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ABSTRACT  

 

Project Code:  MRG5580117 

Project Title:  Mechanistic Study of Nickel-Catalyzed C-O Bond Activation in 

Hydrogenolysis of Aryl Ethers by Density Functional Theory: A Potential Application for 

Lignin Degradation of Biomass 

Investigator:  Assist. Prof. Panida Surawatanawong  

  Department of Chemistry, Faculty of Science, Mahidol University 

E-mail:  panida.sur@mahidol.ac.th 

Project Period: 2 years 

Catalysts for aromatic C-O bond activation can be of potentially used for lignin 

degradation process. We investigated the mechanisms for the hydrogenolysis C-O bond 

activation of diphenyl ether by the nickel complex with N-heterocyclic carbene (SIPr) to 

obtain benzene and phenol as products. According to the calculation, the Ni(COD)2 

precursor undergoes SIPr ligand substitution to form Ni(SIPr)(6-PhOPh), which can easily 

rearrange to Ni(SIPr)(2-PhOPh),  the active species for C-O bond activation.  

The catalytic reaction includes three basic steps: (i) oxidative addition of 

Ni(SIPr)(2-PhOPh) to form [Ni(SIPr)(OPh)(Ph)]0, (ii) σ-bond metathesis, in which H2 

binds to the nickel to form [Ni(SIPr)(OPh)(Ph)(H2)]
0, then the phenol (or benzene) is 

eliminated, and (iii) reductive elimination of the benzene (or phenol) and binding of 

PhOPh to regenerate Ni(SIPr)(2-PhOPh). Diphenyl ether is not only a substrate but also 

serves as ligand to stabilize Ni-SIPr complex. The rate determining step is found at the 

oxidative addition (+24 kcal/mol).  

The oxidative addition step was calculated for diaryl ether with trifluoromethyl 

electron withdrawing group (PhOC6H4CF3). According to the free energy barrier, the C-

O bond activation at the carbon adjacent to the aryl ring with electron withdrawing 

substituent is favorable, in agreement with the experiment that the major products are 

phenol and trifluoromethylbenzene. The hydrogenation products, e.g., cyclohexane, 

cyclohexadiene, were not observed in the experiment. We also showed that the 

hydrogenation of benzene via Ni(SIPr)(2-C6H6) requires high energy barrier (+40 

kcal/mol).  

 

Keywords: Nickel, N-Heterocyclic Carbene, C-O Bond Activation, Hydrogenolysis, 

Density Functional Theory,  
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ปฏิกิริยาไฮโดรเจนโนไลซสิของแอริลอีเทอร์ด้วยตวัเร่งปฏิกิริยานิกเกิลโดยวธีิทางเคมีคํานวณเพืÉอ
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ชืÉอนักวิจยั:   ผศ.ดร.พนิดา สรุวฒันาวงศ ์

   ภาควชิาเคม ีคณะวทิยาศาสตร ์มหาวทิยาลยัมหดิล 
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ระยะเวลาโครงการ:  2 ปี 

การศกึษาการเรง่ปฏกิริยิาสลายพนัธะระหว่างคารบ์อนและออกซเิจนสามารถนําไปสู่

ประโยชน์ในการยอ่ยสลายสารชวีมวลลกินินได ้ เราได้ศกึษากลไกการเกดิปฏกิริยิาไฮโดรเจน

โนไลซสิของไดฟีนิลอีเทอร์ใหเ้ป็นเบนซนีกบัฟีนอลดว้ยตวัเร่งปฏกิริยิาสารเชงิซอ้นนิกเกลิกบัเอ็น

เฮเทอโรไซคลกิคารบ์นีลแิกนด ์ (SIPr) จากการศกึษาคาํนวณพบว่า ตวัเริÉมตน้ Ni(COD)2 

สามารถแลกเปลีÉยนลแิกนด์กบั SIPr เกดิเป็น Ni(SIPr)(6-PhOPh) ซึÉงสามารถเปลีÉยนเป็น 

Ni(SIPr)(2-PhOPh) ไดง่้าย โดย Ni(SIPr)(2-PhOPh) เป็นโมเลกุลสาํคญัต่อการสลายพนัธะ C-O  

กระบวนการเร่งปฏกิริยิามสีามขั Êน คอื (i) ออกซเิดทฟีแอดดชินั (oxidative addition) ของ 

Ni(SIPr)(2-PhOPh) เกดิเป็น [Ni(SIPr)(OPh)(Ph)]0, (ii) ซกิมาบอนด์เมตาเทซสิ (σ-bond 

metathesis) โดย H2 จบักบันิกเกลิเกดิเป็น [Ni(SIPr)(OPh)(Ph)(H2)]
0 จากนัÊนฟีนอล (หรอืเบน

ซนี) ถูกกําจดัออกไป, (iii) รดีกัทฟีอลีมิเินชนั (reductive elimination) ของเบนซนี (หรอืฟีนอล) 

และจบักบัไดฟีนิลอเีทอร ์ เกดิเป็น Ni(SIPr)(2-PhOPh) อกีครั Êง จะเห็นไดว้า่ไดฟีนิลอเีทอรไ์ม่

เพยีงแต่เป็นสารตั Êงตน้ ยงัทําทําหน้าทีÉช่วยทําให้สารเชงิซ้อน Ni-SIPr มคีวามเสถยีรดว้ย เรา

พบว่า ขั Êนกําหนดปฏกิริยิาอยู่ท ีÉ ขั Êนการเกดิออกซเิดทฟีแอดดชินั (+24 kcal/mol)  

เมืÉอศกึษาเพิÉมเตมิในการเกดิออกซเิดทฟีแอดดชินัของไดแอรลิอเีทอรท์ีÉมหีมูไ่ตรฟลอูอ

โรเมทลิเป็นหมูด่งึอเิลก็ตรอน (PhOC6H4CF3) พบว่า การสลายพนัธะ C-O ทีÉตําแหน่งใกลก้บัวง

แอรลิทีÉหมูด่งึอิเลก็ตรอนเกดิไดท้ีÉพลงังานตํÉากว่า สอดคลอ้งกบัผลการทดลองทีÉพบผลติภณัฑ์

หลกั คอื ฟีนอลและไตรฟลูออโรเมทลิเบนซนี นอกจากนีÊเราไดศ้กึษาการเกดิไฮโดรจเินชนัของ

เบนซนี เริÉมจาก Ni(SIPr)(2-C6H6) พบว่า ปฏกิริยิาตอ้งข้ามผ่านพลงังานทีÉสูงมาก (+40 

kcal/mol) จงึสอดคลอ้งกบัผลการทดลองทีÉไมพ่บผลติภณัฑ์จากการเกดิไฮโดรจเินชนั เช่น ไซ

โคลเฮกซะไดอนี หรอืไซโคลเฮกเซน  

 

คาํหลกั: นิกเกลิ, เอ็นเฮเทอโรไซคลกิคารบ์นี, การสลายพนัธะคารบ์อนออกซเิจน, ไฮโดรเจน

โนไลซสิ, ทฤษฎฟีงัก์ชนัความหนาแน่น   
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OBJECTIVES (วตัถปุระสงค)์ 

 

 

The principal investigator (PI) aims to understand reaction mechanisms of the 

catalysts that have potential applications for alternative energy.  

While the PI was conducting the study on nickel-catalyzed hydrogenolysis C-O 

bond activation of aryl ethers, trying to explain the reaction mechanism of this catalyst for 

its potential application in lignin degradation of biomass, the biocatalyst, i.e., 

flavoenzymes, came into attention through the collaboration with Prof. Pimchai Chaiyen. 

Flavoenzymes are useful as biocatalysts for chemical synthesis reactions and as 

bioelectrocatalysts for biofuel cell applications. Flavin derivatives were successfully used 

for catalytic water oxidation in a photochemical water splitting process. Understanding 

how flavoenzymes function is crucial to improve their applications and to develop 

biomimetic flavin derivatives for use as efficient biocatalysts and in biofuel cells. 

With the resources funded by TRF-CHE, the PI can conduct the study on 

flavoenzyme reaction mechanism, in addition to the study of nickel-catalyzed 

hydrogenolysis C-O bond activation of aryl ethers. Density functional study was applied 

for both systems. Thus, there are two chapters for this research report with their 

objectives shown below.   

 

CHAPTER 1: Mechanistic Study of Nickel-Catalyzed C-O Bond Activation in 

Hydrogenolysis of Aryl Ethers by Density Functional Theory 

 

(1) To elucidate the most probable reaction pathways for the hydrogenolysis of aryl 

ethers to form aromatic and phenolic products through C-O bond activation by 

Ni-NHC catalyst complex.   

(2) To determine the rate determining step in the catalytic reaction from the highest 

energy barrier in the calculated free energy profiles.  
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CHAPTER 2: Proton-Coupled Electron Transfer for C4a-Hydroperoxyflavin Formation 

and Stabilization in a Flavoenzyme  
 

(1) To determine the role of protein side chains that involve in lowering the energy 

barriers and assisting in proton transfer in flavoenzymes.   

(2) To understand the factors that support formation and stabilization of C4a-

hydroperoxyflavin, the key intermediate for H2O2 elimination in flavoenzymes. 
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INTRODUCTION (บทนํา) 

 

 There are considerable concerns in using petroleum feedstock as a precursor in 

chemical industry since the crude oil resources are limited.1 The alternate resource can 

be the abundant biomass, especially from agricultural wastes, as raw materials to 

generate chemical products. The major contents of agricultural residues are cellulose, 

hemicellulose, and lignin.2 Depolymerization of these three main components plays a 

key role in their efficient use.  

 While cellulose and hemicelluloses can undergo degradation via hydrolysis,3 

lignin without hydrolysable linkage is more difficult to degrade and generally requires 

high temperature to process. Therefore, lignin degradation is the central attention for the 

efficient use of biomass.4 To breakdown the highly complex structure of lignin, which is 

the heterogenous polymer with the diverse set of C-C and C-O cross-link units and 

aromatic C-O bonds,5 the catalyst is needed to lower the processed temperature and to 

gain a control over the product distribution.  

Catalysis of the aromatic C-O bond cleavage is significant for the conversion of 

lignin biomass to arene feedstocks.6 Wenkert et al. first reported the cross-coupling 

reaction of aryl methyl ether and phenyl Grignard reagents using NiCl2(PPh3)2 catalyst.
7
 

Apart from Grignard reagents,8 other carbon nucleophiles, e.g., organozinc9 and 

arylboronic reagents,10 have been used for the C-O bond activation. Despite of being 

less reactive, hydrogen attracted much attention to be used as a substrate in place of 

the carbon nucleophile.  

 Hydrogenolysis of aromatic C-O bond can be done by heterogeneous Ni 

catalyst.11 However, its high reactivity resulted in further hydrogenation and thus led to 

product mixtures of arenes and alcohols as well as cycloalkanes and cycloalkanols.6a, 11 

Recently, Sergeev and Hartwig
6b

 have reported that the nickel complex with N-

heterocyclic carbene ligand (SIPr) (Scheme 1) in the presence of NaOtBu base can 

catalyze hydrogenolysis of diaryl ethers6b to obtain arenes and alcohols as the sole 

products. Diaryl ethers with electron withdrawing trifluoromethyl group showed the faster 

rate than unsubstituted diphenyl ether and diaryl ethers with electron donating group. In 

competition experiments with the presence of both diphenyl ether and 4-tert-butylphenyl 
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methyl ether, hydrogenolysis preferentially occurred for diphenyl ether (Scheme 1). This 

selective catalytic system presents highly promising application for degradation of lignin, 

which contains aromatic C-O bonds that are generally difficult to activate.   

 

 

 
Scheme 1. Nickel catalyzed hydrogenolysis of diaryl ethers. 

 

In complement to the experiment, density functional theory (DFT) can give 

insights into the reaction mechanisms of related C-O bond activation by Ni complexes.
12

 

Shi and coworkers10a have shown that Ni(PCy3)2Cl2 can selectively activated aryl C-O 

bond (Ar-OAc) in a series of aryl esters to obtain the biaryl product from the arylboronic 

reagents although the acyl C-O bond (ArO-Ac) is weaker and normally perceived to be 

activated first. Liu and coworkers
13

 performed density functional calculation to study the 

mechanisms and revealed that although the oxidative addition of ArO-Ac to the Ni0 

complex is more facile than the oxidative addition of Ar-OAc, the subsequent 

transmetalation step for the former requires higher energy to overcome.  

 In this study, we used density functional theory to study the mechanisms of the 

nickel complex with N-heterocyclic carbene (SIPr) ligand for the catalysis of 

hydrogenolysis C-O bond activation of diphenyl ether (PhOPh). From the Ni(COD)2 

precursor and the presence of SIPr ligand, the Ni(SIPr)(2-PhOPh) can be formed and 

serve as the active species for the catalytic reaction. The reaction mechanisms and the 

key species were investigated (Scheme 2). The catalytic cycle involves three steps: (i) 

oxidative addition of Ni(SIPr)(2-PhOPh)  to form [Ni(SIPr)(OPh)(Ph)]0, (ii) σ-bond 
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metathesis, in which H2 binds to the nickel center and benzene is eliminated, and (iii) 

reductive elimination of phenol and rebinding of PhOPh to recover Ni(SIPr)(2-PhOPh). 

Understanding the reaction mechanisms of the nickel catalysts for hydrogenolysis C-O 

bond activation of diphenyl ether will provide guidance for the development of catalytic 

system to achieve the highest possible selectivity and efficiency in aromatic C-O bond 

activation. This can potentially apply for lignin degradation. 

 

 
Scheme 2. Reaction mechanisms for hydrogenolysis C-O bond activation of diphenyl 

ether by the nickel complex with N-heterocyclic carbene ligand (L = SIPr).    
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METHODOLOGY (วิธีการทดลอง) 

 
All calculations were performed with the Gaussian09 program.14 All structures 

were fully optimized with default convergence criteria, and frequencies were calculated 

to ensure that there is no imaginary frequency for minima and only one imaginary 

frequency corresponding to the reaction coordinate for transition states.  Zero-point 

energies and thermodynamic functions were calculated at 298.15 K and 1 atm. B3LYP15 

functional with basis set 1 (BS1) was used for all geometry optimization and frequency 

calculation. In BS1, Stuttgart relativistic small core (RSC) 1997 ECP basis set16 was 

used for Ni; 6-31++G(d,p)17 for N, C, O, and H on the five membered N-heterocyclic 

carbene ligand L (Scheme 1) and on the substrates, i.e., diphenyl ether and H2; 6-31G17 

for all other atoms (the substituents on the ligand SIPr. As M0618 has been successfully 

used for other Ni complex studies,19 we carried out solvation free energy corrections by 

M06 with basis set 2 (BS2) on the gas-phase optimized structures using conductor-like 

polarizable continuum model (CPCM)20 with Bondi atomic radii and solvation parameters 

corresponding to m-xylene (ε = 2.348).  BS2 is the same as BS1 except that 6-

31G(d),17 was used for the substituents on the ligand SIPr. Unless specified otherwise, 

the energies mentioned throughout the article refer to the M06/BS2//B3LYP/BS1 relative 

free energies with solvent correction in m-xylene.   
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RESULTS AND DISCUSSION (ผลการทดลอง และ วิจารณ์ผลการทดลอง) 

 

A. Formation of Ni(SIPr)(2-PhOPh) active species 

In the presence of SIPr, the Ni(COD)2 precursor can undergo SIPr ligand 

substitution to form Ni(SIPr)(COD), which is isoenergetic (-0.29 kcal/mol) (Figure 1). The 

structure of Ni(SIPr)(COD) shows that only one of the double bonds of COD binds to 

the nickel center (Figure 2). The SIPr ligand substitution on Ni(SIPr)(COD) leads to 

relatively stable Ni(SIPr)2 (-9.63 kcal/mol). The Ni-C bond distance of Ni(SIPr)2 is in 

good agreement with the X-ray crystal structure21 within 0.03 Å.  

 

 
Figure 1. Formation of Ni(SIPr)(2-PhOPh). Solvent corrected relative free energies in 

m-xylene are given in kcal/mol. 
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Ni(COD)2     Ni(SIPr)(COD)  Ni(SIPr)(2-PhOPh)     Ni(SIPr)(6-PhOPh)  

Figure 2. Selected optimized structures in the formation of Ni(SIPr)(2-PhOPh) from 

Ni(COD)2 precursor. Calculated bond distances are shown in Å. 

 

Several studies of palladium phosphine and nickel N-heterocyclic carbene
22

 

complexes showed that for the sterically hindered mono-dentate ligands, the oxidative 

addition of the substrate preferably occur on the mono-ligated metal complex rather 

than the di-ligated metal complex.13, 23 Here, we tried to locate [NiII(SIPr)2(Ph)(OPh)]0 

(IN4), the product for the oxidative addition of diphenyl ether on Ni(SIPr)2, but all the 

attempts were not successful. Thus, the oxidative addition of diphenyl ether on Ni(SIPr)2 

is unlikely as the steric hindrance of SIPr hinders the substrate binding site.  

Ogoshi and coworkers24 showed that upon the addition of NHC (SIPr and IPr) in 

an arene solution under H2, the hydrogenation of Ni(COD)2 leads to Ni(NHC)(6-arene) 

complex, confirmed by X-ray crystal structure. While the COD dissociation from 

Ni(SIPr)(COD) to form Ni(SIPr) requires +26.09 kcal/mol, the diphenyl ether substitution 

on Ni(SIPr)(COD) to form Ni(SIPr)(6-PhOPh) is slightly endergonic (+5.08 kcal/mol) 

(Figure 1). We also explored other modes of diphenyl ether binding; O-bound 

Ni(SIPr)(OPh2) has higher energy than Ni(SIPr)(
6
-PhOPh) by +9.16 kcal/mol (Figure 1) 

while 2-bound Ni(SIPr)(2-PhOPh) has similar energy to Ni(SIPr)(6-PhOPh) (< 1 

kcal/mol). 

Therefore, from Ni(COD)2, the Ni(SIPr)(6-PhOPh) can be formed and rearrange 

to Ni(SIPr)(2-PhOPh) to undergo C-O bond activation. Diphenyl ether is not only the 

substrate in the reaction but also serves as a ligand to stabilize Ni(SIPr) complex to 

form Ni(SIPr)(2-PhOPh).  
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B. Hydrogenolysis C-O bond activation 

a) The Oxidative addition  

The Ni(SIPr)(
6
-PhOPh) can rearrange to Ni(SIPr)(

2
-PhOPh), which undergo 

oxidative addition to form transition state TS1 with the energy barrier of +24.01 kcal/mol, 

leading to [NiII(SIPr)(Ph)(OPh)]0 (IN3) (Figure 3). The three-coordinate complex IN3, with 

the phenyl trans to the vacant site, can rearrange to IN5 and IN6, with the phenolate 

and the SIPr ligand trans to the vacant site, respectively. Then, H2 can bind to the 

vacant site of any of these three-coordinate isomers.  

 

 
Figure 3. Free energy profiles for the overall mechanisms for the hydrogenolysis C-O 

bond activation of diphenyl ether. Solvent corrected relative free energies in benzene 

are given in kcal/mol.  

