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Abstract of the Dissertation 

 

The binding and release of oxygen and hydrogen peroxide are directed 

through a hydrophobic tunnel in cholesterol oxidase 

  

 

by 

Lin Chen 

Doctor of Philosophy 

in 

Chemistry 

Stony Brook University  

2007 

     

 

The catalytic mechanism of cholesterol oxidase has been extensively 

studied, but the steps involving the usage of molecular oxygen are still not fully 

understood. Recently, a crystal structure of cholesterol oxidase was solved at 

sub-Ångstrom resolution (Lario PI, Sampson N and Vrielink A, J Mol. Biol. 2003; 

326:1635-50). Multiple side-chain conformations were observed for the active 

site residues. The conformations of Asn485 suggested that it acts as a gate to 

modulate oxygen entry through a tunnel. The tunnel residues adopt multiple 

conformations as well. In this work, validation of the catalytic function for other 
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tunnels was sought. Mutations of tunnel residues result in 30-60 fold reductions 

in the rate of oxidation, but the rate of isomerization is almost unchanged. 

Hydride transfer from sterol to flavin adenine dinucleotide (FAD) is no longer rate 

limiting in the tunnel mutants. The wild-type enzyme forms a ternary complex 

with both substrates, cholesterol and oxygen. The mutant enzymes are kinetically 

cooperative with respect to oxygen. A mnemonic model was constructed to 

explain the observed kinetic cooperativity. As predicted by the model, The mutant 

reactions are not cooperative with respect to cholesterol and kinetic cooperativity 

increases with increasing cholesterol concentration. Also consistent with the 

model, positive cooperativity is lost when a poor substrate reduces the rate of 

subsequent catalytic steps.  The crystal structure of the mutant, F359W, supports 

the kinetic interpretation.  

 

 

 

 

 

 

 

 

 

 

 



                                                                                       v

 

 

 

 

 

 

 

 

 

Dedicate to my loving family 

and 

to Prof. Marian Stankovich, who gave critical advice on Chapter 3 of this 

dissertation but passed away recently 

 

 

 



                                                                                       vi

Table of Contents 

List of Figures    ix 

List of Tables xi 

List of Schemes                                                                                                     xii  

List of Abbreviations xiii 

Acknowledgment xv 

 

Chapter 1 

 

Overview of cholesterol oxidase  

 

 

I. Cholesterol oxidase and other enzymes in the family          3 

1. Overview                                                                                    3 

2. ChoA and ChoB                                                                         6 

3. ChoD, ChoE and 3BHD                                                             8 

II. Physical, enzymological and structural characters of type I 

cholesterol oxidase                                                                 10 

1. Physical properties                                                                    10 

2.   Sequences                                                                                10 

3.   Reactions catalyzed by cholesterol oxidase                             13 

4. Tertiary structure of ChoA                                                         18                     

III. Substrate specificity and inhibition of the enzyme                  22 



                                                                                       vii

IV. Summary                                                                                    24 

V. References                                                                                 25 

                                                                             

 

Chapter 2 

 

The catalysis of cholesterol oxidase can be controlled by a hydrophobic 

tunnel that allows the access of molecular oxygen to the active site as well 

as the output of hydrogen peroxide 

 

 

I. Introduction                                                                                33 

1. Overview of tunnels involved in transporting molecules within 

enzymes                                                                                  33  

2.  The catalysis of cholesterol oxidase is potentially controlled by a 

hydrophobic tunnel                                                                    35 

II. Results                                                                                        39 

1. Construction and purification of WT and mutant cholesterol 

oxidases                                                                                     39 

2. Kinetic characterization of tunnel mutants                                 39 

3. Atomic resolution structure of the F359W mutant                      53 

III. Discussion                                                                                  58 

IV. References                                                                                   68 



                                                                                       viii

 

 

Chapter 3 

 

The interplay between potentiometry and structural biology: probing the 

role of Asn485 in the catalysis of cholesterol oxidase by two mutant 

enzymes: N485L and N485D 

 

 

I. Introduction                                                                                74 

1. Active site residues and structures of cholesterol oxidase         74 

2. An N-H···π interaction stabilizes the reduced flavin                   77  

3. Potentiometry and its application in enzymology                       79       

II. Results                                                                                        82 

1. Steady-state kinetics and potentiometry at pH 7                        82 

2.  Kinetic and potentiometric measurements at pH 5.1                 88 

3.  Atomic resolution structure of N485L mutant                              89 

4.  Atomic resolution structure of N485D mutant                            94 

III. Discussion                                                                                  96 

IV. References                                                                                     99 

 

 

 



                                                                                       ix

 

 

Chapter 4 

 

Experimental methods  

 

 

I. Materials and methods                                                            103 

II. References                                                                                   111 

 

List of Figures 

Figure                Page 

Chapter 1 

1-1 Midgut endothelial membranes of boll weevil larvae are lysed by 

cholesterol oxidase  9 

1-2 Sequence alignment of cholesterol oxidases.       11 

1-3      Crystal structures of various enzymes that catalyze homologous reactions 

shown as ribbon diagrams.                                                                           20 

 

Chapter 2 

2-1 Atomic resolution structure of type I cholesterol oxidase                             36 

2-2 Ternary model of substrate binding                                                                                   44 

2-3       Oxygen cooperativity of mutants                                                                  47 



                                                                                       x

2-4 Dependence of F359W and M122V oxygen cooperativity on cholesterol                     

concentration                                                                                                50 

2-5 Initial velocities for wild-type cholesterol oxidase and F359W                     52                      

2-6 Rotation of the phenyl ring of the indole moiety from Trp359                      56 

2-7 Surface representation of F359W mutant                                                   57 

2-8 Mnemonic model for kinetically cooperative oxygen reaction in the mutant-

catalyzed reactions                                                                                      60 

2-9 Sequence alignment of cholesterol oxidase with other GMC-

oxidoreductases                                                                                          65 

2-10 Length of the tunnel                                                                                     67 

 

Chapter 3 

3-1 Stereo figure of a model for the Michaelis complex in ChoA (pdb entry 

1MXT)                                                                                                         74 

3-2 Side chain of Asn485 adopts two different conformations                          78 

3-3 Spectra overlay of WT and N485D mutant enzymes at visible region       89 

3-4 Electron density at the active sites of WT and mutant enzymes               90 

3-5 Active sites of the WT and mutant enzymes                                               91 

3-6 The hydrophobic tunnel for oxygen is affected by mutations on Asn485  93 

3-7 Hydrogen bonding network between Asp485 and Met122, Glu361          95 

 

Chapter 4 

4-1 Electron flow in the spectraelectrochemical cell                                      109 



                                                                                       xi

4-2 Illustration of a typical titration                                                                 110 

 

List of Tables 

Table  Page 

Chapter 1 

1-1 Milestones of cholesterol oxidase related discoveries  5 

 

Chapter 2 

2-1 Assessment of mutation impact on oxidation, isomerization and steroid 

binding by measurement of apparent steady-state Michaelis-Menten rate 

constants for cholesterol turnover                                                                                            40                                 

2-2 Assessment of mutation impact on the kinetic isotope effect for hydride 

transfer from choleserol to FAD by measurement of apparent steady-state 

Michaelis-Menten rate constants for cholesterol turnover                         42 

2-3 Steady-state rate constants for WT and mutant cholesterol oxidases        43              

2-4 Crystallographic data and refinement statistics for the F359W cholesterol 

oxidase structure                                                                                        54 

 

Chapter 3 

3-1 Half-reactions and their corresponding potentials                                     79 

3-2 Michaelis-Menten rate constants of the oxidation reaction                                84 

3-3 Michaelis-Menten rate constants of the isomerization reaction                    85 



                                                                                       xii

3-4 Primary isotope effects for wild type and mutant cholesterol oxidases as a 

function of pH                                                                                            86 

3-5 Redox potentials of wild type and mutant enzyme as a function of pH     87 

List of Schemes 

Scheme  Page 

Chapter 1 

1-1 Reaction catalyzed by cholesterol oxidase  14 

1-2 Glucose oxidase oxidizes β-D-glucose into glucono-δ-lactone                  15 

1-3 Reaction basis of serum cholesterol assays                                               16 

 

Chapter 3 

3-1 Key active site residues involve in the catalysis of ChoA.  76 

3-2 Free energy of the cellular respiration process                                            80 

 

Chapter 4 

4-1 Calibration of the oxygen meter 107                     

                     

 



                                                                                       xiii

List of Abbreviations 

2×YT  2×yeast-tryptone broth 
3BHSD  3β-hydroxysterol dehydrogenase  
Ala, A  Alanine  
Asp, D  Aspartic acid  
AO_Cb  alcohol oxidase from Candida boidinii 
bCD_Ec  β-choline dehydrogenase from Escherichia coli 
BSA  Bovine Serum Albumin 
Cys, C  Cysteine 
ChoA  Streptomyces cholesterol oxidase 
ChoB  Brevibacterium sterolicum cholesterol oxidase 
ChoD  Cholesterol oxidase-like enzyme from Rhodococcus equi 
ChoE  Rhodococcus equi cholesterol oxidase 
CO_Re  cholesterol oxidase from Rhodococcus equi 
CO_St  cholesterol oxidase from Streptomyces spp.  
ddiH2O  distilled, deionized water 
DHEA  dehydroepiandrosterone 
DTT  dithiothreitol 
FAD  flavin adenine dinucleotide 
FADH2  1,5 dihydroflavin adenine dinucleotide 
Gln, Q  Glutamine 
Glu, E  Glutamic Acid 
GMC  glucose-methanol-choline 
GO_An  Aspergillus niger glucose oxidase 
h  hour 
H  histidine 
HRP  horseradish peroxidase 
HPAA  p-hydroxyphenyl acetic acid 
I.E.  isotope effects 
IPTG  isopropyl α-D-thiogalactoside 
K.I.E.  kinetic isotope effects 
L  liter 
LB   Luria broth 
Leu, L  Leucine 
ML_Ps  (R)-(1)-mandelonitrile lyase from Prunus serotina 
PEG  Polyethyleneglycol 
RPM  Rotation Per Minute  
SDS-PAGE Sodium Dodecyl Sulphate- Polyacrylamide Gel Electrophoresis 
Thr, T  Threonine 
Tyr, Y  Tyrosine 



                                                                                       xiv

UV  UltraViolet 
vis  visible  
Val, V  Valine  
WT  Wild Type  

 



                                                  

Acknowledgement 

      

It has been an exciting and yet rewarding journey - one that I had 

never dreamed of. The knowledge and experience I gained here in Prof. 

Sampson’s lab have been invaluable to my career. I am deeply indebted to 

Prof. Sampson for her encouragement, advice, mentoring, and research 

support throughout my master's and doctoral studies. I also truly appreciate 

her patience and tolerance during my numerous mishaps. This dissertation 

is part of the research carried out through her vision throughout last six 

years.  

Ever since I accepted the offer from Stony Brook I have been warmly 

welcomed and hosted by the Chemistry community. I would like to 

gratefully thank all members of the department who help me going through 

all the teaching assignments and courses. Especially, I want to address 

Prof. Carlos Simmerling and Prof. Stanislaus Wong for their patience and 

advice in serving as my committee members.  

I am fortunate to have the opportunity to work with a group of 

energetic people in Prof. Sampson’s Lab. I have enjoyed every moment 

that we have worked together. I appreciate all their friendships and their 

collective encouragement to finish this dissertation. 

To all of you, thank you.  



 1

 

Chapter 1 

 

Overview of cholesterol oxidase  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 2

I. Cholesterol oxidase and other enzymes in the family 

1. Overview 

2. ChoA and ChoB 

3. ChoD, ChoE and 3BHD 

       

II. Physical, enzymological and structural characters of type I 

cholesterol oxidase 

1. Physical properties  

2.     Sequences 

3.     Reactions catalyzed by cholesterol oxidase 

4. Tertiary structure of ChoA   

  

III. Substrate specificity and Inhibition of the enzyme 

IV. Summary 

V. References 



 3

I. Cholesterol oxidase and other enzymes in the family 

1. Overview  

Cholesterol oxidases are a class of enzymes that are capable of 

oxidizing a number of steroids including cholesterol. The ability of some 

microbes to utilize cholesterol and other sterols as their carbon source was 

noted [1]. Studies demonstrated the conversion of cholesterol to 17-keto 

steroids [2] and coprostanol [3].   However, due to limitation of techniques 

available, researchers were not able to purify a single enzyme of cholesterol 

oxidase at that time. Meanwhile, cholesterol oxidase attracted more attention 

in the field of insecticide discovery in the 1960’s. A finding that insects could 

use sterols to support larva development led scientists to examine the role of 

cholesterol oxidase in insect physiology [4]. Boll weevil, the bug that fed on 

cotton buds and flowers, were devastating to farm crops for decades. The fact 

that its larva development was inhibited by a protein that is homologous in 

sequence to cholesterol oxidase from Streptomyces triggered a series of 

studies [5, 6] aiming to find alternative to DTT 

(dichlorodiphenyltrichloroethane, an organochlorine) which is a major 

environmental threat [7].     

The first pure cholesterol oxidase was isolated from a gram-positive 

bacteria, Rhodococcus equi in 1973 [8]. It brought the research of cholesterol 

oxidases to molecular level. A significant application following this work was 

the detection of serum cholesterol level by an assay, the major active 

component of which was cholesterol oxidase [9]. This method quickly gained 
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its popularity due to the increasing number of patients suffering 

cardiovascular diseases which will often result in abnormal serum cholesterol 

levels. With the improvements of molecular biology techniques, cholesterol 

oxidases were found in a number of other gram-positive bacterium such as 

Streptomyces, Nocardia, and Pseudomonas [10, 11]. Discoveries related to 

cholesterol oxidase are summarized in Table 1-1.  

With an increasing interest in the catalytic mechanism of cholesterol 

oxidase, as well as advances in crystallography, a crystal structure of 

cholesterol oxidase became necessary. The first crystal structure of 

cholesterol oxidase (from Rhodococcus equi) was available in 1991 when it 

was refined to 1.8 Å [12]. This marked the start of atomic level research on 

cholesterol oxidase which extends to the study covered in this dissertation. 

Depending on a much more thorough and in-depth understanding of the 

mechanism of cholesterol oxidase catalysis, people found various 

applications of cholesterol oxidase in other fields such as membrane probe 

[13] and biosensor development [14] More importantly, a 3β-hydroxysterol 

dehydrogenase which catalyzes similar reactions to cholesterol oxidase is 

coded by a gene in the completed genome of Mycobacterium Tuberculosis 

[15].  In the rest of this section, details regarding the biology and applications 

of cholesterol oxidases will be reviewed and possible inhibitor design will be 

discussed. 
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Year Milestone 

1944~ 

1967 

Cholesterol and other sterols were oxidized by microbes as their 

carbon source [1, 2] 

1973 First cholesterol oxidase isolated and crystallized from 

Brevibacterium [8] 

1973 A method was developed to detect serum cholesterol level by 

cholesterol oxidase [9, 16] 

1976 Cholesterol oxidase was found in Nocardia, Pseudomonas and 

Rhodococcus [10] 

1989 Cholesterol oxidase found in Streptomyces [11] 

1990 Immobilized cholesterol oxidase can be used as biosensor [14] 

1991 Cholesterol oxidase crystal structure was solved [17] 

1992 Membrane structure can be detected by using cholesterol oxidase as 

a probe [13] 

1993 Boll weevil’s growth was inhibited by an enzyme which was 

suggested as a cholesterol oxidase [5] 

1997 Cholesterol oxidase was discovered to be associated with the 

pathogenesis of Rhodococcus. equi [18] 

2005 Alzheimer disease beta-amyloid had similar mode of action as 

cholesterol oxidase [19] 

 

Table 1-1 Milestones of cholesterol oxidase related discoveries 
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2. ChoA and ChoB 

Based on the site of formation, non-pathogenic cholesterol oxidases can 

be classified into two groups: in one of the groups the enzymes are formed 

intracellularly or membrane associated, for example, Rhodococcus 

erythropolis [20] and Nocardia rhodochrous [21]; the other group of 

cholesterol oxidases are secreted into the growth media by the host organism, 

such as Rhodococcus equi [22] and Streptomyces violascens [23]. In this 

dissertation, all enzymes including original and mutated forms are derived 

from Streptomyces SA-COO strain [24], commonly recognized as ChoA. 

There are two distinct forms of cholesterol oxidase. These two forms bind the 

FAD cofactor in two different ways: non-covalently and covalently, respectively. 

They also differ in terms of structure, folding, kinetic and thermodynamic 

properties. Based on structure homology, cholesterol oxidases can be 

classified into two types. One example of the type II enzyme is the cholesterol 

oxidase from Brevibacterium Sterolicum which binds FAD covalently [25]. 

