equiv. to 500 mM H2O2) in 1 M potassium phosphate buffer at pH 7.0.The retention 

times for the product 6P-hydroxytestosterone (6p-OH-Tst), and the substrate 

testosterone (Tst) were 10.4 and 16.2 min respectively. The peaks x, y and z are other 

metabolites formed during the reaction, unidentified but very likely to be the ip, 15(3 

and 2P hydroxylated products according to Guengerich and coworkers. [11] 
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Table 2.2: Formation of 6p-hydroxytestosterone by CYP3A4 with hydrogen peroxide 

donors or organic peroxides expressed as a percentage of the reaction with the natural 

cofactors (CPR and NADPH). 

Peroxide 
equiv. 
(niM) 

0.1 
0.5 
1 
2 
5 
50 
100 
500 
1000 

S p C [a ,b] 

-

-

-

-

-

28 ±3 
47 ±5 

119Ih] ± 12 
28 ±4 

SpB[a ,c] 

-

-

-

-

-

2±2 
4 ± 3 
10±3 
6±2 

U H p [ a , d ] 

-

-

-

-

-

2±1 
3±3 
7±4 
4 ± 3 

C H p[a , e ] 

83 ±8 
114±12 
132 ± 17 
92 ±10 
61 ±6 

-

-

-

-

T B H p [ a , f ] 

6±2 
13 ±4 
21 ±2 
35 ±3 
16 ±1 

-

-

-

-

H202aq,a'gl 

N.D.[h] 

N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 
N.D. 

^Analysis of 6p-hydroxytestosterone (6(3-OHT) formation by HPLC after 1 hr 

incubation at 37°C of CYP3A4 (0.9 |UM) and testosterone (115 \m),  initiated with 

various concentrations of hydrogen peroxide donors or organic peroxides. The buffer 

was 0.1 M potassium phosphate at pH 7.4, and 1 M potassium phosphate at pH 7.4 for 

the reaction with SPC. The control reaction was with the natural cofactors CPR (2.4 p.M) 

and NADPH (1 mM); ^SPC = sodium percarbonate; [c]SPB = sodium perborate; 
[d]UHP = urea-hydrogen peroxide adduct; [e]CHP = cumene hydroperoxide; ratBHP = 

tert-butylhydroperoxide; ^H^Chaq = aqueous hydrogen peroxide; ^Several potassium 

phosphate buffer concentrations and pHs were tested with 500 mM SPC, 1 M potassium 

phosphate at pH 7.4 gave 77% activity, while the highest activity of 119% was 

obtained at pH 7.0. ^N.D.: below the detection limit of 0.1 fxM (1%). 

SPC, SPB and UHP are powders with an active oxygen content equivalent to 

27.5%, 32% and 35% H2O2 respectively. These hydrogen peroxide donors present the 

advantage of releasing H2O2 slowly and locally on application, creating milder 

oxidation conditions around the enzyme than aqueous hydrogen peroxide. This was 

verified by comparing the activity of CYP3A4 with SPC when the reaction mixture 
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was shaken after addition, which led to complete dissolution of the salt, or when the 

dissolution occurred slowly overtime without shaking. In the former case no product 

formation was detected, confirming the need for a slow release of hydrogen peroxide in 

the reaction mixture. 

Interestingly, for both enzymes, the increased product formation observed in 

the presence of CHP or SPC (Table s 2. 1 and 2.2 ) can be explained by a proportional 

increase in the initial rates of product formation (Table 2.3). Thus the calculated initial 

rate for the reaction of CYP2D6 in the presence of 0.1 mM CHP is twice that of the 

reaction promoted by CPR/NADPH. Similarly, for reactions of CYP3A4, the initial 

rates are -30% higher with optimal amounts of SPC or CHP than with CPR/NADPH. 

Table 2.3 : Initial rates of product formation and maximum turnover numbers for the 

CYP2D6-catalyzed formation of dextrorphan and the CYP3A4-catalyzed 

6P-hydroxylation of testosterone in the presence of CPR/NADPH or peroxide 

equivalents. 

Cofactor 

Initial rate 
(|j.mol nmol"' min"1) 

Turnover 

CYP3A4la] 

CPR/ 
NADPH 

5.9 ±0.9 

46 ±4 

C H p [ c ] 

9.1 ±1.5 

42 ±5 
* 

50 ±4 

S P C [ d ] 

7.1 ±1.2 

26 ±2 

CYP2D6[bl 

CPR/ 
NADPH 

2.4 ±0.3 

107 ±3 

CHP 

4.7 ±0.3 

92 ±2 

tBHP[e] 

2.2 ±0.2 

41±2 

[a]6p-hydroxytestosterone (6(3-OHT) formation as measured by HPLC after incubation 

at 37°C for different times of CYP3A4 (0.9 JIM) and testosterone (115 \m).  The 

turnover number was calculated after a 4 hr reaction. The buffer was 0.1 M potassium 

phosphate at pH 7.4, and 1 M potassium phosphate at pH 7.0 for the reaction with SPC. 

The cofactors tested were either CPR (3.6 |JM) and NADPH (1 mM + 1 mM added every 

30 min), CHP (1 mM + 1 mM added every 30 min, or *0.1 mM + 0.1 mM added every 30 

min) or SPC (500 mM); [b]Dextrorphan (DXO) formation as measured by HPLC after 

incubation at 37°C of CYP2D6 (0.18 |j.M) and dextromethorphan (100|aM). The 
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turnover number was calculated after a 4 hr reaction. The buffer was 0.1 M potassium 

phosphate at pH 7.4. The cofactors tested were either CPR (0.53 |UM) and NADPH 

(1.67 niM + 1.67 mM added every 30 min ), CHP (0.1 mM) or tBHP (2 DM); [C]CHP = 

cumene hydroperoxide; [d^SPC = sodium percarbonate, ^tBHP = tert-butyl 

hydroperoxide. 

Because peroxides have been reported to react with the heme moiety of P450s 

and lead to enzyme inactivation,[12] we have compared the stability of CYP2D6 and 

CYP3A4 in the presence of surrogate and natural cofactors. UV-based measurements 

typically used to measure P450 stability were not convenient here because of 

interfering absorption by cofactors. Instead, a large excess of substrate and cofactor(s) 

were used (fresh cofactor was added every 30 min) and product formation was 

monitored over time. The enzyme was considered inactive when product formation 

reached a plateau. Under these conditions, CYP2D6 lost activity after ~1 hour in the 

presence of CHP or tBHP but after -1.7 hours when the natural cofactors were used 

(Figure 2.3) . This difference in stability is much smaller than expected based on 

previous literature,[12] most likely because of the very small amount of organic 

peroxides used. Although CYP2D6 displays lower stability in the presence of CHP 

compared to CPR/NADPH, its higher initial rate with CHP results in a comparable 

maximum turnover numbers when compared to CPR/NADPH (Tabl e 2.3) . CYP3A4 

on the other hand shows comparable stability whether CPR/NADPH or CHP are used 

(~3 hours, Figure 2.4). This was not expected based on previous literature,[12] and is 

again most likely explained by the small amount of CHP used. When the quantity of 

CHP added is further reduced (multiple additions of 0.1 mM instead of 1 mM, see Table 

2.3 and Figure 2.4) the initial rate decreases; however, the enzyme is active for ~4 

hours and the maximum turnover number rises (still comparable to CPR/NADPH). 

CYP3A4 and CYP2D6 represent ideal biocatalysts because of their high 

substrate promiscuity and their ability to catalyze chemically challenging 
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hydroxylations at inactivated C-H bonds. In summary, we report an improvement of up 

to two fold in reaction rates when the natural cofactors of CYP2D6 or CYP3A4 are 

replaced with SPC or CHP. This is the first time that such an improvement compared to 

the use of natural cofactors is reported for P450 enzymes. This is accomplished with 

amounts of cofactor surrogates much lower than previously reported, which likely 

allowed minimization of side reactions. These results suggest that the need for 

expensive cofactors can be circumvented without significant decreases in yields by 

replacement with very cheap commercial compounds, directly with the wild type 

enzymes. We anticipate that this alternative approach may apply to other P450 

enzymes and will be of considerable use for future applications of P450s in synthesis. 
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Figure 2.3: Dextrorphan (DXO) formation as measured by HPLC after incubation at 

37°C of CYP2D6 (0.18 pM) and dextromethorphan (100 [iu)  in 0.1 M potassium 

phosphate buffer at pH 7.4 (total volume 300 \iL). Each point on the plot represents an 

average of two measurements. The reaction was initiated with 0.1 mM CHP (•), 2 mM 

tBHP (•), or CPR (0.5 JIM) and NADPH (1.67 mM + 1.67 mM every 30 min) (A). 
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Figure 2.4 : 6P-hydroxytestosterone (6P-OHT) formation as measured by HPLC (244 

nm) after incubation at 37°C for different times of CYP3A4 (0.9 \M) and testosterone 

(115 |4M) in 0.1 M potassium phosphate buffer at pH 7.4, or 1 M at pH 7.0 with SPC. 

Each point on the plot represents an average of two measurements, and for each, a total 

reaction volume of 300 uL was used. The reaction was initiated with CHP (1 mM + 1 

mM added every 30 min (•), 0.1 mM + 0.1 mM added every 30 min (•)), 500 mM SPC 

(•), or CPR (3.6 ^M ) and NADPH (1 mM + 1 mM after 15 min then every 30 min) (A). 
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Chapter Two - Appendi x 

Experimental section (published as supporting information) 

2A.1 Chemicals 

The CYP3A4 pSE3A4His expression plasmid was a gift from Dr. J. R. Halpert 

from the University of Arizona, the CYP2D6 expression plasmid (DB6 with Hiss and 

M374V) was obtained from Dr. F. P. Guengerich from Vanderbilt University, and the 

cytochrome P450 reductase OR263 plasmid was kindly donated to us by Dr. Charles B. 

Kasper from the University of Wisconsin. The culture media ingredients yeast extract, 

tryptone, peptone, as well as the CYP2D6 substrate AMMC 

(3-[2-(iV)A':-diethyl-A'-methylammomum)ethyl]-7-methoxy-4-methylcoumarin) and the 

product AHMC (3-[2-(diethylamino)ethyl]-7-hydroxy-4-methylcoumarin 

hydrochloride) were purchased from BD Biosciences (San Jose, CA). DH5a 

supercompetent cells and agarose were from Invitrogen (Carlsbad, CA). The 

2',5'-ADP Sepharose 4B and DEAE Sepharose resins were from Amersham 

Bioscience (Baie d'Urfe, QC, Canada). The His-Select™ Nickel Affinity Gel was 

purchased from Sigma (St. Louis, US). The CYP3A4 substrate testosterone 

(4-androsten-17P-ol-3-one) was a king gift from Dr. Eisenberg in our department and 

the metabolites 6p-hydroxytestosterone (4-androsten-6p,17p-diol-3-one) and 

6a-hydroxytestosterone (4-androsten-6a,17P-diol-3-one) were purchased from 

Steraloids (Newport, RI). All solvents were purchased from Fisher and were of HPLC 

grade. All chemicals were used without further purification. Water was obtained from a 

Milli-Q Synthesis (Millipore, San Jose, CA) filtration system. All other chemicals were 

purchased from Sigma or Aldrich. 

2A.2 Instruments 

UV absorption spectra were recorded on a Cary 5000 UV spectrophotometer 

(Varian, Mississauga, ON, Canada). Fluorescence measurements were obtained on a 
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Spectramax GeminiXS (Molecular Devices Corp., Sunnyvale, CA) using 96-well flat 

bottom assay plate (Corning Incorporated Life Sciences, New York, NY). Analytical 

HPLC analyses were performed on an Agilent 1100 modular system consisting of an 

auto-sampler, a quaternary pump system, a photodiode-array detector, a fluorescence 

detector, and a thermostated column compartment. The Agilent Chemstation software 

version A. 10.02 was used to control the operation and data acquisition. Analysis of 

dextromethorphan Odemethylation by CYP2D6 was carried out using a Synergi 4 /im 

Hydro-RP 80 A column with mobile phase A (0.05% TFA in water) and B (100% 

acetonitrile) at a flow rate of 1 mL/min. The elution gradient was from 20% to 90% B 

over 6 min, then held for 2 min. Fluorescence (\x
= 280 nm, \m = 310 nm) was used to 

monitor the elution. The retention times for dextromethorphan and dextrorphan were 

5.4 and 6.3 min respectively. Analysis of testosterone 6P-hydroxylation by CYP3A4 

used a 150 X 4.6 mm Zorbax Eclipse XDB-C8 5(xm column from Agilent protected by 

an analytical guard column. The elution consisted of a first isocratic step at 15% 

acetonitrile in water for 4 min, before a linear gradient to 50% acetonitrile over 12 min. 

The flow rate was 1.5 mL/min, and the column temperature was set to 30°C. Detection 

was at 244 nm. Under these conditions, the retention times of testosterone, 

6p-hydroxytestosterone, 6a-hydroxytestosterone and cortexolone were 16.3, 9.9, 10.5 

and 14.2 min respectively. 

2A.3 Expression and purification of His-tagged CYP2D6 

The CYP2D6 plasmid was transformed into E. coli DH5a supercompetent cells 

and grown overnight at 37°C on Luria-Bertani (LB) agar plates with ampicillin (100 

mg/L). LB media consisted of: 10 g tryptone, 5 g yeast extract and 10 g NaCl per liter, 

autoclaved for 20 min at 121 °C. One separate colony was added to Terrific Broth (TB) 

medium (5 mL prepared from: 12 g tryptone, 24 g yeast extract, 4 mL glycerol, 2.31 g 

KH2PO4, 12.54 g K2HPO4 per liter, autoclaved) containing ampicillin (100 mg/L). 

After incubation (300 rpm, 37°C, 17 hrs), a portion of this culture (2 mL) was diluted in 

TB (100 mL) containing ampicillin (100 mg/L), potassium dihydrogen phosphate (0.23 
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g) and potassium hydrogen phosphate (1.25 g). After a second incubation (180 rpm, 

33°C, 5 hrs), this mixture was further diluted in TB (10 mL in 500 mL) containing 

ampicillin (100 mg/L), trace elements solution (150 juL), potassium dihydrogen 

phosphate (1.1 g), and potassium hydrogen phosphate (5.23 g). The trace elements 

solution consisted of 100 mM FeCl3, 10 mM ZnCl3, 10 mM Na2Mo04, 14.3 mM CaCl2, 

7.4 mM CuCb, 10 mM H3BO3 in 1 mL of concentrated HC1 + 9 mL of MilliQ water. 

The culture was fermented for 30 min at 33°C and 250 rpm. Next, after addition of the 

heme precursor 8-aminolevulinic acid (8-ALA, 8.4 mg/L), thiamine (0.68 g/L) and 

quinidine (0.03 mM), the culture was incubated at 37°C and 180 rpm until ODgoo 

0.7-0.8 (-2.5 hrs). Protein expression was induced with P-D-thiogalactoside (IPTG, 0.5 

mM) and the culture was further grown at 25°C and 150 rpm for 48 hrs. 

The cells were harvested by centrifugation (4000 x g( 25 min), and the 

harvested cells (100 g) were suspended in TES buffer (12 mL/gram cells of: 500 mM 

Tris acetate at pH 7.5, 250 mM sucrose, 0.25 mM EDTA), followed by addition of 

lysozyme (3 mg/g cells). The same volume of pre-cooled water was added and gently 

stirred for 30 min at 4°C before centrifugation (3393 * g, 4°C, 15 min). The pellets 

were resuspended in sonication buffer (30 mL of: 0.1 M potassium phosphate buffer at 

pH 7.4 containing 20% glycerol (v/v) and 6 mM magnesium acetate). The cells were 

further lyzed by sonication (7 times at 60% duty cycle and power 8 for 20 sec each time) 

after addition of leupeptin (1 /ig/mL), aprotinin (0.04 jtig/mL), bestatin (1 uM) and 

|3-mercaptoethanol (20 mM). A salt-ice bath was applied to keep the mixture cool. 

Following centrifugation (10,000 x g for 20 min and 75,000 x g for 60 min at 4°C), the 

supernatant was loaded onto the nickel affinity column (1 mL) equilibrated with buffer 

C (20 mM potassium phosphate buffer at pH 7.4 containing 20% glycerol, 2 g/L 

3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulfonate (CHAPS), and 0.5 M 

potassium chloride), and buffer D (buffer C containing 10 mM |3-mercaptoethanol). 

The column was washed with buffer D (10 mL) and buffer E (10 mL of: 20 mM 

potassium phosphate buffer at pH 7.4 containing 20% glycerol (v/v), 0.5 M potassium 

chloride, and 10 mM /3-mercaptoethanol). The protein was eluted with buffer E without 
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/3-mercaptoethanol but containing imidazole (200 mM). The colored fractions were 

pooled and dialyzed for 4 hrs against buffer F (2 x 4 L of 10 mM potassium phosphate 

buffer at pH 7.4 containing 0.13 mM EDTA and 0.1 mM DTT). The fractions 

containing 50 kDa proteins were identified by SDS-PAGE (Homogeneous 12.5%). The 

overall yield was calculated to be 0.563 mg/L. 

2A.4 Expression and purification of His-tagged CYP3A4 

CYP3A4 was expressed using a modification of the procedure used by 

Domanski et  al.  The plasmid was transformed into Escherichia  coli  DH5a 

supercompetent cells, and the cells grown overnight on LB agar plates with ampicillin 

(50 ng/mL). Culture tubes containing LB media supplemented with ampicillin (50 

p.g/mL) were inoculated next. After 24 hrs of growth at 37°C with shaking at 250 rpm, 

10 flasks of 750 mL TB medium containing ampicillin (50 (̂ g/mL) were inoculated 

each with 3 intermediate culture tubes. The flasks were placed at 37°C with shaking at 

250 rpm for 2 hrs (i.e. until OD600 = 0.6), after which protein expression was induced 

with IPTG (1 mM) followed by addition of 8-ALA (80 mg/mL). The incubation 

temperature was reduced to 30°C, with shaking set to 190 rpm for 48 hrs. The cells 

were collected by centrifugation at 4000 x g and 4°C for 15 min. The pellets were 

resuspended in buffer A (50 mL of: 100 mM 3-[7V-morpholino]propanesulfonic acid] 

(MOPS) at pH 8 containing 10% glycerol, 1 mM EDTA, 2 mM phenylmethanesulfonyl 

fluoride (PMSF)). All subsequent procedures were performed at 4°C. Lysozyme (10 

mg/g of cells) was added, and the suspension was stirred slowly for 15 min, after which 

the suspension was supplemented with protease inhibitors (1.6 |ig/mL leupeptin, 1 

|j,g/mL aprotinin, 0.8 |ng/mL bestatin, and 0.7 |ag/mL pepstatin A). The suspension was 

then sonicated on an ice-salt bath at 60% and power 8. After 2 sonication cycles of 20 

sec each, the suspension was centrifuged at 100,000 x g for 60 min. The supernatant 

was removed and the pellets resuspended in buffer B (10 mL of: 100 mM MOPS at pH 

7.4, containing 10% glycerol and 2 mM PMSF). CHAPS (0.5%) and potassium 

chloride (0.5 M) were then added. Cells were homogenized and gently stirred for 2 hrs 
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before centrifugation (1 hr at 100,000 x g). This CHAPS-solubilized P450 preparation 

was then stored at -80°C until the next step. 

The His-tagged protein was purified by affinity column chromatography using 

the Ni-NTA metal affinity resin (1.5 mL), pre-equilibrated with 5 bed volumes of 

EQ-buffer (buffer B containing 0.5% CHAPS, 0.5 M KC1, and 5 mM imidazole) at a 

flow rate of 0.5 mL/min. The P450 preparation was then loaded onto the column at the 

same flow rate. The column was washed with 10 bed volumes of EQ-buffer, then with 

10 bed volumes of 100 mM MOPS buffer at pH 7.4 containing 10% glycerol and 10 

mM imidazole. The P450 was eluted in EL-buffer (100 mM MOPS atpH 7.4 containing 

10% glycerol and 200 mM imidazole). The orange-colored fractions were compared 

spectroscopically for protein content and by SDS-PAGE (12.5% homogeneous gels) 

for purity assessment. The fractions containing the CYP3A4 protein were pooled and 

dialyzed (twice 4 L of: 100 mM MOPS buffer at pH 7.4 containing 10% glycerol, 0.2 

mM dithiothreitol and 1 mM EDTA) at 4°C. The sample was aliquoted and stored at 

-80°C. The overall yield was 0.6 mg per liter of culture. 

2A.5 Quantification of P450 enzymes 

The P450 content was measured by reduced carbon monoxide difference 

spectra following the method described by Omura and Sato [2]. Thus heme was 

reduced by addition of a few solid grains of sodium dithionite (Na2S204) in quartz 

cuvettes containing the buffered enzyme solution, and formation of the enzyme-carbon 

monoxide complex was achieved by slow bubbling of CO gas into the reduced enzyme 

solution for about 20 sec. The UV absorption spectra was recorded, and the 

concentration of P450 was determined using the extinction coefficient 8450 = 91 mM" 

cm"1. 

2A.6 Cytochrome P450 reductase (CPR) expression and purification 
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E. coli DH5a supercompetent cells were transformed with the cytochrome P450 

reductase OR263 plasmid and spread onto LB medium agar plate containing ampicillin 

(100 mg/L) and incubated overnight at 37°C. Four separate colonies were added to LB 

medium (6 mL) containing ampicilin (100 mg/L). The culture was incubated overnight 

(225 rpm, 37°C, 17 hrs) before dilution in TB (3 mL in 1 L) supplemented with 

ampicillin (100 mg/L) and riboflavin (1 mg/L). CPR expression was induced with 

IPTG (0.5 M) at OD60o ~ 0.8 (~3 h at 37°C and 225 rpm). The cultures were further 

grown at 37°C for 20 hrs. Unless mentioned otherwise, all the steps in the protein 

purification were carried at 4°C and storage was at -80°C. Cells were collected by 

centrifugation (4614 xg, 25 min) and the harvested cells (46.8 g) were resuspended in 

TSE buffer (60 mL). Lysozyme (1.2 mg) was added and the mixture was incubated for 

20 min. After centrifugation (3000 x g, 30 min), the pellet was lysed for 20 min in lysis 

buffer (60 mL, containing 50 mM Tris base at pH 8.0, 0.5 M EDTA, 10 mg/L aprotinin, 

and 1 mM PMSF). The cells were further sonicated 7 times at 60% duty cycle and 

power 8 for 30 sec each time with salt-ice bath cooling. Centrifugation (12,000 x g, 10 

min, 4°C) was used to remove the supernatant and the pellet was sonicated again in the 

same matter. After the second centrifugation, the two batches of supernatant were 

combined and suspended in affinity buffer (120 mL of: 50 mM Tris base at pH 8.0 

containing 10% glycerol (v/v), 0.1% Triton XI00 (v/v), 0.1 mM EDTA, and 0.05 mM 

DTT). After another centrifugation (41,000 x g, 45 min), PMSF (1 mM) was added. A 

homogenous solution was obtained after 3 hrs of gentle stirring. The protein solution 

was applied to a 2',5' ADP Sepharose 4B column (16 mL) equilibrated with affinity 

buffer (60 mL). The column was first washed with buffer A (40 mL of affinity buffer 

containing 0.5 mM adenosine), followed by elution of the protein with buffer B 

(affinity buffer containing 2 mM adenosine 2'-monophosphate (2'-AMP)). The 

fractions containing the 70 kDa protein were pooled. The sample was loaded onto a fast 

flow DEAE Sepharose column (8 mL) equilibrated with DEAE-EQ buffer (100 mL of: 

0.2 M potassium phosphate buffer at pH 7.4 containing 20% glycerol (v/v) and 1 g/L 

CHAPS), and washed with buffer C (16 mL of: DEAE-EQ buffer containing 10 mM 

/3-mercaptoethanol). The column was washed with buffer C (40 mL) and eluted with a 
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linear gradient increasing from 0.1 to 0.5 M potassium chloride in buffer C. The 

fractions containing the 70 kDa protein were identified by SDS-PAGE (homogeneous 

12.5%) and dialyzed against buffer G (1 L of 0.1 M potassium phosphate buffer at pH 

7.4 containing 20% glycerol (v/v). The overall yield was calculated to be 0.643 mg/L. 

2A.7 CPR concentration and activity assay 

The concentration of CPR was determined by oxidation with potassium 

ferricyanide. An aliquot of CPR (130 |aL) was diluted in 100 mM potassium phosphate 

buffer at pH 7.6 (266 uL) before addition of potassium ferricyanide (7 |J,M). The 

concentration was calculated using an extinction coefficient of 21.2 mM _1 at 455 nm 

for the oxidized form of CPR. The activity of CPR was evaluated by cytochrome c 

reduction in the presence of NADPH. The assay mixture contained CPR (0.5 \M), 

cytochrome c (50 |UM), and NADPH (100 Ĵ M) in 300 mM phosphate buffer at pH 7.6. 

The blank did not contain NADPH. Cytochrome c reduction by CPR is revealed by 

absorption peaks at 520 and 550 nm. 

2A.8 AMMC demethylation by CYP2D6 

AMMC was dissolved in acetonitrile. For the reference reaction, a mixture (300 

juL) containing AMMC (200 JLIM), CPR (0.7 pM),  CYP2D6 (0.12 \iu)  in potassium 

phosphate buffer (0.1 M at pH 7.4) was incubated at 37°C for 5 min. The reaction was 

initiated with the addition of NADPH (0.83 mM) and monitored by fluorescence (Xex = 

390 nm, \ m = 460 nm) for 15-20 min. Blank reactions were performed in parallel 

without CYP2D6. 

2A.9 Dextromethorphan demethylation by CYP2D6 

Dextromethorphan (DXM) was demethylated to dextrorphan (DXO) by 

CYP2D6 in the presence of cofactors CPR and NADPH or hydrogen peroxide donors. 
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In the reference reaction, the mixture (300 pL)  containing CYP2D6 (200 nM), CPR 

(825 nM), and DXM (167 uM) in potassium phosphate buffer (0.1 M, pH 7.4) was 

incubated for 5 min at 37°C. The reaction was initiated with the addition of NADPH (3 

mM) and incubated for 1 or 4 hrs at 250 rpm and 37°C. The reaction was quenched with 

23% (v/v) perchloric acid (100 /XL).  For the reactions with the hydrogen peroxide 

donors, CYP2D6 (200 nM) and DXM (167 pM with SPB, SPC, or UHP, and 100 \OA 

with CHP or tBHP) and the mixture did not contain CPR/NADPH. The reactions were 

initiated by one of different hydrogen peroxide donors (10 mM to 100 mM) or organic 

peroxides (0.1 mM to 2.5 mM). The reaction was quenched with 23% (v/v) perchloric 

acid (100 /iL) after incubated for 2 or 4 hrs at 250 rpm and 37°C. The range of 

concentrations used for hydrogen peroxide, cumene hydroperoxide and tert-butyl 

hydroperoxide was 0.25 mM to 2.5 mM. The quenched mixtures were centrifuged 

(16000 x g, 10 min). The supernatants were filtered through 0.2 im  Teflon filter units 

before HPLC analysis. Blank reactions without CYP2D6 were carried in parallel. 

2A.10 Quantification o f 6P-hydroxytestosteron e 

Quantification of the 6p-hydroxytestosterone formed during the enzymatic 

reaction was achieved with a calibration curve obtained by spiking the incubation 

mixture (no CYP) with 6p-hydroxytestosterone and cortexolone as the internal 

standard. Concentrations ranging from 0.5 to 5 nmol/mL were used for the calibration 

curve which was generated by plotting the area ratio 

(6P-hydroxytestosterone/cortexolone) against the concentration of 

6p-hydroxytestosterone. A linear regression plot of peak-area ratio versus 

concentration was constructed and the concentration of 6p-hydroxytestosterone 

determined from the peak-area ratio relative to the calibration graph. 

2A.11 Testosterone hydroxylation assays for CYP3A 4 
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The reaction mixtures (300 pL) were prepared by mixing CYP3A4 (580 pmol, 

50 p.L of a 3.5 ^M enzyme solution) and testosterone (115 pM) in potassium phosphate 

buffer (100 mM, pH 7.4). The reference reaction contained the same components plus 

CPR (1.5 nmol). The molar ratio of CYP3A4:CPR of 1:4 was selected with regard to 

near optimal activity as shown by the study of Wang et.  Al.  After 5 min of 

preincubation at 37°C, the reaction was initiated using various concentrations of SPC, 

SPB, UHP, CuOOH, ^BuOOH, or aqueous H202, and NADPH (1 mM) for the reference 

reaction. After addition of the solid SPC, SPB or UHP, the reaction mixture was not 

immediately shaken, to allow the slow release of the hydrogen peroxide as the 

dissolution occurred. After 15 min the mixture was homogenized by gentle shaking. 