 

b) The -Bond Metathesis 

The H2 binding to the vacant site of the three-coordinate complex 

[Ni(SIPr)(Ph)(OPh)]0 (IN3, IN5, and IN6) leads to the H2-complex 

[Ni(H2)(SIPr)(Ph)(OPh)]0 (IN7, IN9, and IN11) (Figure 3). Generally, dihydride complexes 

can be formed on the electron rich transition metal, which can provide -backbonding to 

the binding H2.
25 As expected, the dihydride complex [Ni(H)(H)(SIPr)(Ph)(OPh)]0, the 

product from the oxidative addition of H2 on [NiII(SIPr)(Ph)(OPh)]0 is not found. Thus, we 
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consider the H2-complex [Ni(H2)(SIPr)(Ph)(OPh)]0 undergo the O-H and C-H bond 

formations via -bond metathesis.  

The H2 binding at the vacant site of the three-coordinate complex IN3 forms the 

H2-complex IN7. The H2 in IN7 is perpendicular to the coordination plane. Nonetheless, 

the rotational barrier for H2 is rather small (1-2 kcal/mol) according to the study by 

Eckert and coworkers26 on metal H2-complex. Thus, IN7 can proceed to the -bond 

metathesis via transition state TS3, which involves a four-centered interaction (Figure 

4). The O-H bond is formed and the H-H bond is weakened. Then, the T-shape nickel 

complex [Nill(SIPr)(Ph)(H)]0 with the hydride trans to the empty site (IN8) is obtained 

and the phenol is eliminated as a product. The overall energy barrier is +21.19 kcal/mol. 

IN3 can rearrange to slightly more stable IN6 (-1.58 kcal/mol). Then, the H2 binds at the 

vacant site trans to the SIPr ligand to form H2-complex IN11. The -bond metathesis 

via TS2 to form O-H bond also leads to the formation IN8 with the elimination of phenol 

(Figure 3). The overall energy barrier (+23.84 kcal/mol) is slightly higher than that via 

TS3.  

For IN5, H2 binds at the vacant site trans to the phenolate to form H2-complex 

IN9. Although the rearrangement of IN3 to IN5 requires the energy of +13.53 kcal/mol, 

the -bond metathesis via IN9 and transition state TS4 is facile. The C-H bond is 

formed and the benzene is eliminated as a product. The T-shape nickel complex 

[Nill(SIPr)(OPh)(H)]0 with the hydride trans to the empty site (IN10) is obtained. The 

benzene elimination to form IN10 is more favorable than the phenol elimination to form IN8 

by -17.36 kcal/mol, corresponding to the fact that the benzene C-H bond is stronger than 

the phenol O-H bond.
27
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TS1     TS2 

 
TS3    TS4 

  
TS5    TS6 

Figure 4. Selected optimized structures for hydrogenolysis C-O bond activation. 

Calculated bond distances are shown in Å. 

     

 

c) The Reductive Elimination  

The IN8 can reductively eliminate the benzene via three-centered transition state 

TS5, which easily forms C-H bond and binds diphenyl ether to regenerate Ni(SIPr)(�2-

PhOPh) (Figure 3). On the other hand, the reductive elimination of the phenol from IN10 

via TS6 requires a high energy barrier of +19.37 kcal/mol. Corresponding to the energy 

barriers, the structure of TS5 represents the early transition state while the TS6 
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represents the later transition state; the C-H bond is formed with the distance of 1.67 Å 

in TS5 and the O-H bond is formed with the distance of 1.26 Å in TS6 (Figure 4). 

 

d) The Overall Mechanism 

The Ni(SIPr)(2-PhOPh) undergoes oxidative addition to form 

[Ni(SIPr)(Ph)(OPh)]0 with the energy barrier of +24.01 kcal/mol. The three-coordinate 

complex with the phenyl trans to the vacant site (IN3) is obtained. The IN3 bind H2, 

proceed to -bond metathesis to form phenol, and reductively eliminate benzene with 

the highest energy barrier at the -bond metathesis step (+21.19 kcal/mol). 

Alternatively, the IN3 can rearrange to IN5, the [Ni(SIPr)(Ph)(OPh)]0 with the phenolate 

trans to the vacant site. The IN5 binds H2, proceed to -bond metathesis to form 

benzene, and reductively eliminate phenol with the highest energy barrier at the 

reductive elimination step (+19.37 kcal/mol). The overall energy barriers for both 

pathways via IN3 and IN5 are thus comparable. Note that, for both pathways, the O-H 

bond formation needs to overcome a high energy barrier (19-21 kcal/mol) while the C-H 

bond formation is facile. Considered the overall catalytic reaction, the oxidative addition 

of diphenyl ether via TS1 is the rate determining step (Figure 2). 

 

C. The Oxidative Addition of Diaryl Ether with Trifluoromethyl Substituent 

We also calculated the oxidative addition of diaryl ethers with electron 

withdrawing trifluoromethyl group. According to the free energy barriers, the C-O bond 

activation preferably occurs at the carbon near aryl ring with electron withdrawing group 

(via TS1-Fa) (Figure 5), in agreement with the products from the experiment.6b The free 

energy barrier for the oxidative addition of Ni(SIPr)(2-PhOC6H4CF3) via TS1-Fa is also 

lower than that of Ni(SIPr)(2-PhOPh) via TS1; Sergeev et al. showed that the reaction 

of diaryl ether with trifluoromethyl substituent can proceed at lower temperature than 

that of diphenyl ether.     
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Figure 5. Free energy profiles for the oxidative addition of C-O bond of diaryl ether. 

Solvent corrected relative free energies in m-xylene are given in kcal/mol.  

 

   
TS1-Fa     TS1-Fb 

Figure 6. Selected optimized structures for the oxidative addition of C-O bond of diaryl 

ether with trifluoromethyl electron withdrawing group.  

 

D. Hydrogenation of Benzene 

The benzene, which is the product of the hydrogenolysis C-O bond activation of 

methyl phenyl ether, can bind to the nickel to form Ni(SIPr)(6-C6H6) and Ni(SIPr)(2-

C6H6). Unlike heterogenous Ni catalyst, the hydrogenation products, e.g., 

cyclohexadiene, cyclohexane, are not observed for Ni-SIPr.6b Thus, we explored further 

for the hydrogenation of Ni(SIPr)(2-C6H6).  
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The H2 binding leads to the [Ni0(SIPr)(H2)(ƞ2-C6H6)] (INH3), which is +8.42 

kcal/mol less favorable than Ni(SIPr)(2-C6H6) (Figure 7). Then, the H on the Ni center 

of [Ni0(SIPr)(H2)(ƞ2-C6H6)] transfers to the ipso-carbon of the benzene in via TSH2 with 

the energy barrier of +26.98 kcal/mol. The ipso C-H bond distance in the transition state 

TSH2 is shortened by -0.92Å from that of INH3 (Figure 8). The INH4 is formed, in 

isoenergetic (< 1 kcal/mol) with TSH2.  

 

 
Figure 7. Free energy profiles for the hydrogenation of benzene. Solvent corrected 

relative free energies in m-xylene are given in kcal/mol. 

 

The INH4 can isomerize to INH5 (Figure 7), which is more stable by -2.04 

kcal/mol. Then, the second H on the Ni of  INH5 transfers to the ipso-carbon in the 

transition state TSH3 with the energy barrier of +16.60 kcal/mol, relative to INH5 to 

generate the [Ni0(SIPr)(ƞ2-C6H8)] (INH6). The overall reaction is endergonic by +5.74 

kcal/mol and it needs to overcome the overall energy barrier of +40.93 kcal/mol. Thus, 

the hydrogenation of benzene on Ni-SIPr to form cyclohexadiene requires a rather high 

energy; it is unlikely to occur. This is in corresponding to the experiment where only 

benzene and phenol were obtained as the products. 
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INH3    TSH2 

 
INH4    INH5 

 

 
  TSH3    INH6 

 

Figure 8. Selected optimized structures for the hydrogenation of benzene on Ni-SIPr. 

Calculated bond distances are shown in Å.    
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SUMMARY (สรุปผลการทดลอง) 

 

We investigated the mechanisms for the hydrogenolysis C-O bond activation of 

diphenyl ether by the nickel complex with N-heterocyclic carbene (SIPr) to obtain 

benzene and phenol as products. According to the calculation, the Ni(COD)2 precursor 

undergoes SIPr ligand substitution to form Ni(SIPr)(6-PhOPh), which can easily rearrange 

to Ni(SIPr)(2-PhOPh),  the active species for C-O bond activation. The catalytic reaction 

includes three basic steps: (i) oxidative addition of Ni(SIPr)(2-PhOPh) to form 

[Ni(SIPr)(OPh)(Ph)]0, (ii) σ-bond metathesis, in which H2 binds to the nickel to form 

[Ni(SIPr)(OPh)(Ph)(H2)]
0, then the phenol (or benzene) is eliminated, and (iii) reductive 

elimination of the benzene (or phenol) and binding of PhOPh to regenerate Ni(SIPr)(2-

PhOPh).  

Diphenyl ether is not only a substrate but also serves as ligand to stabilize Ni-

SIPr complex. The rate determining step is found at the oxidative addition (+24 

kcal/mol), in agreement with the experiment that the substrate with electron withdrawing 

substituent on the aryl ring can undergo the catalytic reaction faster than unsubstituted 

aryl ether. We also showed that the hydrogenation of benzene via Ni(SIPr)(2-C6H6) 

requires high energy barrier (+40 kcal/mol), in corresponding to the experiment that the 

hydrogenation products, e.g., cyclohexane, cyclohexadiene, were not observed.  
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SUGGESTIONS (ข้อเสนอแนะ) 

 

From the experiment by Sergeev et al.,6b high loading of nickel precursor and 

SIPr ligand (10-20%) need to be used to complete the reaction at 100-120 oC. Our 

calculation suggested that high loading of the catalyst can be due to the formation and 

accumulation of rather stable Ni(SIPr)2 complex which cannot undergo C-O bond 

activation. Although, the active species, Ni(SIPr)(2-PhOPh) is less stable than 

Ni(SIPr)2, the formation of Ni(SIPr)(2-PhOPh) is feasible (~14 kcal/mol, Figure 1). This 

is not efficient for the catalytic reaction. Therefore, if we can avoid the formation of 

Ni(SIPr)2, for example, by using Ni(SIPr)(6-Benzene) as a starting catalyst, we may 

generate more active species and require lower catalyst loading.   
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CHAPTER 2 

 

Proton-Coupled Electron Transfer for C4a-Hydroperoxyflavin 

Formation and Stabilization in a Flavoenzyme  
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INTRODUCTION (บทนํา) 

Flavoenzymes not only have indispensible roles in cellular metabolism1, but are 

also useful as biocatalysts for chemical synthesis reactions and as bioelectrocatalysts for 

biofuel cell applications.2,3 Baeyer-Villiger monooxygenase has been used widely in 

pharmaceutical industries to synthesize drugs.4 Recently, flavin derivatives were 

successfully used for catalytic water oxidation in a photochemical water splitting process.3 

Therefore, understanding how flavoenzymes function is crucial to improving their 

applications and to developing biomimetic flavin derivatives for use as efficient 

biocatalysts, and biosensors, and in biofuel cells.5 

The physical and chemical basis underlying the reactions of reduced flavin and 

dioxygen in flavoenzymes is one of the most fascinating issues in flavoenzymology.6 The 

same reduced flavin (FAD or FMN) when bound to different proteins reacts differently 

with dioxygen (i.e. to form H2O2 in oxidases, to form C4a-(hydro)peroxyflavin in 

monooxygenases, or to have sluggish reactivity toward dioxygen in dehydrogenases in 

order to transfer electrons to other acceptors ). The different reaction outcomes due to 

the different active site environments of these proteins allow nature to use the same set 

of chemical reactants to perform a variety of flavoenzyme functions, including use of the  

abundant oxygen in aerobic systems as an electron acceptor (oxidase), to incorporate an 

oxygen atom into an organic substrate (monooxygenase), or to mediate electron transfer 

in complex protein systems (dehydrogenase). Most of our current understanding of flavin 

chemistry in flavoenzymes is based on work performed in the 1970s-1980s by Bruice et 

al.7,8 and Massey et al.9 and the current view of the reaction of reduced flavin with oxygen 

in oxidases and oxygenases can be summarized as depicted in Scheme 1 (path a and 

b).  

In chemical synthesis, catalytic oxidative reactions and oxygen insertions with 

high selectivity generally require multiple steps and often require heavy metals. Flavin is 

among a few organic cofactors that can use molecular oxygen for oxygenation reactions.5 

The mechanism for the control of this reaction should be well coordinated so that leakage 

of hazardous reactive oxygen species during enzyme turnover is minimized and the 
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oxygenases can most efficiently catalyze oxygenation. Many research groups in the past 

recent years have investigated the role of active site residues that are important for 

dioxygen activation.
10-17 

One of the recurrent features found in these systems is the 

presence of a positively charged residue that is located near the flavin N5. Previous work 

suggested that this positive charge provides a pre-organized environment that stabilizes 

the superoxide anion species10-14,16 that forms after the first step of electron transfer (path 

a and b in Scheme 1).
8
 However, the electronic structures and energies of key 

intermediates in the dioxygen activation mechanisms have not been studied in detail. 
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Scheme 1. Flavin reaction mechanisms with dioxygen. Path (a) and path (b) are 

conventional pathways for the reactions with O2 in monooxygenases and oxidases, 

respectively. Path (c) is the alternative pathway for the reactions with O2 in pyranose 2-

oxidase, according to the findings of the current study. 
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Pyranose 2-oxidase (P2O) is a suitable flavoenzyme for exploring dioxygen 

activation and C4a-hydroperoxyflavin stabilization. P2O catalyzes the oxidation of 

pyranose sugars to form 2-keto-sugars and H2O2 (Scheme S1). The enzyme has been 

applied in the synthesis of rare sugars.2 Thus far, it has been the only flavoenzyme 

oxidase, in which C4a-hydroperoxyflavin has been detected as an intermediate under 

natural turnover conditions.18,19 The reaction of P2O could be viewed as a missing-link in 

evolution connecting flavin-dependent monooxygenases in which formation of 

C4a(hydro)peroxyflavin is mandatory and flavoenzyme oxidases in which formation of 

C4a-hydroperoxyflavin is possibly just one of the means of generating H2O2 (Scheme 1). 

As no X-ray structure of enzyme-bound C4a-hydroperoxyflavin is available, it remains 

elusive how the intermediate is stabilized in flavoenzymes. It has been proposed that a 

cavity that is commonly found above the flavin C4a atom of monooxygenases may serve 

as an entrance for oxygen diffusion and accommodate the peroxide adduct.6 

Theoretical calculations have been used to study electronic structures and 

energies in enzymatic reactions.
20-23

 Reaction mechanisms have been theoretically 

investigated for a few flavoenzymes, e.g., a Baeyer-Villiger monooxygenase (oxygen 

insertion24), p-hydroxybenzoate hydroxylase and phenol hydroxylase (aromatic 

hydroxylation
25,26

), 2-methyl-3-hydroxypyridine-5-carboxylate monooxygenase (ring-

cleavage reaction27,28), BluB (cleavage of riboflavin29), glucose 1-oxidase and aryl alcohol 

oxidase (oxidation of alcohol moiety30,31). The mechanisms of H2O2 elimination from a 

free C4a-hydroperoxyflavin species was recently investigated by Bach and Mattevi.
32

 In 

combination with experimental data, computational studies can provide greater insights 

on the enzyme mechanisms.20 

In this report, the reaction of reduced flavin and dioxygen catalyzed by P2O was 

explored using density functional theory (DFT). The calculated activation energies were 

compared to the experimental activation enthalpies determined from the Eyring plot 

based on transient kinetic studies at various temperatures. The calculations agreed well 

with the results from kinetic isotope effect (KIE) and site-directed mutagenesis studies. 

DFT analysis gave the following new insights into this reaction: (i) the protonated His548 

does not stabilize the superoxide anion via electrostatic interactions—rather, it acts as a 

general acid by providing a proton for the proton-coupled electron transfer in dioxygen 

activation (path c in Scheme 1) and (ii) the –OOH moiety of C4a-hydroperoxyflavin is in 

the “face-on” configuration and stabilized by a hydrogen bonding network from His548, 

Asn593 and Thr169.  
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METHODOLOGY (วิธีการทดลอง) 

Computational Details.  

All calculations were performed with the Gaussian 09 program.33 B3LYP34-36 

density functional theory has been shown to be suitable for the study of enzymatic 

reactions.29,37,38 Thus, B3LYP was used for all geometry optimizations and frequency 

calculations in this study. The 6-31++G(d,p)39-41 basis set was used for the H that forms 

H2O2 and 6-31G(d) was used for all other atoms.39-41 The single point energy and 

solvation free energy corrections were calculated by B3LYP/6-311+G(d,p) on the 

geometries based on the gas-phase optimizations using the conductor-like polarizable 

continuum model (CPCM)42 with UAKS43 atomic radii and a dielectric constant of 4.0 to 

represent the protein environment. The energy barrier based on the electronic energy 

with solvation correction obtained from B3LYP/6-311+G(d,p) calculations is lower than the 

electronic energy obtained from B3LYP/6-31G(d) calculations, especially for the H2O2 

elimination step (Table S1). Open-shell systems were treated using spin unrestricted 

B3LYP (UB3LYP).   

The active site model was taken from the crystal structure of P2O(WT) in the 

closed conformation (1.80 Å; PDB code: 1TT0).44 The model  consists of 118 atoms, 

which includes FADH (the isoalloxazine part) and the residues within about a 5 Å radius 

from the N5 atom of the FADH (Trp168, Thr169, and Cys170) and the key conserved 

residues45 (His167, His548, and Asn593) of the enzyme (Figure 1). To minimize the 

computational power for the relevant protein environment, only the side chains were 

allowed to be flexible during the geometry optimization. Thus, the atoms on the backbone 

were constrained at the initial positions in the crystal structure to maintain a reasonable 

geometry of the active site while all other atoms were optimized (Figure 1). For transition 

states, frequencies were calculated to ensure that there was one imaginary frequency  

corresponding to the reaction coordinate. Note that since some atoms in the model are 

constrained during optimization, the intermediate and transition state structures are not 

strictly stationary points. Thus, the zero-point vibrational energy corrections and thermal  

effects are not well defined and are not considered in this study.  
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Figure 1. Active site model of P2O(WT) in the closed conformation. (a) X-ray structure of 

the active site model. (b) Schematic representation of the active site model. The 

isoalloxazine ring of FAD is shown in blue, flexible residues in green, and  

constrained atoms in red.  

To critically evaluate the extent of spin contamination in open-shell species, the 

expectation value for the total spin angular momentum, <S2>, of all diradical species in 

this study were calculated and are shown in Table S2. The data indicate that, for the 

triplet species, there is no significant problem with the spin contamination as all of the 

<S2>triplet values are close to 2. For the open-shell singlet species, the <S2>singlet values 

are close to 1 and largely differ from zero. This may be because the use of the broken 

symmetry approach to calculate the open-shell singlet species can result in spin 

contamination from higher spin states. As the spin projection (SP) technique was 

successfully employed in the calculation of diradical energies in previous works29,46, we 

used this method to estimate the energy of the spin-unrestricted open-shell singlet 

species (Equation 1-2).46 EX is the electronic energy and S2X is the expectation value 

for the total spin angular momentum of the spin state X (X = singlet or triplet).
46
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Temperature dependence studies.  