ChoA is secrected by Streptomyces bacteria into the environment (often 

soil) to break down steroids into an ingestible carbon source. Streptomycetes 

are among the many microbes that inhabit soil. In fact, the earthy smell of the 

soil is mainly due to the chemicals released by Streptomyces [26]. Their 

shapes are represented by long, helical filaments [27]. The most notable 

usage of Streptomyces bacteria is for the production of antibiotics and 

generation of potential drug leads [28, 29]. For example, one of the antibiotics 

derived from streptomycetes, bleomycin, has been an early tool in cancer 
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treatment [30].  

The genome of Streptomyces can respond to changes in the 

environment and the expression of secondary metabaolism genes is 

conditionally regulated [31]. This feature has enabled Streptomyces to 

metabolize a wide range of materials including sugar, amino acids and 

steroids. This property is also useful in turning streptomycetes into a 

decomposing agent of some hazardous materials [32].     
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3. ChoD, ChoE and 3BHSD 

These three enzymes have potential roles in assisting bacteria to infect 

their host. ChoD is from Nocardia farcinica which can cause an infectious 

disease called nocardiosis, especially during lung infection (Vet. Microbiol. 

110, 1-2, p131-40 – will add to bibliography after all revision) [33]. This type of 

virulence is similar to the reported lung infection by Rhodococcus equi. ChoE 

(from Rhodococcus equi) has been suggested to act as a membrane-

damaging toxin [34] while the role of ChoD in the virulence of Nocardia 

farcinica remains unclear. One enzyme from Mycobacterium tuberculosis 3β-

hydroxysterol dehydrogenase (3BHSD), though not a cholesterol oxidase it 

uses NAD+ instead of FAD as the cofactor, catalyzes similar oxidation and 

isomerization reactions [35]. All these three pathogenic bacteria target lung 

cells as their infection site.  

The fact that cholesterol oxidase can be used as an insecticide by lysing 

endothelial cells of boll weevil (Figure 1-1) [36] has led to the proposal that 

the role of this enzyme is to break down membrane during pathogenesis. In 

Mycobacterium tuberculosis, this has been supported by the finding that the 

bacteria do not feed on sterols which suggests that cholesterol oxidases are 

not genetically generated for the purpose of primary metabolizm  [37].  
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Figure 1-1 Midgut endothelial membranes of boll weevil larvae are lysed by 
cholesterol oxidase. Different concentrations of cholesterol oxidase used are 
labeled in each picture. A, control larvae, no cholesterol oxidase was added; 
B, partial lysis was induced by 10 µg/mL enzyme; Complete disruption of the 
membrane was observed at 30 µg/mL and 100 µg/mL for larvae (C) and 
second instar larvae (D), respectively. Reprinted from [36] with permission 
from Elsevier.  
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II. Physical and structural properties of type I cholesterol oxidase 

1. Physical properties 

Cholesterol oxidases are interfacial enzymes. They are water-soluble but 

their substrates, mostly steroids, are lipid-soluble and often localize in the lipid 

bilayer. The enzyme will need to bind to the lipid membrane in order to extract 

the steroids substrates. Cholesterol oxidase from different species possesses 

different molecular weight, substrate specificity, temperature, pH optimum and 

cofactor binding. For example, cholesterol oxidase from Nocardia is mostly 

active at 32 °C instead of 37 °C for most other cholesterol oxidases [38]. 

ChoA has a molecular weight of ~57 kDa.  

 

2. Sequences 

The amino acid sequence of ChoA has very low sequence identity with 

type II enzyme but overlap most with that of ChoE. The structure of glucose 

oxidase from Aspergillus niger (GO) is more similar to ChoA and ChoE 

(Figure 1-2). His447 (from ChoA) is conserved from ChoA, ChoE to GO. All 

four proteins contain a consensus Phe residue which in the case of ChoA is at 

359 position. The active site Asn485 residue in ChoA is common in ChoE but 

not GO.  
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Figure 1-2 Sequence alignment of cholesterol oxidases. ChoA, type I 
cholesterol oxidase from Streptomyces; ChoE, type I cholesterol oxidase from 
Rhodococcus; GO, glucose oxidase from Aspergillus niger. Residues 
highlighted in blue, 100% identical; Black, 75%; Red, <50%. Alignment was 
computed using CLC protein workbench [39].  
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3. Reactions catalyzed by cholesterol oxidase 

ChoA is a bi-functional enzyme that catalyzes two reactions in one active 

site: an oxidation reaction which converts cholesterol into cholest-5-en-3-one 

followed by an isomerization reaction that converts the intermediate to the 

more thermodynamically stable cholest-4-en-3-one (Scheme 1-1). Meanwhile, 

one molecule of FAD cofactor is needed during the oxidation reaction to 

accept one hydride from the substrate. FAD is thus reduced.  It is cycled back 

to its oxidized state by one molecule of oxygen, which is reduced to H2O2. 

ChoA belongs to the glucose-methanol-choline (GMC) oxidoreductase 

family of enzymes [40]. Other enzymes in this family include methanol 

oxidase from the yeast Hansenula polymorpha, glucose oxidase from 

Aspergillus niger and choline dehydrogenase from E. Coli. These enzymes 

use the same cofactor (FAD) and catalyze similar reactions: oxidation of a 

hydroxy group to a ketone.  For example, glucose oxidase catalyzes the 

oxidation of  β-D-glucose to glucono-δ-lactone (Scheme 1-2) [41]. Glucose 

oxidase is homologous to cholesterol oxidase in structure and the oxidation 

reaction catalyzed. It undergoes a ping-pong Bi Bi mechanism to catalyze 

two-substrate enzymatic reactions [42]. More details about the kinetic aspects 

of glucose oxidase will be reviewed in Chapter 2.   



 14

 

 

Scheme 1-1 Reaction catalyzed by cholesterol oxidase 
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Scheme 1-2 Glucose oxidase oxidizes β-D-glucose into glucono-δ-lactone 

 

An important application derived from the oxidation reaction catalyzed by 

cholesterol oxidase is the detection of serum cholesterol levels by monitoring 

product H2O2 formation by coupling to horseradish peroxidase in the visible 

wavelength region (Scheme 1-3). This assay is of interest because serum 

cholesterol levels are tightly associated with the risk of developing coronary 

heart disease [43]. The molecular basis of this serum cholesterol assay is that 

the horseradish peroxidase product, quinoneimine, has a significant 

absorbance at 505 nm which can be quantified.  
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Cholesterol ester       H2O, Cholesterol esterase            Cholesterol + fatty acid 

O2, Cholesterol oxidase 

 

                                                                                             cholest-4-en-3-one 

quinoneimine dye              Peroxidase                        H2O2   

 

Scheme 1-3  Reaction basis of serum cholesterol assays 

 

In addition to the oxidation reaction, ChoA also catalyzes a unique 

isomerization reaction that distinguishes it from the other GMC enzymes. The 

intermediate, cholest-5-en-3-one, is barely stable under normal physiological 

conditions. It slowly isomerizes to cholest-4-en-3-one at room temperature 

and neutral pH.  However, it is subject to auto-catalyzed radical peroxidation 

and side products such as cholest-4-en-6-hydroperoxy-3-one are formed [44, 

45]. The existence of this additional step can thus be attributed to the need to 

protect the intermediate from side reactions and better yield of the final 

products. This type of enzymatic isomerization of steroids is catalyzed by  

other enzymes such as ketosteroid isomerase [46] and especially 3β-hydroxy 

dehydrogenase [47], because the latter catalyzes a similar oxidation reaction 

preceding the isomerization, but in a different active site [48].  

4-aminophenazone, phenol
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3β-Hydroxy steroid dehydrogenase (3BHSD) is one of the most 

important enzymes in the mammalian steroid metabolism pathways. One of 

the pathways that requires this enzyme, bile acid biosynthesis, has been 

given more attention recently due to its association with obesity treatment [49]. 

Bile acid is synthesized from cholesterol in the liver and is secreted into the 

intestine to enhance digestion of fat, as well as up-regulating a number of 

other genes the products of which are involved in energy metabolism. In short, 

3BHSD is critical in regulating bile acid biosynthesis and thus affecting body 

cholesterol and fat level. Although 3BHSD catalyzes reactions similar to its 

bacterial counterpart, ChoA, their sequences and structures share little 

homology.  
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4. Tertiary structure of cholesterol oxidase 

ChoA is structurally homologous to type I cholesterol oxidase from 

Rhodococcus equi (ChoE). Residues that are related to cofactor binding, as 

well as active site formation, are mostly conserved between ChoA and type I 

ChoE [50]. As a result, their native structures are almost identical. Residues 

441-491 have been categorized as GMC oxidoreductase domain (CDD # 

45101) that are involved in forming the catalytic center of the enzymes. The 

substrate-binding domain is mainly composed of alternative α helixes and β 

sheets. The substrate binding loops reside on a single face of the enzyme. A 

substrate analog has been crystallized with type I ChoE and the structure is 

shown in Figure 1-2B. This structure has allowed a detailed observation of 

the substrate binding loops which consist of two loops: loop 1 made up of 

residues 78-87 and loop 2 that is residues 433 to 436. Poor electron density 

in these regions has led to the suggestion that these loops are quite flexible 

structurally in type I ChoE, while in ChoA loop 2 is an ordered α helix (colored 

yellow, Figure 1-2 A and B). 

On the other hand, type II ChoB has little structural homology with ChoA 

[51]. In this enzyme, the FAD cofactor is covalently linked to the protein via a 

histidine residue, and thus its physical and catalytic properties vary 

significantly from ChoA whose cofactor is non-covalently bound. ChoB 

contains two major domains that are similar to ChoA and ChoB: a substrate 

binding domain and a FAD binding domain. In between these two domains, lie 

the steroid binding loops.  
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The features that cholesterol oxidase share in common with the GMC 

oxidoreductases include a FAD-binding domain and a unique histidine residue. 

However, each cholesterol oxidase has distinct substrate-binding domain that 

shares little similarity to other GMC oxidoreductases. A representative crystal 

structure of one of the GMC oxidoreductases, glucose oxidase, is depicted in 

ribbon form in Figure 1-2 D.  
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Figure 1-3 Crystal structures of various enzymes that catalyze homologous 
reactions shown as ribbon diagrams. The corresponding cofactors are shown 
in stick mode. The conserved GMC oxidoreductase domains are marked red, 
the substrate binding domain and loops in yellow. A. Cholesterol oxidase from 
Streptomyces (PDB entry 1MXT); B. type I cholesterol oxidase from 
Brevibacterium complexed with dehydroisoandrosterone (PDB entry 1COY); 
C. type II cholesterol oxidase from Rhodococcus equi (PDB entry 1I19); D. 
glucose oxidase from Aspergillus niger (PDB entry 1CF3).  
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III. Substrate specificity and Inhibition of the enzyme 

Detailed substrate specificity studies have been carried out in the 1970s 

for cholesterol oxidases from Nocardia [52], Rhodoccocus equi [53] and 

Streptomyces [23]. Cholesterol displays maximum reactivity among these 

three species with the Nocardia cholesterol oxidase showing preference of 

C17 tailed steroids. It should be noted that the substrates of above 

experiments were dissolved in detergent micelles instead of lipid vesicles, 

which are much better mimics of lipid bilayers. As a matter of fact, the 

acitivities of ChoA against different substrates had no significant differences 

when liposomes were used [54]. In this study, WT and mutant proteins hardly 

discriminate between cholesterol and these two steroids under condition of 25 

mol% sterol/DOPC unilamellar vesicles. Mutated residues do not have 

interactions with the tail of the sterols and these residues might form 

hydrophobic channel that lead the substrate into the active site. The same  

substrates were tested similarly in another study for cholesterol oxidase from 

Rhodococcous equi and their activities relative to cholesterol (100%) are: β-

sitosterol (70%) and stigmasterol (40%) [55].    

A few cholesterol derivatives were studied for multiple purposes 

including probing active site flexibility, searching for inhibitor and mechanistic 

implications. 4α,5α-cyclopropanocholestan-3β-ol and 4β,5β-

cyclopropanocholestan-3β-ol are oxidized by ChoA 1000 times slower than 

cholesterol but they are substrates for ChoA  [56]. It was also suggested that 

the active site and the substrate-binding domain is flexible since these two 
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substrates have rigid rings. Another conformational restrained derivative of 

cholesterol, 2α,3α-cyclopropanocholestan-3β-ol, was found to inhibit ChoA 

irreversibly resulting in two adducts of FAD-steroid [57]. This finding has more 

significance in inhibitor design because the flavin cofactor can now be 

accessed by cyclopropoxide ring-opening mechanism.   

In an inhibitor screen study done by Witholt et al. [58]. they were able to 

specifically target the isomerization reaction of cholesterol oxidase from 

Rhodoccocus, Streptomyces and two other species using morpholine 

derivatives as inhibitors. In particular, fenpropimorph showed wide spectrum 

inhibition against all 4 enzymes. 50% of the enzyme activity could be inhibited 

with 50 mg/l concentration of fenpropimorph. A reversible competitive 

mechanism was suggested for the inhibition of cholesterol oxidase from 

Steptomyces.    
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IV. Summary 

This dissertation aims to provide functional evidences for the catalytic 

studies of reactions catalyzed by cholesterol oxidase. In Chapter 2 the 

catalytic steps involving the usage of molecular oxygen will be discussed in 

detail. In particular, molecular oxygen was proposed to access the active site 

through a hydrophobic tunnel. Tunnel mutants will be used as probes to study 

the kinetic and thermodynamic properties of the enzyme. The role of residue 

Asn485 in the catalysis will be discussed in Chapter 3 by mutating it into Leu 

and Asp. In the WT enzyme the side chain of Asn makes an NH · · · π contact 

with the reduced form of the FAD cofactor. In order to further probe the role of 

the amide side chain in the catalysis, a N485D mutant will be constructed. 

The kinetic and redox potential profiles of all three enzymes (WT, N485D and 

N485L) will be reviewed together with the atomic resolution structure of the 

mutant enzymes to reveal how the stabilization of the reduced FAD cofactor is 

disrupted in the mutants. 
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Chapter 2 

 

The catalysis of cholesterol oxidase can be controlled by a hydrophobic 

tunnel that allows the access of molecular oxygen to the active site 
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I. Introduction 

1. Overview of tunnels involved in transporting molecules within 

enzymes 

Enzymes often catalyze reactions in which one or more of the substrates is 

a gas, often a small diatomic molecule, for example oxygen or hydrogen.  Due to 

the small, non-polar nature of these molecules, the requirements for their specific 

binding have long been debated.  It is possible that these gasses may reach the 

active sites of enzymes by passive diffusion through proteins as they undergo 

“breathing” vibrations.  The passive diffusion of small gasses could occur along 

many different trajectories through a protein.  However, there are many atomic 

resolution structures of enzymes and proteins in which possible binding cavities, 

and even tunnels have been visualized.  In some cases, these tunnels have been 

saturated with xenon, an efficient diffractor of X-rays to demonstrate that a gas 

may diffuse through the channel or tunnel.  Here we present functional evidence 

that the observed hydrophobic tunnel in type I cholesterol oxidase works as an 

oxygen-binding moiety. 

Enzymes that channel an intermediate between two active sites are the best 

characterized examples of functional tunnels.[1]  These tunnels sequester a 

gaseous or reactive intermediate that is generated at one active site, and direct 

its diffusion to a second active site.  For example, tryptophan synthase channels 

indole generated in one subunit to the adjacent subunit where it is converted to 

tryptophan.[2]  The amidotransferase family, of which carbamoyl phosphate 

synthetase is an exemplary member, channels ammonia produced from 
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substrate, e.g. glutamine, from one active site to a second where the ammonia is 

utilized in a second reaction.  In the case of carbamoyl phosphate synthetases, 

carbamate is subsequently channeled to a third active site.[3, 4]  In these 

examples, blocking diffusion of an intermediate into bulk solution and the ensuing 

improvement in catalytic efficiency is the primary mechanistic advantage that 

results from tunneling of metabolites. In the reaction catalyzed by carbon 

monoxide dehydrogenase/acetyl coenzyme A synthase A, a channel between 

subunits is proposed to allow transport of CO or CO2 to the active site and 

between active sites.[5]  Mutation of amino acids to block this channel appear to 

block CO and CO2 acess to the active site.[6]  These enzymes are primarily 

multimeric and require a tunnel or channel to pass the intermediate from one 

subunit to the next.  