The reaction was terminated after 1 h of incubation at 37°C by addition of methylene 

chloride (500 pL total) immediately followed by introduction of the internal standard 

cortexolone (15 pL of a 200 pL solution in methanol). The sample was vigorously 

vortexed, the layers separated by centrifugation (1500 * g for 2 min), and the organic 

layer was transferred to a dry vial. The extraction was repeated twice with CH2CI2 (500 

pX), and the pooled organic extracts were evaporated to dryness using a 

roto-evaporator. The residue was redissolved in HPLC-grade methanol (150 pL), 

vigorously vortexed, sonicated and filtered through a polypropylene syringe filters (0.2 

pm pore size, National Scientific Company) before injection on the HPLC. The 

identity of the products was established by co-elution with authentic standards and by 

mass spectroscopy. The blank incubation assays were lacking either CYP and NADPH, 

or the peroxide surrogates, and did not show any detectable products. The extraction 

efficiency, or recovery, of this procedure was estimated by comparing the peak-area of 

extracted standards to those of non-extracted standards, and was superior to 96% for 

both 6P-hydroxytestosterone and testosterone at the concentrations used. 

Effect of  the buffer in  reactions with  sodium percarbonate: In order to evaluate 

the importance of the buffer composition for the reaction with SPC, the experiment was 

repeated using the conditions described above but in 12 different buffers: 3 potassium 
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phosphate concentrations (0.5 M, 0.75 M and 1 M), and 4 pHs for each (6.0,6.5, 7.0 and 

7.5). 

Table 2A.1: Effect of the buffer in CYP3A4 reactions with sodium percarbonate. 

Potassium phosphate % of the activity 
concentration P with CPR/NADPH 

500 mM 

750 mM 

1 M 

6.0 
6.5 
7.0 
7.5 
6.0 
6.5 
7.0 
7.5 
6.0 
6.5 
7.0 
7.5 

86 ± 2.2 

78 ±4.3 

86 ± 2.8 

15 ± 1.5 

61 ±6.6 

82 ±8.1 
99 ± 4.7 

63 ± 3.7 

54 ±4.1 
81 ±5.8 
119 ±3.4 

77 ± 2.4 
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Chapter Three 

In the last chapter, our results have demonstrated that the expensive and unmanageable 

natural coenzyme CPR and electron donor NADPH can be replaced successfully with 

inexpensive chemicals. The catalysis condition is, then, significantly simplified. As other 

enzymes, cytochrome P450s are being evolved to work in aqueous. This nature, however, 

restricts of use the enzymes in catalyzing water-insoluble substrates. In order to enlarge 

the scope of application, we have optimized a biphasic solvent system for CYP2D6. 

Many enzymes have been shown to be applicable in biphasic system [1-2]. The activity of 

P450 enzymes, however, had not been studied under such conditions. This chapter 

describes the effect of a series of emulsion on CYP2D6. 

[1] E. P. Melo, M. R. Aires-Barros, J. M. Cabral. Reverse micelles and protein biotechnology. Biotechnol. 

Annu. Rev., 2001, 7, 87-129. 

[2] A. J. Straathof. Enzymatic catalysis via liquid-liquid interfaces. Biotechnol.  Bioeng.,  2003 , 83(4), 371-

375. 
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Activity of human P450 2D6 in biphasic solvent systems 

3.1 Abstract 

Several limitations have restricted the use of P450 enzymes in synthesis, including 

the narrow substrate specificity of some P450 isoforms, the need for a redox partner and 

an expensive cofactor, incompatibility with organic solvents, and poor stability. We 

previously demonstrated that the natural redox partner and cofactor of the promiscuous 

P450s 3A4 and 2D6 can be efficiently substituted with some cheap hydrogen peroxide 

donors or organic peroxides. We report here that P450 2D6 maintains as much as 76% of 

its activity when used in buffer/organic emulsions. Product formation in biphasic solvent 

systems is comparable whether the natural redox partner and cofactor are used, or a 

surrogate. As reported for other enzymes, a correlation is observed between the logP and 

the suitability of a solvent for enzymatic activity. Moreover, the utility of our system was 

established by demonstrating the transformation of a novel hydrophobic substrate, not 

modified by P450 2D6 in the absence of organic solvent. 

3.2 Introduction 

P450 enzymes (P450s, CYPs) have attracted the interest of chemists in part because 

of their impressive ability to catalyze the insertion of oxygen into inactivated C-H bonds 

[1]. Very few chemical catalysts are known that directly hydroxylate aliphatic or aromatic 

C-H bonds, and most are not selective or of limited scope [2-4]. Biocatalysts such as 

P450s represent a promising alternative; however, a number of limitations have restricted 

their use in synthesis. These include the narrow substrate specificity of some P450 

isoforms, the need for one or more redox partners and NAD(P)H, incompatibility with 

organic solvents, low activity and poor stability. Unlike lipases and esterases for which 

significant progresses have been achieved to overcome the drawbacks associated with 

their handling [5, 6], little advancements have been made with oxidoreductases such as 

P450s [7-10]. Most of the work with purified P450s has focused on bacterial enzymes and 

was aimed at modulating substrate specificity and improving stability [11, 12]. A few 

investigations concerning the activity of P450s in organic solvents have been reported. 
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Carbon tetrachloride [13] and halothane [14] were shown to inactivate human liver 

microsomal P450s by irreversibly modifying the heme cofactor. A similar inactivation 

process was observed with A -̂ZV-dimethylformamide and -/V.iV-dimethylacetamide [15]. 

Small percentages of commonly used water soluble organic solvents such as acetonitrile 

and methanol produce a significant inhibition of the activity of human P450s [16-18]. 

Directed evolution has been used to engineer bacterial P450-BM3 for improved tolerance 

to organic solvents [19]. The activity of the mutant enzyme increased 10-fold in the 

presence of THF (2% v/v) and 6-fold when DMSO (25% v/v) was added, compared to the 

wild type enzyme. Molecular dynamics simulations of P450 BM-3 in DMSO/water 

mixtures suggest a conformational shift blocking the substrate access channel [20]. 

Mutants of P450 102A1 were prepared that catalyze the hydroxylation of cyclohexane, 

octane and myristic acid in biphasic solvent systems with cofactor recycling [21]. Finally, 

P450 2B1 was the first mammalian P450 laboratory-evolved to generate a mutant with 

enhanced catalytic tolerance to DMSO [22]. Two mechanisms have been proposed to 

explain the deactivation of enzymes by organic solvents, protein denaturation and 

displacement of enzyme-bound water molecules [23-27]. 

Substrate promiscuity and the ability to show activity in the presence of organic solvents 

and in the absence of biological cofactors are great assets for biocatalysts. We have 

selected the very promiscuous human P450 2D6 to overcome the substrate specificity 

issue. We recently reported that the cheap reagents cumene hydroperoxide and tert-

butylhydroperoxide can be used with P450 2D6 to efficiently replace its natural redox 

partner cytochrome P450 reductase (CPR), and cofactor nicotinamide adenine 

dinucleotide phosphate (NADPH) [28]. We report here that P450 2D6 shows very good 

activity with CPR/NADPH or cumene hydroperoxide in selected biphasic solvent systems. 

3.3 Results and discussion 

Choice of substrates 

Most of the commercial substrates of mammalian P450 2D6 were discovered 

through drug metabolism studies and are therefore water soluble [29]. The majority of 
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synthetic projects however, involve molecules insoluble in water. It was envisaged to use 

both water soluble and insoluble substrates to investigate the behavior of P450 2D6 in 

biphasic solvent systems. Based on previous studies [30, 31], we designed the P450 2D6 

substrate 7-benzyloxy-4-A^A^-diethylaminomethyl-coumarin (BDAC). The P450 2D6 

substrate BDAC was prepared using modified literature procedures [32], (see supporting 

information for more details). BDAC is not soluble in water but highly soluble in 

chloroform and acetonitrile, and slightly soluble in hexane and isooctane. This contrasts 

well with the known P450 2D6 substrate dextromethorphan which is soluble in water but 

poorly soluble in non-halogenated hydrophobic organic solvents. 

Transformation o f dextromethorphan an d BDAC by P450 2D6 in buffer 

HPLC analysis confirmed that the O-demethylation of dextromethorphan to 

dextrorphan by P450 2D6 proceeds well in buffer in the presence of either CPR/NADPH 

or cumene hydroperoxide. With BDAC however, no product was detected in the absence 

of organic solvent, likely due to a lack of solubility of this substrate in water. When 

acetonitrile (5%) was added to the buffer; however, BDAC was JV-deethylated to 7-

benzyloxy-4-Ar-ethylaminomethyl-coumarin (BEAC) by P450 2D6 (Figur e 3.1) . The 

yield was comparable whether the natural redox partner and cofactor, or the surrogate 

cumene hydroperoxide were used. The expected product of 7-0-debenzylation (4-N,N-

diethylaminomethyl-coumarin, DAC) was not detected. Besides BEAC, the only other 

product was minor (<5%, retention time of 13.1 min, too small to be visible on Figure 

IB). Although the reaction of P450 2D6 with these two substrates result in overall 

dealkylations, the major catalytic role of the enzyme in these transformations is to 

hydroxylate the carbon adjacent to the heteroatom and yield an unstable hemiacetal 

(dextromethorphan) or hemiaminal (BDAC). These functional groups are known to be 

unstable and spontaneously break down to the corresponding aldehyde, and alcohol or 

amine. Therefore, even though these assays do not allow the direct assessment of the 

enzyme stereoselectivity, they are a valid example of P450 hydroxylations and provide a 

rapid means for measuring activity. 
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Figure 3. 1 (A) HPLC trace of all standards: (a) possible product DAC at 6.1 min; (b) 

possible product BEAC at 13.7 min; and (c) substrate BDAC at 14.4 min; (B) 

Chromatogram recorded for the reaction mixture of P450 2D6 (0.2 uM) with BDAC (100 

uM) and cumene hydroperoxide (0.1 mM) in buffer (0.1 M potassium phosphate, pH 7.4). 

Detection was achieved with \ x = 350 nm, \m ~ 420 nm. See experimental section for 

elution details. 

Optimization o f th e amoun t o f CH P use d t o suppor t P45 0 2D 6 activit y i n 

buffer/organic solven t emulsions 

Preliminary investigations of the P450 2D6-catalyzed transformations of 

dextromethorphan or BDAC in buffer/hexane or buffer/isooctane emulsions revealed 

minimal losses in activity. Buffer/isooctane 2/1 emulsions were next used to optimize the 

concentration of cumene hydroperoxide. The cumene hydroperoxide-supported activity of 

P450 2D6 is susceptible to enzyme deactivation by the peroxide. In biphasic solvent 

systems, partitioning of the peroxide between the two phases and enzyme denaturation by 

the solvent are also key factors. For dextromethorphan, a substrate soluble in buffer, 0.1 

mM cumene hydroperoxide was optimal in the presence of organic solvents, which is 

comparable to the optimal amount needed in buffer alone [28], (Figure 3.2A) . For the 

hydrophobic substrate BDAC however, cumene hydroperoxide was optimized at 5 mM 
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(Figure 3.2B) . We suspect that this difference may be the result of higher uncoupling 

rates with BDAC leading to increased consumption of CHP. This is expected based on 

the fact that BDAC is a poorer substrate compared to DXM and/or present near the 

enzyme at lower local concentration due to its lower solubility in buffer. Interestingly, the 

activity was less sensitive to the amount of cumene hydroperoxide in the presence of 

organic solvents than in its absence. The ability of excess cumene hydroperoxide to 

partition into the isooctane phase contributes to increased stability of the enzyme in the 

presence of the peroxide. This is consistent with our previous observation that a slow 

release of hydrogen peroxide from sodium percarbonate favors P450 catalysis over 

inactivation by the peroxide [28]. 

Comparison o f th e P45 0 2D 6 activit y a t differen t isooctane/buffe r volum e ratios , 

with the natural cofactor and redox partner, or with a surrogate 

As mentioned above, we recently reported that the cheap reagents cumene 

hydroperoxide, tert-bx\\y\  hydroperoxide and sodium percarbonate can be used to replace 

the redox partner and the expensive cofactor of human P450s 3A4 and 2D6. Moreover the 

P450 2D6 activity observed in the presence of small amounts of cumene hydroperoxide is 

two fold superior to that in the presence of CPR and NADPH [28]. To verify that this also 

applies in biphasic solvent systems, we compared the P450 2D6 activity in 

buffer/isooctane with cumene hydroperoxide or CPR/NADPH. As shown on Figure 3.2C, 

both the natural and the chemical cofactors supported P450 2D6-catalyzed 

dextromethorphan O-demethylation. This suggests that both P450 2D6 and CPR tolerate 

isooctane. Interestingly, reactions with cumene hydroperoxide were slightly more 

sensitive to the amount of organic solvent added than those with CPR/NADPH (higher 

slope). This may be explained by the partitioning of cumene hydroperoxide in isooctane 

(away from the enzyme). A steady yet slow access to cumene hydroperoxide is important 

to maximize enzymatic activity and minimize degradation. 

When the isooctane/buffer volume ratio was varied, the amount of product formed 

decreased as the percentage of isooctane was increased with the water soluble substrate 
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dextromethorphan (Figur e 3.2C) . This is likely the effect of enzyme denaturation by the 

solvent. In contrast, with the hydrophobic solvent BDAC the addition of isooctane was 

beneficial until it reached 50% (Figure 3.2D). The different behavior observed with these 

two substrates can be explained by the difference in solubility. 

S 1.00 n 

0.5 1. 0 1. 5 2. 0 2. 5 
Concentration of CHP (mM) 

5 1 0 1 5 2 0 
Concentration of CHP (mM) 

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 
% Isooctane in the emulsion (v/v) 

% Isooctan e in emulsion (v/v) 

Figure 3. 2 (A) Effect of the concentration of cumene hydroperoxide (CHP) on the 

production of dextrorphan (DXO) from dextromethorphan (DXM, 100 uM) by P450 2D6 
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(0.2 uM) in different triphasic solvent systems (1/2 v/v ratios) after 1 h at 37°C and 200 

rpm. Key: ( • ) buffer alone; ( • ) isooctane/buffer; (•) hexane/buffer; ( • ) pentane/buffer; 

and ( A ) cyclohexane/buffer. (B) Effect of the concentration of CHP on the production of 

7-benzyloxy-4-Af-ethylaminomethyl-coumarin (BEAC) from 7-benzyloxy-4-7V,./Vr-

diethylaminomethyl-coumarin (BDAC) by P450 2D6 (0.2 /iiM) in isooctane/buffer (1/2 

v/v ratio) after 2 h at 37°C and 200 rpm. (C) Effect of different isooctane/buffer volume 

ratios on the activity of P450 2D6 (0.2 uM) with DXM (100 uM) supported by (±) 

CPR/NADPH (0.6 uM/1.6 mM) or (•) CHP (0.1 mM), after 1 h at 37°C and 200 rpm. (D) 

Effect of different isooctane/buffer volume ratios on the transformation of BDAC to 

BEAC by P450 2D6 (0.2 /iM) supported by CHP (2.0 mM), and incubated for 2 h 37°C 

and 200 rpm. The buffer used in all cases was potassium phosphate (200 uL, 0.1 M, pH 

7.4). The experiments were carried out in duplicate. 

Effect o f th e choic e o f organi c solven t fo r P45 0 2D 6 activit y i n biphasi c reactio n 

systems 

The activity of P450 2D6 in different biphasic solvent systems was evaluated after 

one hour of reaction and compared to the activity in buffer alone. The results with the 

substrate dextromethorphan (Figur e 3.3A ) suggest rapid inactivation of P450 2D6 in the 

presence of aromatic or halogenated solvents. The enzyme precipitated within minutes of 

exposure and negligible amounts of product were detected. Halogenated solvents have 

been reported to form reactive radical intermediates in the presence of P450s, and 

deactivate the enzyme by transforming the heme moiety [13]. Alkanes and ethers on the 

other hand did not eliminate enzymatic activity. After one hour of reaction in 

isooctane/buffer emulsions, the amount of product (6.6 /iM) was a little over half that of 

the reaction in buffer alone (13.0 fiM).  The regioselectivity of the reaction was not 

affected noticeably. 

In the absence of organic solvent, debenzylation of the synthetic substrate BDAC by 

P450 2D6 was below the detection limit. The solvent leading to the best product yield 

was isooctane with 0.13 JLIM of BEAC. Here again, isooctane, hexane and cyclohexane 
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were the most promising solvents, whereas dichloromethane inhibited enzymatic activity 

(Figure 3.3B). 
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Figure 3. 3 Concentration of product formed by P450 2D6 in the presence of different 

biphasic solvent systems. (A) The formation of the product dextrorphan (DXO) is 
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monitored from a reaction consisting of P450 2D6 (0.2 uM), dextromethorphan (100 uM) 

and cumene hydroperoxide (0.1 raM) in potassium phosphate buffer (200 uL, 0.1 M, pH 

7.4) and organic solvent (100 uL). The emulsions were incubated at 37°C and 200 rpm 

for 1 hr. (B) The formation of the product 7-benzyloxy-4-ALethylaminomethyl-coumarin 

(BEAC) is monitored from a reaction consisting of P450 2D6 (0.2 uM) and cumene 

hydroperoxide (0.1 mM) in potassium phosphate buffer (200 uL, 0.1 M, pH 7.4) to which 

BDAC (100 uM) was added as a solution in the organic solvent (100 uL). The emulsion 

was incubated at 37°C and 200 rpm for 2 h. The results are averages from triplicates. 

A number of groups have reported a correlation between solvent hydrophobicity and 

enzyme activity [33-35] or cell viability [36] in biphasic solvent systems. The enzymatic 

activities reported here were plotted as a function of different physical properties of the 

organic solvents (Figure 3.4 shows a few selected properties). For both substrates tested, 

our results reveal a correlation between the enzyme activity and the logP of the solvent 

used in the biphasic reaction systems. 

v> 
c 
Q 50 

Activity (%) 

Figure 3. 4 Activity of P450 2D6 (0.2 uM) in buffer/solvent emulsions (2/1, total of 300 

uL), correlated to different properties of the organic solvents: (•) density in g/mL, (•*) 
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dielectric constant, and ( • ) logP with the substrate dextromethorphan (100 uM), and (X) 

logP with the substrate BDAC (100 uM). The reaction conditions were the same as for 

Figure 3.3. 

Initial rates and maximum turnover numbers 

The kinetics of P450 2D6-catalyzed dextromethorphan dealkylation in 2/1 

buffer/isooctane emulsions were investigated in the presence of cumene hydroperoxide 

(Table 3.1) . As expected, the total turnover number (TTN, defined here as the number of 

mole of substrate that a mole of catalyst can convert before becoming inactivated, with 

units of/miol of product per /miol of enzyme) for the reaction in the biphasic system (70 

± 5 /miol /mid"1) was slightly lower than that in buffer (92 ± 2 /xmol /mid"1), likely due to 

enzyme denaturation by the organic solvent. This represents 76% remaining activity. In 

terms of enzyme stability, the cumene hydroperoxide-supported activity of P450 2D6 

decreased below 20% after ~90 min in pure buffer, but after only 60 min in a 

buffer/isooctane emulsion. In other words, the addition of isooctane results in a reduction 

of the enzyme stability by ~30 min. On the other hand, the initial rate measured with 

cumene hydroperoxide was higher in the buffer/isooctane biphasic system (6.4 ± 0.2 

/miol /miol"1 min"1) than in pure buffer (4.7 ± 0.3 /xmol /xmol"1 min"1), suggesting that 

partitioning of cumene hydroperoxide between the two layers may ensure a steady source 

of oxidant to the enzyme, yet slow enough to minimize reaction with the heme group. As 

proposed above, the organic solvent may moderate the effects of cumene hydroperoxide 

on the enzyme. 
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Table 3. 1 Initial rates and total turnover numbers (TTNs) for the formation of 

dextromethorphan catalyzed by P450 2D6 with the surrogate cumene hydroperoxide in 

either buffer alone or isooctane/buffer biphasic system. 

Initial ratew 

(min1) 

T T N [ b j 

(jumol /imol"1) 

Inbuffer[c] 

4.7 ±0.3 

92 ± 2 

In isooctane/buffer[d] 

6.4 ±0.2 

70 ±5 

[a]The initial rate is the number of /xmoles of product formed per /rniol of enzyme per 

minute. [b]The TTN is defined here as the number of mole of substrate that a mole of 

catalyst can convert before becoming inactivated, with units of /xmol of product per jumol 

of enzyme. ^These results were published earlier by us (Chefson et al., 2006b). [d]P450 

2D6 (0.2 fiM), the substrate dextromethorphan (100 /xM), and cumene hydroperoxide (0.1 

mM) in potassium phosphate buffer (10 mM, pH 7.4, 200 [iL)  and isooctane (100 /xL) 

were incubated at 37°C and 200 rpm for up to 2 hours. 

CD results 

We hypothesized that the decreased activity observed could correlate with changes 

in the protein folding and be reflected in the secondary structure elements. Circular 

dichroism was used to monitor the overall percentages of helices, beta-sheets and turns, 

and random coils. The effect of shaking P450 2D6 in biphasic solvent systems containing 

either isooctane or dichloromethane was investigated over time. For the control reaction 

in buffer the percentage of each of the secondary structures remained constant over 2 

hours and enzyme precipitation was not observed during that time. Dichloromethane 

(33%), a solvent that inhibits P450 2D6 activity, precipitated the enzyme within minutes, 

which prohibited CD analysis. In the presence of 33% isooctane, no effect could be 
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detected on the secondary structure; however, the enzyme started to precipitate after 60 

minutes. The inability to detect changes in the secondary structure of P450 2D6 in the 

presence of solvents may be explained by a rapid aggregation and precipitation following 

enzyme unfolding. 

P450 enzymes have an enormous potential as biocatalysts; however, their use has 

been limited because of the narrow substrate specificity of some isoforms, need for a 

redox partner and a cofactor, incompatibility with organic solvents and low stability. The 

results presented here combined with our earlier studies [28] overcome three of these 

drawbacks. By selecting the promiscuous P450 2D6 we expect that numerous organic 

molecules will be substrates of this enzyme. We previously reported that cumene 

hydroperoxide is a highly efficient replacement for the natural redox partner and the 

cofactor of P450 2D6 in buffer. Here we demonstrate that this applies in the presence of 

organic solvents as well. We also report that in 2/1 buffer/isooctane emulsions, this 

enzyme catalyzes the transformation of the water soluble substrate dextromethorphan or 

the hydrophobic substrate BDAC, with comparable activity whether the natural redox 

partner and cofactor, or the surrogate cumene hydroperoxide are used. This establishes 

the utility of our system since BDAC is not transformed significantly in the absence of 

organic solvent. Under optimized biphasic conditions, the TTN was >75% of that of the 

natural system (with CPR/NADPH and in buffer). Although the use of purified P450 2D6 

enzymes in industry remains impractical, our results represent one important step towards 

this goal. 
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Chapter Three - Appendi x 

Experimental section (published as supporting information) 

3A.1 Chemicals and instruments 

Dextromethorphan, dextrorphan, 3-methoxymorphinan, NADPH, trifluoroacetic acid 

(TFA), cumene hydroperoxide (CHP), L-a-phosphatidylcholine, l,2-di[cis-9-

octadecenoyl]-sn-glycero-3-phosphocholine, and 2,2,4-trimethylpentane (isooctane) were 

purchased from Sigma-Aldrich (Montreal, QC, Canada). Chloroform, 1,2-dichloroethane, 

xylenes, toluene, hexane, pentane and HPLC grade acetonitrile were from Fisher (Nepean, 

ON, Canada). Dichloromethane was purchased from EMD Chemicals Inc. (Cincinnati, 

OH). Water was obtained from a Milli-Q Synthesis filtration system (Millipore, San Jose, 

CA). All chemicals were used without further purification. 

An Agilent 1100 modular system equipped with an auto-sampler, a quaternary 

pump system, a photodiode-array detector, a fluorescence detector, and a thermostated 

column compartment was operated for HPLC analyses. UV absorption spectra were 

recorded using a Cary 5000 UV spectrophotometer (Varian, Mississauga, ON, Canada). 

LC-MS analyses were performed on a Finnigan LCQDUO mass spectrometer from 

Thermo Separation Products including LC pump P4000 and UV spectrophotometer 

UV2000. Circular Dichroism spectra were recorded on a Jasco J-810 spectropolarimeter 

(Jasco Inc., Easton, MD) in rectangular 1 mm quartz cuvettes (Starna Cell, Inc., 
1 1  ^ 

Atascadero, CA). H and C NMR spectra were recorded on Varian Mercury 200 or 300 

spectrometers. The peak patterns are included as follows: s, singlet; d, doublet; t, triplet; q, 

quartet; dd, doublet of doublet; m, multiplet, etc. 

3A.2 Synthesi s o f th e substrat e 7-benzyloxy-4-A r,A'-diethylaminomethyl-coumarin 

(BDAC). 
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Scheme 3A.1 (a) resorcinol, ZrCl4 (8%, in mol), 70°C, 3 hrs, 21%. (b) diethylamine, 

60°C, 48 hrs, 70%. (c) THF, NaH, 0°C, 1 hr; benzyl bromide and tetrabutylammonium 

iodide, 70°C, 3 hrs, 45%. Details for specific steps are given below. 

3A.3 7-Hydroxy-4-chloromethyl-coumari n 

A mixture of ethyl 4-chloro-3-oxobutanoate (10 mmol) and resorcinol (10 mmol) was 

heated at 70°C in the presence of zirconium (IV) chloride (184 mg, 8% in mol), for 3 hrs. 

The mixture was then cooled to room temperature and ice cold water was added to afford 

a yellowish precipitate. The solid was collected by filtration, washed with ice cold water, 

dried and purified by flash chromatography (silica gel, 2:3 ethyl acetate:hexane) to obtain 

white crystals of the known 7-hydroxy-4-chloromethyl-coumarin [2] in 21% yield (442 

mg). lK NMR (4-DMSO) 5 10.65 (1H, s), 7.65 (1H, d, J= 9.0 Hz), 6.81 (1H, dd, J= 9.0, 

2.2 Hz), 6.73 (1H, d, J  = 2.2 Hz), 6.4 (1H, s), 4.93 (2H, s); 13C NMR (</6-DMSO) 5 

162.20, 160.83, 155.98, 151.64, 127.16, 113.78, 111.71, 110.02, 103.22, 42.05; ESMS 

Calc (C10H7CIO3, M+), 211.2, Obs 210.0. 

3A.4 7-Hydroxy-4-iV,iV-diethylaminomethyl-coumarii i 

7-Hydroxy-4-chloromethyl-coumarin (10 mmol) was added to diethylamine (5 mL). The 

resulting yellow solution was stirred under nitrogen for 48 hrs at 60°C. The mixture was 

evaporated in vacuo to afford a brown oil which was purified by flash chromatography 

(silica gel, chloroform followed by 1:1 ethyl acetate:hexane) to obtain the desired product 

as yellowish crystals. Yield 1.7 g, 70%. !H NMR (CDCI3) 8 7.79 (1H, d, J= 8.8 Hz), 6.79 

(1H, dd, J= 8.8, 2.2 Hz), 6.71 (1H, d, J= 2.2 Hz), 6.39 (1H, s), 3,74 (1H, s), 2.62 (4H, q, 

J - 7.2 Hz), 1,08 (6H, t, J= 7.2 Hz); 13C NMR (CDCI3) 5 163.26, 160.51, 155.71, 155.47, 
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126.07, 113.60, 112.40, 110.81, 103.57, 54.80, 47.86, 12.04; HRMS Calc (Ci4H17N03, 

M+), 247.12084, Obs 247.12049. 

3A.5 7-Benzyloxy-4-iV,iV-diethyIaminomethyl-coumari n (BDAC ) To a solution of 7-

hydroxy-4-Ar,A^-diethylaminomethyl-coumarin (10 mmol) in anhydrous THF at 0°C, 

sodium hydride (10 mmol) was slowly added. The mixture was stirred for 1 hr at room 

temperature. A homogeneous greenish-yellow solution was obtained. Benzyl bromide (10 

mmol) and tetrabutylammonium iodide (1 mmol) were added and the resulting mixture 

was stirred for 3 hrs at 70°C. THF was evaporated in vacuo and the residue was 

redissolved in a minimum of ethyl acetate. The organic phase was washed with saturated 

aqueous NaHC03, and with saturated aqueous NH4CI. It was dried over magnesium 

sulfate and concentred in vacuo. Flash chromatography (silica gel, 1:8 ethyl 

acetate:hexane followed by 1:2) afforded the desired compound in 45% yield (1.5 g, 

purity >99%.). !H NMR (CDCI3) 5 7.76 (1H, d, J= 9.0 Hz,), 7.39 (5H, m), 6.91 (2H, m), 

6.44 (1H, s), 5.11 (2H, s), 3.63 (2H, s), 2.57 (4H, q, J= 6.6 Hz), 1.04 (6H, t,J= 6.6 Hz). 
13C NMR (CDCI3) 5  161.93, 161.69, 155.7, 154.41, 136.13, 128.96, 128.55, 127.72, 

125.93,113.02, 112.95, 111.90, 101.11, 70.64, 54.89, 47.76, 12.08; MS Calc (C21H23NO3, 

M+), 337.2, Obs 338.2. 