The measurements were performed using a TgK Scientific Model SF-61DX 

stopped-flow spectrophotometer in single-mixing mode. The optical path-length of the 

observation cell was 1 cm. The experimental protocols used were similar to those in a 

previous report.18,47,48 In brief, the stopped-flow apparatus was made anaerobic by 

flushing the flow system with an anaerobic buffer containing 10 mM sodium dithionite in 

50 mM sodium phosphate buffer, pH 7.0. The buffer was made anaerobic by equilibrating 

with oxygen-free nitrogen (ultra high purity) that had been passed through an Oxyclear 

oxygen removal column (Labclear). The anaerobic buffer was allowed to stand in the flow 

system overnight. The flow unit was then rinsed with the anaerobic buffer before 

experiments. For studying the oxidative half-reaction, an anaerobic enzyme solution was 

equilibrated in an anaerobic glove box (Belle Technology). The enzyme was then reduced 

with a solution of 10 mM D-glucose in 100 mM sodium phosphate buffer pH 7.0. While 

adding the solution of D-glucose, enzyme spectra were recorded using a 

spectrophotometer inside the glove box to ensure complete reduction. The reduced 

enzyme solution was placed in a glass tonometer and loaded onto the stopped-flow 

spectrophotometer. 

Reduced P2O(WT) (53 M) was mixed with buffers containing 1.22 mM O2 

(concentrations before mixing) at various temperatures (5, 10, 15, 20, 25, and 30 C) in 

a stopped-flow spectrophotometer. Large amplitude changes were detected at 395 and 

458 nm. The reaction showed two kinetic phases. For example, at 5 C, the first phase 

(0.002-0.04 s, increase of absorbance at 395 nm) indicates the formation of a C4a-

hydroperoxyflavin intermediate that subsequently decays in the second phase (0.04-1 s) 

to yield H2O2 and the oxidized enzyme. The second phase occurred simultaneously with 

an absorbance increase at 458 nm (Figure 5).18,49,50 Apparent rate constants (kobs) were  

calculated from the kinetic traces using exponential fits and the software packages Kinetic 

Studio (TgK Scientific, Bradford-on-Avon, UK) or Program A (developed by R. Chang, C.-

J. Chiu, J. Dinverno, and D. P. Ballou, at University of Michigan, Ann Arbor, MI). 

Simulations were performed by numerical methods with Runge-Kutta algorithms 

implemented in Berkeley Madonna 8.3 with a time step of 10-3 s. Rate constants 

associated with Scheme 2 can be analyzed according to Equation 3 and 4.18 Analysis 

yielded a bimolecular rate constant for the formation of C4a-hydroperoxyflavin (k1), a 

reverse rate constant (k2), and a rate constant for H2O2 elimination (k3). A summary of 
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the rate constants is provided in Table S4. The rate constants (k1, k2, and k3) were 

plotted against the temperature used (Figure S5).  

FADH-
Enz + O2 C4a-OOH FADEnz + H2O2

k 1 k 2

k -1  

Scheme 2. Reaction mechanism of the oxidative half-reaction of P2O(WT). 
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The Eyring equation was used for determining the enthalpy of activation (H‡) in 

this reaction (Equation 5, where k is a rate constant, T is absolute temperature, H‡ is 

enthalpy of activation, R is the gas constant (1.987 cal mol-1 K-1), kB is the Boltzmann 

constant (1.381  10-23 J K-1), h is Planck’s constant (6.626  10-34 J s), and S‡ is the 

entropy of activation).51,52 The linear form of the Eyring plot is shown in equation 6. The 

plot of ln(k/T) versus 1/T gives a straight line with a slope of -H‡/R from which the value 

of the enthalpy of activation can be derived.    
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Reaction of variant P2O with O2.  

The previous study indicated that the H548A, H548C, H548S, and H548N variant 

enzymes contained mixed populations of covalently linked and non-covalent flavins.53 

Therefore, in order to investigate the role of His548 in flavin oxidation, double mutations 

containing both His548 and H167A (a mutation in which the covalent histidyl-FAD linkage 

was removed) in addition to single mutations were constructed. We have shown 

previously that the H167A variant enzyme reacts with molecular oxygen to form C4a-

hydroperoxyflavin with similar rate constants as those found for the wild-type enzyme, 

indicating that the covalent linkage is not an important factor for formation of the 

intermediate.49 The effects of removal of a covalent histidyl-FAD linkage are mainly on 
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the reductive half-reaction.49 Therefore, the absence of the covalent histidyl-FAD linkage 

in P2O variants in this study should not introduce any confounding artifacts to the kinetic 

analysis. 

For studying the oxidative half-reaction of N593H and H167A/H548 variant 

enzymes, an anaerobic enzyme solution was equilibrated in an anaerobic glove box (as  

described above). The enzyme was then reduced with a solution of 10 mM D-glucose in 

100 mM sodium phosphate buffer pH 7.0 for the N593H variant enzyme. For 

H167A/H548A, H167A/H548C, H167A/H548S, and H167A/H548N variants which are 

catalytically inactive for the reductive half-reaction, the enzymes were reduced with a 

solution of 10 mM sodium dithionite. The oxidation of reduced variant enzyme by O2 was 

monitored at various wavelengths (300 to 500 nm) using a stopped-flow 

spectrophotometer. Buffer solutions with various concentrations of O2 were made by 

bubbling certified O2/N2 gas mixtures of 20%, 50%, 100% and 100% on ice through 

syringes for 8 minutes. After mixing, this procedure resulted in O2 concentrations of 0.13 

mM, 0.31 mM, 0.61 mM and 0.96 mM, respectively. Equilibration of a buffer on ice with a 

100% O2/N2 gas mixture results in a buffer solution that contains 1.92 mM O2 before 

mixing. Apparent rate constants (kobs) from kinetic traces were calculated as described 

above.  

 

Imidazole rescue experiment.  

The imidazole rescue experiment on H167A/H548 variants were investigated over a pH 

range from 6.0 to 8.0 using 100 mM sodium phosphate for pH 6.0 and 7.0, and 100 mM 

Tris-HCl for pH 8.0. The enzyme solution was mixed with 100 M imidazole and  

exchanged into each pH buffer. The resulting solution was equilibrated at that pH for 14-

16 h (overnight). Sodium dithionite solutions which were used for reducing the enzyme 

were prepared by dissolving solid sodium dithionite powder into each pH buffer. A 

reduced variant enzyme solution was prepared as previously described and the  

experiments were done at various pH values. Experimental protocols were similar to 

those described above.   
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RESULTS (ผลการทดลอง) 

 

A. QM analysis of the reaction of reduced P2O with oxygen (oxidative half-reaction).  

The density functional calculations described in Methodology were used to 

analyze the physical parameters associated with the individual steps and transition states 

of the reaction of the P2O-bound FADH (FADHEnz) (truncated at only the isoalloxazine 

ring) and dioxygen.  

The starting flavin species was assigned as an anionic form in which the N1 

position is deprotonated (Species 1 in Scheme 3). The relevance of this form in the P2O 

reaction is supported by the fact that the oxidized enzyme can react with sulfite to form 

the flavin N(5)-sulfite adduct in which the flavin N1 is in the anionic form.54 In general, the 

anionic form of the reduced flavin is the form that is bound to flavoenzyme oxidases.55 

Based on the active site structure of P2O,45 residues approximately 5 Å away from the 

N5 atom of the FADH (Trp168, Thr169, and Cys170) and the key conserved residues 

(His167, His548, and Asn593) were included in the QM model (Figure 1). 

Among these residues, His548 is the most likely to be in the protonated state. 

According to previous studies of P2O,  upon completion of the reductive half-reaction, the 

oxidized flavin is reduced by D-glucose, and His548 is expected to be in the protonated 

state.53 Furthermore, the results of pH-dependence studies of the oxidative half-reaction 

at various pH values suggest that one of the active site residues should be protonated to 

allow the reaction to proceed via formation of C4a-hydroperoxyflavin.50 On the basis of 

these findings, the calculation model was started with His548 in the protonated state 

(Species 1 in Scheme 3).  

Transient kinetics studies of the P2O oxidative half-reaction indicated that the 

reaction proceeds via two stages, involving C4a-hydroperoxyflavin formation and decay 

(H2O2 elimination).18,50,56 Results from the density functional calculations give insights into 

the electronic structures, spin states, and energies of the transition states and  

intermediates involved (Figure 2-4), and point to a 5-step process (Scheme 3).  
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Scheme 3. The reaction of P2O-bound reduced FAD (FADHEnz) with oxygen. (a) 

Proposed mechanisms for the reaction of FADHEnz with oxygen. Stage 1 is C4a-

hydroperoxyflavin formation (1-5) while Stage 2 is H2O2 elimination and oxidized flavin 

generation (5-7). (b) Calculated energy profiles along the proposed reaction pathway. The 

enthalpy of activation obtained from the transient kinetics results in Figure 5 is overlaid in 

blue.  
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Step 1: Proton-coupled electron transfer to triplet dioxygen (Species 1 to Species 2).  

The energy of the first species, FADH
-
Enz+O2T (or FADH

-
Enz+O2S), is a 

combination of the electronic energy with solvation correction from the optimized structure 

of FADH
-
Enz (Species 1) and that of O2T (or O2S). The stabilized complex of reduced flavin 

(FADH
-
Enz) and dioxygen was found to be improbable through calculations. After several 

attempts, when the O2 was placed in the vicinity above the C4a position and upon 

geometry optimization, the proton from the protonated His548 was immediately 

transferred to the dioxygen. This was concomitant with the first electron transfer from the 

reduced flavin to the dioxygen to generate the flavin semiquinone:OOH radical pair in 

the triplet state (FADHEnz:
OOHT) (Figure 2). It should be mentioned that when this 

reaction step was calculated using other functionals such as TPSS, the concomitant 

proton and electron transfer was similar to the results obtained using B3LYP. 

Mulliken charge populations on the two oxygen atoms of the FADH
Enz:

OOHT (-

0.480) are relatively more negative than that of the triplet dioxygen (0.000); this indicates 

that an electron is transferred to OOH. As the charge population on the overall OOH 

fragment is -0.081, the concomitant electron and proton transfer neutralizes the negative 

charge of the superoxide species and increases the ability of dioxygen to accept an 

electron from FADHEnz. Mulliken spin populations on the OOH (+1.004) and the flavin 

(+0.991) fragments reveal the identity of Species 2 as the triplet FADHEnz:
OOHT (Table 

in Figure 2), with a single unpaired electron located  on each of the OOH and the flavin 

fragments.  

Note that the proton-coupled electron transfer process for the reaction of reduced 

flavin and dioxygen presented here is different from the current view7,9 that describes the 

first step as an electron transfer to generate a radical pair of flavinsemiquinone and 

superoxide anion before the subsequent proton transfer occurs (path a and b in Scheme 

1).   
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Figure 2. Optimized structures of FADHEnz:
OOH complexes. The subscripts T and S 

represent triplet state and singlet state, respectively. ΔES-T represents the energy 

difference between the spin-unrestricted open-shell singlet state and the triplet state. 

Mulliken charge populations (q) on the two oxygen atoms (qO-O) of the OOH fragment 

and on the OOH fragment (qOOH) are shown. Mulliken spin populations () on the O2 (O-

O), OOH (OOH), and flavin (Flavin) fragments are shown. Distances between the two 

oxygen atoms on the OOH fragment (dOp-Od) are shown in Å. 

 

Step 2: Triplet (FADHEnz:
OOHT) to singlet (FADHEnz:

OOHS) spin transition (Species 2 

to Species 3).  

The triplet (FADHEnz:
OOHT) can undergo a spin transition with a small energy 

requirement (+0.6 kcal/mol, Scheme 3, Table in Figure 2) to become an open-shell 

singlet diradical (FADHEnz:
OOHS), in which the spin populations on the OOH fragment 

change from +1.004 to -1.002, but remain the same on the flavin fragment at about +0.99 

(Table in Figure 2, Figure S3). Overall, the structural geometries of the triplet 

FADHEnz:
OOHT and the open-shell singlet diradical FADHEnz:

OOHS complexes are 
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similar (Table in Figure 2). The Op-Od bond distance in both FADHEnz:
OOHT and 

FADHEnz:
OOHS (1.33 Å) is significantly longer than that in the O2T (1.21 Å), 

corresponding to the addition of one electron into the anti-bonding orbital of the dioxygen.  

To identify the active site residues involved in the P2O dioxygen activation 

process, we studied this process in the absence of all residues. Thus, the electronic 

structures and energies in both triplet and open-shell singlet states for the dioxygen (O2), 

the FADH-
Free:O2 complex, and the FADHFree:

OOH complex were investigated in order 

to compare them with those for the FADHEnz:
OOH. For dioxygen (O2) in the absence of 

a flavin cofactor, the spin transition process from the triplet O2T (O-O = +2.000) to the 

singlet O2S (O-O = 0.000) requires a large energy input of 37.7 kcal/mol (Table in Figure 

2). The Op-Od bond distances in both spin states are similar (1.21 Å) (Table in Figure 2).  

To explore the effects of a flavin cofactor, the FADH-
Free:O2 model was 

investigated (Figure S1). The spin transition proceeding from the triplet FADH-
Free:O2T to 

the open-shell singlet FADH-
Free:O2S requires 7.3 kcal/mol of energy, which is significantly 

lower than that of the dioxygen (37.7 kcal/mol) (Table in Figure 2). The spin population 

on the O2 fragment (+1.702) of the triplet FADH-
Free:O2T (Table in Figure 2, Figure S1) is 

slightly less than that on the free triplet O2T (+2.000). The charge population on the 

dioxygen fragment is -0.249, and the Op-Od bond becomes slightly weaker (1.25 Å) than 

that found in the free triplet O2T (1.21 Å). These findings imply that the presence of a 

flavin cofactor causes some charge transfer to the dioxygen, which also results in a 

decrease in the energy gap between the singlet and the triplet states. The C4a-Op 

distance is shorter in the open-shell singlet FADH-
Free:O2S (3.10 Å) complex when  

compared that of the triplet FADH-
Free:O2T (3.23 Å) complex (Table S3). Altogether, our 

data indicate that the flavin cofactor partly assists with the electron transfer and spin 

transition process.  

To evaluate the importance of protonation in the dioxygen activation process, an 

additional proton was included into the triplet FADH-
Free:O2T and the open-shell singlet  

FADH-
Free:O2S models giving the triplet FADHFree:

OOHT and the open-shell singlet 

FADHFree:
OOHS, respectively (Figure S2). Interestingly, with an additional proton, the 

energy difference between the FADHFree:
OOHT and the FADHFree:

OOHS complexes 

became insignificant (0.01 kcal/mol) (Table in Figure 2).  Unlike the triplet  

FADH-
Free:O2T, in which only partial charge is transferred from the flavin to the dioxygen, 

the electronic structure of the triplet FADHFree:
OOHT implies that one electron is  
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transferred from the flavin to the OOH fragment; the FADHFree:
OOHT complex contains 

similar spin populations on the OOH (+1.007) and the flavin (+1.015) fragments. The Op-

Od bond distance in the FADHFree:
OOHT (1.32 Å) complex is also weaker than that 

found in the FADH-
Free:O2T complex (1.25 Å) (Table in Figure 2). 

The open-shell singlet FADHFree:
OOHS complex was identified as the open-

shell singlet diradical species with a spin population on the OOH fragment of +1.010 and 

on the flavin fragment of -1.010 (Table in Figure 2, Figure S2). The structural geometries 

of the triplet FADHFree:
OOHT and the open-shell singlet diradical FADHFree:

OOHS 

complexes are similar; the C4a-Op distances of both spin states are about the same (3.75 

Å) (Table S3). Altogether, the data indicate that the additional proton facilitates the spin 

transition, as the energy required for this process is reduced.  

This result highlights the importance of the proton-coupled electron transfer 

process as a driving factor that facilitates the formation of the open-shell singlet diradical 

species (FADHFree:
OOHS). In P2O, the protonated His548 plays an important role in the 

supply of a proton to the dioxygen during the first electron transfer process to mediate the  

formation of FADHEnz:
OOHS.  

 

Step 3: C4a-hydroperoxyflavin formation and TS1 (Species 3 to Species 5).  

In the open-shell singlet diradical FADHEnz:
OOHS complex, the opposite spins 

on the OOH (-1.002) and the flavin (+0.990) fragments facilitate bond formation between 

the proximal oxygen (Op) of OOH and the C4a of the isoalloxazine ring (Figure 2) to 

form the C4aOOH via TS1 (Figure 3). Two hydrogen bond interactions from the N of 

His548 (1.57 Å) and the NH of Asn593 (2.36 Å) to the OOH fragment (Figure2) play a 

role in the positioning the Op atom of the OOH fragment; the Op is located directly above 

the flavin C4a position. In FADHEnz:
OOHS, the C4a-Op distance is 3.16 Å and the Op-Od 

distance is 1.33 Å (Figure 2, Table in Figure 3).  In TS1, the C4a-Op distance is 

shortened to 2.35 Å and the Op-Od distance is lengthened to 1.37 Å. The  

activation energy for this step is 10.9 kcal/mol. Once TS1 transforms to the C4aOOH, the 

C4a-Op bond is completely formed (1.44 Å) and the Op-Od bond distance has a single 

bond character (1.45 Å) (calculated O-O bond distance in H2O2 is 1.46 Å) (Table in 

Figure 3).  
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Figure 3. Relative energy profiles for the formation of C4a-hydroperoxyflavin intermediate 

(C4aOOH, Species 5 in Scheme 3). The optimized structures of transition state 1 (TS1) 

and the C4aOOH intermediate are shown. The C4a-Op distance (dC4a-Op) and the Op-Od 

distance (dOp-Od) are shown in the table.  

The position of the –OOH moiety of the C4aOOH intermediate above the flavin 

ring is consistent with the conventional assignment of being re-side and compatible with a 

“face-on” configuration (Figure 3). As most flavoenzymes that form C4aOOH only have 

space available on the re-side to accommodate the –OOH moiety, we explored the P2O 

preference for C4aOOH formation on the re-side versus the si-side.  

In the absence of the active site residues of P2O, we calculated the energy of 

H2O2 elimination from the C4aOOH intermediate for the free flavin model, where the -

OOH moiety is located above (re-side) and below (si-side) the C4a position of the 

isoalloxazine ring (Figure S4). The reaction on both sides of the ring essentially required 

the same amount of energy (29.7 kcal/mol). Thus, the preference for the re-side reaction 

in P2O (and other flavoenzymes) is not attributed to the differences in the electronic 

effect above and below the isoalloxazine ring.  
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In the P2O active site, the si-side of the isoalloxazine ring is, in fact, crowded 

with bulky active site residues (Trp168 and Cys170), while the re-side has an empty 

cavity for accommodating O2 and the resulting -OOH moiety. Therefore, the preference 

for the re-side reaction in P2O is mainly due to the steric hindrance effects on the si-side. 

Trp168 and Cys170 are thus important for directing the formation of the C4aOOH on the 

re-side in P2O.    

 

Step 4 and 5: H2O2 elimination from C4a-hydroperoxyflavin and TS2 (Species 5 to 

Species 7).  

There are four hydrogen bond interactions to the –OOH moiety and the 

isoalloxazine ring of the C4aOOH intermediate: (1) the Nof His548 accepts a hydrogen 

bond from the -OOH moiety (1.57 Å), (2) the NH of Asn593 donates a hydrogen bond to 

the Op of OOH moiety (2.17 Å), (3) the O of Thr169 accepts a hydrogen bond from the 

N5H of the isoalloxazine (2.01 Å), and (4) the -OH of Thr169 donates a hydrogen bond 

to the O4 of the isoalloxazine (2.06 Å) (Figure 3). Among these hydrogen bonds, the one 

from Asn593 in the C4aOOH intermediate (Species 5) is significantly stronger (2.17 Å) 

than the corresponding one in Species 2-4 (>2.36 Å). Thus, Asn593 is not only 

positioning the Op atom of the OOH to be directly above the flavin C4a position to form 

the C4aOOH intermediate, it also stabilizes the C4aOOH intermediate by tightening the 

hydrogen bond interaction. 