Enzymes that utilize a gas as a substrate, as opposed to as an intermediate, 

have different mechanistic requirements.  In these cases, the substrate is already 

present in the bulk solution and must reach the active site.  Binding gaseous 

substrate through a tunnel allows temporal and regiocontrol of its reaction with a 

second substrate, thus conferring a mechanistic advantage. For example, 

soybean lipoxygenase generates an alkyl radical intermediate.  If activated 

oxygen is not directed at a specific carbon, many regioisomers could result.  A 

channel has been proposed to act as a reservoir for O2 that directs it through the 

protein to react predominantly at C-13 of the linoleyl radical.[7, 8]  Mutation of 

Ile553 to Phe in this channel reduces oxygen access (kcat/Km
O2) to the radical 

intermediate without altering the rate of other steps in the catalytic cycle.  The 
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classic example of oxygen binding is that of oxygen to the heme proteins 

myoglobin and hemoglobin.[9] Although, not enzymes, several low affinity 

binding sites for oxygen (or CO) have been observed by crystallographic and 

spectroscopic methods.[10-12]  

In other cases, tunnels have been observed in enzymes, but their utilization 

has not been functionally demonstrated.  For example, 3-hydroxybenzoate 

hydroxylase has a hydrophobic tunnel that leads to a discrete binding pocket that 

is proposed to be the oxygen binding site.14   The structure of L-amino acid 

oxidase in the presence of L-phenylalanine reveals a Y-shaped channel that may 

bind the substrate oxygen and release the product hydrogen peroxide.[13]  A 

hydrophobic tunnel proposed to bind oxygen and hydrogen peroxide is also 

present in the type II cholesterol oxidase.[14]  Hydrophobic channels that could 

bind hydrogen gas were observed in the xenon-saturated structure of Ni-Fe 

hydrogenase.[15]   

2. The catalysis of cholesterol oxidase is potentially controlled by a 

hydrophobic tunnel 

The atomic structure of type I cholesterol oxidase has been solved to 0.95 Å 

resolution.[16]  At this resolution, the two conformations of approximately 80 

amino acid residues are resolved.  In one conformation, several amino acids are 

oriented such that a narrow, hydrophobic tunnel extending from the outside 

surface of the enzyme to the buried active site is formed.  In the alternate 

conformation the tunnel is closed (Figure 2-1). The orientation and size of this 

tunnel suggests that it provides a passageway for oxygen access to the active  
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Figure 2-1 Atomic resolution structure of type I cholesterol oxidase. Light blue, 
surface; Lawn green, water molecules; Orange, water molecules that are in the 
tunnel. Key tunnel residues were labeled in blue and red. The hydrophobic tunnel 
is present when the tunnel residues are in their open conformations (A,B) but 
blocked in the closed conformations (C,D). Images were created using Pymol[17]. 
A and C were rotated 90° along the Y axis to produce B and D, respectively. 
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site and hydrogen peroxide release to the aqueous solvent.  Phe359, Val189 and 

Gly347 frame the entrance to the tunnel.  At the other end of the tunnel, Asn485 

and Met122 form a gate between the tunnel and the isoalloxazine ring of the 

flavin.  The tunnel is only long enough to house two oxygen molecules.  

Cholesterol oxidases are bacterial, monomeric flavoenzymes that catalyze 

the oxidation of cholesterol to cholest-5-en-3-one.  The flavin dinucleotide 

cofactor is simultaneously reduced. The reduced flavin is in turn oxidized by 

oxygen with concomitant formation of hydrogen peroxide.  The cholest-5-en-3-

one that is formed is isomerized to cholest-4-en-3-one in the same active site. 

An amide-π interaction between the side chain of Asn485 in cholesterol 

oxidase and the pyrimidine ring of the FAD stabilizes the reduced flavin.[18]  

When the substrate is oxidized and the FAD cofactor is reduced, the side chain 

of Asn485 rotates toward the cofactor and a series of conformational changes 

involving other tunnel residues are initiated. These conformational changes result 

in the tunnel open conformation, suggesting that the conformation of Asn485, 

and, by implication, the oxidation state of the flavin regulate access of oxygen to 

the active site from this tunnel.  

Despite the structural observation of a tunnel in this enzyme as well as other 

oxygen requiring enzymes, no functional evidence that there is a specific binding 

pathway, e.g., a tunnel, has been forthcoming.  To test the functional importance 

of the tunnel, we investigated the effects of mutating tunnel residues, Phe359, 

Met122, Asn485 and Gly347.  The kinetics of the reactions catalyzed by mutant 
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cholesterol oxidases were interpreted with respect to the mutant enzyme atomic 

structures.   
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II. Results 

1. Construction and purification of WT and mutant cholesterol oxidases 

 The mutant cholesterol oxidase genes were constructed, and the 

corresponding proteins were heterologously expressed in E. coli and purified as 

previously described for other mutants and wild-type enzyme.[19]  The isolated 

proteins were determined to be greater than 99% pure by SDS-PAGE analysis 

and UV/vis spectroscopy.   

2.  Kinetic characterization of tunnel mutants   

Using cholesterol as a substrate at a fixed O2 concentration of 256 µM (buffer 

saturated with air), steady-state kinetic assays were used to initially characterize 

the wild-type and mutant cholesterol oxidases.  Individual mutation of the tunnel 

residues reduced kcat
app for substrate conversion 30- to 575-fold and had little 

effect on the Km
app (Table 2-1). 

Cholesterol oxidase catalyzes the oxidation of cholesterol to cholest-5-en-3-

one followed by its isomerization to cholest-4-en-3-one.  Two steady-state kinetic 

assays were used to elucidate the individual effect of the mutations on these two 

chemical steps.  One assay follows the formation of product cholest-4-en-3-one, 

and the second assay follows the formation of product H2O2.  If the isomerization 

reaction is slowed or cholestenone binding is weakened by mutation, the 

intermediate cholest-5-en-3-one is released before it is isomerized,[20] and  
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Table 2-1.  Assessment of mutation impact on oxidation, isomerization and 
steroid binding by measurement of apparent steady-state Michaelis-Menten rate 
constants for cholesterol turnover.a 

 Substrate 
turnoverb 

H2O2 detection 

Substrate turnoverb 

Cholest-4-en-3-one 
detection 

Intermediate turnoverc 

Cholest-4-en-3-one 
detection 

Enzyme kcat
app (s-1) Km

app (µM) kcat
app (s-1) Km

app (µM) kcat
app (s-1) Km

app (µM) 

WT 47 ± 4 2.7 ± 0.3 42 ± 1 2.7 ± 0.3 61 ± 4 7 ± 1 

F359W 1.3 ± 0.1 4 ± 1 0.86 ± 0.05 2.7 ± 0.8 23 ± 1 7 ± 1 

M122V 1.6 ± 0.2 2 ± 1 1.8 ± 0.1 1.3 ± 0.2 32 ± 3 5 ± 2 

G347N 0.85 ± 0.04 5 ± 1 1.0 ± 0.1 1.5 ± 0.6 12.0 ± 0.5 5.0 ± 0.8 

N485Dd 35 ± 4.4 x 10-3 6.2 ± 2.2 73 ± 5 x 10-3 7 ± 1 10 ± 1 7.2 ± 0.9 

V189M 38 ± 10 15 ± 10 n.m. n.m. n.m. n.m. 

aInitial velocity data were fit to the Michaelis-Menten equation for a single 
substrate, equation (1). Values reported are the mean of three independent 
measurements, and errors are the standard deviation of the mean.   bCholesterol 
was used as a substrate at an ambient O2  concentration of 256 µM.  cCholest-5-
en-3-one was used as a substrate at an ambient O2 concentration of 256 µM.  
dTaken from Lyubimov et al.[21] 

 

different rates will be measured by the two assays.  Comparison of the rate 

constants from the two assays shows that the intermediate is not released by any 

of the mutants.  Direct measurement of the rate of isomerization using the 

intermediate cholest-5-en-3-one as a substrate confirmed that isomerization is 

not perturbed more than 6-fold in kcat
app by mutation (Table 2-1) and the Km

app’s 

are unaffected.  Thus, reduced rates of steroid binding and release, or a reduced 
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rate of isomerization are not responsible for the 30- to 565-fold rate reductions 

caused by these mutations. 

These data suggested mutation of the tunnel residues primarily affected the 

oxidation chemistry catalyzed by cholesterol oxidase.  The oxidation reaction 

consists of two half-reactions:  oxidation of cholesterol to cholest-5-en-3-one 

concomitant with reduction of FAD to FADH-, and reduction of O2 to H2O2 

simultaneous with oxidation of FADH- to FAD.  In the wild type catalyzed reaction, 

a primary kinetic isotope effect on hydride transfer from cholesterol to FADH- is 

observed on both kcat
app and (kcat/Km)app , requiring that oxidation of cholesterol is 

at least partially rate limiting at both sub-saturating and saturating cholesterol 

concentrations.  The primary kinetic isotope effects on hydride transfer are 

greatly reduced in the cholesterol oxidation reactions catalyzed by all of the 

mutants except N485D (Table 2-2).  The combination of reduced catalytic activity 

in the redox step, reduced sensitivity to deuterium substitution, and marginally 

reduced rates of isomerization suggests that either oxygen binding or FADH- 

oxidation have become rate limiting in the reactions catalyzed by the F359W, 

M122V and G347N mutants.  The effect of asparagine 485 mutation on catalytic  

efficiency has been previously investigated and found to be pleiotropic. The 

majority of the rate reduction upon asparagine mutation is due to lessening the 

oxidation power of the flavin cofactor (reference [19, 21] and more details to be 

discussed in Chapter 3) 
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Table 2-2.  Assessment of mutation impact on the kinetic isotope effect for 
hydride transfer from choleserol to FAD by measurement of apparent steady-
state Michaelis-Menten rate constants for cholesterol turnover.a 

Enzyme DV & DV/K 

WTb 2.2 ± 0.1 

F359W 1.2 ± 0.2 

M122V 1.5 ± 0.1 

G347N 1.7 ± 0.2 

N485Dd 2.5 ± 0.2 

aInitial velocity data 
were measured for 
cholesterol or [3-2H]-
cholesterol as a 
substrate at a fixed O2 
concentration of 256 µM 
and fit to equation (2) for 
the same isotope effect 
on kcat

app (V) and 
(kcat/Km)app (V/K). Values 
reported are the mean of 
three independent 
measurements, and 
errors are the standard 
deviation of the mean.  
bTaken from Ye et al.[19] 
cTaken from Lyubimov et 
al.[21] 
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Table 2-3.  Steady-state rate constants for wild-type and mutant cholesterol 
oxidases. 

Enzyme KiO2 
(µM) 

Km
O2  

(µM) 
Km

chol
 

(µM) kcat(s-1) hmax 
(kcat/Km

O2)wt/ 
(kcat/Km

O2)mut

WTa 1383 ± 120 300 ± 35 4.0 ± 0.5 96 ± 6 1.0c 1 

F359Wb 1381 ± 1649 617 ± 15 2.1 ± 2.5 7.4 ± 1 2.8c 27 

M122Vb 1931 ± 2146 655 ± 93 2.3 ± 2.5 23 ± 3 3.4c 9 
aA compulsory order ternary-complex mechanism as described in equation 

(3) was fit to the initial velocity data to yield Kia, KmB, and KmA.  bSecondary 
plots of Vm

O2app and (Vm/Km)O2app versus [cholesterol] were fit to equations (5) 
and (6), respectively to yield Vm, Kia, KmB, and KmA. Vm

O2app and (Vm/Km)O2app 
were obtained by fitting initial velocity data for varied oxygen concentrations at 
fixed cholesterol concentrations to equation (4).  chmax was determined by 
plotting h versus [cholesterol] as shown in Figure 2-5. Values reported are the 
mean of two independent measurements, and errors are the standard deviation 
of the mean. 

 

 

Further steady-state assays were performed to identify the source of the rate 

decrease.  The oxygen concentration was varied in addition to varying the 

cholesterol concentration and the formation of product cholest-4-en-3-one was 

followed.  The dependence of wild-type rate on varied oxygen concentrations fit a 

classical hyperbolic saturation curve (Figure 2-2a), as did the dependence of 

rate on varied cholesterol.  The combined oxygen and cholesterol data fit a 

model in which a ternary complex of steroid, oxygen and enzyme is formed 

(Figure 2-2b). The data were inconsistent with a ping-pong model in which 

cholest-4-en-3-one, the first product, is released before binding of O2, the second 

substrate.  
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Figure 2-2:  Ternary model of substrate binding.  Initial velocities for wild-type 
cholesterol oxidase were measured over a range of O2 concentrations with 
varied cholesterol concentrations.  The data were globally fit to equation (3) for a 
sequential ternary mechanism or they were fit to equation (4) for a cooperative 
mechanism at each individual cholesterol concentration.  For the fit to equation 
(4), the Hill coefficient, h, was 1.0 at all cholesterol concentration.  The data 
shown are the average of two independent experiments, and the errors are the 
standard deviation of measurement. (a) Michaelis-Menten plots for vi/[Eo] versus 
[O2] at varied cholesterol concentrations: , 30 µM ; , 15 µM; , 9 µM; , 6 
µM; , 3 µM; and , 2 µM.  (b) Double-reciprocal plot of the data in panel (a).  
The intersecting line pattern is consistent with the formation of a ternary complex 
between the enzyme, oxygen and steroid. 
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The rate dependencies on oxygen concentration of the mutant-catalyzed 

reactions were strikingly different than the wild-type catalyzed reaction.  The 

N485D catalyzed reaction was linearly dependent on oxygen concentration within 

the experimentally accessible range of oxygen concentration (Figure 2-3a).  In 

this concentration range, the reaction catalyzed by N485D is second order, i.e., 

dependent on both oxygen and enzyme concentration, suggesting that the Km for 

oxygen has been increased to a concentration above the solubility limit of oxygen 

in aqueous buffer.  The plots of initial rate catalyzed by F359W, M122V, and 

G347N versus oxygen concentration were sigmoid and were fit to the Hill 

equation for cooperativity (Figures 4B, 4C, and 4D).  The Hill coefficients for the 

reactions-catalyzed by F359W and M122V ranged from 1.6 to 2.9 and were 

dependent on cholesterol concentration (Figure 2-4).  Although, the reaction 

catalyzed by G347N appears cooperative, the data could not be fit reliably 

because the Km
app for O2 is close to the aqueous solubility limit of oxygen.  

Therefore these data were not analyzed further.  Reanalysis of the wild-type data 

utilizing the Hill equation confirmed that there was no apparent oxygen 

cooperativity in the wild-type catalyzed reaction; the Hill coefficients at all 

cholesterol concentrations were 1 (Figure 2-2a).  
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Figure 2-3: Oxygen cooperativity of mutants. vi/[Eo] was plotted versus [O2] at 
varied cholesterol concentrations and fit to equation (4): , 30 µM ; , 15 µM; , 
9 µM; , 6 µM; , 3 µM; and , 2 µM. (a) N485D; (b) F359W; (c) M122V; (d) 
G347N. The data shown are the average of two independent experiments, and 
the errors are the standard deviation of measurement. 
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Figure 2-4: Dependence of F359W and M122V oxygen cooperativity on 
cholesterol concentration.  Vm

O2app and (Vm/Km)O2app were obtained by fitting initial 
velocity data for varied oxygen concentrations at six fixed cholesterol 
concentrations to equation (4).  The Hill coefficients, h, thus obtained were 
plotted versus [cholesterol] and fit to a rectangular hyperbola with h = 1 at [chol] 
= 0. The data shown are the average of two independent experiments, and the 
errors are the standard deviation of measurement. 
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      The kinetic cooperativity of oxygen reaction was investigated with a poor 

substrate, dehydroepiandrosterone.  In the wild-type catalyzed reaction, kcat is 50 

times slower with dehydroepiandrosterone as substrate than with cholesterol.  

The wild-type catalyzed reaction has a hyperbolic dependence on oxygen 

concentration with a Km
app = 571 ± 74 µM and kcat

app
 = 1.4 ± 0.090 s-1. (Figure 2-

5).  Importantly, the F359W catalyzed reaction is not cooperative in oxygen when 

dehydroepiandrosterone is utilized as the substrate.  The F359W catalyzed 

reaction also shows a hyperbolic dependence on oxygen concentration with a 

Km
app = 302 ± 38 µM and kcat

app
 = 1.3 ± 0.072 s-1 (Figure 2-5).  This result 

indicates that the kinetic cooperativity observed with cholesterol is lost when the 

rate(s) of kinetic step(s) subsequent to oxygen binding are reduced. 
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Figure 2-5: Initial velocities for wild-type cholesterol oxidase and F359W were 
measured over a range of O2 concentrations with a fixed 
dehydroepiandrosterone concentration of 140 µM. and fit to equation (1).  , WT; 

, F359W. The data shown are the average of two independent experiments, 
and the errors are the standard deviation of measurement. 
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3. Atomic resolution structure of the F359W mutant * 

 The crystal structure of the F359W mutant was refined to 0.95 Å resolution 

(Table 2-4).  The mutant crystallizes in the same space group as the wild type 

enzyme and the overall structure of the mutant is the same.  At this resolution in 

the wild-type structure, multiple conformations of amino acid residues were 

resolved into two distinct conformations.  In conformation A, the tunnel between 

solvent and active site is closed.  In conformation B, the tunnel residues are 

rotated out of the tunnel and an open passage is formed.[16]    

In the wild-type structure, phenylalanine 359 occupies the two distinct 

conformations with equal occupancy, suggesting that the conformations are 

approximately equal in energy.  In conformation A the phenylalanine side-chain 

fills the tunnel, and in conformation B, it undergoes a 18° rotation about χ1 and 

the tunnel becomes solvent accessible.  In the mutant structure, the indole ring of 

Trp359 is flipped into the tunnel in a position analogous to conformation A of 

phenylalanine 359 in the wild-type structure.  A second conformation of 

tryptophan 359 is not detected in the electron density maps.  The conformations 

of other tunnel residues and active site residues have less than a root-mean 

squared deviation from the wild-type structure.  The rest of the residues that 

occupy two conformations in the wild-type structure also occupy two 

conformations in the F359W structure. 