3A.6 Enzyme expression and purification 

P450 2D6 and cytochrome P450 reductase (CPR) were expressed and purified as 

previously described [1]. The use of lipids such as L-a-phosphatidylcholine and/or 1,2-

di[cis-9-octadecenoyl]-sn-glycero-3-phosphocholine to reconstitute P450 2D6 was not 

necessary. The enzymatic activity was unchanged by the addition of lipids for reactions in 

pure buffer or in buffer/organic emulsions. 

3A.7 Enzymatic assays 

The dextromethorphan stock solution (10 mM) was prepared in potassium phosphate 

buffer (0.1 M, pH 7.4). The BDAC stock solution was prepared in the same organic 

solvent as used for the enzymatic reactions in biphasic solvent systems. P450 2D6 (0.2 

uM) and the desired substrate (dextromethorphan or BDAC, 100 uM) were mixed in 
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potassium phosphate buffer (0.1 M, pH 7.4). Different volumes of organic solvents (20-

400 uL) were added before initiating the reaction with cofactors (0.6 uM CPR and 1.67 

mM NADPH, or 1 mM CHP). The biphasic reaction mixture (aqueous layer of 200 |xL) 

was incubated for 60 min with dextromethorphan or 120 min with BDAC, at 37°C and 

200 rpm. The reaction vessels were positioned horizontally to maximize the turbulence. 

For total reaction volumes of 200-300 (xL, vials of 650 \iL were used, whereas vials of 1.5 

mL were more appropriate for mixtures of 400-600 uL. Perchloric acid (23% v/v, 10 uL) 

was added to precipitate the enzyme after reactions with dextromethorphan. The mixture 

was vortexed and left on ice for 5 min. A gentle stream of air was applied to remove the 

organic solvent. For assays with BDAC, the organic solvent was evaporated under a 

gentle stream of air, followed by addition of acetonitrile (200 uL) and vortexing to 

precipitate the enzyme. The samples were centrifuged at 16,000 x g for 5 min before 

injection (5 uL) in the HPLC system. 

3A.8 HPL C analysi s t o monito r th e O-dealkylatio n o f dextromethorpha n b y P45 0 

2D6 
H 3 C 0 \ / ^ H O v 

P450 2D6 
—*• J  M  I 

^ N — 

DXM D X 0 

Separation was achieved using a 250 x 4.60 mm Synergi 4 p. Hydro-RP 80 A column 

with mobile phase A (0.1% TFA in water) and B (100% acetonitrile) at a flow rate of 0.2 

mL/min, kept at 30°C. The initial mobile phase consisted of 50:50 A:B (v:v) and was 

linearly changed to 80:20 A:B over 20 min. The excitation and emission wavelengths of 

the fluorescence detector were set at 280 and 310 nm respectively. The retention times of 

dextrorphan, 3-methoxymorphinan and dextromethorphan were 13.4, 17.2, and 18.0 min, 

respectively. For product quantification, a calibration curve was prepared using 

dextrorphan samples that underwent the same treatment as the assay samples, and of 

concentrations ranging from 2.5 JLIM to 50 /iM. 
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3A.9 HPLC analysis to monitor the iV-deethylation of DBAC by P450 2D6 

P450 2D6 

BDAC BEA C 

An Agilent 300 Extend-Cig, 4.6 x 250 mm, 5jx column was used with mobile phase B 

(see above) and mobile phase C (0.05% TFA in water). Elution was performed with a 

linear gradient from 10:90 B:C to 40:60 over 10 min, kept at 40:60 for 2 min, and brought 

linearly to 10:90 over 3 min. The flow rate was 0.8 mL/min and the column was kept at 

22°C. Elution was monitored either by UV at 325 nm or by fluorescence with excitation 

at 350 nm and emission at 420 nm. The major product BEAC and the substrate BDAC 

eluted at 13.7 and 14.4 min, respectively. For product quantification, a calibration curve 

was prepared using dextrorphan samples that underwent the same treatment as the assay 

samples, and of concentrations ranging from 9 JUM to 225 piM. 

3A.10 Measurement of initial rates and TTNs 

A set of mixtures of P450 2D6 (0.2 fiM)  and dextromethorphan (100 [iM)  in potassium 

phosphate buffer (10 mM, pH 7.4, 200 iiL)  and isooctane (100 fiL)  were pre-warmed at 

37°C for 3 min before initiation of the reaction with cumene hydroperoxide (0.1 mM). 

The mixtures were allowed to react at 37°C and 200 rpm for up to 2 hrs. Reactions were 

terminated with the addition of perchloric acid (23% v/v, 10 jiiL). The same workup was 

performed as with other enzymatic assays (see above). Product formation was calculated 

after 25 sec, 40 sec, 1 min, 2 min, 5 min, 10 min, 30 min and 1 hr. (each in duplicate). A 

kinetic plot was drawn from the concentration of product formed as a function of time. 

The initial rate was determined from the slope of the first 5 points of this plot. The total 

turnover number (TTN) is defined here as "the number of mole of substrate that a mole of 

catalyst can convert before becoming inactivated", with units of /xmol of product per 

jitmol of enzyme. It is calculated when the kinetic plot reaches a plateau. 
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3A.11 CD analyses 

The samples (300 fiL)  were prepared by diluting P450 2D6 (0.275 (iM)  in potassium 

phosphate buffer (10 niM, pH 7.4), with or without the substrate dextromethorphan (100 

uM). The samples to be shaken for 5 min or less were first brought to 37°C before 

addition of isooctane (100 fiL).  Isooctane (100 JUL) was directly added to the other 

samples. After addition of the organic solvent, the biphasic mixtures were left at 37°C and 

200 rpm. The control samples did not contain isooctane. Each sample and control was 

prepared and analyzed in triplicate. After incubation, isooctane was evaporated under a 

gentle stream of air. The aqueous mixture was transferred to a 0.1cm pathlength CD 

cuvette and incubated for 5 min at 37°C before CD analysis. Spectra were obtained by 

averaging 3 scans measured at a scan rate of 20 nm min"1, a time constant of 1 sec, and a 

bandwidth of 1 nm for both far and near UV, at 37°C. Blank spectra of the buffer (10 mM 

potassium phosphate at pH 7.4) were used to correct the experimental spectra. The 

spectra were converted into molar ellipticity units. Data points ranging from 190 to 240 

nm at 0.5 nm intervals were analyzed using the software CDPro (available at 

http://lamar.colostate.edu/~sreeram/CDPro/main.html) to obtain the percentage of each 

secondary structure. For simplicity, fractions of regular and distorted a-helices were 

combined together. The same applies to regular and distorted /3-strands, and turns. 
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Chapter Four 

In last two chapters, we demonstrated that the catalytic conditions of CYP2D6 can be 

simplified by replacing natural coenzyme CPR and electron donor NADPH to 

peroxides and extended in organic solvent / buffer biphasic systems. The utilization of 

the enzyme in such systems is restricted due to the short lifetime in two-phase emulsion 

condition. The stabilization of enzyme may be increased in nearly hydrophobic organic 

solvents due to rigidifying enzyme conformation [1, 2]. Therefore, the study of 

CYP2D6 in anhydrous conditions is needed. Lyophilization is the most common 

pretreatment to remove water from enzyme. This physical process, however, is easy to 

deactivate enzymes. Lyoprotection with neutral chemicals is an effective manner to 

reserve enzymes activity. In this chapter, the use of lyoprotectants on CYP2D6 is 

discussed. 

[1] A. M. Klibanov. Improving enzymes by using them in organic solvents. Science. 2001,409, 241-246. 
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Sugar-mediated lyoprotection of purified human CYP3A4 and 

CYP2D6 

4.1 Abstract 

P450 enzymes are of great interest for drug metabolism and as potential biocatalysts. 

Like most P450s, purified CYP3A4 is normally handled and stored in solution because 

lyophilization greatly reduces its activity. We show here that co-lyophilization of this 

enzyme with sucrose or trehalose, but not mannitol, crown ethers or cyclodextrins, 

allow recovery of full enzymatic activity after rehydration. Sorbitol was almost as 

efficient, with 85% retention of the original activity. We also show that similar 

protection is observed through co-lyophilization of CYP2D6 with trehalose. This 

procedure should greatly facilitate handling, storage, or use of these enzymes in 

anhydrous media. 

4.2 Introduction 

P450 enzymes (P450s, CYPs) have gained considerable attention amongst 

chemists for their unequalled catalytic properties. Indeed, P450s have the impressive 

ability to catalyze the regio- and stereo-selective hydroxylation of inactivated C-H 

bonds. P450s are not only studied as potential novel biocatalyst but also because of 

their importance in drug metabolism and interactions. The pharmaceutical industry 

uses them in the prediction and production of drug metabolites. For practical purposes, 

these studies are most often carried out using hepatocytes, recombinant E. coli whole 

cells, or microsomes, instead of pure enzymes. A few companies, like BioCatalytics Inc. 

or BD Gentest,™ commercialize kits for metabolites production. These kits contain 

one or more P450s plus the necessary components (reductase, cytochrome b5, etc.) as a 

lyophilized formulation, or as supersome or microsome solutions. Purified enzymes are 

often desirable for biochemical, structural, mechanistic or synthetic studies. Invitrogen 

has recently added a few P450 enzymes to their product list. 
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The past decades have seen great progress towards the easier use of purified 

P450 enzymes [1-3] yet poor storage and operational stability is one of the drawbacks 

limiting applications with these enzymes. Lyophilization of enzymes is useful not only 

for handling and storage but also before use in non-aqueous environments. Over the 

last few years it has been realized that the low activity of lyophilized enzymes in 

organic solvents is largely due to protein inactivation during freeze-drying [4]. 

Dehydration is believed to induce some conformational changes not recovered upon 

rehydration and potentially detrimental to biological activity [5, 6]. The use of 

additives during lyophilization has sometimes been found to protect enzymes from 

damaging changes [7-9]. Sugars are the most widely used lyo- and cryo-protectants for 

enzymes [10-14]. Carbohydrates and cyclodextrins are believed to compensate for the 

losses in the hydration shell of the enzyme, allowing preservation of the native 

structure in the dehydrated state [5, 6, 8, 15-23]. Interestingly, it has been demonstrated 

that the weight ratio sugar/protein directly correlates with the protection of catalase 

during freeze-drying, but the bulk concentration of lyoprotectant does not [24]. 

Crown-ethers have also had some success as lyoprotectants [25-28], and are believed to 

protect the enzymes by forming non-covalent macrocyclic complexes with lysine 

ammonium groups [29, 30]. 

We selected to study the human P450 isoform CYP3A4 for its wide substrate 

promiscuity, a significant advantage for possible applications in synthesis. This 

isoform is also responsible for the metabolism of more than half of the known drugs 

and is highly studied. We evaluated the consequences of freeze-drying on its activity, 

and optimized the conditions to minimize the harmful effects of the process. 

4.3 Result s an d Discussio n 

We have previously demonstrated that the P450 enzyme CYP3A4 can 

efficiently use cumene hydroperoxide (CHP) as a substitute for the natural cofactors 

NADPH and cytochrome P450 reductase [31]. In this study, the CHP-supported 
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6/3-hydroxylation of testosterone by CYP3 A4 was used to monitor enzymatic activity, 

yet applicability was also demonstrated with CPR and NADPH. Product quantification 

was achieved by HPLC, with cortexolone as the internal standard (see supporting 

information for more details). Following purification, CYP3A4 is usually kept in 

buffer containing 10% glycerol as a cryoprotectant for subsequent storage at -80°C. 

The presence of glycerol during lyophilization tends to produce a sticky solid or a 

viscous oil because glycerol does not evaporate. The importance of glycerol for long 

term storage at -80°C was therefore evaluated. After two weeks, the activity decreased 

by only 3% and 5% with or without glycerol respectively, and after 4 months, the 

activity decreased by 7% and 13% respectively. This suggests that cryoprotection is not 

necessary for the storage of CYP3A4. All subsequent enzyme batches were stored 

without addition of glycerol in the dialysis buffer. 

Our preliminary experiments revealed that freeze-dried CYP3A4 resolubilized 

in buffer had lost -50% of its activity towards testosterone.While the total turnover 

number (TTN, defined here as the number of mole of substrate that a mole of catalyst 

can convert before becoming inactivated, in jiimol /rniol"1) reached 40 ± 8 for 

non-lyophilized enzyme, it dropped to 23 ± 7 upon lyophilization. On the other hand, 

no significant loss in activity was observed after freezing and thawing the enzyme 

solution once or twice (38 ± 9 and 39 ±11 respectively). This indicates that among the 

two stress factors involved in the freeze-drying process, freezing and dehydration [32, 

33], dehydration is the most harmful to the CYP3A4 activity. A variety of compounds 

have been used as cryoprotectants  with other enzymes, such as glycerol, 

polyethyleneglycol, sugars, glycine, proline, but only sugars were effective as 

lyoprotectants [5, 16, 18, 34-36]. This led us to evaluate the effect of various additives 

during lyophilization of CYP3A4, including the disaccharides trehalose and sucrose, 

the polyols sorbitol and mannitol, as well as two cyclodextrins, methyl-/3-cyclodextrin 

(M/3CD) and hydroxypropyl-/3-cyclodextrin (HP/3CD), and two crown ethers, 

18-crown-6 (18C6) and 15-crown-5 (15C5). 

As shown on Figures 4.1 and 4.2, the co-lyophilization of CYP3A4 with 
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cyclodextrins or crown ethers did not significantly help protecting the enzyme. Only 

low concentrations of 18C6 and 15C5 (molar ratio to enzyme of-50) increased the 

activity and the effect was very modest (from 52% without to 60% with the additive). 

High concentrations of crown ethers (> 100 molar ratio to CYP) were even detrimental 

to the P450 activity. 

5* 
0 s 

70 

60 

£ 5 0 ' 
o > o u £ 
^ 
> 
+3 
O 
< 

40 

30 

20 

10 

0 

• 18C 6 
- 15C 5 

100 20 0 30 0 40 0 
Additive:CYP3A4 (mola r ratio ) 

Figure 4.1 : Effect of co-lyophilization (24 h) with different amounts of 18C6 and 

15C5 on the 6p-hydroxylation of testosterone (115 jaM) catalyzed by CYP3A4 (0.4 JJM, 

14.5 p.g) upon rehydration in 0.1 M potassium phosphate buffer at pH 7.4 (final volume 

700 |j.l). The reaction was initiated with cumene hydroperoxide (1 mM) and incubated 

for 1 h at 37°C. 
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Figure 4.2 : Effect of co-lyophilization (24 h) with different amounts of 

methyl-p-cyclodextrin (M(3CD) and hydropropyl-P-cyclodextrin (HPpCD) on the 

6P-hydroxylation of testosterone (115 jaM) catalyzed by CYP3A4 (0.4 JXM, 14.5 jag) 

upon rehydration in 0.1 M potassium phosphate buffer at pH 7.4 (final volume 700 |al). 
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The reaction was initiated with cumene hydroperoxide (1 mM) and incubated for 1 h at 

37°C. 

The addition of sugars, reduced or not, before lyophilization was much more 

effective at maintaining the CYP3A4 enzymatic activity (Figur e 4.3) . Both sucrose 

and trehalose confered a similar level of lyoprotection. The recovered activity, 

measured after initiation with cumene hydroperoxide, was dependent on the amount 

used. Very high ratios sugar/enzyme w/w (5000-10000) allowed the retention of > 90% 

of the activity, compared to 52% for the enzyme freeze-dried alone. Sorbitol was 

almost as effective at lower concentrations (1000-2000 w/w), helping retain about 85% 

of the activity. Its beneficial effect quickly dropped when the amount of sorbitol 

increased further, and no protection remained at ratios of 10000 and higher. At 

proportions <1000 w/w, sorbitol, sucrose and trehalose had similar effects. Mannitol 

was the least effective, barely increasing the residual activity to 60% at weight ratios of 

2000-5000. In all cases, no improvement of the activity was observed in the controls 

containing the additives but not lyophilized, suggesting that the sugars protect against 

the harmful effects of dehydration, as opposed to directly activating the enzyme. 
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Figure 4.3 : Effect of co-lyophilization (24 h) with different amounts of sorbitol, 

sucrose, trehalose and mannitol on the 6P-hydroxylation of testosterone (115 (J,M) 

catalyzed by CYP3A4 (0.4 fiM, 14.5 jxg) upon rehydration in 0.1 M potassium 

phosphate buffer at pH 7.4 (final volume 700 fxl). The reaction was initiated with 

cumene hydroperoxide (1 mM) and incubated for 1 h at 37°C. 
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After lyophilization in the presence of the optimized amount of sucrose or 

trehalose, the activity of CYP3A4 was also tested with the natural cofactors (CPR and 

NADPH). The lyoprotection effect observed was very similar (data not shown) to that 

described above for the CHP-supported reactions. Without lyophilization, the TTN was 

40 with CHP and 44 with CPR/NADPH. After lyophilization without additive, the TTN 

dropped to 19 with CHP (47% remaining activity), and to 23 with CPR/NADPH (52% 

remaining activity). With the addition of sucrose (10000 w/w) before lyophilization, 

the TTN reached 36 with CHP and 37 with CPR/NADPH, corresponding to 90 and 

84% remaining activity. With trehalose (10000 w/w), the remaining activity was 87.5% 

with CHP and 88.5% with CPR/NADPH (TTNs of 35 and 39 respectively). 

To investigate the scope of this method, the activity of human CYP2D6 was 

investigated after lyophilization in the absence or in the presence of sorbitol, sucrose, 

mannitol or trehalose. Lyophilization of CYP2D6 in the absence of lyoprotectant led to 

the loss of approximately 60% of the enzymatic activity, and was greatly affected by 

the duration and conditions of the process. Co-lyophilization of CYP2D6 with sorbitol 

yielded inconsistent results (data not shown). The effect of mannitol on the activity was 

minimal and dropped rapidly as the mannitol/enzyme ratio increased (Figure 4.4). On 

the other hand, the addition of either sucrose (at a sucrose:CYP2D6 ratio of 20,000) or 

trehalose (at a trehalose:CYP2D6 ratio of 5,000) allowed recovery of about 80% of the 

activity. These results are very similar to those obtained with CYP3A4, therefore 

suggesting applicability to other P450 isoforms. 
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Figure 4.4 : Effect of co-lyophilization (22 h) with different amounts of sucrose, 

trehalose or mannitol on the demethylation of dextromathorphan (100 /JM)  catalyzed 

by CYP2D6 (0.14 /xM) upon rehydration in 0.1 M potassium phosphate buffer at pH 

7.4 (final volume 800 fi\). The reaction was initiated with cumene hydroperoxide (0.1 

mM) and incubated for 1 h at 37 °C. 

CYP3A4 and CYP2D6 are some of the most important enzymes in drug 

metabolism. Alone, CYP3A4 transforms more than half of all known pharmaceuticals. 

CYP3A4 and CYP2D6 are versatile and unequalled biocatalysts because of their high 

substrate promiscuity and their ability to catalyze the regio- and stereo-selective 

oxidation of inactivated C-H bonds. Lyophilization facilitates the use of enzymes, but 

without additives, it greatly reduces the activity of CYP3A4 and CYP2D6. We 

demonstrate here that the addition of sugars before lyophilization can help preserve 

most of the enzymatic activity upon rehydration. Saccharides were the most efficient 

lyoprotectants, especially sucrose and trehalose which lead to complete retention of 

activity at high concentrations. The possibility to lyophilize CYP3A4 or CYP2D6 

without activity loss greatly eases handling, storage and use of this enzyme in 

anhydrous environments. This is a considerable asset for general applications of 

purified P450s, especially in synthesis. 
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Chapter Four - Appendi x 

Experimental section (published as supporting information) 

4A.1 Chemicals 

The CYP3A4 pSE3A4His expression plasmid was a gift from Dr. J. R. Halpert 

from the University of Arizona. The culture media ingredients yeast extract, tryptone 

and peptone were purchased from BD Biosciences (San Jose, CA). DH5a 

supercompetent cells and agarose were from Invitrogen (Carlsbad, CA). The 

His-Select™ Nickel Affinity Gel was purchased from Sigma (St. Louis, US). The 

CYP2D6 substrate dextromethorphan and its metabolite dextrorphan were purchased 

from Sigma (Oakville, Canada). The CYP3A4 substrate testosterone 

(4-androsten-17P-ol-3-one) was a kind gift from Dr. Eisenberg in our department and 

the metabolite 6P-hydroxytestosterone (4-androsten-6p,17p-diol-3-one) was purchased 

from Steraloids (Newport, RI). All solvents were purchased from Fisher and were of 

HPLC grade. All chemicals were used without further purification. Water was obtained 

from a Milli-Q Synthesis (Millipore, San Jose, CA) filtration system. All other 

chemicals were purchased from Sigma or Aldrich. 

4A.2 Instruments 

Lyophilization was performed on a Labconco freeze dry system Freezone ® 4.5 

at a condenser temperature of-52°C and a pressure <70 x 10" mbars. Analytical HPLC 

analyses were performed on an Agilent 1100 modular system consisting of an 

auto-sampler, a quaternary pump system, a photodiode-array detector, a fluorescence 

detector, and a thermostated column compartment. The Agilent Chemstation software 

version A. 10.02 was used to control the operation and data acquisition. Analysis of 

testosterone 6p-hydroxylation by CYP3A4 used a 150 X 4.6 mm Zorbax Eclipse 

XDB-C8 5|jm column from Agilent protected by an analytical guard column. The 
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elution consisted of a first isocratic step at 15% acetonitrile in water for 4 min, before a 

linear gradient to 50% acetonitrile over 12 min. The flow rate was 1.5 ml/min, and the 

column temperature was set to 30°C. Detection was at 244 nm. Under these conditions, 

the retention times of testosterone, 6|3-hydroxytestosterone, 6a-hydroxytestosterone 

and cortexolone were 16.3, 9.9, 10.5 and 14.2 min respectively. A Synergi 4 fim 

Hydro-RP 80 A column with a matching guard column were used to analyze the 

formation of dextrorphan from dextromethorphan. A combination of 50% water 

containing 0.1% TFA and 50% acetonitrile was linearly changed to 80% acidic water 

and 20% acetonitrile over 20 min. This eluent was maintained for 4 min, before 

returning to 50:50 over 2 min. Under these conditions, the retention times of 

dextrorphan and dextromethorphan were 13.4 min and 18.0 min respectively. 

4A.3 Expression and purification of enzymes 

The expression and purification of CYP2D6 was performed as described earlier 

[2J.CYP3A4 was expressed using a modification of the procedure used by Domanski 

et al [1]. The plasmid was transformed into Escherichia coli  DH5oc supercompetent 

cells, and the cells grown overnight on LB agar plates with ampicillin (50 Mg/ml). 

Culture tubes containing LB media supplemented with ampicillin (50 ng/ml) were 

inoculated next. After 24 h of growth at 37°C and 250 rpm, 10 flasks of TB medium 

(750 ml each) containing ampicillin (50 fxg/ml) were inoculated each with 3 

intermediate culture tubes. The flasks were incubated at 37°C and 250 rpm for 2 h (i.e. 

until OD600 = 0.6), after which protein expression was induced with IPTG (1 mM) 

followed by addition of 5-ALA (80 mg/ml). The incubation temperature was reduced to 

30°C, and shaking was set to 190 rpm for 48 h. The cells were collected by 

centrifugation at 4000 x g and 4°C for 15 min. The pellets were resuspended in buffer 

A (50 ml of: 100 mM 3-[7V-morpholino]propanesulfonic acid] (MOPS) at pH 8 

containing 10% glycerol, 1 mM EDTA, 2 mM phenylmethanesulfonyl fluoride (PMSF)). 

All subsequent procedures were performed at 4°C. Lysozyme (10 mg/g of cells) was 

added, and the suspension was stirred slowly for 15 min, after which the suspension 
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was supplemented with protease inhibitors (1.6 ug/ml leupeptin, 1 jug/ml aprotinin, 0.8 

|iig/ml bestatin, and 0.7 ug/ml pepstatin A). The suspension was then sonicated on an 

ice-salt bath at 60% and power 8. After 2 sonication cycles of 20 s each, the suspension 

was centrifuged at 100,000 x g for 60 min. The supernatant was removed and the 

pellets resuspended in buffer B (10 ml of: 100 mM MOPS at pH 7.4, containing 10% 

glycerol and 2 mM PMSF). 3[(3-Cholamidopropyl)dimethylammonio]-

propanesulfonic acid (CHAPS, 0.5%) and potassium chloride (0.5 M) were then added. 

Cells were homogenized and gently stirred for 2 h before centrifugation (1 h at 100,000 

x g). This CHAPS-solubilized P450 preparation was then stored at -80°C until the next 

step. 

The His-tagged protein was purified by affinity column chromatography using 

the Ni-NTA metal affinity resin (1.5 ml), pre-equilibrated with 5 bed volumes of 

EQ-buffer (buffer B containing 0.5% CHAPS, 0.5 M KC1, and 5 mM imidazole) at a 

flow rate of 0.5 ml/min. The P450 preparation was then loaded onto the column at the 

same flow rate. The column was washed with 10 bed volumes of EQ-buffer, then with 

10 bed volumes of 100 mM MOPS buffer at pH 7.4 containing 10% glycerol and 10 

mM imidazole. The P450 was eluted in EL-buffer (100 mM MOPS at pH 7.4 containing 

10% glycerol and 200 mM imidazole). The orange-colored fractions were compared 

spectroscopically for protein content and by SDS-PAGE (12.5% homogeneous gels) 

for purity assessment. The fractions containing the CYP3A4 protein were pooled and 

dialyzed (twice 4 1 of: 100 mM MOPS buffer at pH 7.4 containing 0.2 mM dithiothreitol 

and 1 mM EDTA) at 4°C. The sample was aliquoted and stored at -80°C. The overall 

yield was 0.6 mg per liter of culture. 

4A.4 Quantification o f P450 enzymes 

The P450 content was measured by reduced carbon monoxide difference spectra 

following the method described by Omura and Sato [3]. Thus heme was reduced by 

addition of a few solid grains of sodium dithionite (Na2S204) in quartz cuvettes 

containing the buffered enzyme solution, and formation of the enzyme-carbon 
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monoxide complex was achieved by slow bubbling of CO gas into the reduced enzyme 

solution for about 20 s. The UV absorption spectra was recorded immediately, and the 

concentration of P450 was determined using the extinction coefficient 8450 =91 nffl" 

cm*1. 

4A.5 Effect of freezing and lyophilization on the enzyme activity 

Samples containing glycerol-free CYP3A4 (100 JLXI of a 11.5 pM solution) in 

0.1 M potassium phosphate buffer at pH 7.4 (final volume 300 JLXI) were frozen at -80°C 

and lyophilized for 24 h. Three holes were made in the Eppendorfs' cap using a red-hot 

needle, and the pierced caps were replaced with new ones after freeze-drying. The 

dried samples were redissolved in 0.1 M potassium phosphate buffer at pH 7.4 (287 

pi), and the substrate testosterone (115 pM, 10 pi of a 1 mg/ml solution in methanol) 

was added (final CYP3A4 concentration of 1.3 pM). Control samples were prepared 

using the same amount of CYP3A4 (100 pi of a 11.5 pM solution) and the substrate 

testosterone (115 pM, 10 pi of a 1 mg/ml solution in methanol) in 0.1 M potassium 

phosphate buffer at pH 7.4 (final volume 300 pi). To test the effect of freezing alone, 

some samples containing a CYP3A4 solution were frozen at -80°C and thawed on ice 

once or twice. After 5 min of pre-incubation at 37°C, the reaction was initiated with the 

addition of cumene hydroperoxide (1 mM, 7 pi of a 0.1 M stock solution in 

watenmethanol 90:10), and the samples were shaken at 37°C and 250 rpm for 1 h. 

After incubation, the samples were spiked with the internal standard cortexolone (15 pi 

from a 200 pM solution in methanol) and extracted with CH2CI2 (3 x 500 pi). The 

combined organic layers were evaporated in vacuo. The residue was redissolved in 

MeOH (150 pi) and analyzed by HPLC. 