For H2O2 elimination, a direct proton transfer from the flavin N5-H to the Op of a 

peroxide leaving group can occur with a calculated activation energy (from C4aOOH to 

TS2) of 24.9 kcal/mol (Figure 4), making it the rate-limiting step in the oxidative half-

reaction of P2O. The C4aOOH has a C4a-Op distance of 1.44 Å and an Op-H(N5) 

distance of 2.66 Å. (Figure 3, Table in Figure 4). In TS2, the C4a-Op distance is 

lengthened to 2.55 Å and the Op-H(N5) distance is shortened to 1.54 Å. As the Od-H(N5) 

distance is also shortened from 2.88 Å in C4a-OOH to 2.04 Å in TS2, the proton transfer 

from N5 to Op of a peroxide leaving group is mediated through the N5 and Od interaction.  

The bond distance between the O of Thr169 and the N5H of the isoalloxazine in 

TS2 (2.60 Å) is relatively weaker than that found in C4aOOH (2.01 Å). Thus, the 

hydrogen bonds from Thr169 appear to be flexible i.e. changing from a tight interaction 

which stabilizes C4aOOH to a more relaxed interaction in the H2O2 elimination process. 
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The loosening of the hydrogen bond interaction between O of Thr169 and the N5H of 

the isoalloxazine in TS2 is also consistent with experimental observation. Variants of 

Thr169, in which the interaction at the flavin N5H is absent, do not stabilize the C4aOOH 

intermediate.
48

  

The intramolecular proton transfer step to eliminate H2O2 via TS2 is consistent 

with previous experimental data showing that H2O2 elimination from the C4aOOH  

intermediate is controlled by a single proton transfer from the flavin N5 to an Op of a 

peroxide leaving group.56 Stopped-flow experiments showed that mutation of His548, 

Asn593 (see results in Figure 6 and Figure S6-S8) and Thr16948 resulted in the 

abolishment of C4a-hydroperoxyflavin formation. This is consistent with our calculations 

that reveal the importance of protonated His548 for proton-coupled electron transfer to 

activate dioxygen to form the C4aOOH intermediate and the role of hydrogen bonds from 

Asn593, His548 and Thr169 in stabilizing the C4aOOH intermediate.     

Once the proton is transferred from the flavin N5 to a peroxide leaving group to 

form the FADEnz:H2O2 complex (Species 7), the C4a-Op distance is lengthened to 3.27 Å,  

confirming cleavage of the C4a-Op bond. Overall, the process of H2O2 elimination results 

in a release of energy of -36.2 kcal/mol.  The reverse reaction via TS2 needs to 

overcome an energy barrier of +36.3 kcal/mol. Thus, formation of H2O2 tends to be 

irreversible and H2O2 departure from the active site is presumably facilitated by 

conformational changes of the P2O enzyme.45,57 
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Figure 4. Relative energy profiles of H2O2 elimination from C4a-hydroperoxyflavin, the 

optimized structures of TS2, and the final product FADEnz:H2O2 complex. Values for the 

C4a-Op distance (dC4a-Op), Op-H(N5) distance (dOp-H(N5)), Od-H(N5) distance  

(dOd-H(N5)), and C4a-N5 distance (dC4a-N5) are shown in the table. Mulliken charge 

populations on the Op (qOp), the N5 (qN5), and the C4a (qC4a) are also shown.   

 

B. Activation energy of the reaction of reduced P2O with oxygen analyzed by the 

Eyring equation.  

To complement our density functional calculations, reactions of reduced P2O 

with dioxygen at various temperatures (5-30 C) were carried out using stopped-flow 

spectrophotometry to determine the enthalpy of activation (H‡) for C4aOOH formation 

from the reaction of FADHEnz and O2 in both forward and reverse directions, and for 
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H2O2 elimination (Experimental Procedures). As determined by analysis of the Eyring plot, 

the transient kinetics data (Figure 5, Table S4 and Figure S5) show that the enthalpy of 

activation for C4aOOH formation from the reaction of FADHEnz and O2 in the forward 

direction (H1
‡) is 6.3 kcal/mol and in the reverse reaction (H2

‡) is 10.0 kcal/mol. The 

enthalpy for H2O2 elimination (H3
‡) is 14.1 kcal/mol. The calculated energy barrier is in 

agreement with the experimental enthalpy barrier in that the energy barrier for C4aOOH  

formation is lower than that for its reverse reaction (E1
‡ and E2

‡ vs H1
‡ and H2

‡) 

(Scheme 3, Table in Figure 5). Proton abstraction from N5H was determined as the rate-

determining step as the energy barrier for H2O2 elimination is the highest (E3
‡ and 

H3
‡).  

 

Figure 5. The oxidative half-reaction of P2O at various temperatures and Eyring plots. 

The transient kinetics of the oxidative half-reaction of P2O was investigated at various 

temperatures (5, 10, 15, 20, 25, and 30 C) using stopped-flow spectrophotometry. 

Kinetic simulations with a two-step consecutive model (dotted line traces) according to 

the method described in
18

 were used for analysis of rate constants. Insets show the 

Eyring plots of rate constants for formation (k1), decay of C4a-OOH (k2), and H2O2 

elimination (k3). The enthalpy of activation from the Eyring plots and the activation 

energies from QM calculations are summarized in Table and the values were plotted in 

Scheme 3. 
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Since only the active site as a part of the enzyme was considered in the model 

studied for computational feasibility and the corrections for zero-point vibrational energy 

and thermal effects cannot be included in the calculation, we expect some discrepancies 

between the calculated energy and the experimental enthalpy to exist. A similar level of 

discrepancy between experimental and calculation results was also present in other 

works.
58

 Overall, the results show that the relative activation energy (E
‡
) displays the 

same trend as the relative enthalpy of activation (H‡) derived experimentally from the 

Eyring plots. Specifically, this implies that the energy change for O2 activation by P2O 

mainly derives from the change of electronic structures of the intermediates and transition 

states that involved.   

 

C. Transient kinetics of reactions of reduced H548 and N593 variants with oxygen.  

Transient kinetic experiments for Asn593 variant (N593H), and His548 variants 

(H167A/H548A, H167A/H548C, H167A/H548S, and H167A/H548N) were performed to 

confirm the involvement of these two conserved residues in stabilization of C4a-

hydroperoxyflavin. For the oxidative half-reactions of P2O(WT) and H167A variant 

enzymes,18,49 the reaction shows biphasic kinetics, indicating formation of a C4a-

hydroperoxyflavin intermediate (Figure 5). For His548 and Asn593 variants, the results 

showed only one kinetic phase, indicating that only flavin oxidation was observed (Figure 

6, Figure S6-S8). These data indicate that a C4a-hydroperoxyflavin intermediate does not 

form in these variants (Figure 6, Figure S6-S8), confirming the findings from QM 

calculations that His548 and Asn593 are important for stabilization of C4a-

hydroperoxyflavin. Moreover, when the imidazole rescue experiment for His548 variants 

at various pHs was performed, the results were similar to those in the absence of 

imidazole in which no C4a-hydroperoxyflavin was detected (Table S5). These  

results indicate that not only is a proton required, but proper geometry of the protonated 

His548 in the active site of the P2O enzyme is mandatory for formation of the  

C4a-hydroperoxyflavin intermediate. 

Our previously published results for T169A, T169S, T169N, and T169G variants 

indicated that all of these variants also void formation of C4a-hydroperoxyflavin.48 

Therefore, the QM analysis results in which Thr169, His548 and Asn593 were identified 

as residues important for the stabilization of TS1 and C4a-hydroperoxyflavin are 

supported well by stopped-flow studies of the variant enzymes.  
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Figure 6. Kinetics of the reactions of reduced H167A/H548N variant with O2. The data 

show monophasic kinetics, indicating that flavin is oxidized without forming C4a-

hydroperoxyflavin. The inset shows the observed rate constants which are  

linearly dependent on O2 concentrations.  Summary of bimolecular rate constants of the 

oxidative half-reactions of N593H and H167A/H548 variants are shown in Table. 
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DISCUSSION (วิจารณ์ผลการทดลอง) 

Our findings based on QM analysis and transient kinetic studies have identified 

the physical factors underlying the reaction of reduced flavin and dioxygen catalyzed by 

P2O. The data provide mechanistic insight that is different from the general model 

currently used for explaining the reaction of reduced flavin and oxygen.6,9,55 The initial 

protonation of dioxygen by His548 of P2O that occurs in a concerted manner with an 

electron transfer is key for the oxygen activation process. The data obtained from QM 

analysis and transient kinetics indicate that the –OOH moiety of the C4a-

hydroperoxyflavin is stabilized via a “face-on” configuration. The C4a-hydroperoxyflavin is 

stabilized by the hydrogen bond interactions from His548, Asn593 and Thr169. H2O2 

elimination occurs via a direct proton transfer from the flavin N5-H. The trends observed 

for the energy profiles based on the QM results also correlated well with the enthalpy of 

activation profiles obtained from the Eyring plots.  

The data in Figure 2 suggest that the first step of the P2O reaction is a single 

electron transfer that is coupled with a proton transfer. The relative timing of proton 

transfer in Figure 2 is different from the current views toward the reaction of reduced 

flavin and oxygen in flavoenzymes which propose that a single electron is first transferred 

to form the flavin semiquinone and superoxide radical pair (path a and b in Scheme 

16,7,9). A new model based on our results can be summarized as in Scheme 1 path C. 

Results from DFT calculations agree well with the experimental data because they 

suggest that no net proton transfer is involved in the TS1 transformation to the C4a-

hydroperoxyflavin intermediate (Figure 3), which is consistent with the  

previous experiments indicating that no solvent kinetic isotope effect (SKIE) was detected 

for the C4a-hydroperoxyflavin formation.56 However, with a similar calculation method, 

different results were obtained for the QM analysis of flavindestructase (BluB) because 

the first step of the BluB-catalyzed reaction is a single electron transfer from reduced 

flavin to dioxygen to generate the flavin semiquinone and superoxide radical pair before it 

collapses to form a negatively charged C4a-flavin peroxide intermediate. This 

intermediate is stabilized by two hydrogen bonds from the backbone amide of Gly61 and 

the O2 hydroxyl group of reduced FMN.29 As the next step of BluB reaction is a cleavage 

of the isoalloxazine ring, it can thus be seen that protonation is not necessary for C4a-

flavin peroxide in BluB catalysis. Therefore, different active site environments can 

influence the relative timing of electron and proton transfers differently. 
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The DFT analysis and transient kinetics indicate that the conserved His548 in 

P2O provides an internal proton for oxygen activation. This protonation process makes 

oxygen a better electron acceptor as the Mulliken charge of dioxygen atoms on the 
OOH molecule in the active site model (-0.480) is more negative than in the free flavin 

model (-0.249)—the model that describes the unprotonated His548 condition (Figure 2). 

The His548 and Asn593 help in aligning a OOH radical such that it is properly oriented 

for the next step in C4a-hydroperoxyflavin formation. The DFT results agree well with the 

experimental data because the reaction at lower pH is much faster than that at higher pH 

and formation of C4a-hydroperoxyflavin can only be detected at pH values lower than 

8.0.50 Moreover, results from studies of the reductive half-reaction of P2O indicate that 

the conserved His548, which acts as a general base during the reductive half-reaction 

likely exists in the protonated form at the initial stage of the oxidative half-reaction.53 

Therefore, the functional role of His548 in P2O can be viewed as that of a general base 

in the reductive half-reaction and a general acid in the oxidative half-reaction (path c in 

Scheme 1). 

In addition to P2O, many studies of other flavoenzyme oxidases have shown that 

positive charges near the flavin N5 are important for the oxygen activation process. For 

glucose oxidase, the protonated His516 is required because the pH-rate profiles showed 

that the kcat/Km(O2) is 2,600 fold higher at lower pH than at higher pH.
59,60

 In contrast, for  

choline oxidase, oxygen activation is thought to be caused by the positive charge of the 

substrate.
16

 For monomeric sarcosine oxidase, N-methyltryptophan oxidase and 

fructosamine oxidase, mutation of Lys 256 to a neutral amino acid results in a 550-9000 

fold decrease in oxygen reactivity.
13-15

 More moderate effects were observed for similar 

mutations in polyamine oxidase and dihydroorotate dehydrogenase.
15,17

 In most of these 

studies, the role of the positively charged residues was proposed to be to provide 

electrostatic interactions to stabilize the formation of a negatively charge superoxide 

radical. Our current findings suggest that quantum mechanical calculations for these 

enzymes should be useful for analyzing whether these positively charged residues can 

act as proton donors similar to what is observed in the P2O reaction.  

The DFT optimized structure of C4a-hydroperoxyflavin (Figure 3) offers a 

molecular view of the physical and chemical interactions required for stabilization of the 

intermediate in a flavoenzyme. The data show that the intermediate is closely interacting 

with the side chains of Thr169, His548 and Asn593. Experimental evidence also confirms 

that these interactions are important because mutation of His548, Asn593 (Figure 6, 
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Figure S6-S8) and Thr169 variants48 failed to stabilize the C4a-hydroperoxyflavin 

intermediate. Moreover, the imidazole rescue experiment for the His548 variants could 

not restore the formation of C4a-hydroperoxyflavin (Table S5), implying that the geometry 

of the general acid (His548) in relation to the flavin position is very important for 

stabilization of TS1 or C4a-hydroperoxyflavin. It is interesting to note that the –OOH 

moiety in Figure 3 is configured in a “face-on” configuration. In most of X-ray structures of 

enzymes that can form C4a-hydroperoxyflavin, a cavity above the re-face of the flavin 

C4a atom is common.6 Therefore, the “face-on” configuration can fit in active sites and 

may be prevalent in many enzymes.  

Data in Figure 4 also confirm that the C4a-hydroperoxyflavin can undergo a 

unimolecular reaction to generate H2O2 and the relaxed H-bond interaction between the 

Oγ of Thr169 and the N5H of the isoalloxazine in TS2 (bond length of 2.60 Å) could be a 

key feature that enables this process. In previous studies, when the reduced enzyme 

which was specifically labeled with a single deuterium atom to give flavin N5-D reacted 

with dioxygen, a KIE of ~ 3 for the H2O2 elimination was observed. The KIE is the same 

as that observed when the reaction was carried out in D2O.56 These experimental results 

agree well with the formation of species 5, TS2 and species 7. They also provide 

evidence supporting a unimolecular mechanism of H2O2 elimination consisting of a single 

proton transfer from N5-H to a peroxide leaving group.  

The importance of H-bond interactions at the flavin N5 in stabilization of the C4a-

hydroperoxyflavin has been observed in many systems. For Thr169 variants of P2O in 

which a H-bond interaction at the flavin N5 is absent, the C4a-hydroperoxyflavin 

intermediate could not be detected.48 In the oxygenase component of p-

hydroxylphenylacetate hydroxylase, upon removal of the residue (Ser171) that forms 

hydrogen bonds with the flavin N5, the rate of H2O2 elimination increased by ~1400-

fold.61  

For a Baeyer–Villiger monooxygenase, the interaction between the flavin N5 and 

a bound NADP+ is necessary in order to stabilize the C4a-hydroperoxyflavin.62 A recent 

DFT calculation by Bach and Mattevi32 suggests that in the absence of protein 

environment, the H2O2 elimination from C4a-hydroperoxyflavin is not feasible. When H2O 

or CH3OH (to model Thr or Ser) was included to serve as a proton shuttle path, the 

energy barrier for H2O2 elimination significantly decreased. Interaction of amine or amide 

residues with the N5 locus of C4a-hydroperoxyflavin also markedly reduces the energy 

barrier for H2O2 elimination. The interaction of Thr169 and flavin N5-locus shown in TS2 
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(Figure 4) may be similar to those found in the Bach and Mattevi study32. Based on our 

data in Figure 3-4, we propose that a more relaxed H-bond interaction to the flavin N5-H 

in TS2 when compared to a tighter H-bond interaction in C4a-OOH (bond length of 2.01 

Å) is important for allowing H2O2 elimination to occur. 
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SUMMARY (สรปุผลการทดลอง) 

 

In summary, the combined usage of QM analysis and transient kinetics provides 

the theoretical basis underlying oxygen activation and the C4a-hydroperoxyflavin 

stabilization in P2O. Results in this report represent the chemical reaction in a 

flavoenzyme oxidase that uniquely stabilizes C4a-hydroperoxyflavin. It should be 

interesting to explore in future studies whether a similar basis holds for monooxygenases 

in which C4a-hydroperoxyflavin is utilized as a reactive intermediate.  
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SUPPLEMENTARY TABLES AND FIGURES (ตารางและรปูเพิÉมเติม) 

 

OHO
HO

OH

OH
OH

OHO
HO

OH

OH
O2 H2O2

O

P2O
+ +

Glucose 2-Keto-glucose  

Scheme S1 Reaction catalyzed by P2O. 

 

Table S1. Summary of the relative electronic energies obtained from B3LYP/6-31G(d) calculation 

and the relative electronic energies with solvation correction obtained from B3LYP/6-311+G(d,p) 

calculation. All geometries were optimized by B3LYP/6-31G(d).  

Reaction 
E (kcal/mol) 

6-31G(d) 6-311+G(d,p) 

FADHEnz+O2S  FADH
Enz:

 OOHS -44.8 -52.0 

FADH


Enz+O2T  FADH


Enz:
 OOHT -11.0 -14.9 

FADH


Enz:
 OOHT  FADH


Enz:

 OOHS 0.1 0.6 

FADHEnz:
 OOHS  TS1 15.0 10.9 

TS1  C4aOOH -33.9 -21.4 

C4aOOH  TS2 37.5 24.9 

TS2  FADEnz:H2O2 -35.5 -36.3 
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Table S2. The expectation values for the total spin angular momentum, <S2>, of the triplet and the 

open-shell singlet species in this study. 

Optimized structure S2singlet S2triplet Esinglet
SP 

FADH


Free:O2T - 2.0083 - 

FADH


Free:O2S 0.9626 - -1023.48012988 

FADH


Free:
 OOHT - 2.0110 - 

FADH


Free:
 OOHS 1.0105 - -1023.97116988 

FADH


Enz:
 OOHT - 2.0121 - 

FADHEnz:
 OOHS 1.0110 - -3331.50620665 
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Table S3. Summary of the distance between the C4a atom of the flavin and the Op atom of the OOH 

molecule (dC4a-Op) in O2, FADH


Free:O2, FADH


Free: 

OOH, and FADH


Enz: 


OOH. 

 

 dC4a-Op (Å) 

O2T - 

O2S - 

FADHFree:O2T 3.23 

FADHFree:O2S 3.10 

FADHFree: 
OOHT 3.75 

FADHFree: 
OOHS 3.75 

FADHEnz: 
OOHT 3.15 

FADH


Enz: 

OOHS 3.16 
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Table S4. Summary of rate constants associated with Scheme S3 at various temperatures 

 

 k1 (M
-1s-1)   k2 (s

-1) k3 (s
-1) 

5 C 5.6  104 1.5 19 

10 C 6.0  104 1.7 36 

15 C 7.7  104 3.4 44 

20 C 9.5  104 4.2 74 

25 C 1.2  105 5.2 113 

30 C 1.5  105 6.7 188 
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Table S5. Summary of bimolecular rate constants for the imidazole rescue experiments in the 

oxidative half-reaction of H167A/H548 variants. 