The observation of a single conformation in the mutant structure suggests 

that the tryptophan conformation analogous to conformation B of phenylalanine 

359 is higher in energy than the observed tryptophan conformation.  In addition,  
                                                        
* The crystallography experiments presented in this section were performed by Artem Lyubimov. 
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Table 2-4. Crystallographic data and refinement statistics for the F359W 
cholesterol oxidase structure.  
 

Data collection F359W 

Space group P21 

Cell dimensions  

a, b, c (Å) 51.28, 72.87, 62.95 

α, β, γ (°) 90.0, 105.11, 90.0 

Resolution (Å) 
46.7 – 0.95 

(0.98 – 0.95) 

Rmerge 0.047 (0.48) 

I / σI 11.2 (1.9) 

Completeness (%) 96.3 (67.6) 

Redundancy 4.22 (2.56) 

Refinement  

No. reflections (total) 1,141,795 

No. reflections (unique) 270,322 

Rwork / Rfree 14.0 / 17.5 
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rotation about χ1 of tryptophan 359 cannot occur without simultaneous movement 

in the surrounding protein structure because unfavorable van der Waals contacts 

would occur during rotation.   The increased steric bulk of the indole ring over 

that of a phenyl ring destabilizes conformation B and raises the barrier to its 

formation. 

Manual modeling of the tryptophan χ2 conformers reveals that an alternative 

conformation is possible upon -155° rotation.  In this conformation, the 

tryptophan χ1 angle is unchanged.  The rotation results in the protrusion of the 

phenyl moiety of the indole ring towards the solvent rather than into the tunnel.  

In this conformation, a solvent accessible tunnel that extends to the active site is 

present. 
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Figure 2-7: Surface representation of F359W mutant. Forest green, surface; 
Lawn green, water molecules. Key tunnel residues were labeled in blue and 
magenta. B is the resultant image after A was rotated 90° along the Y axis. Key 
tunnel residues were labeled. Images created using Pymol[17]. 
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Discussion 

Although, the mutation of phenylalanine 359 to tryptophan results in a 50-fold 

decrease in catalytic activity, the reduced enzyme is still oxidized by oxygen with 

multiple turnovers.  The atomic resolution structure of the mutant with a 

tryptophan indole at position 359 has a blocked tunnel. If the mutation blocked 

the tunnel to such an extent that oxygen can no longer traverse the tunnel, and 

oxygen is forced to access the active site via the steroid-binding site, a ternary 

complex of oxygen and steroid would no longer be formed.  Kinetically, a ping-

pong mechanism of substrate binding would be observed.  That is, the steroid 

binding, conversion, and release would have to occur before oxygen binding and 

turnover.  However, the kinetic profile of the F359W mutant, as well as those of 

the other three mutants (Figure 2-3), are inconsistent with this mechanism and 

the model was not considered further. 

The reactions catalyzed by the F359W, M122V and G347N mutants do not fit 

a classical ternary complex mechanism either.  Instead, the mutations introduce 

positive cooperativity with respect to oxygen concentration. Cooperativity is 

generally associated with multi-subunit proteins that relay binding occupancy and 

structural conformation information between subunits, for example, as occurs 

upon binding of oxygen to hemoglobin.  Cholesterol oxidase is a monomeric 

enzyme, and thus, it is distinctly improbable that the cooperativity results from 

multi-site binding of oxygen with successive changes in association constants 

and quaternary structure.  The proposed oxygen-binding tunnel is large enough 

to accommodate two oxygen molecules.  One could be bound as substrate and 
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the second as an allosteric effector.  However, the F359W mutant tunnel is only 

large enough to accommodate half of one oxygen molecule (one water is 

observed in the electron density maps), and it is the mutant that shows positive 

cooperative behavior, not the wild-type enzyme.  Furthermore, additional oxygen 

binding cavities were not observed in the mutant structure.  Thus, a multi-site 

binding model was not consistent with either the structural data or the wild type 

kinetics. 

Next, a kinetic cooperativity model was considered.[22, 23]  Monomeric 

enzymes display kinetic cooperativity under non-equilibrium conditions that are 

often due to a slow protein conformational change.  In this model, two different 

protein conformations, E and E’, can bind O2 followed by cholesterol to form a 

ternary complex, E’•O2•cholesterol and the ternary complex reacts to form 

products (Figure 2-8).  The reaction of E’ is faster than the reaction of E.  The 

protein conformation E’ persists after product release and at high oxygen 

concentrations, oxygen can bind to E’ before it has time to equilibrate to the more 

stable enzyme form, E.  This kinetic trapping of E’ by O2 occurs because the two 

conformations, E and E’, interconvert slowly and the rate of binding of O2 is first-

order in oxygen concentration.  In this mechanism, the more active enzyme 

conformation E’ appears to be remembered because it relaxes back to the E form 

so slowly and this type of kinetic cooperativity is known as mnemonic.[23, 24]  

There are two consequences of this mechanism.  The first consequence is that 

the reaction kinetics only display cooperativity for the first or preferred substrate, 

and no cooperativity for the second substrate.  In the case presented here, there  



 59

 

a 

 

b 

Figure 2-8: a, Mnemonic model for kinetically cooperative oxygen reaction in the 

mutant-catalyzed reactions.  Adapted from the work of Cornish-Bowden and 

Ricard. [22, 23]. b, free energy diagram of the cooperativity model. Red peak 

represents the situation when a slow substrate such as DHEA is used.  

 

is no cooperativity with respect to cholesterol.  The second consequence is that 

the positive cooperativity will increase with increasing concentrations of the 

second substrate.  Again, this is the case here (Figure 2-4); the Hill coefficient 

increases with increasing cholesterol concentration. 
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The mnemonic model is consistent with both the F359W structure and 

kinetics.  The tunnel-closed conformation, (E in Figure 2-8) is the more stable, 

and the only experimentally observed, conformation.  As oxygen passage 

through the tunnel is sterically blocked by the mutation, it is assumed that oxygen 

must bind by another means and this route is slower than the native binding 

mechanism through the tunnel.  One possibility is diffusion through the protein by 

many different paths.  After chemical conversion of cholesterol and O2 to cholest-

4-en-3-one and H2O2, respectively, the products are released.  If the kinetic 

barrier to H2O2 diffusion through the protein is much higher than the barrier to 

H2O2 diffusion through the tunnel, the latter pathway will predominate.  Upon 

H2O2 release, the tunnel will be open.  Because the open and closed tunnel 

conformations interconvert slowly and are not in equilibrium in the presence of 

high oxygen concentrations, oxygen can bind via the tunnel.  This binding 

pathway is faster than diffusion through the tunnel and cooperativity in time is 

observed.  This mnemonic mechanism suggests that the F359W tunnel can be in 

an open conformation, but this conformation is much higher in energy than the 

closed form, and the open-closed interconversion is kinetically slow.   

The precise structure of the F359W tunnel open conformation is not known.  

However, inspection of the crystal structure suggests that one possibility is 

rotation about χ2 to “flip” the tryptophan indole out towards solvent.  This 

conformation would be less stable than the ‘indole in’ conformation because the 

phenyl is oriented towards solvent water, rather than the indole that can 
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hydrogen bond.  In addition, the barrier to flipping would be high because of 

steric interactions with the surrounding protein. 

An alternative model is that oxygen only binds by diffusion through the protein 

and that hydrogen peroxide is only released by diffusion.  In this case, there is 

not a defined pathway of binding, but many paths would contribute to oxygen 

binding.  If the binding pathways were random, it would be very unlikely that the 

conformation of the enzyme (E’ in Figure 2-8) released upon hydrogen peroxide 

exit would be in the optimal conformation for oxygen binding.   

We cannot completely exclude an alternative mechanism in which the 

substrates bind in random order, and the flux through the oxygen binding first 

pathway versus the cholesterol binding first pathway shifts upon changing 

oxygen concentration.[25, 26] This mechanism requires that substrate binding 

not be at equilibrium, that is, steps subsequent to ternary complex formation are 

fast relative to substrate binding.  The implication that results is that mutation of 

tunnel residues slows down substrate binding and our conclusions about the 

importance of a protein tunnel through which oxygen binds are unchanged. 

An examination of other enzymes in the glucose-methanol-choline 

oxidoreductase superfamily tells us how well the tunnel feature is conserved. 

Although they catalyze different reactions, all six enzymes compared contain one 

molecule of bound FAD.  Some tunnel residues are conserved upon structure 

alignments of GMC-oxidoreductase enzymes (Figure 2-9). The structures are 

matched by their FAD cofactors (Figure 2-9 a). F359 from ChoA is best aligned 

with Trp568 of cellobiose dehydrogenase from Phanerochaete chrysosporium  
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and Phe351 of glucose oxidase from Aspergillus niger. All other enzymes aligned 

contain at least one aromatic residue within 5 Å from Phe359 of ChoA. It can 

thus be suggested that an aromatic side chain is often involved in controlling the 

switch of major structural or conformational change, since their movements are 

relatively dramatic compared to linear side chains. As a matter of fact, two Phe 

residues were found to lie at an interruption position where a potential tunnel 

could be formed in two of the enzymes aligned: cellobiose dehydrogenase from 

Phanerochaete chrysosporium and pyranose 2-oxidase from Trametes multicolor 

(Figure 2-10). Further prediction is not possible because these two structures 

were solved at low resolutions. About other ChoA tunnel residues, G347 of ChoA 

is aligned with hydrophobic residues such as Ile and Leu in other enzymes. 

There is no clear pattern of what type of residues V189 is aligned to. In 

conclusion, an aromatic residue such as Phe is always the key in controlling 

tunnel open/close. 
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Figure 2-9 Structure alignments of ChoA with other GMC oxidoreductases. a). all 
enzymes are matched by the positions of their FAD cofactors. Light green, 
glucose oxidase from Aspergillus niger (PDB entry 1CF3); yellow, hydroxynitrile 
lyase from almond (PDB entry 1JU2); blue, cellobiose dehydrogenase from 
Phanerochaete chrysosporium (PDB entry 1KDG); cyan, cholesterol oxidase 
from Streptomyces (ChoA, PDB entry 1B4V); purple, pyranose 2-oxidase from 
Trametes multicolor (PDB entry 1TT0); red, D-amino acid oxidase from Homo 
sapiens. b-e), residues that are within 3 Å distance from either Phe359 (b, c), 
Gly347 (d) or Val189 (e) of ChoA in the alignments are shown. Aromatic residues 
of b) are separated and labelled in c) for clarification. Structurally homologous 
residues to either Gly347 or Val189 are labeled in d) and e), respectively.     
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Figure 2-10 Potential “tunnel” in other GMC oxidoreductases. a) cellobiose 
dehydrogenase from Phanerochaete chrysosporium (PDB entry 1KDG); b) 
pyranose 2-oxidase from Trametes multicolor (PDB entry 1TT0); Tunnel surfaces 
were constructed by removing waters in the structure and then filling with 
solvent-accessible surfaces using Pymol. The FAD cofactors and the Phe 
residues that exist at where the potential tunnel discontinues are shown in sticks.  

  

In conclusion, hydrophobic tunnels have been observed in other protein 

structures, and their function as gas-binding tunnels hypothesized. The 

mutagenesis, kinetic and structural studies presented here provide functional 

evidence for the utility of the hydrophobic tunnel that reaches ~18 Å between the 

solvent accessible surface and the active site of cholesterol oxidase (Figure 2-

11).  This tunnel provides oxygen access to the enzyme active site.  That is, 

there is a specific binding pathway for oxygen to reach the reduced flavin 

cofactor.  Similar oxygen binding tunnels have been observed in other protein 

structures, and are likely to function in a similar fashion.  Their evolutionary 

selection is presumably derived from the need for temporal control as well as 

regiospecific control over oxygen delivery to reactive intermediates in enzyme-

catalyzed reactions. 

 On the other hand, the hydrophobic tunnel might be functionally more 

important when used as an exit for hydrogen peroxide. Peroxide or similarly 

oxidizing reagents can cause degenerative diseases such as coronary heart 

disease [33], aging [34] and cancer [35]. Hydrogen peroxide can also react with 

amino acid side chains which leads to mutations of protein structures [36]. 

Although a channel for H+/H2O output can still be formed in cytochrome oxidases 

when oxygen is reduced to water instead of hydrogen peroxide [37], reactions 
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catalyzed by these enzymes will yield various types of intermediates that are 

partially reduced oxygen species [38]. Thus, It is possible that these hydrophobic 

tunnels were evolved to prevent reactivity of the product as well as oxidative 

reagents from damaging the enzymes.    

 

Figure 2-11  Length of the tunnel. Distances were drawn as yellow dashed lines. 
Water 1252 to water 1246: 7.74 Å; water 1246 to the hydrogen of C6 on the 
isoalloxazine ring: 10.66 Å. 
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Chapter 3 

 

The interplay between potentiometry and structural biology: probing the 

role of Asn485 in the catalysis of cholesterol oxidase by two mutant 

enzymes: N485L and N485D  
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I. Introduction 

1. Active site residues and structures of cholesterol oxidase 

The Detailed catalytic mechanism of cholesterol oxidase from Streptomyces 

(ChoA) was studied using a combination of crystallography and kinetic 

techniques.[1-4] Catalysis proceeds Michaelis complex formed between the 

active site residues and the substrate.[5] A model of this complex is shown in 

Figure 3-1. In this model, the C-H bond from the substrate molecule (DHEA in 

this case) is aligned with the lowest unoccupied molecular orbital (LUMO) of the 

FAD so as to maximize orbital overlap and thus facilitate catalysis. In fact, in the 

crystal structures a water molecule aligns over the π-orbital of the cofactor 

isoalloxazine ring (N5 position) [2].  This water molecule is thought to serve as a 

mimic of the substrate hydroxyl group in the structure. 

 

Figure 3-1 Stereo figure of a model for the Michaelis complex in ChoA (pdb entry 
1MXT).[2] Adopted from reference [5]. 
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His 447 is conserved in all enzymes in the GMC oxidoreductase family 

(Figure 2-11). Its importance has also been demonstrated by mutagenesis and 

kinetical studies.[1] In the atomic resolution structure of ChoA, His447 is 

protonated at NE2 over a broad range of pHs.[5] The role of this conserved 

residue is to form hydrogen bond with the substrate hydroxyl group and 

participate in the positioning of the substrate with respect to the cofactor and 

Glu361 residue because the hydrogen atom from the substrate hydroxyl group 

needs to point toward Glu361 (Scheme 3-1).     

Cholesterol oxidase catalyzes a unique isomerization reaction following the 

oxidation step. This feature is not shared by other GMC-oxidoreductases possibly 

due to the fact that oxidation of cholesterol will produce an intermediate, cholest-

5-en-3-one, that is highly susceptible to peroxidation which will result in a series 

of side products[6]. In the isomerization, the C-H bond at C4 position is cleaved 

and one hydrogen is transferred to 6 position to form a new double-bond at α,β 

position. The crystal structure supported the general base hypothesis because 

Glu361 was found to be positioned over the plane of the substrate (Scheme 3-1) 

[3, 7]. Isotope transfer and mutagenesis studies suggested the involvement of a 

base in the isomerization.[8, 6, 9]  
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Scheme 3-1 Key active site residues involve in the catalysis of ChoA. [10] 
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2. An N-H···π interaction stabilizes the reduced flavin 

The asparagine residue at position 485 in ChoA was postulated to play an 

important role in catalysis because it is located at the active site and is within 

hydrogen bonding distance of the substrate.[3] Kinetic and crystallographic 

studies were carried out to elucidate its role in catalysis.[11] It was found that 

mutation of asparagines to leucine resulted in a 1300-fold decrease in kcat/Km of 

the oxidation step but only 60-fold for the isomerization. Hydride (from the C3a) 

transfer at 3α position is still partially rate-limiting for the mutant. The reduction in 

catalytic rate was attributed to the reduction in redox potential (-76 mV) for the 

Leu mutant. An explanation of this reduction in potential was provided by crystal 

structure where it was found that an N-H···π interaction between Asn485 and the 

cofactor was removed by mutation into a Leu.[11] An amide-π interaction could 

reduce the overall thermodynamic energy by 2~3 kcal/mol through stabilization of 

the reduced FAD.[12]  

An atomic resolution structure of the WT enzyme refined to 0.95 Å provided 

a better understanding toward the involvement of the Asn485 residue than the 

original 1.5 Å structure of N485L mutant.[2] Two populated conformational states 

for 82 amino acids were observed in the atomic structure. Asn485 was found to 

adopt two different side-chain conformations at liganded and un-liganded states 

of the enzyme. When in the liganded conformation, Asn485 and a few other 

hydrophobic residues form a tunnel that is pointed toward the solvent accessible 

surface for oxygen entry. This phenomenon could be explained mechanistically: 

the reduced FAD cofactor will require Asn485 to form an N-H···π interaction to 
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stabilize its extra charge as well as the need for molecular oxygen to cycle it back 

to its oxidized form (Scheme 3-1, Figure 3-2).  