4A.6 Effects of additives during lyophilization 

Samples containing glycerol-free CYP3A4 enzyme (24 pi of a 11.5 pM 

solution) and different amounts of additives (18-crown-6, 15-crown-5, 
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methyl-(3-cyclodextrin, 2-hydroxypropyl-(3-cyclodextrin, sucrose, sorbitol, mannitol or 

trehalose) in 0.1 M potassium phosphate buffer at pH 7.4 (final volume 700 p.1) were 

lyophilized for 24 h. For sucrose, sorbitol, mannitol and trehalose the amounts added 

are reported as w/w ratio additive/enzyme, whereas molar ratios are used for all other 

additives tested. The dried samples were redissolved in 0.1 M potassium phosphate 

buffer at pH 7.4 (687 ja.1), and the substrate testosterone (50 pM, 10 ja.1 of a 1 mg/ml 

solution in methanol) was added (final CYP3A4 concentration of 0.4 pM). After 5 min 

of pre-incubation at 37°C, the reaction was initiated by the addition of cumene 

hydroperoxide (1 mM, 7 JJ.1 of a 0.1 M stock solution in watermethanol 90:10), and the 

samples were shaken at 37°C and 250 rpm for 1 h. A first set of controls was prepared 

for each additive at every concentration with non-lyophilized enzyme. Another control 

reaction was also prepared with lyophilized enzyme and no additives. After incubation, 

the samples were spiked with the internal standard cortexolone (15 jul from a 200 pM 

solution in methanol) and extracted with CH2CI2 (3 x 500 pi). The combined organic 

layers were evaporated in vacuo. The residue was redissolved in MeOH (150 pi) and 

analyzed by HPLC. 

The activity of CYP3 A4 lyophilized with the optimized amounts of sucrose or 

trehalose was also tested with cytochrome P450 reductase (CPR) and NADPH. 

Samples containing glycerol-free CYP3A4 enzyme (0.4 pM, 25 pi of a 11.2 pM 

solution) and sucrose (145 mg, 10000 w/w) or trehalose (145 mg, 10000 w/w) in 0.1 M 

potassium phosphate buffer at pH 7.4 (final volume 700 pi) were lyophilized for 24 h. 

The dried samples were redissolved in 0.1 M potassium phosphate buffer at pH 7.4 

(632 pi), and CPR was added (1.6 pM, 45 pi of a 25 pM solution). The substrate 

testosterone (50 pM, 10 pi of a 1 mg/ml solution in methanol) was added, and after 5 

min of pre-incubation at 37°C, the reaction was initiated with the addition of NADPH 

(1 mM, 28 pi of a 25 pM solution in buffer). The samples were shaken at 37°C and 250 

rpm for 1 h. Reactions were also carried out after initiation with CHP under the same 

conditions. Control reactions with non-lyophilized enzyme (initiation with CHP or 

CPR/NADPH) and enzyme lyophilized without additives (initiation with CHP or 
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CPR/NADPH) were also analyzed. After incubation, the samples were spiked with the 

internal standard cortexolone (15 jul from a 200 pM  solution in methanol) and 

extracted with CH2CI2 (3 x 500 \x\).  The combined organic layers were evaporated in 

vacuo. The residue was redissolved in MeOH (150 ul) and analyzed by HPLC. 

Samples containing glycerol-free CYP2D6 enzyme (8 pi of a 13.85 (iM 

solution) and different amounts of sugar additives (sorbitol, sucrose, mannitol, or 

trehalose; ratios in w/w) in 0.1 M potassium phosphate buffer at pH 7.4 (final volume 

of 1000 JLII) were lyophilized for 22 hrs. The lyophilized enzyme (final concentration of 

0.14 \xM),  with or without additive, was redissolved in 0.1 M potassium phosphate 

buffer at pH 7.4, and the substrate dextromethorphan (100 (JM) was added. The 

reaction was initiated with the addition of the cofactor surrogate cumene 

hydroperoxide (0.1 mM). The samples were shaken at 37°C and 200 rpm for 1 h. The 

reaction was terminated with the addition of perchloric acid (23%, 40 jn.1). After cooling 

to 4°C for 30 min, the samples were centrifuged at 10000 rpm for 5 min. The resulting 

supernatant was directly injected in the HPLC. 
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Chapter Five 

In chapter 3 of this thesis, studies of CYP2D6 showed very good activity for this enzyme 

in organic/aqueous biphasic solvent systems. Although this methodology allows for the 

first time transformation of hydrophobic substrates, it is not appropriate for moisture 

sensitive substrates or products, for water-soluble products and for reactions where water 

shifts the equilibrium towards substrates. Enzyme studies in anhydrous organic solvents 

require the elimination of water by lyophilization, a process harmful to P450 enzymes. To 

pave the way for further studies of CYP2D6 in organic solvents, different additives were 

tested as lyoprotectants for this enzyme in chapter 4. Trehalose was found to effectively 

protect the enzyme from being deactivated during lyophilization. In this chapter, the 

behaviour of CYP2D6 in nearly anhydrous organic solvents is investigated after 

lyophilization with trehalose and in the presence of the surrogate CHP. 

Contributions of co-authors 

This chapter is reproduced from a manuscript that will be submitted for publication shortly. I performed all 

the experiments described in this chapter myself, under the supervision of Professor Karine Auclair. 
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The activity of human CYP2D6 in low water organic solvents 

5.1 Abstract 
P450 enzymes are of high interest for synthetic applications due to their ability to 

catalyze hydroxylation reactions at inactivated C-H bonds. The low solubility of many 

substrates in buffer, however, is limiting the applications of P450s. Our recent 

demonstration that P450 2D6 can function very well in biphasic solvent systems is one 

step towards overcoming this drawback, but is not practical when substrates or products 

are unstable in water or with water soluble products. An alternative strategy which also 

facilitates enzyme recycling is to directly resuspend lyophilized enzyme into nearly 

anhydrous organic solvents. Interestingly, we report here that CYP2D6 co-lyophilized 

with trehalose and suspended in w-decane shows higher activity than in aqueous buffer. 

This study demonstrates the unexpected high tolerance of wild type CYP2D6 to organic 

solvents and provides an alternative strategy to facilitate the use of this enzyme in 

synthesis. 

5.2 Introduction 
Although most enzymes have evolved to catalyze reactions under aqueous 

conditions, many of them have been reported to show activity in the presence of organic 

solvents [1,2]. Tolerance to organic media expands the biocatalytic potential of enzymes. 

Indeed, the use of non-aqueous solvents can overcome problems such as substrate 

insolubility in water, moisture sensitivity of substrates, reagents or products, or product 

harvesting [3]. P450 enzymes are highly versatile catalysts involved in xenobiotic 

metabolism, biosynthesis of steroids, lipids, vitamins, and natural products [4]. 

Hydroxylation at inactivated C-H bonds is one of the most challenging reactions in 

organic synthesis, yet it is catalyzed under mild conditions by P450 enzymes with high 

stereo- and regio-selectivity [4]. As biocatalysts, mammalian P450s have an advantage 

over their bacterial counterparts due to their high substrate promiscuity [5, 6]. Numerous 

studies, however, have shown a detrimental effect of organic solvents on the activity of 

P450s [7-23]. In general, even small amounts of water-miscible organic solvents strongly 

inhibit P450 enzymes. These solvents likely strip essential water molecules off the 
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enzyme [24]. On the other hand, biphasic media containing hydrophobic organic solvents 

have proven more promising media for many enzymes [1,2, 25]. Ichinose et  al. reported 

significant activity of the bacterial P450cam embedded in reverse micelles with the 

cofactors NADH, putidaredoxin and putidaredoxin reductase [26]. A few groups have 

also attempted to increase the tolerance of bacterial P450s to organic solvents using 

directed evolution [27]. For instance, one P450 BM-3 variant reported by Arnold and 

coworkers shows an improvement in activity of 10-fold in 2% (v/v) tetrahydrofuran (THF) 

and 6-fold in 25% (v/v) dimethylsulfoxide (DMSO) compared to the wild-type enzyme 

[28]. Molecular dynamics simulations suggest P450 BM-3 remains folded in the presence 

of DMSO [29], but solvent molecules may replace the water molecules linked to the 

heme iron of this enzyme [30]. Crystal structures of P450 BM-3 obtained in different 

ratios of DMSO/water confirm these studies and provide a detailed structural explanation 

for the deactivating effect of this solvent [31]. Urlacher and coworkers generated a 

CYP102 mutant able to catalyze hydroxylation of cyclohexane, octane or myristic acid in 

biphasic solvent systems [32]. Two mutants of the mammalian CYP2B1 reported by 

Kumar et al. exhibited enhanced tolerance towards 2.5-15% DMSO [33]. A third mutant 

created by combination of the first two variants was > 2 folds more tolerant to DMSO 

[33]. Our group has recently reported a detailed survey of the activity of wild type human 

CYP3A4 in the presence of organic solvents and ionic liquids (ILs) [22]. The CYP3A4 

enzyme activity was found to decrease significantly with the addition of solvents or ILs, 

except with biphasic solvent systems, which allowed retention of ~85% of the activity 

[22]. We have also demonstrated that human CYP2D6 can retain most of its activity in 

selected emulsions [34]. Nearly anhydrous solvents have also had significant success with 

many enzymes [1,2], but have not been explored with P450s. 

We have reported a highly efficient method to replace the expensive cofactor and 

redox partner of CYP2D6 and CYP3A4 (NADPH and cytochrome P450 reductase (CPR)) 

using cheap chemicals such as cumene hydroperoxide (CHP) or sodium percarbonate 

(SPC) [35]. Although we demonstrated very good CHP- or NADHPH/CPR-supported 

activity of CYP2D6 in selected biphasic solvent systems [34], this method may not be 

suitable with moisture sensitive substrates or products, or with water soluble products. An 

alternative strategy which also facilitates enzyme recycling is to directly resuspend 

94 



Chapter Five 

lyophilized enzymes into nearly anhydrous organic solvents. Unfortunately, removal of 

the water is often harmful to enzymes. A recent method published by our group allows 

lyophilization of CYP3A4 and CYP2D6 with minimal loss of activity [36]. We now 

report a detailed evaluation of the activity of human CYP2D6 in nearly anhydrous 

organic media. Surprisingly, our results show higher activity of lyophilized CYP2D6 in 

selected water-saturated hydrophobic organic solvents than in buffer. 

5.3 Results and discussion 

In these studies, CHP was used instead of the natural cofactor NADPH and redox 

partner CPR. Indeed, the goal was to investigate the effect of organic solvents on 

CYP2D6 and not on its redox partner the CPR enzyme. Moreover, as reported by others 

[37] and by our group [35], the activity of human CYP2D6 is higher with CHP than with 

the natural system NADPH/CPR. We previously reported that the optimal CHP 

concentration for supporting CYP2D6 activity in buffer is 0.1 mM [35]. We suspected that 

in the absence of water, the concentration of CHP would have to be optimized again. To 

this end, the activity of CYP2D6 in water-saturated isooctane or n-decane was tested at 

various concentrations of CHP. As illustrated in Figure 5.1 , the optimal concentration of 

CHP is 0.2 mM in water-saturated isooctane and 2 mM in water-saturated n-decane, 

compared to 0.1 mM in buffer. This difference may be the result of a combination of 

factors, including the presence of trehalose or differences in solubility and in diffusion 

rates. Control reactions without enzyme do not show any product formation (data not 

shown). The concentration of CHP was fixed at 0.2 mM and 2 mM for all further 

experiments. 
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Figure 5.1 Effect of concentration of CHP on the production of dextrorphan (DXO) from 

dextromethorphan (DXM) by CYP2D6 (co-lyophilized with trehalose) (a) in water-

saturated isooctane; (b) in water-saturated n-decane. The expression and purification of 

CYP2D6 was performed as described earlier [34]. CYP2D6 was mixed with trehalose 

(1:1000 w/w), frozen at -80°C, and lyophilized for 24 h using a Labconco freeze-dry 

system Freezone® 4.5 at a condenser temperature of -51°C and a pressure <70 x 10"3 

mbars. Lyophilized CYP2D6 (0.25 /XM) and the substrate DXM (0.05 mg, < 0.46 mM, not 

fully soluble) were added to the reaction vial as solids. Water-saturated organic solvent 

was added, followed by CHP (0.1-5.0 mM, diluted in (a) isooctane or (b) w-decane). The 

final mixture (400 /xl) was incubated for 2 h at 37°C and 300 rpm. Water (2 x 200 \i\) was 

used to extract both substrate and product. The aqueous mixtures were centrifuged at 

16,000 x g  for 5 min and filtered. The filtrates were analyzed by HPLC as published 

earlier [34]. An alternative analytical method used the 250 x 4.60 mm Synergi 4 u Hydro-
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RP 80 A column with mobile phase A (0.1% TFA in water) and B (100% acetonitrile) at 

a flow rate of 0.15 mL/min. The initial mobile phase consisted of 50:50 A:B (v:v) and 

was linearly changed to 80:20 A:B over 25 min. After 3 min constant 80:20 A:B, it was 

back to 50:50 in 2 min. UV detection was set at 230 nm. 

Previous reports have suggested that water-miscible solvents may deactivate 

enzymes by stripping off essential water molecules [24]. Consequently, eight different 

non-halogenated hydrophobic organic solvents were evaluated as media for CYP2D6 

activity. They were tested as anhydrous or water-saturated solvents. The high 

hydrophobicity of the selected solvents (especially for the best ones) limited the range of 

easily accessible water activities (a w). When strictly anhydrous solvents were used, the 

remaining activity of CYP2D6 was below 10% (data not shown). The results with water-

saturated solvents are shown in Figur e 5.2 . As reported for other enzymes [38], the 

activity of CYP2D6 in low water organic solvents improved with increasing 

hydrophobicity of the solvent. Control reactions without enzyme did not show any 

product formation (data not shown). As previously reported [36], the enzyme lost about 

~22% activity following lyophilization in the presence of trehalose and more than 50% in 

the absence of trehalose (data not shown). The addition of trehalose to the reaction 

mixture however (enzyme not lyophilized), did not affect the activity of CYP2D6 in 

buffer. At CHP concentration of 0.2 mM (Figur e 5.2a) , the activity of lyophilized 

CYP2D6 in isooctane, w-decane, or n-dodecane was about 60% of the activity of 

lyophilized CYP2D6 in buffer. To our surprise, at 2 mM CHP (optimum concentration for 

n-decane), the enzymatic activity of lyophilized CYP2D6 was higher in n-decane (125%) 

than in buffer, and similar in n-dodecane or in buffer (Figur e 5.2b). This was unexpected 

based on previous studies of enzymes in low water organic solvents where -10% 

remaining activity in solvent is common [1]. For example the activity of CYP3A4 

dropped to <5% under the same conditions as reported here for CYP2D6 [22]. It should 

be noted that the CYP2D6 activity in low water solvents is highly sensitive to the 

lyophilization process. The addition of trehalose is essential (a few other sugars help too, 

but with a less effective protection; [36]) and the optimal duration of lyophilization is 24 

h (see figure captions for more details). 
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Figure 5.2 CYP2D6 enzymatic activities various low water organic solvents relative to 

the activity of lyophilized enzyme in buffer (Control) at two different CHP concentrations. 

Control: Reaction (total volume of 400 /xl) of CYP2D6 (0.25 /iM, lyophilized), DXM 
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(0.05 mg, < 0.46 mM, not fully soluble), CHP (a: 0.2 mM, b: 2 mM), trehalose (45 mM) in 

potassium phosphate buffer (pH 7.4, 0.1 M). Organic solvents: same as in Control but the 

lyophilized enzyme was resuspended in the desired water-saturated solvent instead of 

buffer. The reactions were incubated for 2 h at 37°C and 300 rpm before work up and 

analysis [34]. All organic solvents used as reaction media with suspended enzyme were 

equilibrated with Milli-Q water for more than a week before use. Each entry is the 

average of two separate experiments. 

Due to the low solubility of the substrate DXM in «-decane and w-dodecane (we 

could not find a known CYP2D6 with high solubility in these solvents), we suspected that 

the high activity of CYP2D6 in these solvents may be a result of increased local 

concentration of DXM near the insoluble enzyme. To eliminate this possibility, the ratio 

of dissolved DXM over the total amount of DXM added was measured for all solvents 

and plotted against the enzymatic activity in the corresponding solvent, at two different 

CHP concentrations (Figur e 5.3) . A local concentration effect was expected to show a 

linear relationship between these two parameters but no correlation was observed. This 

lack of correlation suggests that a local concentration effect near CYP2D6 may not be a 

determinant factor explaining the dramatic solvent effect on enzyme activity. On the other 

hand, the activity of CYP2D6 in low water organic solvents improved with increasing 

hydrophobicity of the solvent. This is in agreement with the suggestion by others that 

hydrophobic solvents are less likely to strip essential water molecules off the enzyme [24]. 
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Figure 5. 3 DXM solubility in each organic solvent plotted as a function of the CYP2D6 

enzymatic activity in the same solvent and measured at two different CHP concentrations: 

(a) 0.2 niM and (b) 2 mM. DXM solubility (% w/w) was defined as the percentage of 

DXM dissolved in the organic solvent over the total amount of DXM added. The 

enzymatic activity is from Figur e 5.2. 

P450 enzymes are powerful biocatalysts. Applications of purified P450 enzymes 

are largely unexploited because of a number of limitations including the need for 

expensive cofactors and redox partners, incompatibility with organic solvents, and low 

stability and activity. We have previously circumvented the need for NADPH and CPR 

with human CYP2D6 and CYP3A4 [35]. We have also showed that CYP3A4 [22] and 

CYP2D6 [34] can be used in biphasic solvent systems without significant losses in 

activity. We report here a survey of the CYP2D6 activity in various low water organic 

solvents. Interestingly, after lyophilization in the presence of trehalose as previously 

reported [36], CYP2D6 shows -25% more activity in n-decane than in buffer. This is in 

contrast to the -90% loss in activity reported for CYP3A4 in low water organic solvents 
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[22]. To the best of our knowledge, this is the first time that human CYP2D6 was 

reported to show activity in nearly anhydrous organic solvents and one rare example [2, 

24] where a wild type enzyme is more active in organic solvent than in buffer. This study 

provides an alternative strategy to facilitate the use of CYP2D6 in synthesis. 
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In the previous chapters, we have developed new methodologies to facilitate 

applications of P450 enzymes. Thus, we have overcome limitations such as the need 

for expensive cofactors and the incompatibility with organic solvents. Another 

limitation associated with the use of CYP2D6 as a biocatalyst relies on its low 

thermodynamic and kinetic stability. In order to improve the stability of CYP2D6, we 

envisaged a novel strategy taking advantage of DNA self-assemblies. As reported for 

other enzymes [1], encapsulation (e.g. in nanogels) may rigidity the enzyme 

conformation, and increase the catalytic turnover. This chapter reports preliminary 

studies that demonstrate the templating effect of CYP2D6 in the formation of specific 

DNA self-assemblies. 

[1] A. C. Pierre. The Sol-Gel encapsulation of enzymes. Biocat. Biotrans., 2004, 22(3), 145-170. 

Contributions of co-authors 

I carried out the expression, purification, and characterization of CYP2D6.1 also performed high ionic 

buffer tolerance experiments and enzyme stability studies. Faisal Aldaye synthesized the DNA building 

blocks and performed the polyacrylamide gel electrophoresis (PAGE) analyses of the DNA 

self-assemblies. All descriptive schemes about DNA formation are from Faisal Aldaye. 
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CYP2D6-templated formation of cyclic DNA self-assemblies 

6.1 Abstract 

It was previously reported that two complementary DNA building blocks, each 

containing two identical DNA arms linked by a vertex, can self-assemble into a small 

dynamic library, including dimers, tetramers, hexagons, and oligomers. The 

distribution of the resulting library depends on the conditions. Upon reequilibration in 

the presence of Ru(bpy)32+, the library proceeds mainly to tetramer formation. This 

discovery provides an easy synthetic route to complex DNA systems, and even an 

autocorrection mean for the library. DNA cages are self-assembled with building 

blocks whose length and flexibility can be pre-designed. It was envisaged that design 

of the self-assembly of DNA templated by CYP2D6 may stabilize the enzyme by 

encapsulating it in a way similar to sol-gels [1]. Analysis by polyacrylamide gel 

electrophoresis (PAGE) shows that the addition of CYP2D6 to selected DNA building 

blocks favours the formation of DNA dimers and tetramers over other assemblies. The 

activity and stability of the resulting DNA-CYP2D6 complexes are comparable to 

those of the enzyme alone. 

6.2 Introductio n 

Enzymes provide "greener" alternatives to traditional synthetic chemistry, 

especially for high value-added fine chemical production [2, 3]. Hydroxylation at 

inactivated C-H bonds by P450 enzymes has attracted a lot of attention because this 

type of reaction is hardly accomplished regio- and stereo-selectively with traditional 

synthetic methods [4]. Mammalian P450s may have more potential useful applications 

than their bacterial counterparts due to their exceptional substrates promiscuity [5-6]. 

Nevertheless, many handicaps have restricted their use in synthesis, including the need 

for expensive cofactors, low tolerance to organic solvents and low stability. Some 

attempts have, at least partially, resolved these drawbacks [7-9]. Low stability of P450s, 

however, has remained problematic. Numerous techniques have been used to increase 
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enzyme stability including encapsulation of enzymes into relatively rigid frameworks 

[10, 11]. This strategy also provides a means to easily recycle enzymes and separate 

them from substrates and/or products, a very important step in industrial processes. 

Typical encapsulation of enzymes uses inorganic sol-gel or polymers. The 

disadvantages, however, relate to biocompatibility, porosity, mechanical robustness, 

and long term stability, thus preventing these materials from satisfying industrial 

requirements. 

Recently, Turberfield and coworkers demonstrated the encapsulation of 

cytochrome c in DNA polyhedra built up from 20 base-pair double helices [12]. Their 

study, however, did not include stability and enzyme activity assays. The use of DNA 

to encapsulate enzymes has many advantages including the relative rigidity of the 

double helical form, ease of insertion of flexible linkers, easily tailored size, convenient 

self-assembly or disassembly, sequence programmability, and binding selectivity [13]. 

These benefits attracted us to envisage DNA as a scaffold to improve the stability and 

activity of P450 enzymes. 

Sleiman and coworkers have reported that specific DNA building blocks can be 

arranged into a discrete, well-defined, two-dimensional cyclic scaffold (see Figure 6.1) 

[14, 15]. The building blocks used consisted of two DNA single strands attached either 

on a rigid vertex (l,3,5-tris(4-hydroxyphenyl)benzene) or a flexible vertex (alkane 

phosphate derivative of l,3,5-tris(4-hydroxyphenyl)benzene). The designed 

complementary of the two building blocks favors self-assembly into linear or cyclic 

shapes. Because of their well-defined structures, cyclic self-assemblies have a high 

potential of application in nanotechnology [16]. Figure 6.2 displays a 3D rendering of 

selected cyclic DNA self-assemblies. The empty interior space can potentially be 

utilized for guest molecule encapsulation. Moreover this suggests potential templating 

effects by guests. The empty volume can be accurately modulated by tailoring the 

double strands and/or number of the strands. For example, 17-base-pairs strands in 

cyclic tetramers are in principle of a suitable size for surrounding CYP2D6. 
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Figure 6.1 Formation of discrete DNA self-assemblies characterized by PAGE. Combs 

drawn on the tris-phenyl represent DNA single strands. Color differences imply 

different sequences and the two sequences selected here must be complementary to one 

another. 

Hexamer 

Figure 6.2 Tridimentional rendering of dimeric, tetrameric and hexameric DNA 

self-assemblies. 

The generation of uniform size assemblies is a key step not only for decreasing 

production costs but also increasing biocompatibility. The simple mixing of the 

building blocks, however, creates a library consisting of both desired and undesired 

self-assemblies (Figur e 6.1) [17]. Sleiman and coworkers have recently reported that 

Ru(bpy)32+ favours formation of tetrameric DNA self-assemblies via the re-equilibrium 

of a self-assembly mixture to a single form [18] (Figure 6.3). 
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Figure 6.3 Effect of Ru(bpy)3 on the formation of DNA self-assemblies. The PAGE 

analysis of a mixture of two complementary building blocks (lane B); and of the same 

two building blocks in the presence of Ru(bpy)3
2+ is shown in lane C. Lane A is a 20 

base pair linear molecular weight DNA ladder. 

The Ru(bpy)32+ guest-mediated experiment suggested the possibility of 

enzyme-templated formation of specific cyclic assemblies, and perhaps increased 

stability of enzymes trapped in uniform structures. We report preliminary results 

demonstrating formation of discrete CYP2D6-DNA assemblies. 

6.3 Materials and methods 

Chemicals and instruments 

All chemicals and instruments used for the preparation of DNA assemblies are 

published [18]. All chemicals used for CYP2D6 expression and purification, as well as 

the enzyme activity assay, can be found in previous chapters and in the scientific 

literature [19]. 

Design of the DNA self-assembly system 

Synthesis of 6.2a, 6.2b, 6.3a, and 6.3b building blocks was previous reported by 

Sleiman and coworkers [18]. Briefly, it involves attaching two well-defined single 
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stranded DNA sequences on a 1, 3, 5-tris(4-hydroxyphenyl)benzene molecule. The 

DNA sequence used in each stand of 6.2 a is 5' GTGGCATTGG 3', and for its 

complementary 6.2 b sequence is used 5' CCAATGCCAC 3'. The DNA sequence in 

each strand of 6.3 a is 5' CGATCTTGTGGCATTGG 3', and its complementary 

sequence 5' CCAATGCCACAAGATCG 3' is used for 6.3b.. 

Activity of CYP2D6 in high ionic strength buffers 

To a mixture of CYP2D6 (0.2 JUM), DXM (0.1 mM) and magnesium sulfate 

solution (0 to 50 mM) or sodium sulfate solution (0 to 120 mM) in potassium 

phosphate buffer (pH 7.4, 0.1 M) was added cumene hydroperoxide (0.1 mM) to 

initiate the enzymatic reaction. The final volume of the mixture was 200 fiL.  The 

reaction was quenched with 23% (v/v) perchloric acid (100 fiL) after incubation for 1 h 

at 200 rpm and 37°C. The quenched reaction mixtures were centrifuged (16,000 x g, 5 

min). The supernatants were filtered using 0.2 \xM  teflon filters before HPLC analysis 

as reported previously [19]. 

Generation of CYP2D6-templated formation of discrete DNA self-assemblies 

One building block (6.2a, 6.3a, or 6.4a, 0.4 JUM) was added to CYP2D6 (0.23 

fjiM). After gentle mixing, the complementary building block (6.2b, 6.3b, and 6.4b, 10 

IxM) was introduced (final volume of 30 fiL) at room temperature. DXM (0.1 mM) and 

potassium phosphate buffer (pH 7.4, 0.1 M) were added to monitor the enzymatic 

activity. CHP (0.1 mM) was added next to initiate the reaction (final volume to 300 fiL). 

After incubation at 37°C and 300 rpm for 1.5 h, the mixture was quenched with 

perchloric acid (23% v/v, 10 fiL), centrifuged (16,000 * g, 5 min), and filtered (0.2 fiM 

pore size). The filtrate was analyzed by HPLC as previously reported [19]. 

Stability of the CYP2D6/DNA assemblies 

Five samples each of CYP2D6 (6.85 fiM,  20 jiL)  or CYP2D6 (6.85 fiM,  20 

/iL)/DNA assemblies (10 fiM, 10 fiL) were incubated at 25°C for various amounts of 

time. The enzyme activity was tested as mentioned above. 
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6.4 Results and discussion 

Synthesis of DNA building blocks 

Detailed information about the synthesis and characterization of the different 

DNA building blocks with rigid vertices was previously reported by Sleiman and 

coworkers [18]. Synthesis of the building block with flexible vertices by Sleiman and 

coworkers is unpublished. A summary of the procedures is illustrated in Schemes 6.1 

(see figure caption for details). 

Structures of the DNA building blocks in this study are shown on Scheme 6.2. 

Hybridization is typically accomplished by mixing two complimentary building blocks 

in TAEmg2+buffer (40 mM Tris, 20 mM acetic acid, 2 inM EDTA-2Na-2H20, 12.5 

mM MgCl2.6H20). 

1 - 4 1 * . * * • * ^ * * _ ~ . , j ^ * < 

COtlJLKpfed 

b) 

OH O H m 

OH O H 
AJv**<» 'v** s**Y*T 

Scheme 6.1 Synthetic approaches to generate branched DNA building blocks, a) DNA 

of the desired sequence is synthesized on 500 A functionalized CPG at high loading 

density (85 /imol/g), followed by conjugation of the vertex to yield mono-, bis- and 

tris-branched DNA building blocks, b) DNA is synthesized on 2000 A functionalized 

CPG at low loading density (5 /xmol/g), followed by conjugation of the bis-branched 

mono-trityl protected derivative of tris-branched vertex, and the synthesis of a second 

DNA arm off of the vertex in a 51 to 3' direction to yield bis- and tris-branched DNA 

building blocks. Electrophoresis gel is used to separate the building block mixtures in 

both methods. 
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Rigid vertices* 

a) or b) 

6.2a 

6.3a 

6.2b 

6.3b 

Flexible vertices** 

a) or b) 

6.4b 

Scheme 6.2 Structures of the different building blocks used in this study. Combs facing 

left and right indicate sequences complementary to each other. Red comb represents a 

10-base DNA helix. Green comb represents 17-base DNA helix, a) or b) indicates the 

building block generation procedure demonstrated in Scheme 6.1 . * Syntheses were 

previously reported [18]. ** Unpublished structures (Aldaye and Sleiman). 