Variants 
Bimolecular rate 

constant (M-1s-1) 

Bimolecular rate constant in the 

presence of imidazole (M-1s-1) 

pH 6.0 pH 7.0 pH 8.0 

H167A/H548A 58 ± 2 62 63 56 

H167A/H548C 233 ± 3 219 176 227 

H167A/H548S 359 ± 2 346 392 355 

H167A/H548N 21,000 ± 4 23,600 20,970 22,480 
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Figure S1. Spin densities of the FADH


Free:O2 complex in the triplet state (FADH


Free:O2T) and the 

spin-unrestricted open-shell singlet state (FADHFree:O2S).     

 

 

 

Figure S2. Spin densities of the FADHFree:
 OOH complex in the triplet state (FADHFree:

 OOHT) and 

the unrestricted open-shell singlet state (FADH


Free:
 OOHS).  
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Figure S3. Spin densities of the FADH


Enz:
 OOH complex in the triplet state (FADH


Enz:

 OOHT) and 

the unrestricted open-shell singlet state (FADH


Enz:
 OOHS).     
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Figure S4. Optimized structures and reaction energies for the H2O2 elimination from the C4aOOH in 

the (a) re-face, and (b) si-face. 
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Figure S5. Effect of temperature on the oxidative half-reaction of P2O(WT).  Individual rate constants 

were plotted against the temperature (5-30 C).   
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Figure S6. Kinetics of the reactions of reduced H167A/H548 variants with O2. (A) A solution of 

reduced H167A/H548A (30 µM) in 100 mM sodium phosphate buffer pH 7.0 was mixed with the 

same buffer containing various O2 concentrations (0.13 mM, 0.31 mM, 0.61 mM and 0.96 mM; right 

to left traces) in a stopped-flow spectrophotometer at 4 °C. The concentrations given are those after 

mixing. The reactions were monitored by measuring the absorbance changes at 395 nm (dotted 

lines) and 450 nm (solid lines). The data show monophasic kinetics, indicating that the flavin is 

oxidized without forming C4a-hydroperoxyflavin. The observed rate constants according to low to 

high O2 concentrations are 8.7 ± 0.8  10-3, 1.67 ± 0.08  10-2, 3.6 ± 0.1  10-2, and 5.6 ± 0.2  10-2 

s-1, respectively. Inset A shows the observed rate constants which are linearly dependent on O2 

concentrations with a bimolecular rate constant of 58 M-1s-1. The reaction of H167A/H548C (B) was 

carried out in a similar fashion as that of the H167A/H548A mutant in panel A. The data also show 

monophasic kinetics. The observed rate constants according to low to high O2 concentrations are 

3.1 ± 0.2  10-2, 6.2 ± 0.3  10-2, 0.13 ± 0.01, and 0.23 ± 0.01 s-1, respectively. Inset B shows the 

observed rate constants which are linearly dependent on O2 concentrations with a bimolecular rate 

constant of 233 M-1s-1. 
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Figure S7. Kinetics of the reactions of reduced H167A/H548S variant with O2. A solution of reduced 

H167A/H548S (30 µM) in 100 mM sodium phosphate buffer pH 7.0 was mixed with the same buffer 

containing various O2 concentrations (0.13 mM, 0.31 mM, 0.61 mM and 0.96 mM; right to left traces) 

in a stopped-flow spectrophotometer at 4 °C. The concentrations given are those after mixing. The 

reactions were monitored by measuring absorbance changes at 395 nm (dotted lines) and 450 nm 

(solid lines). The data show monophasic kinetics, indicating that flavin is oxidized without forming 

C4a-hydroperoxyflavin. The observed rate constants according to low to high O2 concentrations are 

6.9 ± 0.6  10-2, 0.11 ± 0.02, 0.21 ± 0.01, and 0.35 ± 0.01 s-1, respectively. The inset shows the 

observe rate constants which are linearly dependent on O2 concentrations with a bimolecular rate 

constant of 359 M-1s-1.  
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Figure S8. Kinetics of the reactions of reduced N593H variant with O2.  A solution of reduced N593H 

(30 µM) in 100 mM sodium phosphate buffer pH 7.0 was mixed with the same buffer containing 

various O2 concentrations (0.13 mM, 0.31 mM, 0.61 mM and 0.96 mM; right to left traces) in the 

stopped-flow spectrophotometer at 4 °C. The concentrations given are those after mixing. The 

reactions were monitored by measuring the absorbance changes at 395 nm (dotted lines) and 450 

nm (solid lines). The data show monophasic kinetics, indicating that flavin is oxidized without forming 

C4a-hydroperoxyflavin. The observed rate constants according to low to high O2 concentrations are 

8.1 ± 0.3  10-2, 0.18 ± 0.01, 0.33 ± 0.02, and 0.53 ± 0.01 s-1, respectively. The inset shows the 

observed rate constants which are linearly dependent on O2 concentrations with a bimolecular rate 

constant of 529 M-1s-1.   
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ABSTRACT: Determination of the mechanism of dioxygen activation
by flavoenzymes remains one of the most challenging problems in
flavoenzymology for which the underlying theoretical basis is not well
understood. Here, the reaction of reduced flavin and dioxygen catalyzed
by pyranose 2-oxidase (P2O), a flavoenzyme oxidase that is unique in
its formation of C4a-hydroperoxyflavin, was investigated by density
functional calculations, transient kinetics, and site-directed mutagenesis.
Based on work from the 1970s−1980s, the current understanding of the
dioxygen activation process in flavoenzymes is believed to involve
electron transfer from flavin to dioxygen and subsequent proton
transfer to form C4a-hydroperoxyflavin. Our findings suggest that the first step of the P2O reaction is a single electron transfer
coupled with a proton transfer from the conserved residue, His548. In fact, proton transfer enhances the electron acceptor ability
of dioxygen. The resulting ·OOH of the open-shell diradical pair is placed in an optimal position for the formation of C4a-
hydroperoxyflavin. Furthermore, the C4a-hydroperoxyflavin is stabilized by the side chains of Thr169, His548, and Asn593 in a
“face-on” configuration where it can undergo a unimolecular reaction to generate H2O2 and oxidized flavin. The computational
results are consistent with kinetic studies of variant forms of P2O altered at residues Thr169, His548, and Asn593, and kinetic
isotope effects and pH-dependence studies of the wild-type enzyme. In addition, the calculated energy barrier is in agreement
with the experimental enthalpy barrier obtained from Eyring plots. This work revealed new insights into the reaction of reduced
flavin with dioxygen, demonstrating that the positively charged residue (His548) plays a significant role in catalysis by providing a
proton for a proton-coupled electron transfer in dioxygen activation. The interaction around the N5-position of the C4a-
hydroperoxyflavin is important for dictating the stability of the intermediate.

■ INTRODUCTION

Flavoenzymes not only have indispensible roles in cellular
metabolism1 but also are useful as biocatalysts for chemical
synthesis reactions and as bioelectrocatalysts for biofuel cell
applications.2,3 Baeyer−Villiger monooxygenase has been used
widely in pharmaceutical industries to synthesize drugs.4

Recently, flavin derivatives were successfully used for catalytic
water oxidation in a photochemical water splitting process.3

Therefore, understanding how flavoenzymes function is crucial
to improving their applications and to developing biomimetic
flavin derivatives for use as efficient biocatalysts and biosensors
and in biofuel cells.5

The physical and chemical basis underlying the reactions of
reduced flavin and dioxygen in flavoenzymes is one of the most

fascinating issues in flavoenzymology.6 The same reduced flavin
(FAD or FMN) when bound to different proteins reacts
differently with dioxygen (i.e., to form H2O2 in oxidases, to
form C4a-(hydro)peroxyflavin in monooxygenases, or to have
sluggish reactivity toward dioxygen in dehydrogenases in order
to transfer electrons to other acceptors). The different reaction
outcomes due to the different active site environments of these
proteins allow nature to use the same set of chemical reactants
to perform a variety of flavoenzyme functions, including use of
the abundant oxygen in aerobic systems as an electron acceptor
(oxidase), to incorporate an oxygen atom into an organic
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substrate (monooxygenase), or to mediate electron transfer in
complex protein systems (dehydrogenase). Most of our current
understanding of flavin chemistry in flavoenzymes is based on
work performed in the 1970s−1980s by Bruice et al.7,8 and
Massey et al.,9 and the current view of the reaction of reduced
flavin with oxygen in oxidases and oxygenases can be
summarized as depicted in Scheme 1 (paths a and b).
In chemical synthesis, catalytic oxidative reactions and

oxygen insertions with high selectivity generally require
multiple steps and often require heavy metals. Flavin is
among a few organic cofactors that can use molecular oxygen
for oxygenation reactions.5 The mechanism for the control of
this reaction should be well coordinated so that leakage of
hazardous reactive oxygen species during enzyme turnover is
minimized and the oxygenases can most efficiently catalyze
oxygenation. Many research groups in the past recent years
have investigated the role of active site residues that are
important for dioxygen activation.10−17 One of the recurrent

features found in these systems is the presence of a positively
charged residue that is located near the flavin N5. Previous
work suggested that this positive charge provides a
preorganized environment that stabilizes the superoxide anion
species10−14,16 that forms after the first step of electron transfer
(path a and b in Scheme 1).8 However, the electronic structures
and energies of key intermediates in the dioxygen activation
mechanisms have not been studied in detail.
Pyranose 2-oxidase (P2O) is a suitable flavoenzyme for

exploring dioxygen activation and C4a-hydroperoxyflavin
stabilization. P2O catalyzes the oxidation of pyranose sugars
to form 2-keto-sugars and H2O2 (Scheme S1, Supporting
Information [SI]). The enzyme has been applied in the
synthesis of rare sugars.2 Thus far, it has been the only
flavoenzyme oxidase, in which C4a-hydroperoxyflavin has been
detected as an intermediate under natural turnover con-
ditions.18,19 The reaction of P2O could be viewed as a missing
link in evolution connecting flavin-dependent monooxygenases

Scheme 1. Flavin Reaction Mechanisms with Dioxygena

aPaths (a) and path (b) are conventional pathways for the reactions with O2 in monooxygenases and oxidases, respectively. Path (c) is the alternative
pathway for the reactions with O2 in pyranose 2-oxidase, according to the findings of the current study.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja4088055 | J. Am. Chem. Soc. 2014, 136, 241−253242



in which formation of C4a(hydro)peroxyflavin is mandatory
and flavoenzyme oxidases in which formation of C4a-
hydroperoxyflavin is possibly just one of the means of
generating H2O2 (Scheme 1). As no X-ray structure of
enzyme-bound C4a-hydroperoxyflavin is available, it remains
elusive how the intermediate is stabilized in flavoenzymes. It
has been proposed that a cavity that is commonly found above
the flavin C4a atom of monooxygenases may serve as an
entrance for oxygen diffusion and accommodate the peroxide
adduct.6

Theoretical calculations have been used to study electronic
structures and energies in enzymatic reactions.20−23 Reaction
mechanisms have been theoretically investigated for a few
flavoenzymes, e.g., a Baeyer−Villiger monooxygenase (oxygen
insertion24), p-hydroxybenzoate hydroxylase and phenol
hydroxylase (aromatic hydroxylation25,26), 2-methyl-3-hydrox-
ypyridine-5-carboxylate monooxygenase (ring-cleavage reac-
tion27,28), BluB (cleavage of riboflavin29), glucose 1-oxidase
and aryl alcohol oxidase (oxidation of alcohol moiety30,31). The
mechanisms of H2O2 elimination from a free C4a-hydro-
peroxyflavin species was recently investigated by Bach and
Mattevi.32 In combination with experimental data, computa-
tional studies can provide greater insights on the enzyme
mechanisms.20

In this report, the reaction of reduced flavin and dioxygen
catalyzed by P2O was explored using density functional theory
(DFT). The calculated activation energies were compared to
the experimental activation enthalpies determined from the
Eyring plot based on transient kinetic studies at various
temperatures. The calculations agreed well with the results
from kinetic isotope effect (KIE) and site-directed mutagenesis
studies. DFT analysis gave the following new insights into this
reaction: (i) the protonated His548 does not stabilize the
superoxide anion via electrostatic interactions; rather, it acts as
a general acid by providing a proton for the proton-coupled
electron transfer in dioxygen activation (path c in Scheme 1)
and (ii) the −OOH moiety of C4a-hydroperoxyflavin is in the
“face-on” configuration and stabilized by a hydrogen-bonding
network from His548, Asn593, and Thr169.

■ EXPERIMENTAL PROCEDURES
Computational Details. All calculations were performed with the

Gaussian 09 program.33 B3LYP34−36 functional has been shown to be
suitable for the study of enzymatic reactions.29,37,38 Thus, B3LYP was
used for all geometry optimizations and frequency calculations in this
study. The 6-31++G(d,p)39−41 basis set was used for the H that forms
H2O2 and 6-31G(d) was used for all other atoms.39−41 The single-
point energy and solvation free energy corrections were calculated by
B3LYP/6-311+G(d,p) on the geometries based on the gas-phase
optimizations using the conductor-like polarizable continuum model
(CPCM)42 with UAKS43 atomic radii and a dielectric constant of 4.0
to represent the protein environment. The energy barrier based on the
electronic energy with solvation correction obtained from B3LYP/6-
311+G(d,p) calculations is lower than the electronic energy obtained
from B3LYP/6-31G(d) calculations, especially for the H2O2
elimination step (Table S1, SI). Open-shell systems were treated
using spin unrestricted B3LYP (UB3LYP).

The active site model was taken from the crystal structure of
P2O(WT) in the closed conformation (1.80 Å; PDB code: 1TT0).44

The model consists of 118 atoms, which includes FADH− (the
isoalloxazine part) and the residues within ∼5 Å radius from the N5
atom of the FADH− (Trp168, Thr169, and Cys170) and the key
conserved residues45 (His167, His548, and Asn593) of the enzyme
(Figure 1). To minimize the computational power for the relevant
protein environment, only the side chains were allowed to be flexible
during the geometry optimization. Thus, the atoms on the backbone
were constrained at the initial positions in the crystal structure to
maintain a reasonable geometry of the active site while all other atoms
were optimized (Figure 1). For transition states, frequencies were
calculated to ensure that there was one imaginary frequency
corresponding to the reaction coordinate. Note that, since some
atoms in the model are constrained during optimization, the
intermediate and transition state structures are not strictly stationary
points. Thus, the zero-point vibrational energy corrections and thermal
effects are not well-defined and are not considered in this study.

To critically evaluate the extent of spin contamination in open-shell
species, the expectation value for the total spin angular momentum,
⟨S2⟩, of all diradical species in this study were calculated and are shown
in Table S2 in SI. The data indicate that, for the triplet species, there is
no significant problem with the spin contamination as all of the
⟨S2⟩triplet values are close to 2. For the open-shell singlet species, the
⟨S2⟩singlet values are close to 1 and largely differ from zero. This may be
because the use of the broken symmetry approach to calculate the
open-shell singlet species can result in spin contamination from higher
spin states. As the spin projection (SP) technique was successfully
employed in the calculation of diradical energies in previous
works,29,46 we used this method to estimate the energy of the spin-

Figure 1. Active site model of P2O(WT) in the closed conformation. (a) X-ray structure of the active site model. (b) Schematic representation of
the active site model. The isoalloxazine ring of FAD is shown in blue, flexible residues in green, and constrained atoms in red.
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unrestricted open-shell singlet species (eqs 1, 2).46 EX is the electronic
energy, and ⟨S2⟩X is the expectation value for the total spin angular
momentum of the spin state X (X = singlet or triplet).46

= + −E E C E E[ ]SP SC
singlet singlet singlet triplet (1)

= ⟨ ⟩
⟨ ⟩ − ⟨ ⟩

C
S

S SSC

2 singlet

2 triplet 2 singlet (2)

Temperature Dependence Studies. The measurements were
performed using a TgK Scientific model SF-61DX stopped-flow
spectrophotometer in single-mixing mode. The optical path length of
the observation cell was 1 cm. The experimental protocols used were
similar to those in a previous report.18,47,48 In brief, the stopped-flow
apparatus was made anaerobic by flushing the flow system with an
anaerobic buffer containing 10 mM sodium dithionite in 50 mM
sodium phosphate buffer, pH 7.0. The buffer was made anaerobic by
equilibrating with oxygen-free nitrogen (ultrahigh purity) that had
been passed through an Oxyclear oxygen removal column (Labclear).
The anaerobic buffer was allowed to stand in the flow system
overnight. The flow unit was then rinsed with the anaerobic buffer
before experiments. For studying the oxidative half-reaction, an
anaerobic enzyme solution was equilibrated in an anaerobic glovebox
(Belle Technology). The enzyme was then reduced with a solution of
10 mM D-glucose in 100 mM sodium phosphate buffer pH 7.0. While
adding the solution of D-glucose, enzyme spectra were recorded using
a spectrophotometer inside the glovebox to ensure complete
reduction. The reduced enzyme solution was placed in a glass
tonometer and loaded onto the stopped-flow spectrophotometer.
Reduced P2O(WT) (53 μM) was mixed with buffers containing

1.22 mM O2 (concentrations before mixing) at various temperatures
(5, 10, 15, 20, 25, and 30 °C) in a stopped-flow spectrophotometer.
Large amplitude changes were detected at 395 and 458 nm. The
reaction showed two kinetic phases. For example, at 5 °C, the first
phase (0.002−0.04 s, increase of absorbance at 395 nm) indicates the
formation of a C4a-hydroperoxyflavin intermediate that subsequently
decays in the second phase (0.04−1 s) to yield H2O2 and the oxidized
enzyme. The second phase occurred simultaneously with an
absorbance increase at 458 nm (Figure 5).18,49,50 Apparent rate
constants (kobs) were calculated from the kinetic traces using
exponential fits and the software packages Kinetic Studio (TgK
Scientific, Bradford-on-Avon, UK) or Program A (developed by R.
Chang, C.-J. Chiu, J. Dinverno, and D. P. Ballou, at University of
Michigan, Ann Arbor, MI). Simulations were performed by numerical
methods with Runge−Kutta algorithms implemented in Berkeley
Madonna 8.3 with a time step of 10−3 s. Rate constants associated with
Scheme 2 can be analyzed according to eqs 3 and 4.18 Analysis yielded

a bimolecular rate constant for the formation of C4a-hydroperoxyflavin
(k1), a reverse rate constant (k2), and a rate constant for H2O2
elimination (k3). A summary of the rate constants is provided in Table
S4 in SI. The rate constants (k1, k2, and k3) were plotted against the
temperature used (see Figure S5, SI).
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The Eyring equation was used for determining the enthalpy of
activation (ΔH⧧) in this reaction (eq 5, where k is a rate constant, T is
absolute temperature, ΔH⧧ is enthalpy of activation, R is the gas

constant (1.987 cal mol−1 K−1), kB is the Boltzmann constant (1.381 ×
10−23 J K−1), h is Planck’s constant (6.626 × 10−34 J s), and ΔS⧧ is the
entropy of activation).51,52 The linear form of the Eyring plot is shown
in eq 6. The plot of ln(k/T) versus 1/T gives a straight line with a
slope of −ΔH⧧/R from which the value of the enthalpy of activation
can be derived.
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Reaction of Variant P2O with O2. The previous study indicated
that the H548A, H548C, H548S, and H548N variant enzymes
contained mixed populations of covalently linked and noncovalent
flavins.53 Therefore, in order to investigate the role of His548 in flavin
oxidation, double mutations containing both His548 and H167A (a
mutation in which the covalent histidyl-FAD linkage was removed) in
addition to single mutations were constructed. We have shown
previously that the H167A variant enzyme reacts with molecular
oxygen to form C4a-hydroperoxyflavin with rate constants similar to
those found for the wild-type enzyme, indicating that the covalent
linkage is not an important factor for formation of the intermediate.49

The effects of removal of a covalent histidyl-FAD linkage are mainly
on the reductive half-reaction.49 Therefore, the absence of the covalent
histidyl-FAD linkage in P2O variants in this study should not
introduce any confounding artifacts to the kinetic analysis.