 

Figure 3-2 Side chain of Asn485 adopts two different conformations. The 
conformation appeared in green is the liganded conformation. Its interactions 
with the cofactor were shown as dotted lines.[2] 

 

 

 

1　 
4　 
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3. Potentiometry and its application in enzymology 

Reduction potential is the tendency of a chemical species to acquire 

electrons and thereby be reduced. Each species has its own intrinsic reduction 

potential; the more positive the potential, the greater the affinity for electrons and 

tendency to be reduced. Reduction potentials are defined relative to the standard 

hydrogen electrode (SHE) which is arbitrarily given a potential of 0.00 volts. 

Some common oxi-reduction reactions and their redox potentials are listed in 

Table 3-1. 

 

Half-reaction Eo (V) 

Li+(aq.) + e− → Li(solid) −3.05 

2 H2O(liquid) + 2e- → H2(gas) + 2 OH-(aq.) -0.83 

2H+(aq.) + 2e− → H2(gas) 0.00 

O2(gas) + 4H+ + 4e− → 2H2O +1.23 

Table 3-1 Half-reactions and their corresponding potentials. E0, potential; aq., 
aqueous solution.[13] 
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Redox centers are a common place within enzymes where storing and 

transferring of electrons occur during catalysis.[14] Metals and organic cofactors 

such as flavins are major components of redox centers. The free energy required 

to oxidize or reduce these redox centers is an important parameter of catalysis 

and its determination is key to elucidation of the mechanism. The redox potential 

of these redox centers can be readily converted to free energy. For example, 

there are 24 electrons involved in the cellular respiration process. The potential 

of oxygen being reduced to water is 1.23 V. We can thus calculate its free energy 

by using the Faraday constant (Scheme 3-2). 

 

 

C6H12O6 + 6O2              6CO2 + 6H2O + energy (36 ATP)* 

                                ∆G = -nFE  

 = − (24)(23.062)(1.23) = − 686 kcal  

Scheme 3-2   Free energy of the cellular respiration process. 

 

 

 

                                                        
* The biology web. http://faculty.clintoncc.suny.edu/faculty/Michael.Gregory/default.htm 
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Another significant contribution of redox potential studies is that we can detect 

subtle changes in the protein environment surrounding the redox center, as well 

as how enzymes modulate the redox property of the cofactor. For instance, pKas 

of residues in the active sites of some enzymes can be assigned based on 

ionization (potential) states of the redox centers.[15] In another case, the two-

electron midpoint potential of FAD is shifted 74 mV more negative as a result of 

tighter binding to the reduced form by its surrounding apoprotein.[16] This type of 

higher affinity can be attributed to the formation of covalent interaction and 

hydrogen bonding with the reduced cofactor.  

The active site asparagine residue was mutated to Asp in this study to further 

probe the role of electrostatics during catalysis. The mutant was examined by a 

combination of kinetics, potentiometry and crystallographic techniques. Similar 

experiments were repeated for the N485L mutant. The crystal structure of the 

Leucine mutant was refined to atomic resolution for a detailed comparison with 

structures from WT and N485D.   
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II. Results 

1. Steady-state kinetics and potentiometry at pH 7 

Steady-state kinetic parameters at pH 7.0 were recorded for WT, N485D 

and N485L enzymes (Table 3-2 and Table 3-3). Mutations on the Asn residue 

decreased kcat of oxidation by 650 (N485D) ~1100 (N485L) fold. Apparent Km 

values were affected < 2 fold within experimental error. The isomerization step, 

as probed by using cholest-5-en-3-one as the substrate, was diminished only 

6~20 fold. Hydride transfer, which is partially rate-limiting in the WT enzyme, is 

still determining the date in the mutants at pH 7.0 (Table 3-4). However, it is no 

longer rate-determining for the N485D mutant at pH 5.1 because the isotope 

effects decreases to 1.2 from 2.5 at pH 7.0.  

Potentiometric experiments were done in an anaerobic 

spectroelectrochemical cell following the method of Stankovich.[17] The 

potentials of individual one-point reduction (E1, E2) for the WT enzyme were 

recorded. However, due to limited stability of semiquinone in the mutants, only 

the mid-point potential was obtained for N485D and N485L enzymes. The 

potential of the enzyme was poised using a redox dye, the Em of which is within 

30 mV of the enzyme.  The potentials were measured with an Ag/AgCl electrode 

and corrected to the standard hydrogen electrode.  The concentrations of 

oxidized, semiquinone and reduced flavin enzyme species were determined 

spectroscopically at each measured potential. As summarized in Table 3-5, E1 

corresponds to the one-electron reduction potential of the cofactor to the 
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semiquinone form and E2 indicates the potential of the second electron reduction, 

which converts semiquinone of the cofactor to its reduced form. The midpoint 

potential of the WT enzyme is within the range of potentials that are observed for 

most flavoproteins (0~-150 mV) at pH 7.0. The Em of N485D and N485L are 

reduced -80 and -85 mV from that of WT, respectively. 
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Table 3-2. Michaelis-Menten rate constants of the oxidation reaction. 

 

 

 

 

 

 

 

 

Oxidation a pH Enzyme 

kcat (s-1) Km (µM) kwt/ 
kmutant 

kcat/ Km 

 pH 5.1/pH 7.0 

WT 47 ± 4.0 2.7 ± 0.28 n.a.  

N485D 0.073 ± 0.0048 6.6 ± 1.2 644  

7.0 

N485L 0.044 ± 0.0051 4.6 ± 1.9 1068  

WT 46 ± 3.6 6.7 ± 1.4 n.a. 0.44 

N485D 1.4 ± 0.16 6.3 ± 2.1 33 20 

 

5.0 

N485L 0.035 ± 0.0044 6.2 ± 2.2 1314 0.59 

a measured by H2O2 formation and cholesterol as substrate.  
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Table 3-3. Michaelis-Menten rate constants of the isomerization reaction. 

 

 

 

 

 

 

 

Isomerization a pH Enzyme 

kcat (s-1) Km (µM) kwt/ 
kmutant 

kcat/ Km 

 pH 5.1/pH 7.0 

WT 61 ± 3.9 7.2 ± 1.4 n.a. n.a. 

N485D 10 ± 0.47 7.2 ± 0.87 6.1 n.a. 

7.0 

N485L 3.2 ± 0.3 18 ± 0.6 19 n.a. 

WT 64 ± 3b 6.2 ± 0.7 b n.a. 1.2 

N485D 1.1 ± 0.086 5.9 ± 1.3 58 0.134 

 

5.0 

N485L 2.5 ± 0.16 8.5 ± 1.1 26 0.78 

a measured by cholest-4-en-3-one formation at 240 nm and cholesten-5-en-3-one as substrate. 
b Kass, I., Biochemistry, 37 (51), 17990-18000 
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Table 3-4. Primary isotope effects for wild type and mutant cholesterol oxidases 
as a function of pH  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pH Enzyme DVa DV/Ka 

WT 1.9 ± 0.1 1.6 ± 0.1 

N485D 1.2 ± 0.1 1.2 ± 0.1 

5.1 

N485L 2.4 ± 0.2 2.4 ± 0.2 

WT 2.2 ± 0.1b 2.2 ± 0.1b 

N485D 2.5 ± 0.2 2.5 ± 0.2 

7.0 

N485L 2.2 ± 0.1b 2.2 ± 0.1b 

a measured by H2O2 formation and 3-[2H]-cholesterol as 

substrate.  b from reference [11] 
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Table 3-5. Redox potentials of wild type and mutant enzyme as a function of pH 

 

 

 

 

pH Enzyme E1 (mV) E2 (mV) Em (mV) Emmutant - EmWT 

(mV)   

EmpH 5 – EmpH 7 

(mV)a 

WT -97 ± 8b  -165 ± 4c -131 n.a.d n.a. 

N485D n.m.g n.m. -211 ± 6h -80 n.a. 

7.0 

N485L n.m. n.m. -216 ± 2h -85 n.a. 

WTe -28 ± 1 -117 ± 3 -73 n.a 58 

N485D n.m. n.m. -82 ± 4f -9 125 

5.0 

N485L n.m. n.m. -103 ± 4f -30 112 

a decrease in Em from that of WT.  b the average and standard deviation of 4 experiments 

(dye used are: I2S X2 and ANQ X2) c the average and standard deviation of 3 experiments 

(dye used are: ANQ X2 and CV X1) d not applicable e the average and standard deviation of 

2 experiments each (E1: I4S X2; E2: CV X2) f the average and standard deviation of two 

experiments (dye used are: riboflavin X1; CV X1) g not measurable h the average and 

standard deviation of 2 experiments (dye used is: riboflavin X2) 
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2. Kinetic and potentiometric measurements at pH 5.1 

Both the kinetic and thermodynamic parameters of WT and mutant 

enzymes were measured at pH 5.1 and compared to those of pH 7. For the WT 

enzyme and the N485L mutant, the rate of oxidation was unchanged at pH 5.0 

whereas for N485D, the low pH results in a 20-fold increase in the rate of 

oxidation compared to pH 7.0 (Table 3-2). The isomerization step in the WT 

enzyme remained unchanged over the range of pH 4.5 – 10.6.[18]  In contrast, 

for N485D, isomerization decreased 8-fold at pH 5.1 compared to pH 7.0. The 

midpoint reduction potentials for WT and mutant enzymes were 60-125 mV more 

positive when the pH was lowered to 5 (Table 3-4). The change in potential 

observed between pH 5 and pH 7 was greater for the mutants than for the WT 

enzyme (Table 3-4). 

Examination of the visible spectra of WT and N485D at both pH 7 and pH 5 

resulted in differences at various regions.  Spectra of both enzymes red shifted 

due to increased protonation level when the pH was lowered (Figure 3-3). 

Spectrum shifts were observed in the WT enzyme from 385 nm to 388 nm and 

467 nm to 468 nm; N485D had bigger shifts, from 380 nm to 389 nm and 465 nm 

to 467 nm. N485D appeared to be affected more by the change in pH.  



 89

 

Figure 3-3 Spectra overlay of WT and N485D mutant enzymes at visible region. 

Blue, WT at pH 7; Black, WT at pH 5; Brown, N485D at pH 7; Red, N485D at pH 

5.  

 
 

3. Atomic resolution structure of N485L mutant 

The crystal structure of the N485L mutant was obtained previously at 1.5 Å 

resolution [19], but was later refined to 0.92 Å atomic resolution by Vrielink et. 

al.[10]. Multiple side chain conformations were observed in the improved 

structure. Since the atomic resolution structure of the WT enzyme is already 

available, a much more detailed comparison of the mutant structure with that of 

the WT gave insights into the electrostatic effects of Asn485 in the catalysis.[2]   
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Figure 3-4  Electron density at the active sites of WT and mutant enzymes.  a) 

N485L mutant; b) N485D mutant. 2Fo-Fc electron density (blue cloud) is 

contoured at 1.0σ. Ball-and-stick models were used to illustrate the active site 

residues and the FAD cofactor.[10]  
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One additional conformation arises from the atomic structure of N485L, in 

addition to the original side chain conformation observed in the 1.5 Å resolution 

structure. These two conformations are separated by a rotation of 180° along χ2 

axis. Consequently, the methyl group at the end of the side chain is placed in two 

different positions (Figure 3-4).  However, both of two side chain conformations 

observed point away from the cofactor pocket due to lack of H-bond donors 

which causes N485L to lose stabilization of the reduced FAD (Figure 3-5 a,b). In 

the lower resolution structure of N485L, Met122 has only one conformation. One 

more conformation of its side chain is now visible under atomic resolution 

although conformation B is dominant in the population (Figure 3-5 b).  

 
 

 

Figure 3-5 Active sites of the WT and mutant enzymes.  a) wild-type; b) N485L; c) 

N485D.  Portions other than the isoalloxazine ring was omitted for the cofactor.  

Green dashed lines represent hydrogen bonds.[10] 
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It is now obvious that the apparent two conformations of Phe359 in the WT 

structure are correlated with the side chain conformations of Asn485. When the 

amide of Asn485 moves closer to the cofactor to stabilize extra negative charge 

(conformer B), conformer A of Phe359 rotates nearly 90° to become conformer B 

and thus form a hydrophobic tunnel that connects the active site to outside 

solvent (Figure 3-6). [2]  However, the movement of Leu485 is greatly restricted 

in the N485L mutant (Figure 3-5).  As a result, Phe359 in the mutant is not able 

to rotate to the tunnel open position. The tunnel remains closed because the side 

chain phenyl ring needs to maintain maximal van der Waals contact with Leu485.  
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Figure 3-6 The hydrophobic tunnel for oxygen is affected by mutations on 

Asn485.  a-f) solvent-accessible surface in the active site. Key tunnel residues 

were labeled as ball-and-stick models. The tunnel is either closed when the 

residue at 485 position adopts conformation A (a,c,e) or open in conformation B 

(b,d,f).[10] 
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4. Atomic resolution structure of N485D mutant 

One of the two side chain conformations of Asn485 observed in the native 

structure disappears in the Asp mutant structure refined to 1.0 Å resolution. 

Conformer B of Asn485 which corresponds to the tunnel open conformation is no 

longer present when Asn was mutated to an Asp. The carboxylate group now 

rotates away from the cofactor at all times (Figure 3-5 a,c). The aspartate side 

chain communicates with Phe359 through a water molecule (Wat1241) found in a 

hydrophobic pocket formed by the phenyl ring of Phe359 and two other valines. 

Phe359 adopts two conformations (Figure 3-5 c), one of which (conformer B) 

interacts with Wat1241 using its side chain π electrons. Wat1241 in turn forms a 

hydrogen-bond with the aspartate. Overall, the Asp mutant disrupts the active site 

environment by introducing extra negative charge and forming interactions with 

residues outside the active site and the reduced FAD is no longer stabilized.  

Met122 in the N485D mutant structure is found in two conformations both 

of which point toward the side chain negative charge of Asp485. CE-Met122 is 

within 2.5-3 Å distance with both OD1 and OD2 of Asp485. This type of distance 

is in the range of CH···O hydrogen bond interactions which in this case is formed 

between methyl carbon of Met122 and the aspartate carboxylate moiety of 

Asp485. Also, one conformation of the Glu361 side chain is in hydrogen bonding 

distance of Asp485. Two conformers of Glu361 in the N485D structure were 

illustrated in a model where Met122 adopts different conformations but both are 

involved in an interaction with the negative charge of the carboxylate (Figure 3-

7). 
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Figure 3-7 Hydrogen bonding network between Asp485 and Met122, Glu361. a) 

conformation A; b) conformation B.[10] 
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III. Discussion 

Asparagine 485 plays important roles in catalysis by establishing an NH•••π 

interaction between the amide and the pyrimidine ring of the reduced cofactor.[11] 

Mutations of this residue to either an Asp or a Leu removed this interaction and 

thus caused loss of oxidation catalysis by 600-1200 fold at normal pH of 7.0. In 

the potentiometric studies, the amount of semiquinone formed was so little in the 

mutant due to the loss of the NH•••π interaction that E1 and E2 of were not 

sufficiently separated to be measured. 

Kinetic studies were conducted at a lowered pH of 5.1 to see how changes 

of protonation level in the environment affect the catalysis by the enzymes (WT 

and mutants). Mutation from an Asn to an Asp perturbed the active site 

electrostatic environment (Figure 3-4) and thus caused a decrease in kcat of the 

oxidation half-reaction at pH 7.0 but not as much reduction at pH 5.1. The 

carboxylate side chain of Asp485 in the mutant displays partial amide behavior 

when it becomes partially protonated at low pH. On the other hand, the Leu 

mutant activity is not rescued by lowering pH since it has a hydrophobic side 

chain.  

The potentials of WT and two mutant enzymes are separated by 70~90 mV 

at pH 7.0 but both mutants are able to recover their redox potential at pH 5.1 to 

only 10~30 mV lower than that of WT. Increase of oxidizing power for all three 

enzymes can be attributed to a much more facile reduction of the cofactor at 

lower pH due to a positively elevated electrostatic environment, as indicated by 
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the UV/visible spectra at different pHs (Figure 3-3). The WT and mutant spectra 

are much more similar at pH 5 as a result of red-shifted N485D spectrum. The 

potentials of the FAD cofactor are known to be susceptible to changes of 

protonation level because similar increases of redox potentials at lower pH was 

seen in glucose oxidase (this work and reference [17]) and flavin mononucleotide 

[20]. Although crystal structures of the WT enzyme obtained at pH 5 and 7 did 

not show significant differences [21], it is speculated that Asn485 could play a 

role in modulating the potentials of the cofactor.  