Tolerance of human cytochrome P450 enzymes to high ionic strength buffers 

DNA self-assembly is a thermodynamically favoured process, facilitated by high 

ionic strength buffers containing magnesium or sodium ions (e.g. TAEmg2+ buffer). 
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Such conditions may have a significant impact on the behavior of enzymatic catalysis 

[20, 21]. Before attempting the P450-templated formation of cyclic DNA assemblies, 

the activity of CYP2D6 under conditions typically used for DNA self-assembly was 

investigated. 

The results shown on Figure 6.4a indicate that magnesium ion concentrations up 

to at least 20 mM are well tolerated by CYP2D6. Enzymatic activity was even less 

affected by sodium ions, and addition of 50 mM Na+ still yielded > 90% activity 

(Figure 6.4b). These results suggest that CYP2D6 may tolerate the conditions required 

for DNA self-assembly. 

CYP3A4, on the other hand, was more sensitive to the addition of Mg2+ or Na+, 

yet still compatible with the concentrations needed to generate the self-assemblies 

(data not shown). 

10 2 0 3 0 4 0 5 0 
Concentration o f Mg2+ (mM ) 

60 100 12 5 15 0 

Concentration of Na+ (mM) 

Figure 6.4 Effect of magnesium ions or sodium ions on the activity of human CYP2D6. 

CYP2D6 (0.2 fM)  and the substrate dextromethorphan (DXM, 100 /iM) were 

dissolved in potassium phosphate buffer (0.1 M, pH 7.4). Magnesium sulphate (a) or 

sodium sulphate (b) was added from a concentrated solution (0.5 M) to reach the 

desired concentrations. The cofactor surrogate cumene hydroperoxide (CHP, 0.1 mM) 

was added immediately to initiate the reaction (the total volume of 200 (iV). After 1 h at 

37°C and 200 rpm, the reactions were quenched with perchloric acid (23% v/v, 10 /xL) 

and cooled to 4°C for 30 min before HPLC analysis. Each entry is the average of 

duplicates. 
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Investigation o f th e potentia l o f CYP2D 6 an d CYP3A 4 a s template s i n th e 

formation of discrete DNA self-assemblies species 

To study the effect of P450 enzymes on the self-assembly of DNA building 

blocks 6.2a with 6.2b, 6.3a with 6.3b, or 6.4a with 6.4b, the desired building block was 

added to the enzyme solution followed by its complementary building block. 

Polyacrylamide gel eletrophoresis (PAGE) was used to analyze the different DNA 

self-assemblies formed. As expected because of their shorter length, building blocks 

6.2a and 6.2b yielded only polymeric species in the absence (Figure 6.5, lane A) or in 

the presence of CYP2D6 (lane B) or CYP3A4 (lane C). For building blocks 6.3 and 6.4, 

in the absence of P450 (lanes D and G), mostly polymeric DNA self-assemblies were 

observed, and a significant amont of dimers was formed. The distribution of species 

was unaffected by the addition of CYP3A4 (lanes F, I) for both 6.3 and 6.4. In the 

presence of CYP2D6, however, mostly dimeric and tetrameric DNA species were 

observed for 6. 3 (lane E) and dimeric with 6. 4 (lane H), suggesting a 

CYP2D6-templated annealing of DNA (lanes E, H). This effect is similar to that of 

Ru(bpy)3
2+[18]. 

A B C D E F G H I 

Figure 6. 5 Polyacrylamide gel electrophoresis (PAGE) of the DNA self-assemblies 
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formed in the absence or in the presence of P450 enzymes. (A) building blocks 6.2a 

and 6.2b alone; (B) 6.2a and 6.2b in the presence of CYP2D6; (C) 6.2a and 6.2b in the 

presence of CYP3A4; (D) building blocks 6.3a and 6.3b alone; (E) 6.3a and 6.3b in the 

presence of CYP2D6; (F) 6.3a and 6.3 b in the presence of CYP3A4; (G) building 

blocks 6.4a and 6.4b alone; (H) 6.4a and 6.4b in the presence of CYP2D6; (I) 6.4a and 

6.4b in the presence of CYP3A4. 

Activity of CYP2D6 in the presence of the DNA assemblies (kinetic stability) 

Even though our studies show that CYP2D6 can template the formation of DNA 

self-assemblies, the arrangement of the DNA around CYP2D6 is unclear. This will be 

investigated by cross-linking studies later on. Interestingly, the resulting 

CYP2D6/DNA complexes, do not show the same enzymatic activity as CYP2D6 alone 

(Figure 6.6). Of note is the fact that the addition of only one building block (6.2a) in 

blank C inhibits the enzyme to about 60% activity, however double stranded DNA (e.g. 

6.4a and 6.4b ) does not significantly inhibit the enzyme, suggesting inhibition via 

hydrophobic effect. The activity is slightly increased in the presence of assemblies of 

6.4a and 6.4 b but not with 6.2a and 6.2 b or 6.3a and 6.3b . This indicates that the 

interaction of the enzyme with 6.4a and 6.4b may facilitate catalysis, likely due to the 

higher flexibility of these building blocks. 
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Figure 6.6 Impact of DNA assemblies on the CYP2D6 activity. CYP2D6 (0.23 jtiM) 

with or without DNA assemblies (0.4 jtiM), DXM (0.1 mM), and CHP (0.1 mM) in 

potassium phosphate buffer (pH 7.4, 0.1 M) were incubated at 25°C and 300 rpm (side 
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shaking), for 1.5 hrs. The control contains no DNA but was handled the dame way as 

the other samples. Blank C contains only building block 6.2a. Sample 6.4 refers to the 

enzyme activity of CYP2D6 in self-assemblies of 6.4 a and 6.4 b used. Sample 6. 3 

refers to the enzyme activity of CYP2D6 in self-assemblies of 6.3a and 6.3b used. 

Sample 6.2 refers to the enzyme activity of CYP2D6 in self-assemblies of 6.2a and 

6.2b. 

Stability o f CYP2D 6 i n th e presenc e o f DN A self-assemblie s (thermodynami c 

stability) 

The stability of CYP2D6 enzymes in the absence and in the presence of DNA 

self-assemblies was compared. The enzyme activity was measured using the typical 

dextromethorphan assay followed by HPLC analysis of the products [19]. After storing 

the solutions at 25°C for 10 days, the activity of the enzyme with DNA assemblies was 

the same as that of enzyme alone stored at 25°C. Both had gradually decreased to 30% 

during that time (data not shown). 

In conclusion, although the stability assay did not show an improvement of the 

enzyme's lifetime in the presence of DNA self-assemblies, the enzymatic activity was 

improved slightly in the presence of 6.4a and 6.4b. Whenever 17-base pair long DNA 

self-assemblies (6.3 a and 6.3 b or 6.4a and 6.4b ) were used, CYP2D6 affected the 

library distribution to form discrete cyclic oligomers including mainly dimers and 

tetramers. These preliminary results demonstrate possible use of P450s in 

nano-technology. More studies are needed to verify whether CYP2D6 is encapsulated 

into the DNA assemblies. More experiments are also in progress to design assemblies 

able to encapsulate the enzyme and potentially stabilize it. 
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Chapter Seven 

Summary and conclusions 

Applying biocatalysts in industrial manufacturing and processing is of increasing 

interest because of recent environmental concerns. P450 enzymes are especially 

attractive biocatalysts because of their ability to regio- and stereo-selectively catalyze 

the incorporation of a single atom of molecular oxygen into inactivated C-H bonds. 

To date, most of the investigations to facilitate the industrial applications of P450 

enzymes have focused on bacterial P450s because of their solubility, high catalytic 

activity, high expression yield, and fusion of electron transfer coenzymes for some 

bacterial species (such as P450BM-3). Substrate specificity and promiscuity, however, 

limit the applicability of bacterial P450s. Their mammalian counterparts, on the other 

hand, have exceptionally broad substrate specificity. Like for all P450s, however, their 

applications are limited by a number of factors including the need for expensive 

cofactors, low stability, and low tolerance to organic solvents. Work of this thesis has 

focused on the human P450 2D6 to overcome the handicaps mentioned above. 

The use of the cofactor NADPH and cytochrome P450 reductase (CPR) is not 

economically efficient for large scale production. We have tested cheap chemical 

peroxides to replace these expensive cofactors. The results indicate that cumene 

hydroperoxide and tert-butyl hydroperoxide can successfully substitute CPR and 

NAD(P)H with retained regio- and stereo-selectivity. Moreover, with these surrogates, 

the product formation and initial rate are increased by as much as two fold compared to 

the use of the natural cofactors. 

Many reports have shown that even small proportions of organic solvents in the 

buffer can deactivate P450 enzymes. We studied the activity of CYP2D6 in organic 

solvent/buffer biphasic systems. Our results demonstrate that under optimal conditions, 

maintains as much as 76% of the activity of CYP2D6 is retained when used in 

buffer/organic emulsions. Product formation in biphasic solvent systems is comparable 

whether the natural redox partner and cofactor are used, or a surrogate. In addition, a 
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correlation is observed between the logP and the suitability of a solvent for enzymatic 

activity, with higher logP resulting in better enzymatic activity. A very hydrophobic 

substrate, 7-benzyloxy-4-A/,A^-diethylaminomethyl-coumarin (BDAC), was also 

synthesized to demonstrate the utility of this method. 

Some enzymes have also shown significant activity in nearly anhydrous organic 

solvents. Enzyme lyophilization is usually required to remove water before use in 

nearly anhydrous solvents. After noticing that this physical process was harmful to 

P450 activity, we introduced sugars as lyoprotectant during lyophilization. The results 

show that addition of trehalose or sucrose before lyophilization allows the retention of 

80% activity of CYP2D6. CYP2D6 co-lyophilized with trehalose was next tested in 

selected non-halogenated hydrophobic organic solvents. The enzymatic activity was 

found to strongly depend on the hydrophobicity of the solvent. Interestingly, the 

enzyme shows higher catalytic ability in decane or dodecane compared to in the 

standard buffer. 

Finally, we envisaged to use DNA self-assemblies to encapsulate P450s and 

potentially increase their stability. Indeed, DNA assemblies have many advantages 

compared to traditional solid supports. The preliminary results show that CYP2D6 

favours the formation of cyclic DNA dimers and tetramers over polymers. 

Characterization of the DNA-bound CYP2D6 activity reveals a minimal loss of 

activity. 
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Future work 

Although we have overcome many drawbacks limiting the use of human P450 

enzymes in organic synthesis, there are more problems to solve before envisaging 

industrial applications with purified P450s. Some obvious experiments to complement 

this thesis are listed below: 

I. CYP2D6 shows catalytic activity in nearly anhydrous organic solvents. Water 

activity (aw), is an important parameter for maximal enzyme activity in organic solvent 

and was not varied in this thesis. Optimization of aw may improve the activity further. 

II. The preliminary studies of CYP2D6 templated DNA assemblies are 

interesting. More studies are needed to investigate whether the DNA assemblies are 

circling the enzyme or sticking on the surface. The use of different DNA building 

blocks including "tris-branched" ones may unveil a combination able to stabilize 

P450s. 

III. The results showed in this thesis were all obtained with wild-type CYP2D6. 

Random mutagenesis or directed evolution may provide an alternative strategy to 

generate mutants with useful properties. 
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Replacement of Natural Cofactors by 
Selected Hydrogen Peroxide Donors 
or Organic Peroxides Results in 
Improved Activity for CYP3A4 and 
CYP2D6 
Amandine Chefson , Jin Zhao, and Karine Auclair* [aI 

The cytochrome P45 0 enzymes (P450s or CYPs) form a  ubiqui-
tous family o f hem e proteins able to catalyz e the monooxyge -
nation o f a wide range of substrates. P450s are of considerable 
interest i n synthetic organi c chemistry becaus e of their impres -
sive ability to catalyz e the insertio n o f oxygen into nonactivat -
ed C- H bonds . Thi s usefu l reactio n i n organi c 
chemistry ha s receive d muc h attentio n ove r severa l 
decades, bu t stil l remain s a  significan t challenge . 
Some meta l catalyst s hav e bee n successfull y used 1'1 

and biomimeti c non-hem e iro n catalyst s hav e bee n 
developed,121 bu t th e regio - and/o r stereoselectivit y 
usually remain s poor . Biocatalyst s suc h a s P45 0 en -
zymes represent a promising alternative.131 One limita-
tion to the use of P450s in synthesis i s the need for a 
complex syste m of cofactor s includin g NADP H and a 
redox partne r suc h a s cytochrom e P45 0 reductas e 
(CPR) or a  ferrodoxin/ferredoxin reductas e system . A 
number o f groups hav e attempted t o overcom e thi s 
drawback. Electrochemica l methods, 141 cobaltocene,151 

and cobalt(ni ) sepulchrate, 16' hav e al l bee n use d t o 
replace th e cofactors , albei t wit h limite d succes s o r 
applicability. Althoug h man y P45 0 enzymes ar e also 
known t o accep t peroxide s o r aqueou s hydroge n 
peroxide a s a  sourc e o f oxyge n (shun t pathway), 171 

this pathwa y i s generally no t efficient . Some mutants 
of P450BM.3 have been engineered b y directed evolution to effi -
ciently us e hydrogen peroxid e i n the absenc e of cofactors. 181 A 
heme-domain mutan t o f P4506M.3 has been engineered to cata-
lyze regio - an d stereoselectiv e oxidation s i n th e presenc e o f 
hydrogen peroxid e instea d of it s natura l cofactors.191 The initia l 
reaction rates were, however, significantly lower than those ob-
served wit h th e wild-typ e enzym e unde r natura l condition s 
(NADPH). Moreover , thi s enzym e i s naturall y ver y specifi c fo r 
fatty acid s an d mus t b e mutate d t o accep t an y ne w sub -
strates.1'01 

We electe d t o us e th e tw o huma n P45 0 isoform s CYP2D 6 

and CYP3A 4 becaus e o f thei r hig h substrat e promiscuity— a 

significant advantag e for us e in synthesis . Neither o f these en-

la] A  Chefson,  J. Zhao, Prof. Dr. K Auclair 
Department of Chemistry, McOill University 
801 Sherbrooke Street West, Montreal, Quebec, H3A 2K6 (Canada) 
Fax: (+1)514-398-3797 
E-mail: karine.auclair@mcgill.ca 

JQ Supporting  information for this article is available on the WWW under 
http^/www.chembiochem.org or from the author. 

zymes showe d significan t activit y i n the presenc e o f aqueou s 
hydrogen peroxide . We show her e tha t withou t mutagenesis , 
the tw o studie d isoform s ca n us e various hydroge n peroxid e 
donors o r organi c peroxide s suc h a s sodiu m percarbonat e 
(SPC), cumene hydroperoxid e (CHP) , and fert-butylhydroperox -
ide (tBHP) to catalyze reactions in aqueous media. Interestingly, 
product formation and initial rates are increased by as much as 
twofold compare d t o th e us e o f th e natura l cofactors . More-
over, the regio- and stereoselectivities are maintained. 

The activity of CYP2D6 was monitored by using the standard 
reaction o f dextromethorpha n demethylatio n t o dextrorphan . 
All the reactions performed with hydroge n peroxid e donors o r 
organic peroxide s were compared t o th e contro l reactio n per -
formed wit h th e natura l cofactor s (NADPH/CPR ) standardize d 
to 100 % activity . HPL C trace s sho w a  significan t amoun t o f 
unreacted substrat e becaus e a  ver y larg e exces s wa s use d 
(Figure 1). The shoulde r o n th e substrat e pea k i n (B ) i s as -

DXM 

t/mln 

Figure 1. HPLC chromatograms with fluorescence detection (AeH=280 nm, Aem=310 nm) 
after incubation of CYP2D6 (0.20 U.M) and dextromethorphan (100 \m) i n potassium 
phosphate (0.1 M ) at pH 7.4 and 37 °C for 1  h . Reactions with A) CPR (0.83 U.M) and 
NADPH (1.67 mM); B) cumene hydroperoxide (0.1 HIM); C) terf-butylhydroperoxide 
(2 mM). The retention times for the substrate dextromethorphan (DXM) and the product 
dextrorphan (DXO) were 6.2 and 5.4 min, respectively. 

signed t o cumen e alcohol . The result s obtaine d wit h cofacto r 
surrogates ar e summarize d i n Tabl e 1. The bes t cofacto r re -
placement was CHP, which, after one hour , yielded up to 210% 
of th e amoun t o f produc t obtaine d unde r th e natura l condi -
tions. Very lo w concentrations o f CHP were optimal . tBHP also 
showed good activit y (80% ) compared t o th e soli d source s o f 
hydrogen peroxide , which yielded at best 53% activity (3 0 mM 
SPC, calculated i n peroxid e equivalents) . Mas s spectrometri c 
analysis (LC-MS) was used to confir m the identit y o f the prod -
uct. Combined wit h HPL C analysis o f N-  and O-demethylate d 
standards, the data allowed us to confirm that the major prod -
uct was dextrorphan i n all cases (O-demethylation). 

Some produc t formatio n wa s als o observe d i n th e contro l 
reactions withou t enzyme , generally representin g < 5 % o f the 
product forme d i n the presenc e o f th e enzyme . The onl y ex -
ception was with 10 0 mM sodium perborate (SPB) , which yield-
ed more of the product i n the absence than in the presence of 
enzyme (depicte d a s negative value s i n Table 1). Aqueous hy -
drogen peroxide , on the othe r hand , did no t yiel d detectabl e 
products unde r the conditions tested. 
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BIVIMUNiCATIONS 

Table 1. CYP2D6-catalyze d formatio n o f dextrorpha n i n th e presenc e o f variou s hydroge n peroxid e donor s o r 
organic peroxide s expressed as a percentage o f th e activit y o f th e reactio n with th e natura l cofactors (CP R and 
NADPH). 

reaction, initially yielding 77% of 
the natura l activity (see Support-
ing Information) . Th e reactio n 

Peroxide equi v [mM ] SPC1"' SPB1*' UHP"' CHP"' tBHP1"'11 H A ( a q ) M 

0.1 
0.2 
0.5 
1 
2 

10 
20 
30 
50 

100 

-
-
-
-
-

1 4 ± 4 
4 8 ± 8 
5 3 ± 1 2 

9 ± 1 4 
1 7 ± 6 

-
-
-
-
-
8 ± 4 

-
2 7 ± 1 1 

1 ± 15 
- 5 7 ± 3 7 

-
-
-
-
-

1 7 ± 2 

-
2 8 ± 4 
2 9 ± 3 
1 6 ± 4 

2 1 0 ± 4 
197±7 
168 ± 1 3 
124±2 
8 3 ± 2 

-
-
-
-
-

1 6 ± 2 
2 8 ± 7 
5 0 ± 3 
6 9 ± 2 
8 0 ± 4 

-
-
-
-
-

n.d.lhl 

n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

[a] Dextrorphan wa s quantifie d b y HPL C after 1  h o f reactio n a t 3 7 °C for CH P an d tBH P an d 4  h fo r SPC , SPB, 
and UHP . Th e mixture s (30 0 uL) containe d CYP2D 6 (0. 2 U,M , al l fro m th e sam e batch) , dextromethorpha n 
(166 jiM fo r SPB , SPC, and UH P or 10 0 U.M for CH P and tBHP) i n 0.1 M potassium phosphat e a t p H 7.4, to whic h 
were adde d variou s concentration s o f hydroge n peroxid e donor s o r organi c peroxides . Th e contro l reactio n 
was performe d wit h the natura l cofactors CP R (0.83 |XM ) and NADP H (1.6 7 U,M ) and standardize d t o 100 % activ-
ity, [b ] SPC=sodium percarbonate . [c ] SPB = sodiu m perborate , [d ] UHP = urea-hydroge n peroxide ; [e]CH P = 
cumene hydroperoxide , [f j tBHP = rerf-butylhydroperoxide . [g ] H 202(aq)=aqueous hydroge n peroxide , [h ] n.d . 
below th e detectio n limi t o f 0. 1 \IM  (3. 5 %). 

The activity o f CYP3A4 was monitored by using the standard 
reaction o f testosteron e 6p-hydroxylation . Potassiu m phos -
phate buffe r wa s use d a t a  concentration o f 10 0 mM, excep t 
with SP C for whic h th e buffe r wa s optimu m a t 1  M  to offse t 
the expecte d increas e o f p H induced b y the releas e o f carbo -
nates i n th e reactio n mixture . Again , five hydroge n peroxid e 
donors o r organi c peroxide s wer e teste d (Figur e 2, Tabl e 2). 
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Figure 2. HPLC chromatograms wit h detectio n a t 24 4 nm followin g incubatio n o f 
CYP3A4 (0. 9 u*i) an d testosterone ( 5 |XM ) i n potassiu m phosphat e (0. 1 M) at p H 7.4 an d 
37 °C for 4  h, unless otherwise stated . The interna l standar d cortexolon e (14. 2 min) wa s 
subtracted fro m th e graph s fo r clarity . A) Control reactio n with n o cofactor ; B ) reaction 
initiated wit h CP R (3.6 U,M) and NADP H (1 mM + 1  mM ever y 3 0 min); C) reaction wit h 
cumene hydroperoxid e ( 1 mM); D) reaction wit h sodiu m percarbonat e (equivalen t t o 
500 mM H 202) in potassium phosphat e buffe r ( 1 M) a t p H 7.0. The retention time s fo r th e 
product 6p-hydroxytestosteron e (6b-OH-Tst) , and the substrat e testosteron e (Tst ) were 
10.4 and 16. 2 min respectively . The peak s x , y, and z  represent othe r metabolite s forme d 
during the reaction , unidentified bu t ver y likel y to b e the 1p \ 15|3 , and 2 p hydroxylate d 
products accordin g t o Guengeric h an d coworkers. 1"1 

by varying the buffe r concentra -
tion an d pH , and reache d 119 % 
of th e activit y wit h CPR/NADP H 
when 1  M o f potassiu m phos -
phate a t p H 7.0 instea d o f 7. 4 
was used . Thus , afte r optimiza -
tion, CH P and SP C yield compa -
rable activities , althoug h CH P i s 
effective a t lowe r tota l concen -
trations. Th e othe r hydroge n 
peroxide donor s an d organi c 
peroxides produce d les s tha n 
50% o f th e natura l activity . The 
optimal concentratio n fo r SP C 
was 50 0 mM (calculate d i n per -
oxide equivalent), which is about 
10 time s highe r tha n fo r 
CYP2D6, henc e th e nee d t o in -
crease the buffe r strength . In al l 

cases, no produc t formatio n wa s detected i n the contro l reac -
tions withou t CYP3A4 . Finally, aqueous hydroge n peroxid e di d 
not lead to the formation of any detectable products . 

SPC, SPB, and UH P are powders wit h a n active oxyge n con -
tent equivalen t t o 27.5% , 32% , an d 35 % H 202 respectively . 
These hydroge n peroxid e donors presen t the advantage o f re-
leasing H 202 slowly and locall y o n application , creating milde r 

oxidation condition s aroun d the enzym e than aque -
ous hydrogen peroxide . This was verified by compar -
ing th e activit y o f CYP3A 4 with SP C when th e reac -
tion mixtur e wa s shaken afte r addition , which le d t o 
complete dissolution o f the salt , or when the dissolu-
tion occurre d slowl y ove r tim e withou t shaking . No 
product formatio n wa s detecte d i n the forme r case ; 
this confirms the need for a slow release of hydrogen 
peroxide in the reaction mixture. 

Interestingly, fo r bot h enzymes , th e increase d 
product formatio n observe d i n the presenc e o f CHP 
or SPC (Tables 1 and 2) can be explained by a propor-
tional increas e i n th e initia l rate s o f produc t forma -
tion (Tabl e 3). Thus the calculate d initia l rat e fo r th e 
reaction of CYP2D6 in the presenc e of 0.1 mM CHP is 
twice tha t o f th e reactio n promote d b y CPR/NADPH. 
Similarly, for reaction s o f CYP3A4, the initia l rate s are 
-30% highe r wit h optima l amount s o f SP C or CH P 
than with CPR/NADPH. 

Because peroxide s hav e bee n reporte d t o reac t 
with th e hem e moiet y o f P450 s and lea d to enzym e 

17 

Similarly t o CYP2D6 , the bes t activit y wa s obtaine d wit h CHP 
and reached 132 % of the activity promote d b y the natura l co-
factors (CP R and NADPH). Relatively low concentrations o f CHP 
were sufficient . SP C was als o foun d t o efficientl y suppor t th e 

inactivation,1 '  we compare d th e stabilit y o f CYP2D6 
and CYP3A4 in the presence of surrogate and natura l 

cofactors. The UV-based measurement s typicall y use d to mea -
sure P45 0 stability were no t convenien t her e because of inter -
fering absorptio n b y cofactors . Instead, a large exces s of sub -
strate an d cofactor(s ) wa s use d (fres h cofacto r wa s adde d 

ChemBioChem 2006, 7, 916-919 
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Table 2. Formatio n o f 6|3-hydroxytestosterone b y CYP3A 4 with hydroge n peroxid e donor s o r organi c peroxide s 
expressed as a percentage o f the activit y o f th e reactio n wit h th e natura l cofactors (CP R and NADPH) . 

Peroxide equi v [mM ] epWa.bl SPB I a £ l U Hp[a.d CHP1"1 tBHPIa" H 2 0 2 (aq) M 

0.1 
0.5 
1 
2 
5 

50 
100 
500 

1000 

-
-
-
-
-

28±3 
47±5 

119lhl±12 
28±4 

-
-
-
-
-
2±2 
4±3 

10±3 
6±2 

-
-
-
-
-
2±1 
3±3 
7±4 
4±3 

83±8 
114±12 
132±17 
92±10 
61 ±6 
-
-
-
-

6±2 
13±4 
21 ±2 
35±3 
16±1 
-
-
-
-

n.d."h' 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 

[a] Analysis o f 6P-hydroxytestosteron e formatio n b y HPL C after 1  h o f incubatio n o f CYP3A 4 (0. 9 H,M) an d tes -
tosterone (11 5 U,M ) a t 3 7 °C, initiated wit h variou s concentration s o f hydroge n peroxid e donor s o r organi c per -
oxides. The buffe r wa s 0. 1 M potassium phosphat e a t p H 7.4, and 1  M potassiu m phosphat e a t p H 7.4 fo r th e 
reaction wit h SPC . The contro l reactio n wa s performe d wit h th e natura l cofactor s CP R (2. 4 |XM ) an d NADP H 
(1 mni). [b ] SPC=sodium percarbonate . [c ] SPB = sodiu m perborate , [d ] UHP = urea-hydroge n peroxid e adduct . 
[e] CHP=cumene hydroperoxide , [f ] tBHP = fert-butylhydroperoxide . [g ] H202(aq) = aqueou s hydroge n peroxide , 
[h] Several potassiu m phosphat e buffe r concentration s an d pH s wer e teste d wit h 50 0 mM SPC , 1 M potassiu m 
phosphate a t pH7. 4 gav e 77 % activity , whil e th e highes t activit y o f 119 % wa s obtaine d a t pH7.0 . [ Q n.d.: 
below th e detectio n limi t o f 0.1 |XM ( 1 %) . 

higher initia l rat e wit h CH P re -
sults i n comparabl e maximu m 
t u r n o u p r i m h P K hpn r o m -

Table 3. Initia l rate s o f produc t formatio n an d maximu m turnove r number s fo r th e CYP3A 4 catalyzed 6| i hy -
droxylation o f testosteron e an d CYP2D6-calalyze d formatio n o f dextrorpha n i n th e presenc e o f CPR/NADP H o r 
peroxide equivalents . 