For studying the oxidative half-reaction of N593H and H167A/
H548 variant enzymes, an anaerobic enzyme solution was equilibrated
in an anaerobic glovebox (as described above). The enzyme was then
reduced with a solution of 10 mM D-glucose in 100 mM sodium
phosphate buffer pH 7.0 for the N593H variant enzyme. For H167A/
H548A, H167A/H548C, H167A/H548S, and H167A/H548N
variants which are catalytically inactive for the reductive half-reaction,
the enzymes were reduced with a solution of 10 mM sodium
dithionite. The oxidation of reduced variant enzyme by O2 was
monitored at various wavelengths (300−500 nm) using a stopped-flow
spectrophotometer. Buffer solutions with various concentrations of O2
were made by bubbling certified O2/N2 gas mixtures of 20%, 50%,
100%, and 100% on ice through syringes for 8 min. After mixing, this
procedure resulted in O2 concentrations of 0.13 mM, 0.31 mM, 0.61
mM, and 0.96 mM, respectively. Equilibration of a buffer on ice with a
100% O2/N2 gas mixture results in a buffer solution that contains 1.92
mM O2 before mixing. Apparent rate constants (kobs) from kinetic
traces were calculated as described above.

Imidazole Rescue Experiment. The imidazole rescue experi-
ments on H167A/H548 variants were investigated over a pH range
from 6.0 to 8.0 using 100 mM sodium phosphate for pH 6.0 and 7.0,
and 100 mM Tris-HCl for pH 8.0. The enzyme solution was mixed
with 100 μM imidazole and exchanged into each pH buffer. The
resulting solution was equilibrated at that pH for 14−16 h (overnight).
Sodium dithionite solutions which were used for reducing the enzyme
were prepared by dissolving solid sodium dithionite powder into each
pH buffer. A reduced variant enzyme solution was prepared as
previously described, and the experiments were done at various pH
values. Experimental protocols were similar to those described above.

■ RESULTS
QM Analysis of the Reaction of Reduced P2O with

Oxygen (oxidative half-reaction). The density functional
calculations described in Experimental Procedures were used to
analyze the physical parameters associated with the individual
steps and transition states of the reaction of the P2O-bound
FADH− (FADH−

Enz) (truncated at only the isoalloxazine ring)
and dioxygen.
The starting flavin species was assigned as an anionic form in

which the N1 position is deprotonated (species 1 in Scheme 3).

Scheme 2. Reaction Mechanism of the Oxidative Half-
Reaction of P2O(WT)
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The relevance of this form in the P2O reaction is supported by
the fact that the oxidized enzyme can react with sulfite to form
the flavin N(5)-sulfite adduct in which the flavin N1 is in the
anionic form.54 In general, the anionic form of the reduced
flavin is the form that is bound to flavoenzyme oxidases.55

Based on the active site structure of P2O,45 residues
approximately 5 Å away from the N5 atom of the FADH−

(Trp168, Thr169, and Cys170) and the key conserved residues
(His167, His548, and Asn593) were included in the QM model
(Figure 1).
Among these residues, His548 is the most likely to be in the

protonated state. According to previous studies of P2O, upon
completion of the reductive half-reaction, the oxidized flavin is

reduced by D-glucose, and His548 is expected to be in the
protonated state.53 Furthermore, the results of pH-dependence
studies of the oxidative half-reaction at various pH values
suggest that one of the active site residues should be protonated
to allow the reaction to proceed via formation of C4a-
hydroperoxyflavin.50 On the basis of these findings, the
calculation model was started with His548 in the protonated
state (species 1 in Scheme 3).
Transient kinetics studies of the P2O oxidative half-reaction

indicated that the reaction proceeds via two stages, involving
C4a-hydroperoxyflavin formation and decay (H2O2 elimina-
tion).18,50,56 Results from the density functional calculations
give insights into the electronic structures, spin states, and

Scheme 3. Reaction of P2O-Bound Reduced FAD (FADH−
Enz) with Oxygena

a(a) Proposed mechanisms for the reaction of FADH−
Enz with oxygen. Stage 1 is C4a-hydroperoxyflavin formation (1−5) while Stage 2 is H2O2

elimination and oxidized flavin generation (5−7). (b) Calculated energy profiles along the proposed reaction pathway. The enthalpy of activation
obtained from the transient kinetics results in Figure 5 is overlaid in blue.
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energies of the transition states and intermediates involved
(Figure 2−4), and point to a five-step process (Scheme 3).
Step 1: Proton-Coupled Electron Transfer to Triplet

Dioxygen (Species 1 to Species 2). The energy of the first
species, FADH‑

Enz+O2T (or FADH‑
Enz+O2S), is a combination

of the electronic energy with solvation correction from the
optimized structure of FADH‑

Enz (species 1) and that of O2T

(or O2S). The stabilized complex of reduced flavin (FADH‑
Enz)

and dioxygen was found to be improbable through calculations.
After several attempts, when the O2 was placed in the vicinity
above the C4a position and upon geometry optimization, the
proton from the protonated His548 was immediately trans-
ferred to the dioxygen. This was concomitant with the first
electron transfer from the reduced flavin to the dioxygen to
generate the flavin semiquinone:·OOH radical pair in the triplet
state (FADH·Enz:·OOHT) (Figure 2). It should be mentioned
that when this reaction step was calculated using other
functionals such as TPSS, the concomitant proton and electron
transfer was similar to the results obtained using B3LYP.
Mulliken charge populations on the two oxygen atoms of the

FADH·Enz:·OOHT (−0.480) are relatively more negative than
that of the triplet dioxygen (0.000); this indicates that an
electron is transferred to ·OOH. As the charge population on
the overall OOH fragment is −0.081, the concomitant electron
and proton transfer neutralizes the negative charge of the

superoxide species and increases the ability of dioxygen to
accept an electron from FADH−

Enz. Mulliken spin populations
on the OOH (+1.004) and the flavin (+0.991) fragments reveal
the identity of species 2 as the triplet FADH·Enz:·OOHT (Table
in Figure 2), with a single unpaired electron located on each of
the OOH and the flavin fragments.
Note that the proton-coupled electron transfer process for

the reaction of reduced flavin and dioxygen presented here is
different from the current view7,9 that describes the first step as
an electron transfer to generate a radical pair of flavinsemiqui-
none and superoxide anion before the subsequent proton
transfer occurs (paths a and b in Scheme 1).

Step 2: Triplet (FADH·Enz:·OOHT) to singlet (FADH·Enz:·
OOHS) Spin Transition (Species 2 to Species 3). The triplet
(FADH·Enz:·OOHT) can undergo a spin transition with a small
energy requirement (+0.6 kcal/mol, Scheme 3, Table in Figure
2) to become an open-shell singlet diradical (FADH·Enz:·
OOHS), in which the spin populations on the OOH fragment
change from +1.004 to −1.002, but remain the same on the
flavin fragment at about +0.99 (Table in Figure 2, Figure S3 in
SI). Overall, the structural geometries of the triplet FADH·Enz:·
OOHT and the open-shell singlet diradical FADH·Enz:·OOHS

complexes are similar (Table in Figure 2). The Op−Od bond
distance in both FADH·Enz:·OOHT and FADH·Enz:·OOHS

(1.33 Å) is significantly longer than that in the O2T (1.21 Å),

Figure 2. Optimized structures of FADH·Enz:·OOH complexes. The subscripts T and S represent triplet state and singlet state, respectively. ΔES‑T
represents the energy difference between the spin-unrestricted open-shell singlet state and the triplet state. Mulliken charge populations (q) on the
two oxygen atoms (qO−O) of the ·OOH fragment and on the ·OOH fragment (qOOH) are shown. Mulliken spin populations (ρ) on the O2 (ρO−O), ·
OOH (ρOOH), and flavin (ρFlavin) fragments are shown. Distances between the two oxygen atoms on the ·OOH fragment (dOp‑Od) are shown in Å.
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corresponding to the addition of one electron into the
antibonding orbital of the dioxygen.
To identify the active site residues involved in the P2O

dioxygen activation process, we studied this process in the
absence of all residues. Thus, the electronic structures and
energies in both triplet and open-shell singlet states for the
dioxygen (O2), the FADH

‑
Free:O2 complex, and the FADH·Free:·

OOH complex were investigated in order to compare them
with those for the FADH·Enz:·OOH. For dioxygen (O2) in the
absence of a flavin cofactor, the spin transition process from the
triplet O2T (ρO−O = +2.000) to the singlet O2S (ρO−O = 0.000)
requires a large energy input of 37.7 kcal/mol (Table in Figure
2). The Op−Od bond distances in both spin states are similar
(1.21 Å) (Table in Figure 2).
To explore the effects of a flavin cofactor, the FADH‑

Free:O2
model was investigated (Figure S1, SI). The spin transition
proceeding from the triplet FADH‑

Free:O2T to the open-shell
singlet FADH‑

Free:O2S requires 7.3 kcal/mol of energy, which is
significantly lower than that of the dioxygen (37.7 kcal/mol)
(Table in Figure 2). The spin population on the O2 fragment
(+1.702) of the triplet FADH‑

Free:O2T (Table in Figure 2 and
Figure S1, SI) is slightly less than that on the free triplet O2T
(+2.000). The charge population on the dioxygen fragment is
−0.249, and the Op−Od bond becomes slightly weaker (1.25
Å) than that found in the free triplet O2T (1.21 Å). These
findings imply that the presence of a flavin cofactor causes some
charge transfer to the dioxygen, which also results in a decrease
in the energy gap between the singlet and the triplet states. The
C4a−Op distance is shorter in the open-shell singlet
FADH‑

Free:O2S (3.10 Å) complex when compared with that

of the triplet FADH‑
Free:O2T (3.23 Å) complex (Table S3, SI).

Altogether, our data indicate that the flavin cofactor partly
assists with the electron transfer and spin transition process.
To evaluate the importance of protonation in the dioxygen

activation process, an additional proton was included into the
triplet FADH‑

Free:O2T and the open-shell singlet FADH‑
Free:O2S

models giving the triplet FADH·Free:·OOHT and the open-shell
singlet FADH·Free:·OOHS, respectively (Figure S2, SI).
Interestingly, with an additional proton, the energy difference
between the FADH·Free:·OOHT and the FADH·Free:·OOHS
complexes became insignificant (0.01 kcal/mol) (Table in
Figure 2). Unlike the triplet FADH‑

Free:O2T, in which only
partial charge is transferred from the flavin to the dioxygen, the
electronic structure of the triplet FADH·Free:·OOHT implies
that one electron is transferred from the flavin to the OOH
fragment; the FADH·Free:·OOHT complex contains similar spin
populations on the OOH (+1.007) and the flavin (+1.015)
fragments. The Op−Od bond distance in the FADH·Free:·OOHT
(1.32 Å) complex is also weaker than that found in the
FADH‑

Free:O2T complex (1.25 Å) (Table in Figure 2).
The open-shell singlet FADH·Free:·OOHS complex was

identified as the open-shell singlet diradical species with a
spin population on the OOH fragment of +1.010 and on the
flavin fragment of −1.010 (Table in Figure 2, Figure S2, SI).
The structural geometries of the triplet FADH·Free:·OOHT and
the open-shell singlet diradical FADH·Free:·OOHS complexes
are similar; the C4a−Op distances of both spin states are about
the same (3.75 Å) (Table S3, SI). Altogether, the data indicate
that the additional proton facilitates the spin transition, as the
energy required for this process is reduced.

Figure 3. Relative energy profiles for the formation of C4a-hydroperoxyflavin intermediate (C4aOOH, species 5 in Scheme 3). The optimized
structures of transition state 1 (TS1) and the C4aOOH intermediate are shown. The C4a−Op distance (dC4a‑Op) and the Op−Od distance (dOp‑Od)
are shown in the table.
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This result highlights the importance of the proton-coupled
electron transfer process as a driving factor that facilitates the
formation of the open-shell singlet diradical species
(FADH·Free:·OOHS). In P2O, the protonated His548 plays an
important role in the supply of a proton to the dioxygen during
the first electron transfer process to mediate the formation of
FADH·Enz:·OOHS.
Step 3: C4a-Hydroperoxyflavin Formation and TS1

(Species 3 to Species 5). In the open-shell singlet diradical
FADH·Enz:·OOHS complex, the opposite spins on the ·OOH
(−1.002) and the flavin (+0.990) fragments facilitate bond
formation between the proximal oxygen (Op) of ·OOH and the
C4a of the isoalloxazine ring (Figure 2) to form the C4aOOH
via TS1 (Figure 3). Two hydrogen-bond interactions from the
Nε of His548 (1.57 Å) and the NδH of Asn593 (2.36 Å) to the ·
OOH fragment (Figure2) play a role in positioning the Op
atom of the ·OOH fragment; the Op is located directly above
the flavin C4a position. In FADH·Enz:·OOHS, the C4a−Op
distance is 3.16 Å and the Op−Od distance is 1.33 Å (Figure 2,
Table in Figure 3). In TS1, the C4a−Op distance is shortened
to 2.35 Å and the Op−Od distance is lengthened to 1.37 Å. The
activation energy for this step is 10.9 kcal/mol. Once TS1
transforms to the C4aOOH, the C4a−Op bond is completely

formed (1.44 Å) and the Op−Od bond distance has a single
bond character (1.45 Å) (calculated O−O bond distance in
H2O2 is 1.46 Å) (Table in Figure 3).
The position of the −OOH moiety of the C4aOOH

intermediate above the flavin ring is consistent with the
conventional assignment of being re-side and compatible with a
“face-on” configuration (Figure 3). As most flavoenzymes that
form C4aOOH only have space available on the re-side to
accommodate the −OOH moiety, we explored the P2O
preference for C4aOOH formation on the re-side versus the si-
side.
In the absence of the active site residues of P2O, we

calculated the energy of H2O2 elimination from the C4aOOH
intermediate for the free flavin model, where the −OOH
moiety is located above (re-side) and below (si-side) the C4a
position of the isoalloxazine ring (Figure S4, SI). The reaction
on both sides of the ring essentially required the same amount
of energy (29.7 kcal/mol). Thus, the preference for the re-side
reaction in P2O (and other flavoenzymes) is not attributed to
the differences in the electronic effect above and below the
isoalloxazine ring.
In the P2O active site, the si-side of the isoalloxazine ring is,

in fact, crowded with bulky active site residues (Trp168 and

Figure 4. Relative energy profiles of H2O2 elimination from C4a-hydroperoxyflavin, the optimized structures of TS2, and the final product
FADEnz:H2O2 complex. Values for the C4a−Op distance (dC4a‑Op), Op−H(N5) distance (dOp‑H(N5)), Od−H(N5) distance (dOd−H(N5)), and C4a−N5
distance (dC4a‑N5) are shown in the table. Mulliken charge populations on the Op (qOp), the N5 (qN5), and the C4a (qC4a) are also shown.
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Cys170), while the re-side has an empty cavity for
accommodating O2 and the resulting −OOH moiety. There-
fore, the preference for the re-side reaction in P2O is mainly
due to the steric hindrance effects on the si-side. Trp168 and
Cys170 are thus important for directing the formation of the
C4aOOH on the re-side in P2O.
Steps 4 and 5: H2O2 Elimination from C4a-Hydro-

peroxyflavin and TS2 (Species 5 to Species 7). There are
four hydrogen-bond interactions to the −OOH moiety and the
isoalloxazine ring of the C4aOOH intermediate: (1) the Nε of
His548 accepts a hydrogen bond from the −OOH moiety (1.57
Å), (2) the NδH of Asn593 donates a hydrogen bond to the Op
of OOH moiety (2.17 Å), (3) the Oγ of Thr169 accepts a
hydrogen bond from the N5H of the isoalloxazine (2.01 Å),
and (4) the −OγH of Thr169 donates a hydrogen bond to the
O4 of the isoalloxazine (2.06 Å) (Figure 3). Among these
hydrogen bonds, the one from Asn593 in the C4aOOH
intermediate (species 5) is significantly stronger (2.17 Å) than
the corresponding one in species 2−4 (>2.36 Å). Thus, Asn593
is not only positioning the Op atom of the ·OOH to be directly
above the flavin C4a position to form the C4aOOH
intermediate, it is also stabilizing the C4aOOH intermediate
by tightening the hydrogen-bond interaction.
For H2O2 elimination, a direct proton transfer from the flavin

N5−H to the Op of a peroxide leaving group can occur with a
calculated activation energy (from C4aOOH to TS2) of 24.9
kcal/mol (Figure 4), making it the rate-limiting step in the
oxidative half-reaction of P2O. The C4aOOH has a C4a−Op
distance of 1.44 Å and an Op−H(N5) distance of 2.66 Å.
(Figure 3, Table in Figure 4). In TS2, the C4a−Op distance is
lengthened to 2.55 Å and the Op−H(N5) distance is shortened
to 1.54 Å. As the Od−H(N5) distance is also shortened from
2.88 Å in C4a-OOH to 2.04 Å in TS2, the proton transfer from
N5 to Op of a peroxide leaving group is mediated through the
N5 and Od interaction.
The bond distance between the Oγ of Thr169 and the N5H

of the isoalloxazine in TS2 (2.60 Å) is relatively weaker than

that found in C4aOOH (2.01 Å). Thus, the hydrogen bonds
from Thr169 appear to be flexible, i.e. changing from a tight
interaction which stabilizes C4aOOH to a more relaxed
interaction in the H2O2 elimination process. The loosening of
the hydrogen-bond interaction between Oγ of Thr169 and the
N5H of the isoalloxazine in TS2 is also consistent with
experimental observation. Variants of Thr169, in which the
interaction at the flavin N5H is absent, do not stabilize the
C4aOOH intermediate.48

The intramolecular proton transfer step to eliminate H2O2
via TS2 is consistent with previous experimental data showing
that H2O2 elimination from the C4aOOH intermediate is
controlled by a single proton transfer from the flavin N5 to an
Op of a peroxide leaving group.56 Stopped-flow experiments
showed that mutation of His548, Asn593 (see results in Figure
6 and Figures S6−S8 in SI), and Thr16948 resulted in
abolishing C4a-hydroperoxyflavin formation. This is consistent
with our calculations that reveal the importance of protonated
His548 for proton-coupled electron transfer to activate
dioxygen to form the C4aOOH intermediate and the role of
hydrogen bonds from Asn593, His548 and Thr169 in
stabilizing the C4aOOH intermediate.
Once the proton is transferred from the flavin N5 to a

peroxide leaving group to form the FADEnz:H2O2 complex
(species 7), the C4a−Op distance is lengthened to 3.27 Å,
confirming cleavage of the C4a−Op bond. Overall, the process
of H2O2 elimination results in a release of energy of −36.2 kcal/
mol. The reverse reaction via TS2 needs to overcome an energy
barrier of +36.3 kcal/mol. Thus, formation of H2O2 tends to be
irreversible, and H2O2 departure from the active site is
presumably facilitated by conformational changes of the P2O
enzyme.45,57