Redox potentials of the enzymes display a dependency on pH by +30~60 

mV per reduced pH unit. According to Stankovich et al.[14], when FAD’s pKa1 < 

pH < pKa2, the reduction reaction is a two-electron, one-proton transfer which 

will have a 29 mV slope in the potential-pH dependence curve. This appears to 

be the case for WT ChoA which transfers a hydride at neutral pH and is 

supported by the titration data (Table 3-4). However, a positively charged amino 

acid side chain near the flavin could increase pKa1 of the cofactor and thus make 

pH < pKa1, which will result in a two-electron, two-proton reaction that is 

consistent with the behavior of N485D. The residue that promotes the pKa1 of 

flavin might not be Asp485, since a neutral residue such as Leu485 has a similar 

effect. It could be a residue that establishes interactions with the isoalloxazine 

ring as a result of active site disruption caused by Asn485 mutations. 

The atomic resolution structure of N485D at pH 5.2 suggests a mechanism 

via which the isomerization reaction is impaired 60 fold by the mutation.  Glu361 

plays a role in the isomerization reaction by facilitating the transfer of hydrogen 
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from 4- position to the 6 position on the steroid moiety of cholesterol substrate.[8] 

Asp485 forms a strong hydrogen bond with conformer A of Glu361 in the mutant 

structure thus placing it away from its catalytic position over β plane of the 

substrate (Figure 3-7). 

Overall, mutagenesis studies targeting the Asn485 residue in the WT enzyme 

has demonstrated its importance in contributing to both thermodynamic and 

kinetic competencies of the enzyme. Removing the NH•••π interaction by 

mutating Asn to either an Asp or Leu abolishes the catalysis by destabilizing the 

reduced cofactor, as supported by the more negative redox potentials observed 

in the mutants.  Atomic resolution structures also reveal that decrease in catalytic 

efficiency is a result of mis-positioning of the Glu361 residue in the mutants. The 

Asp mutant displaying Asn-like activity at lower pH suggests that a carboxylic 

side chain could recover partial amide property when the protonation level in the 

environment elevates.   
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I. Materials and methods 

Materials  

Bovine serum albumin (BSA), cholesterol and dyes for redox titration 

experiments were purchased from Sigma (St. Louis, MO). Triton X-100 was 

purchased from Aldrich Fine Chemical Co., (Milwaukee, WI). Restriction 

endonucleases, T4 DNA ligase and calf intestinal alkaline phosphatase were 

purchased from New England Biolabs (Beverly, MA). Oligonucleotides were 

purchased from IDT, Inc. (Coralville, IA). All other chemicals and solvents, of 

reagent or HPLC grade, were supplied by Fisher Scientific (Pittsburgh, PA).  

Water for assays and chromatography was distilled, followed by passage through 

a Barnstead NANOpure filtration system.  

Buffers and media 

10X PBS: 137 mM NaCl, 4.3 mM Na2HPO4, 2.5 mM KCl, 1.4 mM KH2PO4 in 

ddi H2O; 10x HEPES: 1.37 M NaCl, 0.06 M D(+) Glucose, 0.05 M KCl, 0.007 M 

Na2HPO4·7H2O, 0.2 M HEPES (pH 7.1); LB Media: 10 g tryptone, 5 g yeast 

extract, 5 g NaCl, 1 mL of 1 N NaOH in 1L of ddi H2O; Buffer A: 50 mM sodium 

phosphate, pH 7.0; Buffer B: 50 mM sodium phosphate, pH7.0 • 2 mM (NH4)2SO4.  

General Methods   

Restriction digests and ligations were performed according to procedures 

described below. The plasmids were purified with the Wizard Plus DNA 

Purification System (Promega, Madison, WI). A Shimadzu UV2101 PC 

Spectrophotometer was used for assays and acquisition of UV spectra. 

Fluorescence measurements were taken on a Spex Fluorolog 3-21 
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spectrofluorometer. 

Construction of pCO300 and other mutant expression plasmids 

A 214 base oligonucleotide was made by PCR using 2 primers. Primer 1 

contained the designated mutation site and a StuI site (5'-

ggCTggggCCCCAACggTAACATCATgACCgCCCgggC 

CAACCACATgTggAACCCCACCggCgCCC-3'). Primer 2 corresponded to the 

anticoding strand and contained a HindIII site (5'-

gCTCACAAgCTTACgACgCCgTgACgTCCTgCTTgATgA 

TgCgCTCgACgTTCCgCTCggCCAgCgCCgTgATggTCACgAACgggAggACgCCg

ACgg-3'). With these 2 primers and using XhoI-restricted pCO202 [1] as a 

template, 35 cycles of PCR were performed with iProof polymerase (Bio-Rad 

Laboratories, Hercules, CA) at an annealing temperature of 72 C. The PCR 

fragment was digested with StuI and HindIII, purified, and subcloned into 

pCO200 [1] that had been similarly digested to yield the N485D ChoA mutant 

expression plasmid pCO300.  Other mutants, pCO301 (M122V), pCO302 

(G347N) and pCO303 (F359W) were prepared in a similar fashion with the 

following primers and restriction sites used: pCO301, 5'-

gCCAgTgAATTCgAgCTCggTACCCggggACCCCgAgCTT-3' (SacI)  and 5'-

CCTCgAAgTACgAgCgCTTgggCTCCACggCAACgCCgCCgTTgACgAgCgA-3' 

(AfeI); pCO302, 5'-

ggAACCCCACCggCgCCCACCAgTCCTCCATCCCCgCCCTCAATATCgACgCg

TgggAC-3' (SgrAI) and 5'-GCTCACAATTCCACACAA-3' (HindIII); pCO303, 5'-

CggCATCgACgCgTgggACAACAgCgACTCCTCggTCTgggCggAgATCgCCCCCA
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TgCC-3' (MluI) and 5'-gCTCACAATTCCACACAA-3' (HindIII). For pCO304 

(V189M), site-directed mutagenesis was carried out according to the 

QuickChange protocol from Strategene (La Jolla, CA). Basically, 2 

complimentary primers, 5’-ACgTTggggACgAACATggTgCCgAgACCg-3’ and 5’-

CggTCTCggCACCATgTTCgTCCCCAACgT-3’, each carrying the mutation site, 

were used to PCR the pCO200 template. Then the PCR fragments were 

digested with DpnI, and transformed into XL1-Blue competent cells for plasmid 

preparation. Sequencing of these clones was conducted at the Stony Brook 

sequencing facility using an ABI 3730 Genetic Analyzer (Applied Biosystems, 

Foster City, CA). 

Protein purification of wt and mutant cholesterol oxidases  

Cell paste of E. coli BL21(DE3)plysS was obtained from 1 L of 2 x YT-

ampicillin (200 µg/mL) medium grown at 28 ºC for 10 h after addition of IPTG 

(100 µg/mL) at A600 = 0.6 by centrifugation at 4,000 g for 30 min.  The pellet was 

resuspended in buffer A and lysed by French press at 18,000 psi.  All 

subsequent steps were conducted at 4 °C.  Cell debris was removed by 

centrifugation at 135,000 g for 60 min. The supernatant was precipitated with 1.0 

M (NH4)2SO4 and the pellet was discarded.  (NH4)2SO4 was added to the 

supernatant to a final concentration of 2 M.  The pellet was obtained by 

centrifugation at 4,000 g.  This pellet was resuspended in buffer A (5 mL) and 

desalted using dialysis (nMWCO 6,000-8,000) against buffer A.  The dialysate 

was loaded onto a column of DEAE-cellulose (30 mm x 25 cm, DE-52, Whatman) 

preequilibrated with buffer A.  Fractions were collected by elution with buffer A 
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(100 mL).  Fractions containing cholesterol oxidase (as determined by SDS-

PAGE) were combined and concentrated by (NH4)2SO4 precipitation (3.0 M).  

The pellet was redissolved in buffer A to give a final concentration between 10 to 

20 mg/mL of protein and it was further purified on a butyl-Sepharose column (30 

mL butyl-Sepharose-4 Fast Flow, XK 16/40, Pharmacia Biotech, Upsala, Sweden) 

preequilibrated with buffer B.  The protein was eluted by running a linear gradient 

from 75% buffer B to 100% buffer A (160 mL).  Fractions (4 mL) were collected 

and the elution profile was monitored at A280.  Fractions were assayed for content 

and purity by SDS-PAGE.  Fractions containing pure cholesterol oxidase (>98%) 

were combined and ultrafiltered (YM30 membrane) into buffer A.   

UV and fluorescence steady-state kinetic assays of WT and mutant 

cholesterol oxidases  

Solutions of cholesterol oxidase were prepared in buffer A. For steady-state 

enzyme kinetics, the initial velocities of WT and mutant cholesterol oxidases were 

measured in the following way. The formation of conjugated enone was followed 

as a function of time at 240 nm (ε240 =12,100 M-1 cm-1). Triton X-100 was added 

to buffer A to a final concentration of 0.025% (w/v) along with 0.01% (w/v) BSA. 

The detergent micelles were allowed to form at 37 °C for 10 min, cholesterol was 

added and the solution was equilibrated for 10 min. The reaction was initiated by 

adding cholesterol oxidase (WT or mutant). Independent sets of data were fit 

simultaneously to the hyperbolic form of the Michaelis-Menten equation using 

Kaleidagraph (Synergy Software, Reading, PA). 
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Steady-state two-substrate kinetics 

The UV A240 assay was used except that the assay solution (sodium 

phosphate, Triton X-100, BSA, cholesterol and isopropanol) was saturated with 

different concentrations of oxygen. Mixtures of oxygen and nitrogen at different 

ratios were generated using a two gas mixer (Aalborg Corporation, Orangeburg, 

NY) and the concentration of oxygen. The assay solution was pumped under 

vacuum and purged with the appropriate gas mixture every 10 min over a period 

of 2 h. The oxygen concentration in the assay buffer was monitored using an 

oxygen meter (YSI model 53, Yellow Springs Instruments, Yellow Springs, Ohio). 

The oxygen meter was calibrated using the NADH/catalase system where 2 

equivalents of NADH (concentration known) corresponded to one equivalent of 

oxygen. (Scheme 4-1)   

 

2NADH + O2     catalase       2NAD+ + H2O2 

 

Scheme 4-1 Calibration of the oxygen meter 

 

Redox potential measurements 

Potentiometric titrations were performed to determine the midpoint potential 

of wild-type and mutant cholesterol oxidases. A spectralelectrochemical cell was 

made by Tom Stefanek from the glass technology service of University of 

Minnesota. Methyl viologen (100 µM) was used as the mediator dye to transfer 

electrons from the electrode to the protein and the redox indicator dye (Figure 4-
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1). For wild-type cholesterol oxidase (~30 µM), indigo disulfonate and cresyl 

violet were used as redox indicator dyes. For N485D and N485L mutant 

cholesterol oxidases (~30 µM), phenosafranin was used. Before each titration, 

the enzyme solutions (in 50 mM sodium phosphate, pH 7.0) underwent 12 cycles 

of pumping under vacuum and argon purging over 2 h to reach anaerobic 

conditions. Then the electrodes (working, auxiliary and reference electrodes) 

were inserted into the spectroelectrochemical cell under positive argon pressure 

and the titration was initiated by adding electrons from a potentiostat (Model 

800B, CH Instruments, Austin, TX). After each addition of electrons, the system 

was allowed to equilibrate at 25°C for 30 min then a spectrum was recorded as 

well as the potential (Figure 4-2). The redox indicator dye was titrated under the 

same condition as the enzyme and their spectra were subtracted to obtain the 

spectra of enzyme alone. The concentrations of all species of the enzyme were 

calculated from the spectra and their molar absorptivities, and were plotted 

versus the equilibrium potential of the system using Equation 4-1. The potential 

of the enzyme, E°’enzyme, equaled to the value of the Y intercept. 

Ecell = E°’enzyme + 0.059 log [ox/red]                          Equation 4-1 
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Figure 4-1 Electron flow in the spectraelectrochemical cell.  
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Figure 4-2 Illustration of a typical titration. 
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I. Procedures for titrations to determine redox potentials 
-from reference [1] and more recently, [2] with minor adjustments 

 
Part 1 Materials preparation 
 
1.1 Mediator titrant and redox indicators 
 
Generally methyl viologen (MV++ Fisher, AC22732-0010) is used as the mediator. 
The concentration is 100 µM. A 5 mM stock solution is recommended. 
Indigo disulfonate (I2S, Sigma, 34172-166), indigo tetrasulfonate (I4S, sigma, 
340596), cresyl violet (CV, sigma C-1791), phenosafranin (PSR, sigma 199648), 
2-amino-1,4-naphthoquinone (ANQ, sigma R238597) and riboflavin (sigma 
R-4500) are the redox indicator dyes used in the potentiometric titrations. The 
concentration ranges from 2-10 µM depending on the ε of the dye (dye’s 
absorbance at λmax should not be too far away from that of the enzyme)  
 
1.2 Glassware and argon line 
 
Contact Tom Stefanek from the glass technology service of University of 
Minnesota for all glasswares related to the titrations. Three “main bodies” are 
needed: titration cuvette, storage cell and calibration cell. The later two are 
essentially identical in appearance. Numerous joints and caps are accompanied, 
they are listed in the illustrations attached. The argon line was setup according to 
Fig.2 of reference [2] and a scanned image is also attached in this protocol. The 
gas purifier can be purchased from Fisher (10-594A). 
 
1.3 Accessories  
 
Fine gold and silver wires can be purchased from W.E. Mowrey company 
(651-646-1895), gauge size 24. A solder set (gun and wire, diameter 1/8”) as well 
as copper wire (gauge 16) and epoxy are from local ACE hardware store or home 
depot. Teflon shrink tubing (MF-2027) and vycor tips (MF-2064) are bought from 
Bioanalytial systems, Inc. Syringe tubing is from Fisher (427406). Instead of 
regular grease, Apiezon type N high-vacuum grease should be used (fisher 
14-638-15D) A glass stirring bar is optional. Peel off the Teflon layer of a normal 
stirring bar, take the magnet inside. Then melt a glass Pasteur pipette and seal the 
magnet with glass. Make sure there is no leak – this is tricky because otherwise 
there will be electron leaking into the metal during titrations. (I don’t seem to be 
able to seal it completely so the glass stiring bar is not used in my experiments)   
 
1.4 Instruments 
 
A UV-vis spectrometer and a potentiostat (CHI instruments, model 800B) are 
needed.  
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Part 2 Making Electrodes 
 
2.1 Working electrode 
 

Solder a straight gold wire with a bent copper wire, let cool and then epoxied into 
the glass joint. Be sure to cover the solder (no metal should be exposed) and not 
letting the epoxy fall into the chamber below the glass joint. As seen in Figure 1: 

 

 
 

Figure 1 
The epoxy takes 24 hr to fully solidify after which time the gold wire can be curved 
using appropriate size of copper wire, needle, etc. by winding the gold wire around 
it.  
 
2.2 Reference electrode 
 
The tips of the reference and auxiliary electrodes are made by assembling the 
vycor (treated by boiling in first 30% H2O2 for 3-4 h and then water, until the glass 
goes clear before use) with the heat-shrinking tubing, and then blow with a heat 
fan until the tubing stops shrinking or the vycor turns turbid-white. See Figure 2. 
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Figure 2 

Make the cap of the reference electrode in a way similar to the working electrode, 
but use silver wire instead. Then dip the silver wire in HCl:HNO3 (3:1) solution 
repeatedly until the color of the wire stops changing or no bubbles appears. Now 
inject into the electrode 0.1 M KCl solution saturated with AgCl (degassed). The 
syringe is made as shown in Figure 3 (tubing is from Clay Adams, Parsipanny, NJ, 
polyethylene PE-20). 
 

 
Figure 3 

Now grease the joints and insert the cap into the solution-filled electrode sleeve, 
tighten with rubber bands (Figure 4). 

 
Figure 4 
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2.3 Auxiliary electrode 
 
Auxiliary electrode is made in the same way as reference electrode except that 1) 
the silver wire is NOT treated in the acid mixture 2) curve the silver wire 3) the 
solution is NOT saturated with AgCl. 
 