Cofactor 
CYP3A4"1 

CPR/NADPH CHPlc SPC Id] 
CYP2D61"1 

CPR/NADPH CHP tBHP1 ito) 

initial rat e 
[umol umor1 min~' ] 
turnover 

5.9 ±0.9 

46±4 

9.1 ±1.5 

42±5 
50 ±4* 

7.1 ±1.2 

2 6 ± 2 

2.4 ±0.3 

107±3 

[a] 6|3-Hydroxytestosterone formatio n a s measured b y HPL C after incubatio n o f CYP3A 4 (0. 9 U,M ) an d testoster -
one (11 5 U,M ) a t 3 7 °C for differen t times . The turnove r numbe r wa s calculate d afte r 4  h o f reaction . The buffe r 
was 0. 1 M potassiu m phosphat e a t p H 7.4, and 1  M potassiu m phosphat e a t p H 7.0 fo r th e reactio n wit h SPC . 
The cofactor s teste d wer e eithe r CP R (3. 6 U,M ) an d NADP H ( 1 m ii + 1  mM adde d ever y 3 0 min), CH P ( 1 m i i + 
1 mM adde d ever y 3 0 min, or *0. 1 mM +0.1 m M adde d every 3 0 min) o r SP C (500 mM). [b ] Dextrorphan forma -
tion a s measured b y HPL C after incubatio n o f CYP2D 6 (0.18 U,M ) an d dextromethorpha n (10 0 U,M ) a t 3 7 °C. The 
turnover numbe r wa s calculated afte r 4  h o f reaction . The buffer wa s 0. 1 M potassium phosphat e a t p H 7.4. The 
cofactors teste d wer e eithe r CP R (0.5 3 U,M ) an d NADP H (1.6 7 mM±1.67mM adde d ever y 30min) , CH P 
(0.1 rriM+0.1 m M added ever y 30 min) o r tBHP (2mM) . [c ] CHP=cumene hydroperoxide , [d ] SPC = sodium per -
carbonate, [e ] tBHP = rert-buty l hydroperoxide . 

every 1 5 o r 3 0 min), an d produc t formatio n wa s monitore d 
over time. The enzyme was considered inactiv e when produc t 
formation reache d a  plateau. Under these conditions , CYP2D6 
lost activit y afte r —  1 h  i n th e presenc e o f CH P o r tBHP , bu t 
only afte r —1. 7 h whe n th e natura l cofactor s wer e use d 
(Figure 3). This differenc e i n stabilit y i s much smalle r tha n ex -
pected base d o n previou s literature," 21 most likel y becaus e o f 
the very smal l amount o f organic peroxide s used . It shoul d be 
noted tha t th e result s o f Tabl e 1 ca n onl y b e compare d t o 
Figure 3 fo r th e firs t 3 0 min. Indeed , Figur e 3 wa s obtaine d 
after multiple additions of CPR/NADPH or CHP, whereas the re-
sults o f Table 1 were collecte d after optimizatio n wit h a  single 
addition o f the cofactors. Although CYP2D6 displays lower sta-
bility i n th e presenc e o f CH P compare d t o CPR/NADPH , it s 

pared t o CPR/NADP H (Tabl e 3). 
CYP3A4, o n th e othe r hand , 
shows comparabl e stabilit y 
whether CPR/NADP H or CHP are 
used (~3h . Figur e 4). Thi s wa s 
not expected based on previou s 
literature,1121 an d i s agai n mos t 
likely explaine d b y th e smal l 
amount o f CH P used. When th e 
quantity o f CHP added is further 
reduced (multipl e addition s o f 
0.1 mM instea d o f 1  min, se e 
Table 3 an d Figur e 4) th e initia l 
rate decreases ; however , th e 
enzyme i s activ e fo r ~4h , an d 
the maximu m turnove r numbe r 
rises (stil l comparabl e t o CPR / 
NADPH). Here again , the result s 
of Table 2 can only be compared 
to Figur e 4 fo r th e firs t 1 5 min 
(time o f th e secon d additio n o f 
NADPH). 

In summary , CYP3A 4 an d 
CYP2D6 represen t idea l biocata -
lysts becaus e o f thei r hig h sub -
strate promiscuity and their abil -
ity t o catalyz e chemicall y chal -
lenging hydroxylation s a t inacti -
vated C- H bonds . We repor t a n 
improvement o f u p t o twofol d 
in reactio n rate s whe n th e 
natural cofactor s o f CYP2D 6 o r 
CYP3A4 ar e replace d wit h SP C 
or CHP . Althoug h preliminar y 
studies wit h th e CYP2D 6 sub -
strate AMM C (3-[2-(N,A/-diethyl -
N-methylammonium)ethyl]-7-
methoxy-4-methylcoumarin) 
suggested a  simila r tren d (dat a 
not shown) , rate s an d rat e in -

creases are likely to vary from one substrate to another . This is 
nonetheless th e firs t tim e tha t suc h a n improvemen t com -
pared t o th e us e of natura l cofactor s i s reported fo r P45 0 en-
zymes. This wa s accomplishe d wit h muc h lowe r amount s o f 
cofactor surrogate s tha n previousl y reported , whic h likel y al -
lowed minimizatio n o f sid e reactions . Thes e result s sugges t 
that th e nee d fo r expensiv e cofactor s ca n b e circumvente d 
without significan t decrease s i n yields b y replacin g them wit h 
very cheap commercial compounds, directly with the wild-type 
enzymes. W e anticipat e tha t thi s alternativ e approac h wil l 
apply t o othe r P45 0 enzymes an d wil l b e o f considerabl e us e 
for future applications of P450s in synthesis. 

4.7 ±0.3 

9 2 ± 2 

2.2 ±0.2 

41 ± 2 

t i m w s i « t t m R f f i » w « 
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Figure 3. Dextrorphan (DXO ) formation a s measured b y HPLC after incuba -
tion o f CYP2D 6 (0.18 JIM ) an d dextromethorphan (10 0 U.M ) i n potassiu m 
phosphate buffe r (0. 1 ITIM ) a t p H 7.4 and 3 7 °C (total volum e 30 0 uL) . Each 
point o n th e plo t represent s a n average o f two measurements . The reactio n 
was initiate d wit h CH P (0.1 m u + 0 .1 D I M ever y 30 min; • ) , tBHP ( 2 m i l; • ) , 
orCPR (0. 5 U,M ) an d NADP H (1.67 mM + 1.6 7 ni M ever y 3 0 min; A). 
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Figure 4.6|3-Hydroxytestosterone formatio n as measured b y HPL C (244 nm) 
after incubatio n o f CYP3A 4 (0.9 U,M ) an d testosterone (11 5 U.M ) i n 0. 1 M po-
tassium phosphat e buffe r a t p H 7.4, or 1  M buffer a t p H 7.0 with SP C at 3 7 °C 
for differen t times . Each point o n the plo t represent s a n average o f tw o 
measurements; a  total reactio n volume o f 30 0 uL was use d fo r each . The 
reaction was initiated wit h CH P (1 mu + 1  ITIM adde d every 3 0 min (•) , 
0.1 mM+0.1 D I M adde d every 3 0 min (*)) , SP C (500 m u; • ) , or CPR (3.6 JIM ) 
and NADP H ( 1 mM +1 m M afte r 1 5 min the n every 30 min; A). 
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Improved Activity for CYP3A4 and CYP2D6 

Amandine Chefson, Jin Zhao, Karine Auclair* 

Chemicals 

The CYP3A4 pSE3A4His expression plasmid was a gift from Dr. J. R. Halpert from 
the Universit y o f Arizona, the CYP2D6 expression plasmi d (DB6 with Hiss and M374VJ 
was obtained from Dr . F. P. Guengerich from Vanderbilt University , and the cytochrome 
P450 reductase OR263 plasmid was kindly donated to us by Dr. Charles B. Kasper from 
the Universit y o f Wisconsin. The culture medi a ingredients yeast extract , tryptone, pep-
tone, as well as the CYP2D6 substrate AMMC (3-[2-(N,A/-diethyl-N-methylammonium) -
ethyl]-7-methoxy-4-methylcoumarin) an d the product AHMC (3-[2-(diethylamino)ethyl]-7-
hydroxy-4-methylcoumarin hydrochloride ) wer e purchase d fro m B D Bioscience s (Sa n 
Jose, CA) . DH5 a supercompeten t cell s an d agaros e wer e fro m Invitroge n (Carlsbad , 
CA). The 2',5'-ADP Sepharos e 4B and DEAE Sepharose resin s were from Amersham 
Bioscience (Bai e d'Urfe , QC, Canada). Th e His-Select ™ Nicke l Affinit y Ge l was pur -
chased from Sigma (St . Louis, US) . The CYP3A4 substrate testosterone (4-androsten -
17|3-ol-3-one) was a king gift from Dr . Eisenberg in our department and the metabolites 
6p-hydroxytestosterone (4-androsten-6p\17p-diol-3-one ) an d 6oc-liydroxytestosterone (4-
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androsten-6a,17|3-diol-3-one) wer e purchase d fro m Steraloid s (Newport , Rl) . Al l sol -

vents were purchased from Fishe r and were of HPLC grade. All chemicals were used 

without further purification . Water was obtained from a Milli-Q Synthesis (Millipore, San 

Jose, CA) filtration system. All other chemicals were purchased from Sigma or Aldrich. 

Instruments 

UV absorption spectra were recorded on a Cary 5000 UV spectrophotometer (Vari-
an, Mississauga, ON, Canada). Fluorescence measurements were obtained on a Spec-
tramax GeminiX S (MolecularDevice s Corp. , Sunnyvale, CA) usin g 96-wel l flat bottom 
assay plate (Corning Incorporate d Life Sciences, New York, NY). Analytical HPLC anal-
yses were performed on an Agilent 1100 modular system consisting of an auto-sampler, 
a quaternary pump system, a photodiode-array detector , a fluorescence detector, and a 
thermostated colum n compartment . The Agilent Chemstatio n softwar e versio n A.10.02 
was used to control the operation and data acquisition. Analysis of dextromethorphan O-
demethylation by CYP2D6 was carried out using a Synergi 4 urn Hydro-RP 80 A column 
with mobile phas e A (0.05% TFA i n water) an d B  (100% acetonitrile) a t a flow rat e of 
1 mL/min. The elution gradient was from 20% to 90% B over 6 min, then held for 2 min. 
Fluorescence (? ex = 280 nm, ?e m

= 31 0 nm) was used to monitor the elution. The reten-
tion time s fo r dextromethorpha n an d dextrorpha n wer e 5. 4 an d 6. 3 mi n respectively . 
Analysis o f testosteron e 6p-hydroxylatio n b y CYP3A 4 use d a  15 0 x  4.6 m m Zorbax 
Eclipse XDB-C8 5um column from Agilent protected by an analytical guard column. The 
elution consisted of a first isocrati c step at 15 % acetonitrile i n water for 4 min, before a 
linear gradient to 50% acetonitrile ove r 1 2 min. The flow rat e was 1. 5 mL/min , and the 
column temperature was set to 30°C. Detection was at 244 nm. Under these conditions, 
the retention times of testosterone, 6|3-hydroxytestosterone, 6oc-hydroxytestosterone and 
cortexolone were 16.3, 9.9, 10.5 and 14.2 min respectively. 

Expression and purification of His-tagged CYP2D6 

The CYP2D6 plasmid was transformed into E. coli DH5a supercompetent cells and 
grown overnight at37°C on Luria-Bertani (LB) agar plates with ampicillin (100 mg/L). LB 
media consisted of: 1 0 g tryptone, 5 g yeast extract and 10 g NaCI per liter, autoclaved 
for 2 0 mi n a t 121°C . On e separat e colon y was adde d to Terrifi c Brot h (TB ) mediu m 
(5 mL prepared from: 12 g tryptone, 24 g yeast extract , 4 mL glycerol, 2.31 g KH2PO4, 
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12.54 g  K2HPO4 per liter, autoclaved) containing ampicillin (100 mg/L). After incubatio n 

(300 rpm, 37°C, 17 h) , a portion of this culture (2 mL) was diluted in TB (100 mL) con-

taining ampicillin (10 0 mg/L) , potassium dihydrogen phosphat e (0.23 g) and potassium 

hydrogen phosphate (1.25 g). Afte r a second incubation (180 rpm, 33°C, 5 h), this mix-

ture was further diluted in TB (10 mL in 500 mL) containing ampicillin (10 0 mg/L), trace 

elements solutio n (150 uL) , potassium dihydroge n phosphat e (1. 1 g) , and potassiu m 

hydrogen phosphate (5.2 3 g) . The trace elements solution consisted of 10 0 mv i FeCb, 

10 mM ZnCI3, 10 mM Na2Mo04, 14.3 mM CaCI2, 7.4 m M CuCI2, 10 mM H3BO3 in 1 mL of 

concentrated HCI + 9 mL of MilliQ water. The culture was fermented for 30 min at 33°C 

and 250 rpm. Next, after addition o f the hem e precursor 5-aminolevulini c aci d (5-ALA , 

8.4 mg/L) , thiamine (0.6 8 g/L ) an d quinidin e (0.0 3 mvi) , the cultur e wa s incubate d a t 

37°C and 180 rpm until OD600 0.7-0.8 (-2. 5 h) . Protein expression was induce d with p-

D-thiogalactoside (IPTG , 0. 5 mvi ) and the culture was further grow n a t 25°C and 150 

rpm for 48 h. 

The cell s were harveste d b y centrifugatio n (400 0 g,  2 5 min) , and the harveste d 
cells (100 g) were suspended in TES buffer (12 mL/gram cells of: 500 mM Tris acetate at 
pH 7.5 , 25 0 m M sucrose, 0.2 5 m M EDTA), followed b y addition o f lysozym e ( 3 mg/ g 
cells). Th e same volume of pre-cooled water was added and gently stirred for 30 min at 

4°C befor e centrifugation (339 3 g,  4°C, 1 5 min). The pellet s were resuspende d i n son-

ication buffe r (3 0 mL of: 0. 1 M  potassium phosphat e buffe r a t p H 7.4 containin g 20% 

glycerol (vlv) and 6 mM magnesium acetate). The cells were further lyzed by sonication 

(7 times at 60% duty cycle and power 8 for 20 s each time) after addition of leupeptin (1 

ug/mL), aprotinin (0.04 ug/mL), bestatin (1 \IM)  and ft-mercaptoethanol (20 mM) . A salt-

ice bath was applied to keep the mixture cool. Following centrifugation (10 000 g for 20 

min and 75 000 gf for 60 min at 4°C), the supernatant was loaded onto the nickel affinity 

column (1 mL) equilibrated with buffe r C  (20 mvi potassium phosphate buffe r at pH 7.4 

containing 20 % glycerol , 2  g/ L 3-{(3-cholamidopropyl)dimethylammonio]-1-pro -

panesulfonate (CHAPS) , and 0.5 M potassiu m chloride), and buffer D  (buffer C contain-

ing 10 mM (J-mercaptoethanol). The column was washed with buffer D  (10 mL) and buf-

fer E  (10 mL of: 20 mM potassium phosphat e buffe r a t pH 7.4 containing 20% glycerol 

{vlv), 0.5 M potassium chloride, and 10 mvi B-mercaptoethanol). The protein was eluted 
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with buffer E without R-mercaptoethano l bu t containing imidazole (200 mM). The colored 
fractions were pooled and dialyzed for 4 h  against buffer F  (2 * 4  L of 10 mM potassium 
phosphate buffe r a t pH 7.4 containin g 0.13 m M EDTA and 0.1 rr M DTT). The fractions 
containing 50 kDa proteins were identifie d b y SDS-PAGE (Homogeneous 12.5%) . The 
overall yield was calculated to be 0.563 mg/L. 

Expression and purification of His-tagged CYP3A4 

CYP3A4 was expressed using a modification o f the procedure used by Domansk i 

et a\} Th e plasmid was transformed into Escherichia coli  DH5oc supercompetent cells, 

and th e cell s grow n overnigh t o n L B aga r plate s wit h ampicilli n (5 0 ng/mL) . Culture 

tubes containin g L B medi a supplemente d wit h ampicilli n (5 0 |jg/mL ) wer e inoculate d 

next. After 24 h of growth at 37°C with shaking at 250 rpm, 10 flasks of 750 mL TB me-

dium containing ampicillin (50 (xg/mL) were inoculate d each with 3  intermediate cultur e 

tubes. The flasks were placed at 37°C with shaking at 250 rpm for 2 h (i.e. until OD600 = 

0.6), after which protein expression was induced with IPTG (1 mM) followed by addition 

of 8-AL A (8 0 mg/mL) . The incubatio n temperature wa s reduce d to 30°C , with shakin g 

set to 190 rpm for 48 h . The cells were collected by centrifugation at 4000 g and 4°C for 

15 min . The pellet s wer e resuspende d i n buffe r A  (5 0 m L of : 10 0 m M 3-[A/-morpho-

lino]propanesulfonic acid ] (MOPS) a t pH 8 containing 10 % glycerol, 1  mM EDTA, 2  mM 

phenylmethanesulfonyl fluorid e (PMSF)) . Al l subsequen t procedure s wer e performe d 

at 4°C. Lysozyme (1 0 mg/ g of cells) was added, and the suspension was stirred slowly 

for 1 5 min , afte r whic h th e suspensio n wa s supplemente d wit h proteas e inhibitor s 

(1.6 ng/mL leupeptin, 1 |ag/mL aprotinin, 0.8 |j.g/mL bestatin, and 0.7 ng/mL pepstatin A). 

The suspensio n wa s the n sonicate d o n a n ice-sal t bat h a t 60 % and powe r 8 . After 2 

sonication cycles of 20 s each, the suspension was centrifuged at 100 000 g for 60 min. 

The supernatant was remove d and the pellet s resuspende d i n buffer B  (10 mL of: 10 0 

mM MOPS a t p H 7.4 , containin g 10 % glycerol an d 2  rr M PMSF). CHAPS (0.5% ) and 

potassium chloride (0.5 M) were then added. Cells were homogenized and gently stirre d 

for 2  h  befor e centrifugatio n ( 1 h  a t 10 0 000 gr) . Thi s CHAPS-solubilize d P45 0 

preparation was then stored at -80°C until the next step. 

The His-tagge d protei n was purifie d b y affinity colum n chromatograph y usin g the 
Ni-NTA meta l affinity resi n (1. 5 mL) , pre-equilibrated wit h 5  bed volumes o f EQ-buffe r 
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(buffer B  containing 0.5 % CHAPS , 0.5 M  KCI, and 5  m M imidazole) a t a  flow rat e o f 
0.5 mL/min . The P45 0 preparation was then loade d onto the column at the same flow 
rate. The column was washed with 1 0 bed volumes of EQ-buffer , then with 1 0 bed vol-
umes of 10 0 mM MOPS buffer at pH 7.4 containing 10 % glycerol and 10 mM imidazole. 
The P45 0 was elute d i n EL-buffe r (10 0 rr M MOPS a t p H 7.4 containin g 10 % glycerol 
and 200 mv i imidazole). The orange-colored fractions were compared spectroscopicall y 
for protei n conten t an d b y SDS-PAG E (12.5 % homogeneou s gels ) fo r purit y assess -
ment. The fractions containing the CYP3A4 protein were pooled and dialyzed (twice 4 L 
of: 10 0 rr M MOPS buffe r a t pH 7.4 containin g 10 % glycerol, 0.2 rr M dithiothreitol and 
1 mM EDTA) a t 4°C. The sample was aliquoted and stored at -80°C . Th e overall yield 
was 0.6 mg per liter of culture. 

Quantification of P450 enzymes 

The P450 content was measured by reduced carbon monoxide difference spectra 
following the method described by Omura and Sato2. Thus heme was reduced by addi-
tion of a few solid grains of sodium dithionite (Na2S204) in quartz cuvettes containing the 
buffered enzyme solution , and formation o f the enzyme-carbon monoxid e complex was 
achieved b y slow bubbling of CO gas into the reduced enzyme solution for about 20 s. 
The U V absorptio n spectr a wa s recorded , and th e concentratio n o f P45 0 wa s deter -
mined using the extinction coefficient £450 = 91 mM" 1 cm"1. 

Cytochrome P450 reductase (CPR) expression and purification 

E. coli  DH5 a supercompeten t cell s wer e transformed wit h the cytochrom e P45 0 

reductase OR263 plasmid and spread onto L B medium agar plate containing ampiciliin 

(100 mg/L) and incubated overnight at 37°C. Four separate colonies were added to LB 

medium ( 6 mL ) containin g ampicili n (10 0 mg/L) . The cultur e was incubate d overnigh t 

(225 rpm, 37°C, 17 h ) before dilution i n TB (3 mL in 1  L) supplemente d with ampiciliin 

(100 mg/L) and riboflavin ( 1 mg/L). CP R expression wa s induced with IPT G (0.5 M) at 

OD6oo ~ 0.8 (~ 3 h  at 37°C and 225 rpm) . The cultures were furthe r grown a t 37°C for 

20 h. Unless mentioned otherwise, all the steps in the protein purificatio n were carried at 

4°C and storag e was at -80°C . Cell s were collected by centrifugation (461 4 g,  25 min) 

and the harveste d cell s (46. 8 g ) were resuspende d i n TSE buffe r (6 0 mL) . Lysozyme 
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(1.2 mg ) wa s adde d an d th e mixtur e wa s incubate d fo r 2 0 min . Afte r centrifugatio n 
(3000 g, 30 min), the pellet was lysed for 20 min in lysis buffer (60 ml_, containing 50 mM 
Tris base at pH 8.0, 0.5 M  EDTA, 1 0 mg/L aprotinin, and 1  mM PMSF). The cells were 
further sonicated 7 times at 60% duty cycle and power 8 for 30 s each time with salt-ice 

bath coolirg . Centrifugation (1 2 000 g,  10 min, 4°C) was use d to remove the superna-
tant and the pellet was sonicated again in the same matter. After the second centrifuga-
tion, th e tw o batche s o f supernatan t wer e combine d an d suspende d i n affinit y buffe r 
(120 mL of: 50 mM Tris base at pH 8.0 containing 10% glycerol (vlv), 0.1 % Triton X100 
(vlv), 0.1 mM EDTA, and 0.05 m M DTT). After another centrifugation (41 000 g, 45 min), 
PMSF ( 1 mM ) was added . A homogenou s solutio n wa s obtaine d afte r 3  h  of gentl e 
stirring. The protei n solution was applied to a 2',5' ADP Sepharose 4B column (16 mL) 
equilibrated wit h affinit y buffe r (6 0 mL) . Th e colum n wa s firs t washe d wit h buffe r A 
(40 mL of affinity buffe r containing 0.5 m M adenosine), followed by elution of the protein 
with buffe r B  (affinity buffe r containin g 2  m M adenosin e 2'-monophosphate (2'-AMP)) . 
The fractions containing the 70 kDa protein were pooled. The sample was loaded onto a 
fast flow DEAE Sepharose column (8 mL) equilibrated with DEAE-EQ buffer (100 mL of: 
0.2 M  potassium phosphat e buffe r a t p H 7. 4 containin g 20 % glycero l lylv)  and 1  g/L 
CHAPS), an d washed wit h buffe r C  (16 m L of : DEAE-E Q buffe r containin g 1 0 m M fi-
mercaptoethanol). The column was washed with buffer C (40 mL) and eluted with a lin-
ear gradient increasin g from 0.1 to 0.5 M  potassium chloride i n buffer C . The fractions 
containing the 70 kDa protein were identified by SDS-PAGE (homogeneous 12.5% ) and 
dialyzed against buffer G (1 L of 0.1 M potassium phosphate buffer at pH 7.4 containing 
20% glycerol (vlv). The overall yield was calculated to be 0.643 mg/L. 

CPR concentration and activity assay 

The concentration o f CPR was determined b y oxidation with potassiu m ferricyan-

ide. An aliquot of CPR (130 uL ) was diluted i n 10 0 mM potassium phosphat e buffe r a t 

pH 7.6 (266 \iL) before addition of potassium ferricyanide (7 ^M). The concentration was 

calculated using an extinction coefficient of 21.2 mM "1 at 455 nm for the oxidized form of 

CPR. The activity of CPR was evaluated b y cytochrome c  reduction i n the presence of 

NADPH. The assay mixture contained CPR (0.5 |XM), cytochrome c (50 \XM), and NADPH 

6 



(100 pM) in 300 mM phosphate buffer at pH 7.6. The blank did not contain NADPH. Cyto-

chrome c reduction by CPR is revealed by absorption peaks at 520 and 550 nm. 

AMMC demethylation by CYP2D6 

AMMC was dissolved in acetonitrile. For the reference reaction, a mixture (300 uL) 

containing AMMC (20 0 uvi) , CPR (0.7 UM) , CYP2D6 (0.1 2 uvi ) in potassium phosphat e 

buffer (0.1 M a t pH 7.4) was incubated at 37°C for 5 min. The reaction was initiated with 

the addition of NADP H (0.8 3 mM) and monitored b y fluorescence (/U x = 390 nm, Aem = 

460 nm ) for 15-20 min. Blank reactions were performed in parallel without CYP2D6. 

Dextromethorphan demethylation by CYP2D6 

Dextromethorphan (DXM) was demethylated to dextrorphan (DXO) by CYP2D6 in 

the presenc e of cofactors CP R and NADPH or hydrogen peroxid e donors. In the refer-

ence reaction , the mixtur e (30 0 uL ) containing CYP2D 6 (20 0 rM) , CPR (825 nvi) , and 

DXM (167 |XM) in potassium phosphate buffer (0.1 M, pH 7.4) was incubated for 5 min at 

37°C. The reaction was initiated with the addition of NADPH (3 mM) and incubated for 1 

or 4 h  at 250 rpm and 37°C. The reaction was quenched with 23% (vlv) perchloric acid 

(100 uL). For the reactions with the hydrogen peroxid e donors , CYP2D6 (20 0 rM ) and 

DXM (167 u.M with SPB, SPC, or UHP, and 100 UM with CHP or tBHP) and the mixture 

did no t contain CPR/NADPH. The reactions wer e initiate d by one of different hydroge n 

peroxide donors (10 mM to 100 mM) or organic peroxides (0.1 mM to 2.5 mM) . The reac-

tion was quenched with 23% (vlv) perchloric acid (100 uL) after incubated for 2 or 4 h at 

250 rp m and 37°C. The rang e o f concentrations use d for hydroge n peroxide , cumene 

hydroperoxide and terf-butyl hydroperoxide was 0.25 mM to 2.5 mM. The quenched mix-

tures were centrifuged (16000 g, 10 min). The supematants were filtered through 0.2 ̂ M 

Teflon filter units before HPLC analysis. Blank reactions without CYP2D6 were carried in 

parallel. 

Quantification of 6p -hydroxytestosterone 

Quantification o f the 6p-hydroxytestosterone formed during the enzymatic reaction 

was achieve d wit h a  calibration curv e obtaine d b y spiking th e incubatio n mixtur e (n o 

CYP) with 6|3-hydroxytestosterone an d cortexolone as the internal standard. Concentra-
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tions ranging from 0.5 to 5 nmol/mL were used for the calibration curve which was gen-

erated b y plotting the area rati o (6|3-hydroxytestosterone/cortexolone ) agains t th e con-

centration o f 6p-hydroxytestosterone. A linear regression plo t of peak-area rati o versus 

concentration wa s constructe d an d the concentratio n o f 6|3-hydroxytestosteron e deter -

mined from the peak-area ratio relative to the calibration graph. 

Testosterone hydroxylation assays for CYP3A4 

The reaction mixtures (300 |iL) were prepared by mixing CYP3A4 (580 pmol, 50 |xL 

of a 3.5 u. M enzyme solution) and testosterone (115 HM ) i n potassium phosphate buffe r 

(100 ITM , p H 7.4). The referenc e reactio n containe d the same component s plu s CPR 

(1.5 nmol) . The molar ratio of CYP3A4:CPR of 1:4 was selected with regard to near op-

timal activit y a s shown b y the study o f Wan g et.  Al. 3 After 5  min o f preincubatio n a t 

37°C, th e reactio n wa s initiate d usin g variou s concentration s o f SPC , SPB , UHP , 

CuOOH, /BuOOH, or aqueous H202, and NADPH (1 mM) for the reference reaction. After 

addition o f the solid SPC, SPB or UHP, the reaction mixtur e was no t immediately sha-

ken, to allow the slow release of the hydroge n peroxide as the dissolution occurred. Af-

ter 1 5 min the mixture was homogenized b y gentle shaking. The reaction was termina-

ted after 1  h of incubation at 37°C by addition of methylene chloride (500 nL total) imme-

diately followed by introduction o f the interna l standard cortexolone (1 5 \iL  of a  200 nl_ 

solution in methanol). The sample was vigorously vortexed, the layers separated by cen-

trifugation (1500 g for 2 min), and the organic layer was transferred to a dry vial. The ex-

traction was repeated twice with CH2CI2 (500 nl_), and the pooled organic extracts were 

evaporated to dryness usin g a  roto-evaporator . Th e residu e was redissolve d i n HPLC-

grade methanol (150 ul), vigorously vortexed, sonicated and filtered through a polypro-

pylene syring e filters (0. 2 u. m pore size , Nationa l Scientifi c Company ) befor e injection 

on the HPLC. The identit y o f the product s was established by co-elution with authentic 

standards and by mass spectroscopy. The blank incubation assays were lacking either 

CYP an d NADPH , or th e peroxid e surrogates , an d di d no t sho w an y detectabl e pro -

ducts. The extraction efficiency , o r recovery , o f this procedur e was estimated by com-

paring the peak-are a o f extracte d standard s t o those o f non-extracte d standards , and 

was superior to 96% for both 6(3-hydroxytestosterone and testosterone at the concentra-

tions used. 
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Effect of  the  buffer  in  reactions  with  sodium percarbonate: I n orde r t o evaluat e th e 
importance o f th e buffe r compositio n fo r th e reactio n wit h SPC , th e experimen t wa s 
repeated using the conditions described above bu t in 1 2 different buffers : 3 potassium 
phosphate concentrations (0.5 M, 0.75 M  and 1 M), and 4 pHs for each (6.0, 6.5, 7.0 and 
7.5). 