Activation Energy of the Reaction of Reduced P2O
with Oxygen Analyzed by the Eyring Equation. To
complement our density functional calculations, reactions of
reduced P2O with dioxygen at various temperatures (5−30 °C)
were carried out using stopped-flow spectrophotometry to

Figure 5. Oxidative half-reaction of P2O at various temperatures and Eyring plots. The transient kinetics of the oxidative half-reaction of P2O was
investigated at various temperatures (5, 10, 15, 20, 25, and 30 °C) using stopped-flow spectrophotometry. Kinetic simulations with a two-step
consecutive model (dotted line traces) according to the method described in ref 18 were used for analysis of rate constants. Insets show the Eyring
plots of rate constants for formation (k1), decay of C4a−OOH (k2), and H2O2 elimination (k3). The enthalpy of activation from the Eyring plots and
the activation energies from QM calculations are summarized in the table, and the values were also plotted in Scheme 3
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determine the enthalpy of activation (ΔH⧧) for C4aOOH
formation from the reaction of FADH−

Enz and O2 in both
forward and reverse directions, and for H2O2 elimination
(Experimental Procedures). As determined by analysis of the
Eyring plot, the transient kinetics data (Figure 5, Table S4 and
Figure S5) show that the enthalpy of activation for C4aOOH
formation from the reaction of FADH−

Enz and O2 in the
forward direction (ΔH1

⧧) is 6.3 kcal/mol and in the reverse
reaction (ΔH2

⧧) is 10.0 kcal/mol. The enthalpy for H2O2
elimination (ΔH3

⧧) is 14.1 kcal/mol. The calculated energy
barrier is in agreement with the experimental enthalpy barrier in
that the energy barrier for C4aOOH formation is lower than
that for its reverse reaction (ΔE1⧧ and ΔE2

⧧ vs ΔH1
⧧ and

ΔH2
⧧) (Scheme 3, table in Figure 5). Proton abstraction from

N5H was determined as the rate-determining step as the energy
barrier for H2O2 elimination is the highest (ΔE3⧧ and ΔH3

⧧).
Since only the active site as a part of the enzyme was
considered in the model studied for computational feasibility
and the corrections for zero-point vibrational energy and
thermal effects cannot be included in the calculation, we expect
some discrepancies between the calculated energy and the
experimental enthalpy to exist. A similar level of discrepancy
between experimental and calculation results was also present
in other works.58 Overall, the results show that the relative
activation energy (ΔE⧧) displays the same trend as the relative
enthalpy of activation (ΔH⧧) derived experimentally from the
Eyring plots. Specifically, this implies that the energy change for
O2 activation by P2O mainly derives from the change of
electronic structures of the intermediates and transition states
involved.
Transient Kinetics of Reactions of Reduced H548 and

N593 Variants with Oxygen. Transient kinetic experiments
for Asn593 variant (N593H), and His548 variants (H167A/
H548A, H167A/H548C, H167A/H548S, and H167A/H548N)
were performed to confirm the involvement of these two
conserved residues in stabilization of C4a-hydroperoxyflavin.
For the oxidative half-reactions of P2O(WT) and H167A
variant enzymes,18,49 the reaction shows biphasic kinetics,
indicating formation of a C4a-hydroperoxyflavin intermediate
(Figure 5). For His548 and Asn593 variants, the results showed
only one kinetic phase, indicating that only flavin oxidation was
observed (Figure 6 and Figures S6−S8 in SI). These data
indicate that a C4a-hydroperoxyflavin intermediate does not
form in these variants (Figure 6, Figures S6−S8 in SI),
confirming the findings from QM calculations that His548 and
Asn593 are important for stabilization of C4a-hydroperoxy-

flavin. Moreover, when the imidazole rescue experiment for
His548 variants at various pHs was performed, the results were
similar to those in the absence of imidazole in which no C4a-
hydroperoxyflavin was detected (Table S5, SI). These results
indicate that not only is a proton required, but proper geometry
of the protonated His548 in the active site of the P2O enzyme
is mandatory for formation of the C4a-hydroperoxyflavin
intermediate.
Our previously published results for T169A, T169S, T169N,

and T169G variants indicated that all of these variants also void
formation of C4a-hydroperoxyflavin.48 Therefore, the QM
analysis results in which Thr169, His548, and Asn593 were
identified as residues important for the stabilization of TS1 and
C4a-hydroperoxyflavin are supported well by stopped-flow
studies of the variant enzymes.

■ DISCUSSION

Our findings based on QM analysis and transient kinetic studies
have identified the physical factors underlying the reaction of
reduced flavin and dioxygen catalyzed by P2O. The data
provide mechanistic insight that is different from the general
model currently used for explaining the reaction of reduced
flavin and oxygen.6,9,55 The initial protonation of dioxygen by
His548 of P2O that occurs in a concerted manner with an
electron transfer is key for the oxygen activation process. The
data obtained from QM analysis and transient kinetics indicate
that the −OOH moiety of the C4a-hydroperoxyflavin is
stabilized via a “face-on” configuration. The C4a-hydro-
peroxyflavin is stabilized by the hydrogen-bond interactions
from His548, Asn593, and Thr169. H2O2 elimination occurs via
a direct proton transfer from the flavin N5−H. The trends
observed for the energy profiles based on the QM results also
correlated well with the enthalpy of activation profiles obtained
from the Eyring plots.
The data in Figure 2 suggest that the first step of the P2O

reaction is a single electron transfer that is coupled with a
proton transfer. The relative timing of proton transfer in Figure
2 is different from the current views toward the reaction of
reduced flavin and oxygen in flavoenzymes which propose that
a single electron is first transferred to form the flavin
semiquinone and superoxide radical pair (paths a and b in
Scheme 16,7,9). A new model based on our results can be
summarized as in Scheme 1, path C. Results from DFT
calculations agree well with the experimental data because they
suggest that no net proton transfer is involved in the TS1
transformation to the C4a-hydroperoxyflavin intermediate

Figure 6. Kinetics of the reactions of reduced H167A/H548N variant with O2. The data show monophasic kinetics, indicating that flavin is oxidized
without forming C4a-hydroperoxyflavin. The inset shows the observed rate constants which are linearly dependent on O2 concentrations. Summary
of bimolecular rate constants of the oxidative half-reactions of N593H and H167A/H548 variants are shown in the table.
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(Figure 3), which is consistent with the previous experiments
indicating that no solvent kinetic isotope effect (SKIE) was
detected for the C4a-hydroperoxyflavin formation.56 However,
with a similar calculation method, different results were
obtained for the QM analysis of flavindestructase (BluB)
because the first step of the BluB-catalyzed reaction is a single
electron transfer from reduced flavin to dioxygen to generate
the flavin semiquinone and superoxide radical pair before it
collapses to form a negatively charged C4a-flavin peroxide
intermediate. This intermediate is stabilized by two hydrogen
bonds from the backbone amide of Gly61 and the O2 hydroxyl
group of reduced FMN.29 As the next step of BluB reaction is a
cleavage of the isoalloxazine ring, it can thus be seen that
protonation is not necessary for C4a-flavin peroxide in BluB
catalysis. Therefore, different active site environments can
influence the relative timing of electron and proton transfers
differently.
The DFT analysis and transient kinetics indicate that the

conserved His548 in P2O provides an internal proton for
oxygen activation. This protonation process makes oxygen a
better electron acceptor as the Mulliken charge of dioxygen
atoms on the ·OOH molecule in the active site model (−0.480)
is more negative than in the free flavin model (−0.249)the
model that describes the unprotonated His548 condition
(Figure 2). The His548 and Asn593 help in aligning a ·OOH
radical such that it is properly oriented for the next step in C4a-
hydroperoxyflavin formation. The DFT results agree well with
the experimental data because the reaction at lower pH is much
faster than that at higher pH and formation of C4a-
hydroperoxyflavin can only be detected at pH values lower
than 8.0.50 Moreover, results from studies of the reductive half-
reaction of P2O indicate that the conserved His548, which acts
as a general base during the reductive half-reaction, likely exists
in the protonated form at the initial stage of the oxidative half-
reaction.53 Therefore, the functional role of His548 in P2O can
be viewed as that of a general base in the reductive half-reaction
and a general acid in the oxidative half-reaction (path c in
Scheme 1).
In addition to P2O, many studies of other flavoenzyme

oxidases have shown that positive charges near the flavin N5 are
important for the oxygen activation process. For glucose
oxidase, the protonated His516 is required because the pH-rate
profiles showed that the kcat/Km(O2) is 2600-fold higher at lower
pH than at higher pH.59,60 In contrast, for choline oxidase,
oxygen activation is thought to be caused by the positive charge
of the substrate.16 For monomeric sarcosine oxidase, N-
methyltryptophan oxidase, and fructosamine oxidase, mutation
of Lys 256 to a neutral amino acid results in a 550−9000-fold
decrease in oxygen reactivity.13−15 More moderate effects were
observed for similar mutations in polyamine oxidase and
dihydroorotate dehydrogenase.15,17 In most of these studies,
the role of the positively charged residues was proposed to
provide electrostatic interactions to stabilize the formation of a
negatively charged superoxide radical. Our current findings
suggest that quantum mechanical calculations for these
enzymes should be useful for analyzing whether these positively
charged residues can act as proton donors similar to what is
observed in the P2O reaction.
The DFT optimized structure of C4a-hydroperoxyflavin

(Figure 3) offers a molecular view of the physical and chemical
interactions required for stabilization of the intermediate in a
flavoenzyme. The data show that the intermediate is closely
interacting with the side chains of Thr169, His548, and Asn593.

Experimental evidence also confirms that these interactions are
important because mutation of His548, Asn593 (Figure 6,
Figures S6−S8 in SI), and Thr169 variants48 failed to stabilize
the C4a-hydroperoxyflavin intermediate. Moreover, the imida-
zole rescue experiment for the His548 variants could not
restore the formation of C4a-hydroperoxyflavin (Table S5, SI),
implying that the geometry of the general acid (His548) in
relation to the flavin position is very important for stabilization
of TS1 or C4a-hydroperoxyflavin. It is interesting to note that
the −OOH moiety in Figure 3 is configured in a “face-on”
configuration. In most of the X-ray structures of enzymes that
can form C4a-hydroperoxyflavin, a cavity above the re-face of
the flavin C4a atom is common.6 Therefore, the “face-on”
configuration can fit in active sites and may be prevalent in
many enzymes.
Data in Figure 4 also confirm that the C4a-hydroperoxyflavin

can undergo a unimolecular reaction to generate H2O2, and the
relaxed H-bond interaction between the Oγ of Thr169 and the
N5H of the isoalloxazine in TS2 (bond length of 2.60 Å) could
be a key feature that enables this process. In previous studies,
when the reduced enzyme which was specifically labeled with a
single deuterium atom to give flavin N5-D reacted with
dioxygen, a KIE of ∼3 for the H2O2 elimination was observed.
The KIE is the same as that observed when the reaction was
carried out in D2O.

56 These experimental results agree well
with the formation of species 5, TS2, and species 7. They also
provide evidence supporting a unimolecular mechanism of
H2O2 elimination consisting of a single proton transfer from
N5-H to a peroxide leaving group. The importance of H-bond
interactions at the flavin N5 in stabilization of the C4a-
hydroperoxyflavin has been observed in many systems. For
Thr169 variants of P2O in which a H-bond interaction at the
flavin N5 is absent, the C4a-hydroperoxyflavin intermediate
could not be detected.48 In the oxygenase component of p-
hydroxylphenylacetate hydroxylase, upon removal of the
residue (Ser171) that forms hydrogen bonds with the flavin
N5, the rate of H2O2 elimination increased by ∼1400-fold.61
For a Baeyer−Villiger monooxygenase, the interaction between
the flavin N5 and a bound NADP+ is necessary in order to
stabilize the C4a-hydroperoxyflavin.62 A recent DFT calculation
by Bach and Mattevi32 suggests that in the absence of protein
environment, the H2O2 elimination from C4a-hydroperoxy-
flavin is not feasible. When H2O or CH3OH (to model Thr or
Ser) was included to serve as a proton shuttle path, the energy
barrier for H2O2 elimination significantly decreased. Interaction
of amine or amide residues with the N5 locus of C4a-
hydroperoxyflavin also markedly reduces the energy barrier for
H2O2 elimination. The interaction of Thr169 and flavin N5-
locus shown in TS2 (Figure 4) may be similar to those found in
the Bach and Mattevi study.32 On the basis of our data in
Figures 3−4, we propose that a more relaxed H-bond
interaction to the flavin N5-H in TS2 when compared to a
tighter H-bond interaction in C4a-OOH (bond length of 2.01
Å) is important for allowing H2O2 elimination to occur.
In summary, the combined usage of QM analysis and

transient kinetics provides the theoretical basis underlying
oxygen activation and the C4a-hydroperoxyflavin stabilization
in P2O. Results in this report represent the chemical reaction in
a flavoenzyme oxidase that uniquely stabilizes C4a-hydro-
peroxyflavin. It should be interesting to explore in future studies
whether a similar basis holds for monooxygenases in which
C4a-hydroperoxyflavin is utilized as a reactive intermediate.
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Flavans from Desmos cochinchinensis as potent
aromatase inhibitors†

Vilailak Prachyawarakorn,*a Suwannee Sangpetsiripan,a Panida Surawatanawong,b

Chulabhorn Mahidol,a Somsak Ruchirawatacd and Prasat Kittakoop*acd

Flavans from the roots of Desmos cochinchinensis exhibited potent aromatase inhibitory activity at

nanomolar levels, and could be leads for the development of anti-aromatase drugs. In addition, these

aromatase inhibitors did not show pronounced cytotoxic activity. Flavans exert their inhibitory activity

through binding, as revealed by molecular docking studies, with aromatase at Arg115, Met374, and

Leu477; the C-7 hydroxyl (or methoxyl) forms hydrogen bonds with Met374 and Arg115 of aromatase.
Introduction

In 2013, it is estimated that breast cancer is one of the three
most commonly diagnosed types of cancer among women in
the United States, accounting for 29% of all new cancer cases in
women.1 In 2012, it was estimated that breast cancer was one of
the most common causes of female mortality in Europe.2

Among breast cancer in post-menopausal women, around 75%
are estrogen-dependent, and post-menopausal women could
produce estrogen by non-ovarian tissues (i.e., breast tissue).3,4

Elevated estrogen levels in tissues is one of the causes of breast
cancer. Estrogens are normally biosynthesized from androgens
by the aromatization of the A ring of a steroidal skeleton, and
such reactions are catalyzed by the enzyme aromatase (also
known as cytochrome P450 aromatase or CYP19). The reduction
of the estrogen level by inhibiting aromatase activity is one of
the therapeutic approaches for breast cancer; both steroidal and
non-steroidal aromatase inhibitors have been intensively
explored to date.5–9 The non-steroidal aromatase inhibitors
clinically used are anastrozole and letrozole (azole-type
compounds), while examples of steroidal aromatase inhibitor
drugs are formestane and exemestane.

Natural products have a long history as human medicines,
and they currently play important roles in both traditional10 and
modern medicine.11,12 There are many natural products which
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1590–1596
act as aromatase inhibitors,13,14 however only few compounds
have been reported to exhibit potent aromatase inhibitory
activity with IC50 values at nanomolar levels.15–17 Plants of the
genus Desmos are used in Chinese traditional medicines.18

Previously, we reported that hybrid avan-chalcones and avo-
noids from the leaves of Desmos cochinchinensis were aromatase
inhibitors with IC50 values of 0.8–3.3 mM.19 Later, we found that
the root extract of D. cochinchinensis was more potent than the
leaf extract; chemical exploration of the root extract led to the
identication of avans 1–6 and avanones 7 and 8 (Fig. 1),
which inhibited aromatase at nanomolar levels. In the present
work, we report the isolation, characterization and aromatase
inhibitory activity of avans from the roots of D. cochinchinensis.
Moreover, a molecular docking study of these aromatase
inhibitors is also discussed.
Results and discussion
Isolation and structure elucidation of avans

An extract of the air-dried roots of D. cochinchinensis was sepa-
rated by size exclusion Sephadex LH-20 column chromatog-
raphy, preparative TLC and C18 reversed phase HPLC to yield
Fig. 1 Aromatase inhibitors isolated from the roots of D. cochinchinensis.
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avans 1–6 and avanones 7 and 8. Flavans 1–4 were new
compounds, while 5–8 were known metabolites. The structures
of the new avans 1–4 were elucidated by analysis of the spec-
troscopic data, and the absolute conguration was addressed by
analysis of the CD spectra. The spectroscopic data of known
compounds 5–8 was identical to those reported in the
literature.20–23

Compound 1 was obtained as a colourless oil, with [a]26D
�62.8 (c 0.78, CHCl3). Its molecular formula was determined as
C17H16O5, according to APCI-TOF MS. The IR spectrum of 1
showed the presence of a hydroxy (3435 cm�1) and an aldehyde
(1630 cm�1) group. The 1HNMR spectrum of 1 showed signals of
a monosubstituted benzene ring at dH 7.36–7.48 (5H, m, H-20-H-
60), a hydroxyl proton at dH 12.53 (1H, s, 7-OH), an aldehyde
proton at dH 10.11 (1H, s, 8-CHO) and amethoxy group at dH 3.92
(3H, s, 5-OMe). The presence of an –OCHCH2CHO– unit (H-2/H2-
3/H-4) in 1 was supported by the 1H–1H COSY spectrum. The two
oxygenated methines resonated at dH 5.27 (1H, dd, J ¼ 12.3 Hz,
1.8 Hz, H-2) and dH 4.96 (1H, br dd, J¼ 3.7 Hz, 1.9 Hz, H-4), while
non-equivalent methylenes were at dH 2.01 (1H, ddd, J¼ 14.5 Hz,
13.4 Hz, 3.4 Hz, H-3ax) and dH 2.30 (1H, dt, J¼ 14.5 Hz, 1.7 Hz, H-
3eq); these resonances are typical for H-2/H2-3/H-4 in avan-4-ol
molecules. The downeld shi of 7-OH (dH 12.53) was a result of
hydrogen bonding of the hydroxyl proton with 8-CHO. The
HMBC correlations from the H-6 proton to C-5 and C-7, 7-OH to
C-6, C-7 and C-8, 8-CHO to C-8 and C-7, and 5-OMe to C-5, in
combination with the NOESY cross peak between the 5-OMe
protons and the H-6 aromatic proton, assisted the assignment of
the H-6 position and the other substituents on the aromatic ring
A of compound 1. HMBC correlations from H-2 to C-10 and C-20

(or C-60), H-3 to C-4a, and H-4 to C-4a, C-5 and C-8a were
observed, connecting ring B with the aromatic rings A and C. On
the basis of these spectroscopic data, compound 1was identied
as 5-methoxy-8-formyl-4,7-dihydroxyavan. The proton and
carbon resonances for 1 were assigned by analysis of the 2D
NMR data (Table 1). The coupling constants of H-2 (J2ax,3ax �
12.0 Hz) and H-4 (J3ax,4eq � 3.7 Hz and J3eq,4eq � 2.0 Hz) revealed
a trans conguration of H-2 and H-4 in 1. Normally, the absolute
conguration of avanones can be established by the circular
dichroism (CD) technique.24,25 However, the CD method could
not be applied directly for the 2,4-trans-avan-4-ol moiety in 1.
Accordingly, compound 1 was transformed to the avanone 1a
by oxidation with Dess–Martin periodinane (DMP) (Fig. 2). The
absolute conguration at C-2 of the avanone 1awas assigned as
2S, since the CD spectrum of 1a exhibited positive and negative
Cotton effects at 344 nm and 269 nm, respectively
(a characteristic for (2S)-avanones).24 Therefore, the trans
conguration of H-2 and H-4 readily indicated the R congura-
tion of C-4 in 1.
Fig. 2 Oxidation of 1 to the flavanone 1a.