Part 3 Titrations and data analysis 
 
3.1 Preparations 
 
One day before titrations all electrodes should be placed in the storage cells (filled 
with 1 mM MV). The MV solution should be degassed by applying a straight 
vacuum and then filled with argon. Under positive pressure of argon, insert 3 
electrodes. Add electrons at -550 mV until the solution turns blue. Leave it o/n to 
make sure the electrodes are in a reducing environment.  
Blank the UV with buffer only, then take an initial scan of the enzyme only. If it is a 
potentiometric measurement, add the dye and scan again. Otherwise seal the 
cuvette with caps and take it for degassing. Lean the cuvette to increase the 
solution’s contact with the gas phase. Open the vacuum gently until gas bubbles 
are emerging out of the solution. Then close vacuum, turn on argon line gently so 
that no solution will be disturbed but just bubbles will disappear. Then leave it 
under argon for 10 min. Repeat 12 times. Invert the cuvette briefly to mix between 
each flushing. 
Leave the argon on and open the cap for auxiliary electrode (make sure there is 
still positive pressure by checking whether the bubbler is bulbbing). Insert the 
auxiliary electrode and do the reference and working electrodes (should extend all 
the way to the bottom of the cuvette) in the same way. Tighten everything with 
rubber bands. (Figure 5) 
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Figure 5 

 
3.2 Coulometric titration 
 
Set potential at -550 mV (-825 mV on the potentiostat because the reference is 
~+275 mV) and start adding electron to the enzyme. Amount of electrons added 
will be recorded by the potentiostat. After the desire amount of electrons are 
added, release the potential and shake the cuvette to mix. Wait until absorbance 
stops changing (normally takes 30-40 min) and then take a spectrum. Repeat until 
the enzyme is reduced completely. Note that 3-5 mCu of electrons will be 
consumed to reduce the trace amount of oxygen even after degassing. 
According to the Faraday constant, 10 µM enzyme will require 10.6 mCu electrons 
in a two-electron reduction (5.5 mL volume). The enzyme concentration can thus 
be calculated from the amount of electrons added. ε at different wavelengths can 
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also be obtained in the following ways: 
1) ε of ox and red can be readily calculated from the spectra but % semiquinone 

will be needed for calculation of semiquinone ε 
2) make a plot of A370 vs. n, e.g. figure 6 
3) make linear curves out of two limbs of the curve and identify intermediate 

points (pink). Two lines intercept at 100% semiquinone. εseq.370 can be 
obtained. εseq.390 can be calculated similarly. 

4) calculate [ox], [seq] and [red], subsequently % seq and εseq.470, εseq.500 at 
each pink point and average   
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0.210
0.230
0.250
0.270
0.290
0.310
0.330
0.350

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
n

A
37

0

 
Figure 6 

 
3.3 Potentiometric titration 

 
The potentiometric titration follows the same procedure as coulometric titration, 
except that  
1) add dye to the enzyme before degassing 
2) it might or might not takes longer time to equilibrate between each addition of 

electrons. Again, monitor the absorbances until constant.  
3) Potentials are recorded (on the software menu, control -> open circuit potential) 

after each reduction. 
Then the ox, seq and red at each titration are calculated using corresponding ε. 
Nernst plots are drawn based on the potentials recorded at each titration.  
 
3.4 After titration 
 
The volume and pH of the titration mixture must be recorded. The potential of the 
reference electrode is checked after every titration by the following method:  
1) in 50 mL H2O, add 871 mg K3PO4, 27 mg K3[Fe(CN)6] and 35 mg K4[Fe(CN)6], 

adjust to pH 7.0 w/ 1N HCl, transfer to calibration cell 
2) Vacuum briefly and then fill w/ N2, let it flow over the solution for 5 min 
3) Insert electrodes and incubate w/ solution at 40 °C for 10 min, protect from 

light at all times 
4) Measure the potential, it should be around +150 mV (the reference electrode is 

150 mV more negative than the +425 mV ferri/ferro cyanide) 
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Part 4 Maintenance  

 
Once made, the reference electrode needs to be re-made about once per year. 
Solution in the auxiliary electrode need to be re-filled with fresh, degassed KCl 
before every experiment. Constantly check the metal wires for any grease build up 
and if that’s the case, clean with cyclohexane. Check the epoxy of every electrode 
from time to time and make sure there is no leakage.  
 
References: 

 
1. M. T. Stankovich, An anaerobic spectroelectrochemical cell for studying the 

spectral and redox properties of flavoproteins, Anal. Biochem. 109 (1980), 
no. 2, 295-308. 
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Attached: Glassware joint sizes and argon line illustration 
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II. Plasmid map for cloning variant cholesterol oxidases 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NI. I_ 184 _ CA'TAJG 

EcoICRI_ 404 _ GAG'CTC 

ScQI_ 4053 _ AGT'ACT ,-:::::;;;;;:::!:::::i~~~ SQcI_ 406 - G_AGCT'C BQ",m_417_G'GATC C ... .u~- - - > LCI2 - 429 - TIIl- 78A' 
BspMI_ 486 _ ACCTGCJ\JIJIJl'J\JIJIJl_ 

BsMI_730 _ GAATG_C.' 

SQpl _ 2564 _ GCTCTfC"'J\JIJl_ 
- - > YYOI _ 2389 _ T ... - 53.6' 

PC0202 
4560 bp 

Hindlll_ 2321 _ A'AGCT_T 

p,.,fi_778 _ CAC'GTG 

<- - LC9 _ 1138 _ T ... - 83.5' 
Aj.l_ 1174 _ AGC'GCT 
SQfi_ 1204 _ G'TCGA_C 
<- - LC8 _ 1344 _ T ... - 68.90 
- - > LC5 _ 1373 _ T ... - 70.20 
Bstill_ 1515 _ G'GTIlAC_C 
SaA! _ 1535 _ A'C CwGG _ T _ de ... IIlOtltyiatel! 
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Alol_ 1740 _ GAACJU\JIJIJIJlTCCJU\JIJIJIJIJl_JU\JIJIJl' 
PspOMI_ 1746 _ G'GGCC_C 

ApQI_ 1750 _ G_GGCC'C 
S>jI_ 1774 _ GCCC'GGGC 

SgrA! _ 1798 _ Cr'CCGGJ G 
- - > LC4 _ 1807 _ T ... - 89.5' 

MIuI_ 1838 _ A'CGCGJ 
- - > LC13 _ 1848 _ T ... - 87.3' 

- - > LCII _ 1888 _ T ... - 85.6' 
F ... I_ 1895 _ GG_CCGG'CC 

BmgBI_ 1904 _ CAC'GTC 
MuI_ 1924 _ TCG'CGA_ daJll.IIlOtltyiatel! 

AM_ 1954 _ CACJ\Jl'J\JlGTG 
R>rll_ 1974 _ CG'GwC_CG 

SM_ 2107 _ AGG'CCT 
<- - LC6 _ 2234 _ T ... - 87 A' 

Nl. I _ 184 _ CA'TA_TG 

EcoICRI _ 404 _ GAG' CTC 

ScQI _ 4053 _ AGT'ACT :~;;;;;;;:::!:::::J~~::::::~~~~~d - 406 - G _ AGCT' C 
BQ",m _417 _ G'GAT C C 

- > LCIl _ 429 _ T.- 78A' 
Hs7MI - 486 _ ACCTGCJU\JIJl'JU\JIJl_ 

&.1_730 _ GAATG_C.' 
p,.,fi _778 _ CAC ' GTG 

SQ11 - 2564 _ GCTCTfC,,'JU\Jl_ 
--> YYOI _ 2389 _ n.- 53.6' 

PC0202 
4560 bp 

Hi.dIII _ 2321 _ A'AGCT_T 

<- LC9 _ 1138 _ T.-83.5' 
Aj. l _ 1174 _ AGC'GCT 
s..fi _ 1204 _ G'TCGA_ C 
<-- LC8 _ 1344 _ n . - 68.9" 
--> LC5 _ 1373 _ n . - 70.2" 
Bstill _ 1515 _ G'GTIlAC_ C 
SoxAi _ 1535 _ A' CCwGG _ T _ lie", IIlOtltyiatel! 
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&<1111 _ 1689 _ G'C GCG_ C 
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- > LC4 _ 1807 _ n . - 89.5' 
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BmgBI _ 1904 _ CAC ' GTC 
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SM _ 2107 _ AGG'C CT 
<- LC6 _ 2234 _ n .-87 A' 
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III. Pairwise sequence alignments of WT ChoA with other GMC 
oxidoreductases 
1. ChoA and cellobiose dehydrogenase from Phanerochaete chrysosporium 
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2. ChoA and D-amino acid oxidase from Homo sapiens 
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3. ChoA and glucose oxidase from Aspergillus niger 
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"" "" I I 

1b4I1,_chain_A • 1f • ••• GNN G - - - - - - - - - l il5 • • • T • • • 260 
lcf3,-chain_A -I • • GCG • • G. i _ • • • T. B •• g • • 5 • ••• 280 

Consensus AKDFGCGDN H GVSM F PNTL H EDQ L DKDAAA AALGPNYQRG 

Conservation 00000011001111000000000 0000000000 00110000000 
"" ,ro 

I I 
1 b411 ,-chain_A . " • • Qm • • G- -G • • • ji • • il. . iE. G • •• , m. 320 
1cf3,-chain_A G • ••• ~~IlGm - P: • •• G • • • G [ MI G - - - N 'tiM 320 

Consensus K L Q IL TGHQV GK ILL SK DGT TGRA L GV E FG DH DGK LLAT H 

Conservation 000001100011 ooooomol io 0001100111100 000110000110 
1b4I1,_chain_A 
lcf3,-chain_A 

"" I 
G.G5. G5f • • 
AAG~A • .§ p.li l 

"" I 
i>: - - - - - - -H. 360 
_1i ••• • • G. 360 

Consensus E I SAKHE L FL AAGSAGSPE I LERARDSG I G MKS IL EPLG I 

COO'"'"'''OO oomoooooll 01111110011000 110000001100 0000000000 

'" I 
l b4v,-chain_A - - - - - - - - - - - - - - -G • • PA ••• GltGI GAA 
',f3~'h""_A G • • Ai •• T. " • • • i G. T • • • •• AGGG. 1iG. 

'" I 

. SA • • • G. -A 40 
• A A • • T. lIll 40 

Consensus GIEASLLTDP KD V SGGT V DA IIAGGGLGAA TSAARlGENA 

Conservation 0000000000 00000001100 0001 InI 10000 001 InI II InI 100 ., 
I 

C GMI N P • •• J 80 

G~~ • • -- --- 80 
Consensus G IQTLM t EMG QLENDPGP I I EDLNAYGD IF CGMLDPDKRS 

c",,,,,",, oonol1001 InII ooonnol II 100 oIlonnollnl ll l 
"" I 

1b4'~'h""_A i Wl. N. T. AB . Gi . • •• M.~ • • •• AG. 
l cfJ ,_chain_A -HA • • T • • • A "N - _ ••• - _. NQIIA ••• :§G-

oooonnoooo 
"" I 

• • • • !l • • g Mj 120 
- •••••• - _. 120 

Consensus SHAKERTEAA LGSFLWLD VV NQNAD I RAG V LDR V NYDQMS 

C"",,,",,, oonnnoniloo onnnnonoon I lonnnooni 10 nonnnnonoo 
"" I 

lb4v,-chain_A • • • GI GI GGG $ •• NGGMA • • 
lcf3,-chain_A - - - - ~G.GG~ •• rtGG!iiT l 

"" I 
- -• • • • • sil 160 
r •• Gt;. GiiN - 160 

Consensus VYV GNGL.GGG SL V NGGMATE PHKAQFDE I E T V FGNEDSNE 

C""N' ''''' 000001 InI II 10 011111111110000 11000000000 ooooooooon 
,., 

I 

lb4'~'h""_A M • • •••• • AR ~M • • • NH • • jj 
lcf3,-chain_A - WlN.AA.~. laA • • AI ABMA 

"'" I 

. A • • ! • • ~AG 200 
- - - - - - -NA~ 200 

Consensus MWDNVAARAL QAERANA I DA KQFAAGEWFK FAR V SRENAG 

C"",,,,"',,, oollonnonon onnllononon Iionononoon nonononol lo 
'" I 

1 b4v ._chain_A 
l cf3,-chain_A 

- - -.G.M~ • • AAG • • • • SA. 240 
n •• A. _ !!A • ••• G. PT. - - 240 

Consensus CAGLNGT V FA GPRDTGDDYD PI V FAL.MQAE AAGE V PKKAL. 

C""",,,",,, 0011001 1111100 00000000110 0000001 loon 00001 1110000 
"" I 

1b41r'._chain_A Aif • ••• GNli G - - - - - - - - - I Qs" , r I I A 
l cfJ,-chain_A -1" GCGl f.H G'~M'P:NT'!:t " g. ' l I AAI 

"" I 

AAI Gi'Ti - - - - G 280 
1WI • • N.g.~ 280 

Consensus AKDFGCGDNH GVSMFPNTLH EDQLDKDAAA AALGPNYQRG 

1 b4v ,-chain_A 
lcfJ ...... chain_A 

ooonoooooo 00110000000 
n' 

I .I.G ... Aiii. 320 
itIHI G - - -H.I..H 320 

Consensus K L QI LTGHQ V GKILLSKDGT TGRALG V EFG DHDGKLL.ATH 

C""~N,ti,,, 000001 100011 00000000110 0001100111100 0001100001 10 

lb4v,-chain_A 
lcfJ,-chain_A 

"" I 
GAG.§.I G'Sf" 
AAG,§ AI .§Bml 

"" I 
----- - -N. 360 

M.~ ••• P. G. 360 
Consensus E I SAKHELFL AAGSAGSPE I LERAROSG I G MKS I LEPLGI 

CO"'.~'''O" 0000000001 [ 0I 1[ I[ 1001 [000 11000000[ [00 ooooooooon 
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~o 
I 

~ 

I 
lb4v,-cha in_A NS • • GAGWGP' R- · -GNI MT A I ANH MWNP G 
',f3~'h. i"_A . I ••• • • • G • • • g . _JjJjA • • ~. - -. ] § AG 

A Q~~.PA.G 400 
AGQ G - - Q AAW' 400 

Consensus DSE V DAGVGL NLQDGN lATA R A NHM I NPAG AGQGS I PA A G 

C'",'N'"'' 0001100001 10 110000000110 110000000011 1101100001100 
.w 

I 
.~ 

I 
1b4v,-chain_A I. A - - - - - - - - - - - - - - - - -
',f3~'h.i"_A . AiE. H. Jj. G. h • • AM • ••• 

- 440 

Consensus FAAFNETFGD Y SEKAHELLN TKLEQWAEEA V ARGGFDNTT 

Conservation oonooooooo 0000000000 0000000000 00000001100 
lb4v._ cha in_A - - - - - - - - - -
lcfJ,-chain_A A ••• g • • N •• 

Consensus ALL I QYENYR OW l V NONSAF AE IALOPAGL eTWV AlFDA I 

Conservation 0000000000 0000000000 0110000011110 00011000000 
= ,~ 

I I 

440 

480 
480 

lb4, ~,h.i"_A If.N~ - §.G-• • • • AAT. - - - - . A • • N- - -1'/ TII" '(A. A. il 520 
',f3~'h.i"_A • •• p • • • G -• • 11 ••• • • • • • iill. A • • • § •• • H • • • •• GQA 520 

Consensus DKLPFQRGTF V HOAAKDPYL HHAALOPQYF LNDLDALAQA 

C,"~,,,"o" 0001100111100 11000001 1000 0000000000 
,W 

I 

0000000000 
"" I 

lb4, ~,h.i"_A AA. A • • • • • ll . AilG - -I • •• • • • • -GTo • • 
lcfJ,-chain_A AAIlQ.A.N.~ 'N~GAMQ' T •• A GI I RGI NI A 

A. A. - _ - - _ - 560 

• • A • • § Aii] . 560 
Consensus A A KA LADN I N KA GAMQ T I FA GDLFPG DNLA ADADL SAWTE 

Co",,,,,"" 111100110001 10 00000011000 000001100110 001111000000 
'" I 

~ 

I 
1b4v,-chain_A 
lcfJ,-chain_A 

Sf . GGC •• - -
GI G] CSMM 

- - -G. AT ••• G • • AG •• !! • • 600 
• • MGG ••• !!A A • • • G. QO • • 600 

Consensus Y IP Y DFRP CY HGL GG C SLMP KEM GGATDDA AR V AG V KGLR 

Co",,,,,"oo 000001100011 1100110110000 OOO! 10001100 01 1110110001 10 
.~ .., 

I I 
lb4v,-chain_A . G.ilp • • TI'ii -- -- - 640 

lcfJ,-chain_A 

Consensus V lOGS I I PGQ 

Conservation 110111111001100 
lb4v._chain_A - - - - - - - 647 
lcfJ,-chain_A XXXXXXX 647 

Consensus XXXXXX X 

Conservation 

M~§ii.Mil • •• 640 
MGSHPFTTFT A L A EKI S DAI I EODA SMQ X X 

0000000000 1101100000011 00000000 

'"" I 
' 00 

I 
lb4v ,-chain_A :N'S ' . GAGWG'P: R-· -GNI M'fA I A'NHMWNP- G 
',f3 ~'h.i"_A . I ••• • • • G. " . g . _U Am. 11. - -. ]iliAG 