Table S1: Effect of the buffer in CYP3A4 reactions with sodium percarbonate. 

Potassium phosphate 

concentration 

500 mM 

750 mM 

1 M 

PH 

6.0 

6.5 

7.0 

7.5 

6.0 

6.5 

7.0 

7.5 

6.0 

6.5 

7.0 

7.5 

% of the activity 

with CPR/NADPH 

86 ±2.2 

78 ± 4.3 

86 ±2.8 

15 ± 1.5 

61 ±6.6 

82 ±8.1 

99 ±4.7 

63 ± 3.7 

54 ±4.1 

81 ±5.8 

119±3.4 

77 ± 2.4 

1 T. L . Domanski , J. Liu, G. R. Harlow, J. R. Halpert , Arch. Biochem.  Biophys.  1998 , 350,  223-232. 

2 T. Omura, R. Sato, J. Biol. Chem. 1964 , 239,  2370-2378 . 

3 H. Wang, R. Dick, H. Yin, E. Licad-Coles, D. L. Kroetz, G. Szklarz, G. Harlow, J. R. Halpert , M. A. 

Correia, Biochem.  1998 , 37, 12536-12545. 
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ABSTRACT: Several limitations have restricted the use of 
P450 enzymes in synthesis, including the narrow substrate 
specificity of some P450 isoforms, the need for a redox 
partner and an expensive cofactor, incompatibility with 
organic solvents, and poor stability. We previously demon
strated that the natural redox partner and cofactor of the 
promiscuous P450s 3A4 and 2D6 can be efficiently sub
stituted with some cheap hydrogen peroxide donors or 
organic peroxides. We report here that P450 2D6 maintains 
as much as 76% of its activity when used in buffer/organic 
emulsions. Product formation in biphasic solvent systems is 
comparable whether the natural redox partner and cofactor 
are used, or a surrogate. As reported for other enzymes, a 
correlation is observed between the log/5 and the suitability 
of a solvent for enzymatic activity. Moreover, the utility of 
our system was established by demonstrating the transfor
mation of a novel hydrophobic substrate, not modified by 
P450 2D6 in the absence of organic solvent. 
Biolechnol. Bioeng. 2007;98: 508-513. 
© 2007 Wiley Periodicals, Inc. 
KEYWORDS: biocatalysf, biphasic; CYP; hydroxylation; 
organic; solvent 

Introduction 
P450 enzymes (P450s, CYPs) have attracted the interest of 
chemists in part because of their impressive ability to 
catalyze the insertion of oxygen into inactivated C-H bonds 
(van Beilen and Funhoff, 2005). Very few chemical catalysts 
are known that directly hydroxylate aliphatic or aromatic 
C-H bonds, and most are not selective or of limited scope 
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(Crabtree, 2004; Das et al., 2006; Li and Chang, 2004). 
Biocatalysts such as P450s represent a promising alternative; 
however, a number of limitations have restricted their use in 
synthesis. These include the narrow substrate specificity of 
some P450 isoforms, the need for one or more redox 
partners and NAD(P)H, incompatibility with organic 
solvents, low activity, and poor stability. Unlike lipases 
and esterases for which significant progresses have been 
achieved to overcome the drawbacks associated with their 
handling (Gotor-Fernandez et al., 2006; Straathof et al., 
2002), little advancements have been made with oxidor-
eductases such as P450s (Biihler and Schmid, 2004; Chefson 
and Auclair, 2006; Gillam, 2005; Urlacher and Eiben, 2006). 
Most of the work with purified P450s has focused on 
bacterial enzymes and was aimed at modulating substrate 
specificity and improving stability (Bernhardt, 2006; Eiben 
et al., 2006). A few investigations concerning the activity of 
P450s in organic solvents have been reported. Carbon 
tetrachloride (Manno et al., 1988) and halothane (Manno 
et al., 1991) were shown to inactivate human liver 
microsomal P450s by irreversibly modifying the heme 
cofactor. A similar inactivation process was observed with 
N,N-dimethylformamide and N,N-dimethylacetamide 
(Tolando et al., 2001). Small percentages of commonly 
used water soluble organic solvents such as acetonitrile and 
methanol produce a significant inhibition of the activity of 
human P450s (Busby et al., 1999; Easterbrook et al., 2001; 
Hickman et al., 1998). Directed evolution has been used to 
engineer bacterial P450-BM3 for improved tolerance to 
organic solvents (Wong et al. 2004). The activity of the 
mutant enzyme increased 10-fold in the presence of THF 
(2% v/v) and 6-fold when DMSO (25% v/v) was added, 
compared to the wild-type enzyme. Molecular dynamics 
simulations of P450 BM-3 in DMSO/water mixtures suggest 
a conformational shift blocking the substrate access channel 
(Roccatano et al., 2005). Mutants of P450 102A1 were 
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prepared that catalyze the hydroxylation of cyclohexane, 
octane and myristic acid in biphasic solvent systems with 
cofactor recycling (Maurer et al., 2005). Finally, P450 
2B1 was the first mammalian P450 laboratory-evolved to 
generate a mutant with enhanced catalytic tolerance to 
DMSO (Kumar et al., 2006). Two mechanisms have been 
proposed to explain the deactivation of enzymes by organic 
solvents, protein denaturation and displacement of enzyme-
bound water molecules (Burke et al., 1992; Gorman and 
Dordick, 1992; Schulze and Klibanov, 1991; Zaks and 
Klibanov, 1988a,b). 

Substrate promiscuity and the ability to show activity in 
the presence of organic solvents and in the absence of 
biological cofactors are great assets for biocatalysts. We have 
selected the very promiscuous human P450 2D6 to 
overcome the substrate specificity issue. We recently 
reported that the cheap reagents cumene hydroperoxide 
and terf-butylhydroperoxide can be used with P450 2D6 to 
efficiently replace its natural redox partner cytochrome P450 
reductase (CPR), and cofactor nicotinamide adenine 
dinucleotide phosphate (NADPH) (Chefson et al., 2006). 
We report here that P450 2D6 shows very good activity with 
CPR/NADPH or cumene hydroperoxide in selected biphasic 
solvent systems. 

Results an d Discussio n 

Choice of Substrates 

Most of the commercial substrates of mammalian P450 2D6 
were discovered through drug metabolism studies and are 
therefore water soluble (Rendic, 2002). The majority of 
synthetic projects however, involve molecules insoluble in 
water. It was envisaged to use both water soluble and 
insoluble substrates to investigate the behavior of P450 2D6 
in biphasic solvent systems. Based on previous studies 
(Chauret et al., 2001; Onderwater et al., 1999), we designed 
the P450 2D6 substrate 7-benzyloxy-4-AT,N-diethylamino-
methyl-coumarin (BDAC). The P450 2D6 substrate BDAC 
was prepared using modified literature procedures (Smitha 
and Reddy, 2004), (see supporting information for more 
details). BDAC is not soluble in water but highly soluble in 
chloroform and acetonitrile, and slightly soluble in hexane 
and isooctane. This contrasts well with the known P450 2D6 
substrate dextromethorphan which is soluble in water but 
poorly soluble in non-halogenated hydrophobic organic 
solvents. 

Transformation of Dextromethorphan and 
BDAC by P450 2D6 in Buffer 

HPLC analysis confirmed that the O-demethylation of 
dextromethorphan to dextrorphan by P450 2D6 proceeds 
well in buffer in the presence of either CPR/NADPH or 
cumene hydroperoxide. With BDAC however, no product 

was detected in the absence of organic solvent, likely due 
to a lack of solubility of this substrate in water. When 
acetonitrile (5%) was added to the buffer; however, BDAC 
was N-deethylated to 7-benzyloxy-4-N-ethylaminomethyl-
coumarin (BEAC) by P450 2D6 (Fig. 1). The yield was 
comparable whether the natural redox partner and cofactor, 
or the surrogate cumene hydroperoxide were used. The 
expected product of 7-O-debenzylation (4-N,N-diethyla-
minomethyl-coumarin, DAC) was not detected. Besides 
BEAC, the only other product was minor (<5%, retention 
time of 13.1 min, too small to be visible on Fig. IB). 
Although the reaction of P450 2D6 with these two substrates 
result in overall dealkylations, the major catalytic role of 
the enzyme in these transformations is to hydroxylate the 
carbon adjacent to the heteroatom and yield an unstable 
hemiacetal (dextromethorphan) or hemiaminal (BDAC). 
These functional groups are known to be unstable and 
spontaneously break down to the corresponding aldehyde, 
and alcohol or amine. Therefore, even though these assays 
do not allow the direct assessment of the enzyme 
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stereoselectivity, they are a valid example of P450 hydro-
xylations and provide a rapid means for measuring activity. 

Optimization o f the Amoun t o f CHP Use d to Suppor t 
P450 2D6 Activit y i n Buffer/Organic Solven t Emulsion s 

Preliminary investigations of the P450 2D6-catalyzed 
transformations of dextromethorphan or BDAC in buffer/ 
hexane or buffer/isooctane emulsions revealed minimal 
losses in activity. Buffer/isooctane 2/1 emulsions were next 
used to optimize the concentration of cumene hydroper
oxide. The cumene hydroperoxide-supported activity of 
P450 2D6 is susceptible to enzyme deactivation by the 
peroxide. In biphasic solvent systems, partitioning of the 
peroxide between the two phases and enzyme denaturation 
by the solvent are also key factors. For dextromethorphan, a 
substrate soluble in buffer, 0.1 mM cumene hydroperoxide 
was optimal in the presence of organic solvents, which is 
comparable to the optimal amount needed in buffer alone 
(Chefson et al., 2006), (Fig. 2A). For the hydrophobic 
substrate BDAC however, cumene hydroperoxide was 
optimized at 5 mM (Fig. 2B). We suspect that this difference 
may be the result of higher uncoupling rates with BDAC 
leading to increased consumption of CHP. This is expected 
based on the fact that BDAC is a poorer substrate compared 
to DXM and/or present near the enzyme at lower local 
concentration due to its lower solubility in buffer. 
Interestingly, the activity was less sensitive to the amount 
of cumene hydroperoxide in the presence of organic solvents 
than in its absence. The ability of excess cumene 
hydroperoxide to partition into the isooctane phase 
contributes to increased stability of the enzyme in the 
presence of the peroxide. This is consistent with our 
previous observation that a slow release of hydrogen 
peroxide from sodium percarbonate favors P450 catalysis 
over inactivation by the peroxide (Chefson et al., 2006). 

Comparison o f the P45 0 2D6 Activit y a t Differen t 
Isooctane/Buffer Volum e Ratios , With th e Natural 
Cofactor an d Redo x Partner , o r With a  Surrogat e 

As mentioned above, we recently reported that the cheap 
reagents cumene hydroperoxide, tert-butyl  hydroperoxide 

F i g u r e 2 . A : Effect o f the concentratio n o f cumen e hydroperoxid e (CHP ) on th e 
production o f dextrorphan (DX0 ) from dextromethorpha n (DXM , 100 nM] b y P450 2D6 
(0.2 (iM ) i n differen t biphasi c solven t system s (1/ 2 v/ v ratios ) afte r 1  h a t 37°C an d 
200 rpm . Key : ( # ) buffe r alone ; ( T ) isooctane/buffer ; ( • ) hexane/buffer ; ( • ) 
pentane/buffer; an d (A ) cyclohexane/buffer . B : Effec t o f th e concentratio n o f CH P 
on th e productio n o f 7-benzyloxy-4-W-ethylaminomethyl-coumari n (BEAC ) fro m 7 -
benzyloxy-4-W,W-diethylaminomethyl-coumarin (BDAC ) b y P45 0 2D 6 (0. 2 \LM)  i n iso -
octane/buffer (1/ 2 v/ v ratio ) afte r 2  h  a t 37° C an d 20 0 rpm . C : Effec t o f differen t 
isooctane/buffer volum e ratio s o n the activity o f P450 206 (0.2 |xM) with DX M (100 p-M ) 
supported b y (A) CPR/NADP H (0. 6 p.M/1.6 mM) or ( • ) CH P (0.1 mM), after 1  h  at37° C 
and 200 rpm. D: Effect of different isooctane/buffe r volum e ratio s on the transformatio n 
of BDAC to BEA C by P450 2D6 (0.2 |iM) supporte d b y CHP (2.0 mM), and incubated fo r 
2 h at 37°C and 200 rpm. The buffer use d in all cases was potassium phosphat e (20 0 (iL, 
0.1 M , p H 7.4) . The experiment s wer e carrie d ou t i n duplicate . 

and sodium percarbonate can be used to replace the redox 
partner and the expensive cofactor of human P450 2D6. 
Moreover the P450 2D6 activity observed in the presence of 
small amounts of cumene hydroperoxide is two fold 
superior to that in the presence of CPR and NADPH 
(Chefson et al., 2006). To verify that this also applies in 
biphasic solvent systems, we compared the P450 2D6 activity 
in buffer/isooctane with cumene hydroperoxide or CPR/ 
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NADPH. As shown on Figure 2C, both the natural and the 
chemical cofactors supported P450 2D6-catalyzed dextro
methorphan O-demethylation. This suggests that both P450 
2D6 and CPR tolerate isooctane. Interestingly, reactions 
with cumene hydroperoxide were slightly more sensitive to 
the amount of organic solvent added than those with CPR/ 
NADPH (higher slope). This may be explained by the 
partitioning of cumene hydroperoxide in isooctane (away 
from the enzyme). A steady yet slow access to cumene 
hydroperoxide is important to maximize enzymatic activity 
and minimize degradation. 

When the isooctane/buffer volume ratio was varied, the 
amount of product formed decreased as the percentage of 
isooctane was increased with the water soluble substrate 
dextromethorphan (Fig. 2C). This is likely the effect of 
enzyme denaturation by the solvent. In contrast, with the 
hydrophobic solvent BDAC the addition of isooctane was 
beneficial until it reached 50% (Fig. 2D). The different 
behavior observed with these two substrates can be 
explained by the difference in solubility. 

Effect of the Choic e of Organic Solvent for P450 2D6 
Activity i n Biphasic Reaction Systems 

The activity of P450 2D6 in different biphasic solvent 
systems was evaluated after 1 h of reaction and compared to 
the activity in buffer alone. The results with the substrate 
dextromethorphan (Fig. 3A) suggest rapid inactivation of 
P450 2D6 in the presence of aromatic or halogenated 
solvents. The enzyme precipitated within minutes of 
exposure and negligible amounts of product were detected. 
Halogenated solvents have been reported to form reactive 
radical intermediates in the presence of P450s, and 
deactivate the enzyme by transforming the heme moiety 
(Manno et al., 1988). Alkanes and ethers on the other hand 
did not eliminate enzymatic activity. After 1 h of reaction 
in isooctane/buffer emulsions, the amount of product 
(6.6 u,M) was a little over half that of the reaction in buffer 
alone (13.0 JJLM). The regioselectivity of the reaction was not 
affected noticeably. 

In the absence of organic solvent, debenzylation of the 
synthetic substrate BDAC by P450 2D6 was below the 
detection limit. The solvent leading to the best product yield 
was isooctane with 0.13 u,M of BEAC. Here again, isooctane, 
hexane, and cyclohexane were the most promising solvents, 
whereas dichloromethane inhibited enzymatic activity 
(Fig. 3B). 

A number of groups have reported a correlation between 
solvent hydrophobicity and enzyme activity (Carrea and 
Riva, 2000; Filho et al., 2003; Pace et al, 2004) or cell 
viability (Laane et al., 1985) in biphasic solvent systems. The 
enzymatic activities reported here were plotted as a function 
of different physical properties of the organic solvents (Fig. 4 
shows a few selected properties). For both substrates tested, 
our results reveal a correlation between the enzyme activity 

F i g u r e 3 . Concentratio n o f produc t forme d b y P45 0 2D 6 i n th e presenc e o f 
different biphasic solven t systems. A: The formation of the product dextrorphan (DX0) 
is monitore d fro m a  reactio n consistin g o f P45 0 2D 6 (0. 2 |±M) , dextromethorpha n 
(100 u.M) and cumene hydroperoxide (0.1 mM) in potassium phosphate buffer (200 p i , 
0.1 M, pH 7.4) and organic solvent (100 u l ). The emulsions were incubated at 37°C and 
200 rpm for 1  h. B: The formation o f the produc t 7-benzyloxy-4-/V-ethylaminomethyl -
coumarin (BEAC ) i s monitore d fro m a  reaction consistin g o f P45 0 2D6 (0.2 |iM) an d 
cumene hydroperoxide (0.1 mM) in potassium phosphate buffer (200 p i, 0.1 M, pH 7.4) 
to which BDAC {100 u,M) was added as a solution in the organic solvent (100 u.L). The 
emulsion was incubate d a t 37 C  and 200 rpm for 2  h. The result s ar e average s fro m 
triplicates. 

and the log? of the solvent used in the biphasic reaction 
systems. 

Initial Rates and Maximum Turnover Numbers 

The kinetics of P450 2D6-catalyzed dextromethorphan 
dealkylation in 2/1 buffer/isooctane emulsions were 
investigated in the presence of cumene hydroperoxide 
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Activity (% ) 

Figure 4 . Activit y of P450 2D6 (0.2 (iM) in buffer/solvent emulsions (2/1, total of 
300 |il), correlated to different properties of the organic solvents: ( •) densit y in g/mL, 
(A) dielectric constant, and (T logPwith the substrate dextromethorphan (100 |xM), 
and (X) logPwith the substrate BDAC (100 |AM). The reaction conditions were the 
same as for Figure 3. 

(Table I). As expected, the total turnover number (TTN, 
defined here as the number of mole of substrate that a mole 
of catalyst can convert before becoming inactivated, with 
units of (jimol of product per u,mol of enzyme) for the 
reaction in the biphasic system (70 ± 5 u,molu.mol-1) was 
slightly lower than that in buffer (92 ± 2 (jimol|xmol_1), 
likely due to enzyme denaturation by the organic solvent. 
This represents 76% remaining activity. In terms of enzyme 
stability, the cumene hydroperoxide-supported activity of 
P450 2D6 decreased below 20% after ~90 min in pure 
buffer, but after only 60 min in a buffer/isooctane emulsion. 
In other words, the addition of isooctane results in a 
reduction of the enzyme stability by ~30 min. On the other 
hand, the initial rate measured with cumene hydroperoxide 
was higher in the buffer/isooctane biphasic system (6.4 ± 
0.2 u,molu,mol-1min_1) than in pure buffer (4.7 ± 

Table I. Initial rates and total turnover numbers (TTNs) for the 
formation of dextromethorphan catalyzed by P450 2D6 with the surrogate 
cumene hydroperoxide in either buffer alone or isooctane/buffer biphasic 
system. 

In buffer' In isooctane/buffer 

Initial rate (min~T 4.7 ± 0.3 
TTN (u.molu,mor')b 92 ± 2 

6.4 ±0.2 
70 ± 5 

"The initial rate is the number of |xmol of product formed per junol of 
enzyme per minute. 

"The TTN is defined here as the number of mole of substrate that a mole 
of catalyst can convert before becoming inactivated, with units of u.mol of 
product per u,mol of enzyme. 

These results were published earlier by Chefson et al. (2006). 
dP450 2D6 (0.2 u,M), the substrate dextromethorphan (100 u,M), and 

cumene hydroperoxide (0.1 mM) in potassium phosphate buffer (10 mM, 
pH 7.4, 200 u,L) and isooctane (100 u,L) were incubated at 37°C and 
200 rpm for up to 2 h. 

0.3 u,molu,mol_1min_1), suggesting that partitioning of 
cumene hydroperoxide between the two layers may ensure a 
steady source of oxidant to the enzyme, yet slow enough to 
minimize reaction with the heme group. As proposed above, 
the organic solvent may moderate the effects of cumene 
hydroperoxide on the enzyme. 

CD Results 

We hypothesized that the decreased activity observed could 
correlate with changes in the protein folding and be reflected 
in the secondary structure elements. Circular dichroism was 
used to monitor the overall percentages of helices, beta-
sheets and turns, and random coils. The effect of shaking 
P450 2D6 in biphasic solvent systems containing either 
isooctane or dichloromethane was investigated over time. 
For the control reaction in buffer the percentage of each of 
the secondary structures remained constant over 2 h and 
enzyme precipitation was not observed during that time. 
Dichloromethane (33%), a solvent that inhibits P450 2D6 
activity, precipitated the enzyme within minutes, which 
prohibited CD analysis. In the presence of 33% isooctane, 
no effect could be detected on the secondary structure; 
however, the enzyme started to precipitate after 60 min. The 
inability to detect changes in the secondary structure of P450 
2D6 in the presence of solvents may be explained by a rapid 
aggregation and precipitation following enzyme unfolding. 

P450 enzymes have an enormous potential as biocatalysts; 
however, their use has been limited because of the narrow 
substrate specificity of some isoforms, need for a redox 
partner and a cofactor, incompatibility with organic solvents 
and low stability. The results presented here combined with 
our earlier studies (Chefson et al., 2006) overcome three of 
these drawbacks. By selecting the promiscuous P450 2D6 we 
expect that numerous organic molecules will be substrates of 
this enzyme. We previously reported that cumene hydro
peroxide is a highly efficient replacement for the natural 
redox partner and the cofactor of P450 2D6 in buffer. Here 
we demonstrate that this applies in the presence of organic 
solvents as well. We also report that in 2/1 buffer/isooctane 
emulsions, this enzyme catalyzes the transformation of the 
water soluble substrate dextromethorphan or the hydro
phobic substrate BDAC, with comparable activity whether 
the natural redox partner and cofactor, or the surrogate 
cumene hydroperoxide are used. This establishes the utility 
of our system since BDAC is not transformed significantly in 
the absence of organic solvent. Under optimized biphasic 
conditions, the TTN was >75% of that of the natural system 
(with CPR/NADPH and in buffer). Although the use of 
purified P450 2D6 enzymes in industry remains impractical, 
our results represent one important step towards this goal. 
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Chemicals and instruments 

Dextromethorphan, dextrorphan, 3-methoxymorphinan, NADPH, trifluoroacetic acid 

(TFA), cumene hydroperoxide (CHP), L-a-phosphatidylcholine, l,2-di[cis-9-

octadecenoyl]-sn-glycero-3-phosphocholine, and 2,2,4-trimethylpentane (isooctane) were 

purchased from Sigma-Aldrich (Montreal, QC, Canada). Chloroform, 1,2-dichloroethane, 

xylenes, toluene, hexane, pentane and HPLC grade acetonitrile were from Fisher 

(Nepean, ON, Canada). Dichloromethane was purchased from EMD Chemicals Inc. 

(Cincinnati, OH). Water was obtained from a Milli-Q Synthesis filtration system 

(Millipore, San Jose, CA). All chemicals were used without further purification. 

An Agilent 1100 modular system equipped with an auto-sampler, a quaternary 

pump system, a photodiode-array detector, a fluorescence detector, and a thermostated 
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column compartment was operated for HPLC analyses. UV absorption spectra were 

recorded using a Cary 5000 UV spectrophotometer (Varian, Mississauga, ON, Canada). 

LC-MS analyses were performed on a Finnigan LCQDUO mass spectrometer from 

Thermo Separation Products including LC pump P4000 and UV spectrophotometer 

UV2000. Circular Dichroism spectra were recorded on a Jasco J-810 spectropolarimeter 

(Jasco Inc., Easton, MD) in rectangular 1 mm quartz cuvettes (Starna Cell, Inc., 

Atascadero, CA). H and C NMR spectra were recorded on Varian Mercury 200 or 300 

spectrometers. The peak patterns are included as follows: s, singlet; d, doublet; t, triplet; 

q, quartet; dd, doublet of doublet; m, multiplet, etc. 

Synthesis o f th e substrat e 7-benzyloxy-4-7V,iV-diethylaminomethyl-coumarii i 

(BDAC). 

Scheme SI. (a) resorcinol, ZrCl4 (8%, in mol), 70°C, 3 hrs, 21%. (b) diethylamine, 60°C, 

48 hrs, 70%. (c) THF, NaH, 0°C, 1 hr; benzyl bromide and tetrabutylammonium iodide, 

70°C, 3 hrs, 45%. Details for specific steps are given below. 

7-Hydroxy-4-chloromethyl-coumarin 

2 



A mixture of ethyl 4-chloro-3-oxobutanoate (10 mmol) and resorcinol (10 mmol) was 

heated at 70°C in the presence of zirconium (IV) chloride (184 mg, 8% in mol), for 3 hrs. 

The mixture was then cooled to room temperature and ice cold water was added to afford 

a yellowish precipitate. The solid was collected by filtration, washed with ice cold water, 

dried and purified by flash chromatography (silica gel, 2:3 ethyl acetate:hexane) to obtain 

white crystals of the known 7-hydroxy-4-chloromethyl-coumarin (Smitha et al., 2004) in 

21% yield (442 mg). !H NMR (</6-DMSO) 8 10.65 (1H, s), 7.65 (1H, d, J= 9.0 Hz), 6.81 

(1H, dd, J= 9.0, 2.2 Hz), 6.73 (1H, d, J= 2.2 Hz), 6.4 (1H, s), 4.93 (2H, s); 13C NMR (d6-

DMSO) 8 162.20, 160.83, 155.98, 151.64, 127.16, 113.78, 111.71, 110.02, 103.22,42.05; 

ESMS Calc (C10H7CIO3, M+), 211.2, Obs 210.0. 

7-Hydroxy-4-7V,ALdiethylaminomethyI-coumarin 

7-Hydroxy-4-chloromethyl-coumarin (10 mmol) was added to diethylamine (5 mL). The 

resulting yellow solution was stirred under nitrogen for 48 hrs at 60°C. The mixture was 

evaporated in vacuo to afford a brown oil which was purified by flash chromatography 

(silica gel, chloroform followed by 1:1 ethyl acetate:hexane) to obtain the desired product 

as yellowish crystals. Yield 1.7 g, 70%. *H NMR (CDC13) 8 7.79 (1H, d,J= 8.8 Hz), 6.79 

(1H, dd, J= 8.8, 2.2 Hz), 6.71 (1H, d, J= 2.2 Hz), 6.39 (1H, s), 3,74 (1H, s), 2.62 (4H, q, 

/ - 7.2 Hz), 1,08 (6H, t, J= 7.2 Hz); 13C NMR (CDCI3) 8 163.26,160.51, 155.71, 155.47, 

126.07, 113.60, 112.40, 110.81, 103.57, 54.80, 47.86, 12.04; HRMS Calc (C14H17NO3, 

M+), 247.12084, Obs 247.12049. 

7-Benzyloxy-4-JV,Ar-diethylaminomethyl-coumarin (BDAC ) To a solution of 7-

hydroxy-4-Ar,Ar-diethylaminomethyl-coumarin (10 mmol) in anhydrous THF at 0°C, 
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sodium hydride (10 mmol) was slowly added. The mixture was stirred for 1 hr at room 

temperature. A homogeneous greenish-yellow solution was obtained. Benzyl bromide (10 

mmol) and tetrabutylammonium iodide (1 mmol) were added and the resulting mixture 

was stirred for 3 hrs at 70°C. THF was evaporated in vacuo and the residue was 

redissolved in a minimum of ethyl acetate. The organic phase was washed with saturated 

aqueous NaHC03, and with saturated aqueous NH4C1. It was dried over magnesium 

sulfate and concentred in vacuo. Flash chromatography (silica gel, 1:8 ethyl 

acetate:hexane followed by 1:2) afforded the desired compound in 45% yield (1.5 g, 

purity >99%.). lR NMR (CDC13) 8 7.76 (1H, d, J= 9.0 Hz,), 7.39 (5H, m), 6.91 (2H, m), 

6.44 (1H, s), 5.11 (2H, s), 3.63 (2H, s), 2.57 (4H, q, J= 6.6 Hz), 1.04 (6H, t, J= 6.6 Hz). 

13C NMR (CDCI3) 8  161.93, 161.69, 155.7, 154.41, 136.13, 128.96, 128.55, 127.72, 

125.93, 113.02, 112.95, 111.90, 101.11, 70.64, 54.89, 47.76, 12.08; MS Calc 

(C21H23N03, M+), 337.2, Obs 338.2. 