A Q~~.PA'G 400 
AGQ G - - gAA~ 400 

Consensus DSE V DAGVGL NLQDGN l ATA RANHM I NPAG AGQGS I PAAG 

COM'N'"'' 0001100001 10 110000000110 11000000001 11101100001100 
420 4 40 

I I 
1b4v,-chain_A I' A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -WIN - - 440 
',f3~'h.i"_A . Aif. !!. T. G • • d . AH • •• tj - • • • gIllA •• A . A. GG. l:Illl Ji 440 

Consensus FAAFNETFGD YSEKAHELLN TKLEQWAEEA V ARGGFDNTT 

Conservation 0000000000 ooonoooooo ooononoooo 00000001 100 
lb4v._chain_A - - - - - - - - - -
lcfJ,-chain_A AII'g" NII 

A" APMPAGI 
Ii • • • • • AG-

Consensus ALLIQYENYR DWI V NONSAF AE I A LOPAGL ETWV AlFDAI 

Conservation 0000000000 0000000000 0110000011110 00011000000 
"'" '" I I 

480 
480 

lb4,~,h.i"_A T.iiI~ - ~.Gi:t • • • • AA if. - - - - . A • • iiI - - -iii T • • QiilA~A.1l 520 
',f3~'h.i"_A • •• P. T. G -• • 1I ••• • • p • • HH. A • • ~Q •• • !! • • • •• GgA 520 

Consensus DKLPFQRGTF V HOAAKDPYL HHAALOPQYF LNOLDALAQA 

CO"~N''''" 0001 1001 11100 11000001 1000 ooonnooooo 
"" I 

lb4, ~,h.i"--" AA. A • • • • • ll . AllG- -If • •••• • • -GTO • • 
lcfJ ,-chain_A AAIlQI AI HI § :ti~GAMgI" A Gl I l ii:GI NI A 

0000000000 
"" I 

A. A. - _ - - _ - 560 

• • A • • ~A I . 560 
Consensus AAKALADN I N KAGAMQT I FA GDLFPGDNLA ADADLSAWTE 

C""N'"'' 111100110001 10 00000011000 000001100110 001111000000 
lb4v,-chain_A 
lcfJ,-chain_A 

= 
I 

H~.GGc •• -- --- G. Aff ••• 
G. GmCSMM • • MGG ••• !!A 

"'" I 
G • • AG •• N • • 600 
A • • • G. g G • • 6OO 

Consensus Y I PYDFRPCY HGLGGCSLMP KEMGGATDDA AR V AG VKG LR 

C""N'"'' 000001100011 1100110110000 0001 Ionol 100 01 II 101 hnnl 10 
"" I 

1b4v._chain_A I f l GSllpG:§ - - - - - 640 
lcfJ,--chain_A I IG~I p: fffi~ 640 

Consensus V IDGSI JPGQ MGSHPFTTFT ALAEK I SDAJ IEDDASMQXX 

c""',,",, 110111111001100 

lb4v,--chain_A - - - - - - - 647 
l cfJ,--chain_A XXXXXXX 647 

Consensus XXXXXXX 

Conservation 

0000000000 1101100000011 00000000 
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4. ChoA and hydroxynitrile lyase from almond 

 
 
 
 

" I 
1b4v._cha in_A - - - - - - - - - - - - - - - - - - - - - - - - G • • 'P:AI 

1JU2_'hA.pdb,_'h" '_A I AiJj d I n II~IAIIA-I I I IG~IIII 

'" I 

Consensus L A T TSD H D F S Y L S F AYOAT D LELEGS V D A V I I GGGTGAA P 

Conservation 0000000000 0000000000 00001100001 1 001101100000 
'" I 

40 
40 

1b4,,_' h" ,_A lI' I I I GI 'GI i!iN!>PG PI GNI I CGMI N. I II 80 
1JU2_chA_pdb,_cha in_A I AA 15 • • -1 - - - - - - - - - - - - - - - - - -p 80 

Con~nws LAAR LGEAG V KTL MLE MGQ L WNQPGPDGN I FCGM LNPD KR 

C,",m,'., 01 1001 1011000 001101111011011 

1b4v._cha in_A 
1 J U2 _ chA_pdb ,_ cha in _ A 

Consensus ASWFKNR TE A P NVLGADGF L 

0000000000 ooonooooon 

DNL NQ EDDGK 

>2' 
I 

AGV ED FVN E D 

Cons~rvatio n 0000000000 110011000000 00000001100 00110001 10011 
''" I 

1b4v,_chain_A QM.I I I GI GI ' 1l pllslll 
1 J U2 _ chA_pdb ,_ cha in _ A GI I HI I GI II l ' I ' !lTd l l 

Consensus G IDN VRGRG L GGGS I I N AGM AAEAKRS IFE EI APGVOWDM 

Coo,,~,'., 000000111100 111 101100110110 00000011000 000001111000 
'''' "" I 

120 
120 

160 
160 

1b4v._chain_A .M ..... P.A 
1JU2_chA.pdb,_cha in_A • •• Ml TiI . 

11' 11' 11<> ' 200 
d ifI Jj' I I I · 200 

Consensus D L V OQT F ERA EDM I R V K H I D T KW FEDQEWQ K F AK T AFEEA 

COO",,,,. , oooonoonoo 0000000000 oonoonoollo ooooonoono 
'" I 

1b4v._chain_A GI AG I Gifi • • • PN • • • • G. M§ • • " ,,' 
1JU2_t:hA.pdb._t:hain_A - - AG I H - - - - ~N - t!GI - - - -

Consensus GKAG L GT V F V PN V H D F GYMQ REAAGD H EEG A L ATES I F DN 

Coo"~,,., 001111000000 111 1000110000 0000000000 0001 10000011 
"" I 

1b4v,_ t:ha in_A NHGlgill.~ • • AAAIGmG-
1JU2_ t:hA.pdb,_ t:ha in_A I Gr. MA - - - - -A •••• N. GN 

'''' 

Consensus KGGK H A L DK T YAAAA L GKGN S N K L R I GV H A HQ E K II FQ N A 

Conservation 0000000000 000001100110 0000000000 0001 InI Iooon 
"" I 

240 
240 

280 
260 

1b4v,_ t:ha in_A GAG~.G~ml. 320 
1JU2_ t:hA.pdb,_ t:ha in_A ~AGit.GTi-Q. 320 

Consensus DGG T A L GV E Q K D SDGKL H AA F E I SCG ELF L GAGS I GSP EL 

COO",,,,", 01 1001 1001 100 01 1001 100000 onol lonoooo 01111001 100011 

20 40 , , 
1b4v,_chain_A - - - - - - - - - - - - - - - - - - - - - - - - Gl l pAI IIGli\'G I GAAI 40 

1JU2_ohA.pdb,_oh"'_A . A[ - ' •• n . h . A • • • - • • • • G§ • • • ••• GGG T§GC fl 40 
Consensus L ATTSOHOFS Y L S F AYOATO LELEGSVOAV I I GGGTGAAP 

Conservation 0000000000 0000000000 00001100001 1 001101100000 
" , ., , 

1b4" _oh,,,_A :iiA • • • G. AG. il • • M • • MGll. WNQPGP. GN. 
1JU2_ohA.pdb,_oh"'_A . AAII:. ' • • -••••••• • G! . - - - - - - - - -

Consensus L AAR LGE AGV KT L MLEMGQ L WNQPGPOGN I 

. CGM. NP • •• 80 
-------- PT 80 

F CGM LNPO KR 

C,,",m,t., 01 10011011000 001101111011011 0000000000 0000000000 

1b4v,_chain_A i . WI. ll. f • • 120 
1 J U2 _ chA_pdb ,_ cha in _A A-------- . 120 

Consensus ASWFKNRTEA PN V L GAOGF L ONLNQEOOGK AGVEOFVNEO 

Conservation ooDooDooDD 1i001100DooD DDooDoolloD Dol 10001 10011 
"" , 

1b4v,-chain_A QM'S • • • G. G. A • • • ••• ••• 160 
1 J U2 _ chA_pdb ,_ cha in _ A G. " • • G • •• . A. A/j] • • • i 160 

Consensus G ION VRG RGL GGGS I I NAGM AAEAKRS I FE EIAPG V OWOM 

C"""~,t., 000000111100 111 101100110110 00000011000 00000111 1000 
,., 2l1li , 

•• f •• A • • • • • a A 200 
- - - - - - Qi WQ d if. I[ • • • • - 200 

Consensus OLVOQT FER A EOM I R VK H I 0 TKWFEOQEWQ KFAKTAFEEA 

C"""~,t., 0000000000 0000000000 00000000110 oooooooonn 
no "" , , 

1b4v,_chain_A G. AG . Gif • • • P N • • • • G.M~ A. Aif • ••• GN 240 
1JU2_chA.pdb,_chain_A - - AG . l! - - - - jjr; - jjG. - - -- r • • TGi I • • !! 240 

Consensus GKAGLGTVFV PNVHOFGYMQ REAAGOHEEG A L ATES IF ON 

Conservation 001111000000 1111000110000 0000000000 000110000011 
"" ,., , 

1b4v,_chain_A IlIlG. Q • • • • • • AA • • GiLG- 280 
1 J U2_ chA.pdb,_ cha in _ A . Grr. iiA - -- - -A •••• li. Gll 260 

Consensus KGGKHALOKT YAAAA LGKGN SNK LRI GV HA HQEK I I FQNA 

Conservation ooOooOODDO 000001100110 0000000000 oooliolioonn 
"'" "" , , 

1b4v,_chain_A . GG. A. ,; • • a • • f . G • •• Aif GAG~IG~'f11 320 
1 J U2 _ chA.pdb,_ cha in _ A PG. AiliG ••• • • § !!GT - § A :§AGiII Gj]j QI 320 

Consensus OGGTALGVEQ KOSOGKLHAA FEISCGELFL GAGSIGSPEL 

Conservation 01 1001 1001100 011001100000 oool looOooD 01111001100011 
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1b4v,_chain_A 
1 J U2 _ chA.pdb,_ cha in_ A 

'" I 
B·· · · · N.N~ I . GAGWGP N G 
B.~ • • §§. N. • •• §HB • • G 

"" I 
360 
360 

Con~n~s LLLARDSGTG PE SY L S NLNI E V GAG H GPNG NFLH A RADHM 

C,,,m"", 110000001100 1100000011110 01100000001 1 
'" I 

1b4v,_chain_A .. • . • · iHpoo GAB Q' 'Ss . P A . G • • Ag NSl s 
1JU2_chA.pdb._chain_A . "N •• "NI.PP: N "p. • • p: ~.III.. G. · · ··· §:N • 

0000000000 
. 00 

I 
§ • • • • • • - -ll 400 
•• gc§. §n l' 400 

Consensus RNF I N I LNPN G AEPS I I PAL G I DAWDN S DD F V FAEFASLP 

C""N""' 00000000110 000000000111 111000001100 00000000011 
." .. , 

I I 
1b4v,_chain_A M· · · ~AG • • . - -- - - - -. Tfi . S • • • • • T. N ll -Q. G ij' • • • • 440 

1 J U2 _ chA.pdb._ cha in _ A . - mB!,. G •• i> ,§~§ • •• BN§" .' i!.'~ •• 'G llh . G§. m • • 440 
Consensus FTTPPAGFFP SSS Y PLPEST FAHFAAITAG PLQRGSFTLD 

Conservation 000011011000 0000000000 0000000000 110001100000 
'" .. , 

I I 
1b4v,_chain_A • • if. - - - -- . • • • Ii - -ifI. ,,1II. j' • • i'I" • • • • • • • N • • N 480 

1 J U2 _ chA.pdb,_ cha in _ A §§§N • • U BN • • IN. h N. " • • § C I :§GMI • • G • •• i T • • 480 

Consensus AASD V R V SPN AKFNW YSNLD DLAHA V NAAK AIFDLINKAA 

Conservation 0000000000 011011000000 00000110001 1 0000000000 
"" '" , , 

1b4v._chain_A -_ · _·_- _·G , • •••• • • Gm g. -•••••• - _._ • • C -.-- 520 

1 J U2_ chA.pdb._ cha in _ A • • • ••• ••• i> G • • G. N •• G . B • •• • g • ••• • • • T. clls . 520 
Consensus LKP Y K V EDLG GIEGFDIFGI PLP K AFADDA AFETFCRES V 

Conservation 0000000000 00000000110 01101100011110 000011110000 
'" , 

1b4v,_chain_A .. · . H P'. GGC •• GI AT ••• G 
1JU2_chA.pdb,_chain_A A~IriHI GGC •• G • ••• G • • 

'" , 
"f. Gi •• PG'S1 560 
• • G~Ili.P I1i 560 

Consensus ASYWHPHGGC LLGKALDDDF R V AG I KALR V TDGSLFPGSP 

C,,"'",'", 00001100111111 0011110011000 111101 10001101 1 01111110011000 
1b4v._cha in_A G I N PI I T I TA 

1JU2_chA.pdb._chain_A A .§. t:lB § G ••• M 
.Q-___ •• 588 
g • • ~. §. -588 

Consensus AS HPFG F I LA LAERN G EK I I KERSA S D V 

C",m"", 00011000000 110000000110 000000110 

1b4v,_chain_A 
1 J U2 _ chA.pdb,_ cha in _ A 

'" I ' •• ~i~~,! ~ ... ·· NI N S IIGAGWGP ~G 
B.~ •• i ' . N. • •• iRe •• G 

"" I 
360 
360 

Consensus LLL ARDSG T G PE SY LSNLN I E VGAG HGPNG NFLH A RADHM 

C,"''''',., 110000001100 1100000011110 01100000001 1 
"" I 

1b4v,_chain_A ..•.• · Mfp ji" GAB g ss l pAI GI I AWlNSI S: 
1JU2_chA.pdb._chain_A I "NI I "NllpP N pl l plll • .r..1 GI ···· · A N. 

0000000000 
.00 

I 
• • • • • • • - -ll 400 
•• ge li.~ili' 400 

Consensus RNF I N I LNPN GA EPS I I PAL G I DAWDNSDO F V FAEFASLP 

C,",m,'., 00000000110 000000000111 111000001100 00000000011 
'" .. , 

I I 
1b4v,_chain_A M· •. P:AG I · . ---- --- . Tfi • • • • • • • T. N ll -Q. G[ • • • • 440 

1 J U2 _ chA.pdb,_ cha in _ A .iii~~!,.G •• ;;: s 'S~lpI~~t§j[ . ,M •• iI • • G e h . Gli. ' • • 440 
Consensus FTTP PAG FFP SSSY PLPE S T FAHFAA I TAG PLQRGSFTLD 

Conservation 000011011000 0000000000 0000000000 110001100000 
'" .. , 

I I 
1b4v,_chain_A •• ifI - - - -- . . IINfI - - T • • ~'i" .~AA • • • • • • • N • • ~ 480 

1 J U2 _ chA.pdb,_ cha in _ A ~UN • • • ~BI! • • • N •• § NIJi • • ~ e .~GM. • • G • •• lI • • ' 480 
Consensus AASOVRVSPN AK F NWYSNLO DLAHA V NAAK AI F DL IN KAA 

Conservation 0000000000 011011000000 00000110001 1 0000000000 
"" '" , , 

1b4v._chain_A -_ ·_ ·_ ·_·G T • • • • • • • G. ll. -•••••• - _·_· I C -._ .520 
1 J U2 _ chA.pdb,_ cha in _ A ......... " G • • G. N •• G. B • • • • g T ••• • • • T. C • • • • 520 

Consensus L KPYKVED L G GIEGFD IFGI PLPKAFAODA AFETFCRESV 

Conservation OooOooODDO 00000000110 01101100011110 000011110000 
'" "" I I 

1b4v,_chain_A - - - . H_. GG e •• G • • T ••• G T.G~ •• ~G '. 560 
1 J U2 _ chA.pdb,_ cha in _ A ' !!IWH. GG e •• C. . . C •• •• C!! ••• ] 560 

Consensus ASYWHPHGGC LLGKALODOF R VAG IKALR V TDGSL FPGSP 

Co""~,,. , 00001100111 111 0011110011000 111101 10001101 1 01111110011000 
1b4v,_chain_A GI NPI . TI TA 

1JU2_chA.pdb._chain_A A .§H e g GII. M 

. a - ___ • • 588 
g • • ~. §. -588 

Consensus ASHPFGF I L A LAERNGEK I I KERSASOV 

C",m". , 00011000000 110000000110 000000110 
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5. ChoA and pyranose 2-oxidase from Trametes multicolor 

 

.. " I 
1b4v,-cha in_A • - -G • • PiA •• I G iT G I GAA I S 

1TTO_chA.pdb,-chain_A M • • •• - • ••• I Gj Ge l GC • 

I 
" . M • • MGa - - 40 
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