Enzyme expression and purificatio n 

P450 2D6 and cytochrome P450 reductase (CPR) were expressed and purified as 

previously described (Chefson et al., 2006). The use of lipids such as L-a-

phosphatidylcholine and/or l,2-di[cis-9-octadecenoyl]-sn-glycero-3-phosphocholine to 

reconstitute P450 2D6 was not necessary. The enzymatic activity was unchanged by the 

addition of lipids for reactions in pure buffer or in buffer/organic emulsions. 

Enzymatic assays 

The dextromethorphan stock solution (10 mM) was prepared in potassium phosphate 

buffer (0.1 M, pH 7.4). The BDAC stock solution was prepared in the same organic 
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solvent as used for the enzymatic reactions in biphasic solvent systems. P450 2D6 (0.2 

uM) and the desired substrate (dextromethorphan or BDAC, 100 uM) were mixed in 

potassium phosphate buffer (0.1 M, pH 7.4). Different volumes of organic solvents (20-

400 |J.L) were added before initiating the reaction with cofactors (0.6 uM CPR and 1.67 

mM NADPH, or 1 mM CHP). The biphasic reaction mixture (aqueous layer of 200 uL) 

was incubated for 60 min with dextromethorphan or 120 min with BDAC, at 37°C and 

200 rpm. The reaction vessels were positioned horizontally to maximize the turbulence. 

For total reaction volumes of 200-300 uL, vials of 650 uL were used, whereas vials of 1.5 

mL were more appropriate for mixtures of 400-600 uL. Perchloric acid (23% v/v, 10 uL) 

was added to precipitate the enzyme after reactions with dextromethorphan. The mixture 

was vortexed and left on ice for 5 min. A gentle stream of air was applied to remove the 

organic solvent. For assays with BDAC, the organic solvent was evaporated under a 

gentle stream of air, followed by addition of acetonitrile (200 uL) and vortexing to 

precipitate the enzyme. The samples were centrifuged at 10,000 rpm for 5 min before 

injection (5 uL) in the HPLC system. 

HPLC analysis to monitor the 0-dealkylation o f dextromethorphan by P450 2D6 

P450 2D6 

DXM D X 0 

Separation was achieved using a 250 x 4.60 mm Synergi 4 u Hydro-RP 80 A column 

with mobile phase A (0.1% TFA in water) and B (100% acetonitrile) at a flow rate of 0.2 

5 



mL/min, kept at 30°C. The initial mobile phase consisted of 50:50 A:B (v:v) and was 

linearly changed to 80:20 A:B over 20 min. The excitation and emission wavelengths of 

the fluorescence detector were set at 280 and 310 nm respectively. The retention times of 

dextrorphan, 3-methoxymorphinan and dextromethorphan were 13.4, 17.2, and 18.0 min, 

respectively. For product quantification, a calibration curve was prepared using 

dextrorphan samples that underwent the same treatment as the assay samples, and of 

concentrations ranging from 2.5 jiiM to 50 juM. 

HPLC analysis to monitor the JV-deethylation of DBAC by P450 2D6 

P450 2D6 

BDAC BEA C 

An Agilent 300 Extend-Cis, 4.6 x 250 mm, 5u column was used with mobile phase B 

(see above) and mobile phase C (0.05% TFA in water). Elution was performed with a 

linear gradient from 10:90 B:C to 40:60 over 10 min, kept at 40:60 for 2 min, and brought 

linearly to 10:90 over 3 min. The flow rate was 0.8 mL/min and the column was kept at 

22°C. Elution was monitored either by UV at 325 nm or by fluorescence with excitation 

at 350 nm and emission at 420 nm. The major product BEAC and the substrate BDAC 

eluted at 13.7 and 14.4 min, respectively. For product quantification, a calibration curve 

was prepared using dextrorphan samples that underwent the same treatment as the assay 

samples, and of concentrations ranging from 9 fiM to 225 JUM. 

6 



Measurement of initial rates and TTNs 

A set of mixtures of P450 2D6 (0.2 juM) and dextromethorphan (100 /AM) in potassium 

phosphate buffer (10 mM, pH 7.4, 200 JUL) and isooctane (100 fiL)  were pre-warmed at 

37°C for 3 min before initiation of the reaction with cumene hydroperoxide (0.1 mM). 

The mixtures were allowed to react at 37°C and 200 rpm for up to 2 hrs. Reactions were 

terminated with the addition of perchloric acid (23% v/v, 10 ptL). The same workup was 

performed as with other enzymatic assays (see above). Product formation was calculated 

after 25 sec, 40 sec, 1 min, 2 min, 5 min, 10 min, 30 min and 1 hr. (each in duplicate). A 

kinetic plot was drawn from the concentration of product formed as a function of time. 

The initial rate was determined from the slope of the first 5 points of this plot. The total 

turnover number (TTN) is defined here as "the number of mole of substrate that a mole of 

catalyst can convert before becoming inactivated", with units of jmiol of product per 

jiimol of enzyme. It is calculated when the kinetic plot reaches a plateau. 

CD analyses 

The samples (300 j^L) were prepared by diluting P450 2D6 (0.275 jiM)  in potassium 

phosphate buffer (10 mM, pH 7.4), with or without the substrate dextromethorphan (100 

uM). The samples to be shaken for 5 min or less were first brought to 37°C before 

addition of isooctane (100 /xL).  Isooctane (100 fiL)  was directly added to the other 

samples. After addition of the organic solvent, the biphasic mixtures were left at 37°C and 

200 rpm. The control samples did not contain isooctane. Each sample and control was 

prepared and analyzed in triplicate. After incubation, isooctane was evaporated under a 

gentle stream of air. The aqueous mixture was transferred to a 0.1cm pathlength CD 

cuvette and incubated for 5 min at 37°C before CD analysis. Spectra were obtained by 

7 



averaging 3 scans measured at a scan rate of 20 nm min", a time constant of 1 sec, and a 

bandwidth of 1 nm for both far and near UV, at 37°C. Blank spectra of the buffer (10 mM 

potassium phosphate at pH 7.4) were used to correct the experimental spectra. The 

spectra were converted into molar ellipticity units. Data points ranging from 190 to 240 

nm at 0.5 nm intervals were analyzed using the software CDPro (available at 

http://lamar.colostate.edu/~sreeram/CDPro/main.html) to obtain the percentage of each 

secondary structure. For simplicity, fractions of regular and distorted a-helices were 

combined together. The same applies to regular and distorted /3-strands, and turns. 

Reference: 

Chefson A, Zhao J, Auclair K. 2006. Replacement of natural cofactors by selected 

hydrogen peroxide donors or organic peroxides results in improved activity for 

CYP3A4 and CYP2D6. ChemBioChem 7:916-919. 

Smitha G, Reddy C H. 2004. ZrCU catalyzed Pechmann reaction: synthesis of coumarins 

under solvent free conditions. Synth Commun 34:3997-4003. 
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Abstract 

P450 enzymes are of great interest for drug metabolism and as potential biocatalysts. Like most P450s, purified CYP3A4 is normally handled and 
stored in solution because lyophilization greatly reduces its activity. We show here that colyophilization of this enzyme with sucrose or trehalose, 
but not mannitol, crown ethers or cyclodextrins, allow recovery of full enzymatic activity after rehydration. Sorbitol was almost as efficient, with 
85% retention of the original activity. We also show that similar protection is observed through colyophilization of CYP2D6 with trehalose. This 
procedure should greatly facilitate handling, storage, or use of these enzymes in anhydrous media. 
© 2007 Elsevier B.V. All rights reserved. 

Keywords: Biocatalyst; Cryoprotection; Freeze-drying; Lyophilization; P450; Saccharide 

1. Introductio n 

P450 enzymes (P450s, CYPs) have gained considerable 
attention amongst chemists for their unequalled catalytic prop
erties. Indeed, P450s have the impressive ability to catalyze the 
regio- and stereo-selective hydroxylation of inactivated C-H 
bonds. P450s are not only studied as potential novel biocata
lyst but also because of their importance in drug metabolism 
and interactions. The pharmaceutical industry uses them in the 
prediction and production of drug metabolites. For practical 
purposes, these studies are most often carried out using hepato-
cytes, recombinant E. coli whole cells, or microsomes, instead 
of pure enzymes. A few companies, like BioCatalytics Inc. 
or BD Gentest,™ commercialize kits for metabolites produc
tion. These kits contain one or more P450s plus the necessary 
components (reductase, cytochrome b5, etc.) as a lyophilized 
formulation, or as supersome or microsome solutions. Purified 
enzymes are often desirable for biochemical, structural, mech
anistic or synthetic studies. Invitrogen has recently added a few 
P450 enzymes to their product list. 

The past decades have seen great progress towards the eas
ier use of purified P450 enzymes (Chefson and Auclair, 2006a; 

* Corresponding author. Fax: +1 514 398 3797. 
E-mail address: karine.auclair@mcgill.ca (K. Auclair). 

Bernhardt, 2006; Urlacher and Eiben, 2006) yet poor storage 
and operational stability is one of the drawbacks limiting appli
cations with these enzymes. Lyophilization of enzymes is useful 
not only for handling and storage but also before use in non
aqueous environments. Over the last few years it has been 
realized that the low activity of lyophilized enzymes in organic 
solvents is largely due to protein inactivation during freeze-
drying (Roy and Gupta, 2004). Dehydration is believed to induce 
some conformational changes not recovered upon rehydration 
and potentially detrimental to biological activity (Prestrelski et 
al., 1993a, 1993b). The use of additives during lyophilization 
has sometimes been found to protect enzymes from damag
ing changes (Izutsu and Yoshioka, 1995; Carpenter et al., 1997; 
Arakawa et al., 2001). Sugars are the most widely used lyo- and 
cryo-protectants for enzymes (Sampedro et al., 1998; Carpenter 
et al., 1987; Townsend and DeLuca, 2002; D'Andrea et al., 
1996; Ward et al., 1999). Carbohydrates and cyclodextrins are 
believed to compensate for the losses in the hydration shell of 
the enzyme, allowing preservation of the native structure in the 
dehydrated state (Prestrelski et al., 1993a, 1993b; Carpenter and 
Crowe, 1988, 1989; Lippert and Galinski, 1992; Allison et al., 
1999; Liao et al., 2002a, 2002b; DePaz et al., 2002; Santos et 
al., 1999; Griebenow et al., 1999). Interestingly, it has been 
demonstrated that the weight ratio sugar/protein directly cor
relates with the protection of catalase during freeze-drying, but 
the bulk concentration of lyoprotectant does not (Tanaka et al., 

0168-1656/$ - see front matter © 2007 Elsevier B.V. All rights reserved. 
doi:10.1016/j.jbiotec.2007.05.009 
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1991). Crown-ethers have also had some success as lyoprotec-
tants (Broos et al., 1992; Santos et al., 2001; Mine et al., 2003; 
Tremblay et al., 2005), and are believed to protect the enzymes 
by forming noncovalent macrocyclic complexes with lysine 
ammonium groups (van Unen et al., 2002; Lee and Dordick, 
2002). 

We elected to study the human P450 isoform CYP3A4 for its 
wide substrate promiscuity, a significant advantage for possible 
applications in synthesis. This isoform is also responsible for the 
metabolism of more than half of the known drugs and is highly 
studied. We evaluated the consequences of freeze-drying on its 
activity, and optimized the conditions to minimize the harmful 
effects of the process. 

2. Materia l and methods 

2.1. Chemicals  and instruments 

The CYP3A4 pSE3A4His expression plasmid was a gift 
from Dr J. R. Halpert from the University of Arizona. The cul
ture media ingredients yeast extract, tryptone and peptone were 
purchased from BD Biosciences (San Jose, CA). DH5a super-
competent cells and agarose were from Invitrogen (Carlsbad, 
CA). The His-Select™ Nickel Affinity Gel was purchased from 
Sigma (St. Louis, US). The CYP2D6 substrate dextromethor
phan and its metabolite dextrorphan were purchased from Sigma 
(Oakville, Canada). The CYP3A4 substrate testosterone (4-
androsten-17P-ol-3-one) was a kind gift from Dr. Eisenberg in 
our department and the metabolite 6fi-hydroxytestosterone (4-
androsten-6p,17|3-diol-3-one) was purchased from Steraloids 
(Newport, RI). All solvents were purchased from Fisher and 
were of HPLC grade. Water was obtained from a Milli-Q Syn
thesis (Millipore, San Jose, CA) filtration system. All other 
chemicals were purchased from Sigma or Aldrich. The enzymes 
CYP3A4, CYP2D6 and CPR were expressed and purified as pre
viously described elsewhere (Chefson et al., 2006b). The P450 
content was measured by reduced carbon monoxide difference 
spectra following the method described by Omura and Sato3. 
Lyophilization was performed on aLabconco freeze-dry system 
Freezone® 4.5. Analytical HPLC analyses were performed on an 
Agilent 1100 series. Analysis of testosterone 6(3-hydroxylation 
by CYP3A4 used a 150 mm x 4.6 mm Zorbax Eclipse XDB-C8 
5 |xm column from Agilent, with an elution consisting of a first 
isocratic step at 15% acetonitrile in water for 4 min, before a lin
ear gradient to 50% acetonitrile over 12 min. The flow rate was 
1.5 ml/min, and the column temperature was set to 30 °C. Detec
tion was at 244 nm. Under these conditions, the retention times of 
testosterone, 63-hydroxytestosterone, 6a-hydroxytestosterone 
and cortexolone were 16.3,9.9,10.5 and 14.2 min, respectively. 
A Synergi 4 p,m Hydro-RP 80 A column was used to analyze the 
formation of dextrorphan from dextromethorphan. A combina
tion of 50% water containing 0.1% TEA and 50% acetonitrile 
was linearly changed to 80% acidic water and 20% acetoni
trile over 20 min. This eluent was maintained for 4 min, before 
returning to 50:50 over 2 min. Under these conditions, the reten
tion times of dextrorphan and dextromethorphan were 13.4 and 
18.0 min, respectively. 

2.2. Effect  of freezing and lyophilization on CYP3A4 
activity 

Samples containing glycerol-free CYP3A4 (100 |xl of a 
11.5 pJVl solution) in 0.1 M potassium phosphate buffer at pH 
7.4 (final volume 300 |xl) were frozen at -80 CC and lyophilized 
for 24 h. Three holes were made in the Eppendorfs' cap using 
a red-hot needle, and the pierced caps were replaced with new 
ones after freeze-drying. The dried samples were redissolved 
in 0.1 M potassium phosphate buffer at pH 7.4 (287 pi), and 
the substrate testosterone (115|xM, 10 JJLI of a lmg/ml solu
tion in methanol) was added (final CYP3A4 concentration of 
1.3 (JLM). Control samples were prepared using the same amount 
of CYP3A4 (100 (xl of a 11.5p,M solution) and the substrate 
testosterone (115 pJvl, 10 |xl of a 1 mg/ml solution in methanol) 
in 0.1 M potassium phosphate buffer at pH 7.4 (final volume 
300 pJ). TO test the effect of freezing alone, some samples con
taining a C YP3 A4 solution were frozen at -80 °C and thawed on 
ice once or twice. After 5 min of preincubation at 37 °C, the reac
tion was initiated with the addition of cumene hydroperoxide 
(1 mM, 7 ill of a 0.1 M stock solution in water:methanol 90:10), 
and the samples were shaken at 37 °C and 250 rpm for 1 h. After 
incubation, the samples were spiked with the internal standard 
cortexolone (15 JJLI from a 200 \xM solution in methanol) and 
extracted with CH2CI2 (3 x 500 |xl). The combined organic lay
ers were evaporated in vacuo. The residue was redissolved in 
MeOH (150 pJ) and analyzed by HPLC. 

2.3. Effects  of additives during lyophilization ofCYP3A4 
and CYP2D6 

Samples containing glycerol-free CYP3A4 enzyme (24 pJ 
of a 11.5|xM solution) and different amounts of addi
tives (18-crown-6, 15-crown-5, methyl-(3-cyclodextrin, 2-
hydroxypropyl-(3-cyclodextrin, sucrose, sorbitol, mannitol or 
trehalose) in 0.1 M potassium phosphate buffer at pH 7.4 (final 
volume 700 p,l) were lyophilized for 24 h. For sucrose, sorbitol, 
mannitol and trehalose the amounts added are reported as w/w 
ratio additive/enzyme, whereas molar ratios are used for all 
other additives tested. The dried samples were redissolved in 
0.1 M potassium phosphate buffer at pH 7.4 (687 |xl), and the 
substrate testosterone (50 p-M, 10 pJ of a 1 mg/ml solution in 
methanol) was added (final CYP3A4 concentration of 0.4 p-M). 
After 5 min of preincubation at 37 °C, the reaction was initi
ated by the addition of cumene hydroperoxide (1 mM, 7 (xl of a 
0.1 M stock solution in water:methanol 90:10), and the samples 
were shaken at 37 °C and 250 rpm for 1 h. A first set of controls 
was prepared for each additive at every concentration with non-
lyophilized enzyme. Another control reaction was also prepared 
with lyophilized enzyme and no additives. After incubation, 
the samples were spiked with the internal standard cortexolone 
(15 |xl from a 200 jxM solution in methanol) and extracted with 
CH2CI2 (3 x 500 p,l). The combined organic layers were evap
orated in vacuo. The residue was redissolved in MeOH (150 pJ) 
and analyzed by HPLC. 

The activity of CYP3A4 lyophilized with the optimized 
amounts of sucrose and trehalose was also tested with the nat-
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ural cofactors cytochrome P450 reductase (CPR) and NADPH. 
Samples containing glycerol-free CYP3A4 enzyme (0.4 IJM, 
25 |xl of a 11.2 |xM solution) and sucrose (145 mg, 10000 w/w) 
or trehalose (145 mg, 10000 w/w) in 0.1 M potassium phos
phate buffer at pH 7.4 (final volume 700 |xl) were lyophilized 
for 24 h. The dried samples were redissolved in 0.1 M potas
sium phosphate buffer at pH 7.4 (632 jxl), and CPR was added 
(1.6 (xM, 45 |jtl of a 25 JJLM solution). The substrate testosterone 
(50(j,M, 10 |xl of a 1 mg/ml solution in methanol) was added, 
and after 5 min of preincubation at 37 °C, the reaction was initi
ated by addition of NADPH (1 mM, 28 pJ of a 25 uJVI solution 
in buffer), and the samples were shaken at 37 °C and 250 rpm 
for 1 h. Reactions were also carried out upon initiation with 
CHP (after lyophilization in the same conditions with sucrose 
or trehalose). Control reactions with nonlyophilized enzyme 
(initiation with CHP or CPR/NADPH) and enzyme lyophilized 
without additives (initiation with CHP or CPR/NADPH) were 
also carried out. After incubation, the samples were spiked with 
the internal standard cortexolone (15 |xl from a 200 u-M solu
tion in methanol) and extracted with CH2CI2 (3 x 500 |xl). The 
combined organic layers were evaporated in vacuo. The residue 
was redissolved in MeOH (150 JJLI) and analyzed by HPLC. 

Samples containing glycerol-free CYP2D6 enzyme (8 JJLI of 
a 13.85 JJLM solution) and different amounts of sugar additives 
(sorbitol, sucrose, mannitol, or trehalose; ratios in w/w) in 0.1M 
potassium phosphate buffer at pH 7.4 (final volume of 1000 u,l) 
were lyophilized for 22 h. The lyophilized enzyme (final concen
tration of 0.14 uM), with or without additive, was redissolved 
in 0.1M potassium phosphate buffer at pH 7.4, and the sub
strate dextromethorphan (100 jxM) was added. The reaction was 
initiated with the addition of the cofactor surrogate cumene 
hydroperoxide (0.1 mM). The samples were shaken at 37 °C 
and 200 rpm for 1 h. The reaction was terminated with the addi
tion of perchloric acid (23%, 40 p,l). After cooling to 4 °C for 
30 min, the samples were centrifuged at 10,000 rpm for 5 min. 
The resulting supernatant was directly injected in the HPLC. 

3. Result s and discussion 

We have previously demonstrated that the P450 enzyme 
CYP3A4 can efficiently use cumene hydroperoxide (CHP) as 
a substitute for the natural cofactors NADPH and cytochrome 
P450 reductase (Chefson et al., 2006b). In this study, the CHP-
supported 63-hydroxylation of testosterone by CYP3A4 was 
used to monitor enzymatic activity, yet applicability was also 
demonstrated with CPR and NADPH. Product quantification 
was achieved by HPLC, with cortexolone as the internal stan
dard. Following purification, CYP3A4 is usually kept in buffer 
containing 10% glycerol as a cryoprotectant for subsequent stor
age at — 80 °C. The presence of glycerol during lyophilization 
tends to produce a sticky solid or a viscuous oil because glyc
erol does not evaporate. The importance of glycerol for long term 
storage at —80 °C was therefore evaluated. After two weeks, the 
activity decreased by only 3 and 5% with or without glycerol, 
respectively, and after four months, the activity decreased by 7 
and 13%, respectively. This suggests that cryoprotection is not 
necessary for the storage of CYP3A4. All subsequent enzyme 
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Fig. 1. Effect of colyophilization (24 h) with different amounts of 18C6 and 
15C5 on the 6p-hydroxylation of testosterone (115 pM) catalyzed by CYP3A4 
(0.4 u.M, 14.5 u,g) upon rehydration in 0.1 M potassium phosphate buffer at pH 
7.4 (final volume 700 jiJ). The reaction was initiated with cumene hydroperoxide 
(1 mM) and incubated for 1 h at 37 °C. 

batches were stored without addition of glycerol in the dialysis 
buffer. 

Our preliminary experiments revealed that freeze-dried 
CYP3A4 redissolved in buffer had lost ~50% of its activity 
towards testosterone.While the total turnover number (TTN, 
defined here as the number of mole of substrate that a 
mole of catalyst can convert before becoming inactivated, in 
(imolixmor1) reached 40 ± 8 for nonlyophilized enzyme, it 
dropped to 23 ± 7 upon lyophilization. On the other hand, no 
significant loss in activity was observed after freezing and thaw
ing the enzyme solution once or twice (38 ± 9 and 39 ± 11, 
respectively). This indicates that among the two stress factors 
involved in the freeze-drying process, freezing and dehydra
tion (Crowe et al., 1990; Carpenter et al., 1993), dehydration 
is the most harmful to the CYP3A4 activity. A variety of com
pounds have been used as cryoprotectants with other enzymes, 
such as glycerol, polyethyleneglycol, sugars, glycine, proline, 
but only sugars were effective as lyoprotectants (Prestrelski 
et al, 1993a; Carpenter and Crowe, 1989; Allison et al., 
1999; Souillac et al., 2002a, 2002b; Kreilgaard et al., 1998). 
This led us to evaluate the effect of various additives dur
ing lyophilization of CYP3A4, including the disaccharides 
trehalose and sucrose, the polyols sorbitol and mannitol, as 
well as two cyclodextrins, methyl-|3-cyclodextrin (M|3CD) and 
hydroxypropyl-fS-cyclodextrin (HPfJCD), and two crown ethers, 
18-crown-6 (18C6) and 15-crown-5 (15C5). 

As shown on Figs. 1 and 2, the colyophilization of CYP3A4 
with cyclodextrins or crown ethers did not significantly help 
protecting the enzyme. Only low concentrations of 18C6 and 
15C5 (molar ratio to enzyme of ~50) increased me activity and 
the effect was very modest (from 52% without to 60% with the 
additive). High concentrations of crown ethers (>100 molar ratio 
to CYP) were even detrimental to the P450 activity. 

The addition of sugars, reduced or not, before lyophilization 
was much more effective at maintaining the CYP3 A4 enzymatic 
activity (Fig. 3). Both sucrose and trehalose confered a similar 
level of lyoprotection. The recovered activity, measured after 
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Fig. 2. Effect of colyophilization (24 h) with different amounts of methyl-
P-cyclodextrin (MpJCD) and hydropropyl-|3-cyclodextrin (HPfJCD) on the 
6|3-hydroxylation of testosterone (115 JJOM) catalyzed by CYP3A4 (0.4 u,M, 
14.5 u,g) upon rehydration in 0.1 M potassium phosphate buffer at pH 7.4 (final 
volume 700 (jJ). The reaction was initiated with cumene hydroperoxide (1 mM) 
and incubated for 1 h at 37 °C. 

initiation with cumene hydroperoxide, was dependent on the 
amount used. Very high ratios sugar/enzyme w/w (5000-10,000) 
allowed the retention of >90% of the activity, compared to 52% 
for the enzyme freeze-dried alone. Sorbitol was almost as effec
tive at lower concentrations (1000-2000 w/w), helping retain 
about 85% of the activity. Its beneficial effect quickly dropped 
when the amount of sorbitol increased further, and no protection 
remained at ratios of 10,000 and higher. At proportions <1000 
w/w, sorbitol, sucrose and trehalose had similar effects. Manni-
tol was the least effective, barely increasing the residual activity 
to 60% at weight ratios of 2000-5000. In all cases, no improve
ment of the activity was observed in the controls containing the 
additives but not lyophilized, suggesting that the sugars protect 
against the harmful effects of dehydration, as opposed to directly 
activating the enzyme. 

After lyophilization in the presence of the optimized amount 
of sucrose or trehalose, the activity of CYP3A4 was also tested 
with the natural cofactors (CPR and NADPH). The lyopro-
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Fig. 3. Effect of colyophilization (24 h) with different amounts of sorbitol, 
sucrose, trehalose and mannitol on the 6f}-hydroxylation of testosterone 
(115 u.M) catalyzed by CYP3A4 (0.4 u.M, 14.5 (».g) upon rehydration in 0.1 M 
potassium phosphate buffer at pH 7.4 (final volume 700 n,l). The reaction was 
initiated with cumene hydroperoxide (1 mM) and incubated for 1 h at 37 °C. 
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Fig. 4. Effect of colyophilization (22 h) with different amounts of sucrose, 
trehalose or mannitol on the demethylation of dextromafhorphan (100 (jiM) cat
alyzed by CYP2D6 (0.14 \xM) upon rehydration in 0.1 M potassium phosphate 
buffer at pH 7.4 (final volume 800 (jil). The reaction was initiated with cumene 
hydroperoxide (0.1 mM) and incubated for 1 h at 37 °C. 

tection effect observed was very similar (data not shown) to 
that described above for the CHP-supported reactions. With
out lyophilization, the TTN was 40 with CHP and 44 with 
CPR/NADPH. After lyophilization without  additive, the TTN 
dropped to 19 with CHP (47% remaining activity), and to 23 
with CPR/NADPH (52% remaining activity). With the addi
tion of sucrose (10000 w/w) before lyophilization, the TTN 
reached 36 with CHP and 37 with CPR/NADPH, corresponding 
to 90 and 84% remaining activity. With trehalose (10000 w/w), 
the remaining activity was 87.5% with CHP and 88.5% with 
CPR/NADPH (TTNs of 35 and 39, respectively). 

To investigate the scope of this method, the activity of human 
CYP2D6 was investigated after lyophilization in the absence 
or in the presence of sorbitol, sucrose, mannitol or trehalose. 
Lyophilization of CYP2D6 in the absence of lyoprotectant led to 
the loss of approximately 60% of the enzymatic activity, and was 
greatly affected by the duration and conditions of the process. 
Colyophilization of CYP2D6 with sorbitol yielded inconsistent 
results (data not shown). The effect of mannitol on the activ
ity was minimal and dropped rapidly as the mannitol/enzyme 
ratio increased (Fig. 4). On the other hand, the addition of either 
sucrose (at a sucrose:CYP2D6 ratio of 20,000) or trehalose (at a 
trehalose:CYP2D6 ratio of 5000) allowed recovery of about 80% 
of the activity. These results are very similar to those obtained 
with CYP3A4, therefore suggesting applicability to other P450 
isoforms. 

CYP3A4 and CYP2D6 are some of the most important 
enzymes in drug metabolism. Alone, CYP3A4 transforms 
more than half of all known pharmaceuticals. CYP3A4 and 
CYP2D6 are versatile and unequalled biocatalysts because of 
their high substrate promiscuity and their ability to catalyze 
the regio- and stereo-selective oxidation of inactivated C—H 
bonds. Lyophilization facilitates the use of enzymes, but with
out additives, it greatly reduces the activity of CYP3A4 and 
C YP2D6. We demonstrate here that the addition of sugars before 
lyophilization can help preserve most of the enzymatic activity 
upon rehydration. Saccharides were the most efficient lyoprotec-
tants, especially sucrose and trehalose which lead to complete 
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retention of activity at high concentrations. The possibility to 
lyophilize CYP3A4 or CYP2D6 without activity loss greatly 
eases handling, storage and use of this enzyme in anhydrous 
environments. This is a considerable asset for general applica
tions of purified P450s, especially in synthesis. 
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