This journal is ª The Royal Society of Chemistry 2013
Compound 2 possessed a molecular formula of C19H20O5, as
deduced from the APCI-TOFMS. The 1H and 13C NMR spectra of
compound 2 were similar to those of avan 1, except the signals
relating to the substitutions on the aromatic ring A. Compound
2 had the additional signals of a methoxy (dH 3.82, 7-OMe) and a
methyl (dH 2.18, 6-Me) group. The HMBC spectrum of 2 indi-
cated that H-6 in 1 was replaced by a methyl group (6-Me) in 2,
showing a correlation from 6-Me to C-5, C-6, and C-7. The 7-OH
group (dH 12.53) in 1 was replaced by 7-OMe (dH 3.82) in 2, and
the HMBC correlation from 7-OMe to C-7 established the
methoxy position in 2. Thus, compound 2 was identied as 5,7-
dimethoxy-8-formyl-4-hydroxy-6-methylavan, which was a
7-methoxy derivative of 5.20 The assignments for 1H and 13C in
compound 2 are in Table 1. The coupling constants revealed a
trans conguration of H-2 and H-4. The absolute conguration
of 2 was dened in the same manner as for 1. The oxidation of 2
with DMP gave the corresponding ketone derivative 2a (Fig. 3),
whose CD absorptions exhibited a positive Cotton effect at 353
nm and a negative Cotton effect at 319 nm, suggesting the 2S
conguration for 2a.24 It should be noted that the avanone 2a
has CD absorptions ca. 20–25 nm higher than normal absorp-
tions for avanones, which absorb at 320–330 nm and 270–290
nm.24 Although compound 5 is a known avan,20 its absolute
conguration has not been dened to date. Flavan 5 was trans-
formed to the avanone 2a by DMP oxidation and methylation
(Fig. 3). Compound 2a, from the transformation of 5, displayed
the same CD spectrum as that from the oxidation of compound
2, suggesting that 5 had the same 2S conguration as 2.

Compound 3 had the molecular formula of C19H22O4 (by
APCI-TOF MS). The 1H and 13C NMR spectra of 3 shared a great
deal of similarities to those of 2; the 8-CHO (dH 10.42; dC 188.3)
in 2 was replaced by 8-Me (dH 2.15; dC 8.9) in 3. The position of
8-Me in 3was assigned by the HMBC correlation (8-Me to C-7, C-
8, and C-8a) and the NOESY cross peak of 7-OMe and 8-Me.
Thus, 3 was identied as 5,7-dimethoxy-4-hydroxy-6,8-dime-
thylavan. Both 2 and 3 exhibited a negative optical rotation,
meaning they should share the same absolute conguration.
The 1H and 13C resonances for compound 3 were assigned by
analysis of the 2D NMR data (Table 1).

Compound 4 had the molecular formula of C18H18O5 (by
APCI-TOF MS). The 1H and 13C NMR spectra of 4 and 1 could
almost be superimposed. Analysis of the 1H, 13C and MS data
Fig. 3 Transformation of flavans 2 and 5 to the flavanone 2a.
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Table 1 1H and 13C NMR spectral data (CDCl3) for flavans 1–4

Position
1a 2a 3b 4a

dH, m (J, Hz) dC dH, m (J, Hz) dC dH, m (J, Hz) dC dH, m (J, Hz) dC

2 5.27, dd (12.3, 1.8) 74.2 5.29, dd (12.2, 1.6) 73.6 5.17, d (11.1) 72.9 5.31, dd (12.5, 2.0) 74.1
3 2.01, ddd (14.5, 13.4,

3.4, H-3ax); 2.30,
dt (14.5, 1.7, H-3eq)

37.2 2.03, ddd (14.5, 12.3,
3.8, H-3ax); 2.35,
dt (14.5, 2.1, H-3eq)

37.4 2.00, ddd (14.4,
12.3, 3.9, H-3ax); 2.30,
dt (14.4, 1.9, H-3eq)

38.0 1.88, ddd (14.4,
12.5, 3.0, H-3ax); 2.37,
dt (14.4, 2.3, H-3eq)

34.0

4 4.96, dd (3.7, 1.9) 58.5 5.03, dd (3.8, 2.1) 59.3 5.03, dd (3.7, 1.9) 60.0 4.48, t (2.7) 66.7
4a — 104.7 — 114.6 — 113.8 — 102.5
5 — 165.8 — 163.5 — 155.7 — 166.2
6 6.06, s 91.8 — 117.3 — 115.8 6.05, s 91.7
7 — 166.0 — 161.8 — 158.2 — 166.2
8 — 105.4 — 115.2 — 115.4 — 105.2
8a — 158.3 — 157.0 — 151.9 — 158.6
10 — 140.0 — 140.2 — 141.5 — 140.2
20/60 7.36–7.48, m 126.0 7.50, m 125.9 7.50, br d (7.5) 126.0 7.34–7.47, m 126.1
30/50 7.36–7.48, m 128.6 7.41, m 128.6 7.41, t (7.5) 128.4 7.34–7.47, m 128.6
40 7.36–7.48, m 128.2 7.35, m 128.0 7.34, t (7.4) 127.7 7.34–7.47, m 128.2
4-OMe — — — — — — 3.48, s 56.3
5-OMe 3.92, s 56.1 3.92, s 61.4 3.86, s 61.2 3.91, s 56.1
6-Me — — 2.18, s 8.9 2.20, s 9.3 — —
7-OMe — — 3.82, s 62.0 3.72, s 60.1 — —
7-OH 12.53, s — — — — 12.56, s —
8-CHO 10.11, s 192.0 10.42, s 188.3 — 10.11, s 192.0
8-Me — — — — 2.15, s 8.9 — —

a 400 MHz for 1H and 100 MHz for 13C. b 600 MHz for 1H and 150 MHz for 13C.

Table 2 Inhibition of aromatase by flavans 1–8

Compound
Inhibition of aromatase
IC50 (nM), mean � s.d. (n ¼ 3)

1 40.0 � 20.0
2 1010 � 40.0
3 10 700 � 200
4 90.0 � 30.0
5 80.0 � 10.0
6 150 � 30.0
7 >12 500
8 600 � 100

a
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revealed that 4 was a methoxy derivative of 1. The 13C NMR
resonance at C-4 (dC 66.7) of 4 was ca. 6–7 ppm further down-
eld than those (dC 58.5–60.0) of avans 1–3, suggesting that an
additional methoxy group was located at the C-4 of 4. The
HMBC correlation from 4-OMe to C-4 nally conrmed the
position of 4-OMe in 4. On the basis of these data, 4 was iden-
tied as 4,5-dimethoxy-8-formyl-7-hydroxyavan. Compound 4
showed a similar negative optical rotation to 1, implying that 4
had the same absolute conguration as 1. The assignment of
the protons and carbons in 4 was achieved by analysis of the 2D
NMR data (Table 1).
Letrozole 1.1 � 0.2

a The reference compound was letrozole.
Inhibition of aromatase and the cytotoxicity of avans

The isolated avonoids 1–8 were subjected to an aromatase
inhibitory assay. Compounds 1–6 and 8 inhibited the aromatase
enzyme, and among the compounds tested, avans 1, 4, and 5
exhibited potent aromatase inhibitory activity with IC50 values
of 40.0, 90.0 and 80.0 nM, respectively (Table 2). Compounds 2,
3, 6 and 8 displayed inhibitory activity with respective IC50

values of 1010, 10 700, 150 and 600 nM (Table 2). The cytotox-
icity of avans 1–6 and the avanone 7 was evaluated against
the A549 (human lung carcinoma), HuCCA-1 (human chol-
angiocarcinoma), MOLT-3 (acute lymphoblastic leukemia) and
HepG2 (human hepatocellular liver carcinoma) cancer cell lines
(ESI, Table S1†). The avan aromatase inhibitors 1–6 were
inactive or showed only weak cytotoxic activity against the
HepG2, A549 and HuCCA-1 cell lines, with IC50 values ranging
from 99.6 to 146.6 mM (Table S1†). Compounds 1–6 exhibited
weak cytotoxic activity towards the MOLT-3 cell line, with IC50
1592 | Med. Chem. Commun., 2013, 4, 1590–1596
values of 24.3–63.5 mM. It is worth mentioning that in our
laboratory, the MOLT-3 cell line is sensitive to the compounds
tested. Our results revealed that avans 1, 4, and 5 not only
inhibit aromatase at nanomolar levels (IC50 values of 40.0, 90.0
and 80.0 nM, respectively), they also have low cytotoxic activity.
Therefore, they could be leads for aromatase inhibitor drugs.
Molecular docking study

As avans 1–6 are non-steroidal inhibitors, they should inhibit
aromatase via the competitive mechanism. We employed
Autodock Vina for the molecular docking study to estimate the
relative binding energies of the avans in comparison to the
natural substrates, and to give insights into how these avans
This journal is ª The Royal Society of Chemistry 2013
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bind to aromatase. In recent years, Autodock Vina has served as
a tool to study molecular docking.26–29 Mishra and co-workers
showed that although Autodock Vina tends to overestimate the
absolute binding energy, especially for low affinity binders, it
still gives more accurate binding energies than other docking
soware.30

In this study, the aromatase structure was taken from the
crystallographic structure 3EQM.31 The binding energies of the
avans were compared with that of the natural substrate,
androstenedione, and its C-4 hydroxyl analog, formestane, the
rst steroidal aromatase inhibitor clinically used.1 We explored
both exible and rigid docking and found that, overall, the
exible docking gave binding energies in better agreement with
the experimental aromatase inhibitory activity than the rigid
docking (ESI, Table S2†). Thus, we focused on exible docking,
as described in the Experimental section. B3LYP/6-31G(d)-opti-
mized structures of the aromatase inhibitors were used in the
docking study. The binding energy of the androstenedione from
the B3LYP optimization is�13.7 kcal mol�1, only slightly higher
than that of the androstenedione from the crystal structure
(�14.1 kcal mol�1) (ESI, Table S2†). The binding energy of the
formestane (�13.4 kcal mol�1) is slightly higher than that of the
androstenedione. The binding positions of both androstene-
dione and formestane showed that the steroidal ring can t into
the binding pocket of the aromatase active site, and the C-17
carbonyl can donate a hydrogen bond to Met374 (1.9–2.0 Å) (ESI,
Fig. S1†). This hydrogen bond is signicant for the inhibition of
aromatase activity, according to the previous study.6 Among the
aromatase inhibitors 1–6, avans 2 and 3 have higher binding
energies (�7.3 kcalmol�1 and�8.0 kcalmol�1 respectively) than
compound 6 (�8.3 kcal mol�1), while the potent inhibitors 1, 4,
and 5 have the lowest binding energy (�8.5 kcal mol�1).

Flavan 1 and its 4-OMe derivative 4 inhibit aromatase at
relatively the same magnitude (Table 2). The lowest energy
position of the inhibitor 1 has a binding energy of �8.5 kcal
mol�1. The C-7 hydroxyl of 1 donates two hydrogen bonds to
Met374 (2.11 Å) and Arg115 (2.58 Å) (Fig. 4A), whereas the C-4
hydroxyl and the C-8 aldehyde do not play a role in forming
hydrogen bonds. Thus, the substitution of the C-4 hydroxyl in 1
by a methoxyl in 4 has no effect on the lowest energy position
(Fig. 4B). The C-7 hydroxyl of 4 donates a weaker hydrogen
Fig. 4 Lowest energy positions of the aromatase inhibitors 1 (A) and 4 (B),
within the aromatase binding site. The crystal structure is in bright green. The
flexible residues are Met374, Arg115, Thr310, Ser478 and Asp309. Due to the
flexible docking, some atoms change from their starting positions (shown in cyan
and in purple). The ligand structures were optimized by B3LYP/6-31G(d).

This journal is ª The Royal Society of Chemistry 2013
bond to Met374 (2.48 Å), and donates a stronger hydrogen
bond to Arg115 (2.22 Å) (Fig. 4). Therefore, the binding energy
of 4 is the same as that of 1 (�8.5 kcal mol�1). The IC50 values of
1 (40.0 nM) and 4 (90.0 nM) are in the same order of magni-
tude, which is in agreement with the same calculated binding
energy.

Flavan 5 exhibits more potent aromatase inhibitory activity
than its 4-OMe derivative 6 (Table 1). Although a C-6 methine
proton of 1 is substituted by a larger methyl group in 5, the
inhibitor 5 can still t into the binding pocket with the same
binding position as 1 and 4. Although the two hydrogen bonds
of the C-7 hydroxyl of 5 with Met374 (2.34 Å) and Arg115 (2.64 Å)
are relatively weaker than those of 1 and 4 (Fig. 5A), a C-4
hydroxyl of 5 can accept a weak hydrogen bond from Ser478
(2.80 Å). Therefore, the binding energy of 5 is as low as those of 1
and 4 (�8.5 kcal mol�1), corresponding to an IC50 value in the
same range (80.0 nM). The inhibitor 6 has a methoxyl
substituted in place of the C-4 hydroxyl of 5. The lowest energy
position also has the C-7 hydroxyl of 6 donating two hydrogen
bonds to Met374 (2.32 Å) and Arg115 (2.57 Å) (Fig. 5B). Unlike
the inhibitor 5, the C-4 methoxyl of 6 can not accept a hydrogen
bond from Ser478. Thus, the binding energy of 6 is slightly
higher than that of 5 (�8.3 kcal mol�1), and the IC50 value of 6
(150 nM) is slightly higher than that of 5 (80.0 nM).

Compound 2 has a methoxyl group substituted in place of
the C-7 hydroxyl group of 5. The lowest energy position has the
C-4 methoxyl of 2 donating a hydrogen bond to Thr310 (1.83 Å)
(ESI, Fig. S2A†). Compound 3, with a methyl group substituted
in place of the C-8 aldehyde of 2, has a similar binding position
to that of 2 (Fig. S2B†). The C-4 methoxyl of 3 also donates a
hydrogen bond to Thr310 (2.26 Å) (Fig. S2B†). Compared to the
inhibitors 1, 4, 5 and 6, with the presence of both the C-6 methyl
and the C-7 methoxyl groups, the fused ring of 2 and 3 can not
t into the binding pocket of Arg115, Met374 and Leu477. Thus,
hydrogen bonds between the C-7 methoxyl and Met374 and
Arg115 are not established. Correspondingly, the binding
energies of 2 (�7.3 kcal mol�1) and 3 (�8.0 kcal mol�1) are
higher than those of the inhibitors 1, 4, 5 and 6 which have
better aromatase inhibitory activity.
Fig. 5 Lowest energy positions of the aromatase inhibitors 5 (A) and 6 (B),
within the aromatase binding site. The crystal structure is in bright green. The
flexible residues are Met374, Arg115, Thr310, Ser478 and Asp309. Due to the
flexible docking, some atoms change from their starting positions (shown in
light cyan and in bright cyan). The ligand structures were optimized by B3LYP/
6-31G(d).
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The key features for avan-based aromatase inhibitors to
show inhibitory activity are (i) the ability to t the fused ring
into the binding pocket of Arg115, Met374 and Leu477, and (ii)
the presence of a hydrogen bond donating group (i.e., hydroxyl
or methoxyl) at the C-7 to establish strong hydrogen bonds with
Met374 and Arg115.
Conclusions

Flavans from the roots of D. cochinchinensis were found to be
potent aromatase inhibitors. These inhibitors were inactive or
showed only weak cytotoxic activity, and they could therefore be
leads for the development of anti-aromatase drugs. Molecular
docking studies revealed that these avans have the ability to
bind with aromatase in the pocket of Arg115, Met374 and
Leu477, and that the C-7 hydroxyl (or methoxyl) has hydrogen
bonds with Met374 and Arg115 of aromatase, enhancing the
inhibitory activity.
Experimental section
Plant material

Roots of D. cochinchinensis were collected from Tai Rom Yen
National Park, Surat Thani Province, Thailand (October 2008).
The plant was identied by P. Charoenchai, and a specimen (no.
CRI 526) was deposited at the Laboratory of Natural Products,
Chulabhorn Research Institute, Thailand.
Extraction and isolation

The powder of the air-dried roots of D. cochinchinensis was
extracted with CH2Cl2 three times at room temperature to give
a crude extract (4 g). The extract was fractionated by Sephadex
LH-20 column chromatography (CC) and eluted with CH2Cl2–
MeOH (50 : 50), to provide thirteen fractions (A1 to A13).
Fraction A5 was further subjected to Sephadex LH-20 CC and
eluted with MeOH, to provide nine fractions (B1 to B9). Frac-
tion B4 was then subjected to silica gel CC, and eluted with
hexane with increasing proportions of EtOAc, then with EtOAc
with increasing proportions of MeOH, and nally with MeOH,
to provide eleven fractions (C1–C11). Fraction C4 was
compound 5 (415 mg). Fraction C1 was separated by prepara-
tive C18 reversed phase HPLC and eluted with MeOH–H2O
(78 : 22, ow rate of 10 mL min�1), to give 7 (19 mg). Fraction
C2 was further separated by preparative TLC, developed with
hexane–EtOAc (94 : 6), followed by C18 reversed phase HPLC
(MeOH–H2O (80 : 20), ow rate of 10 mL min�1), to give 6 (32
mg). Fraction C3 was separated by C18 reversed phase HPLC
(MeOH–H2O (70 : 30), ow rate of 8 mL min�1), providing
compounds 3 (6 mg) and 4 (42 mg). Fraction C5 was separated
by C18 reversed phase HPLC and eluted with MeOH–H2O
(70 : 30, ow rate of 10 mL min�1), to give compounds 1 (113
mg) and 2 (42 mg). Fraction B5 was puried by C18 reversed
phase HPLC (MeOH–H2O (75 : 25), ow rate of 10 mL min�1),
to give compounds 8 (7 mg) and 2 (4 mg).
1594 | Med. Chem. Commun., 2013, 4, 1590–1596
5-Methoxy-8-formyl-4,7-dihydroxyavan (1)

Colourless oil; [a]26D �62.8 (c 0.78, CHCl3); UV (MeOH) lmax (log 3)
215 (4.38), 228 (4.20), 294 (4.24) nm; CD (MeOH, c 113.3 mM) l nm
(D3) 227 (+3.46), 322 (�3.58); IR (UATR) nmax 3435, 2926, 1630,
1440, 1366, 1331, 1286, 1232, 1204, 1149, 1114, 1047, 907, 874,
839, 812, 760, 700 cm�1; 1H and 13C NMR data see Table 1; APCI-
TOF MS m/z 301.1083 [M + H]+ (calcd for C17H17O5, 301.1070).

5,7-Dimethoxy-8-formyl-4-hydroxy-6-methylavan (2)

Yellow solids, mp 115–116 �C; [a]26D �64.70 (c 1.99, CHCl3); UV
(MeOH) lmax (log 3) 208 (3.55), 272 (3.05), 327 (2.70) nm; CD
(MeOH, c 97.6 mM) l nm (D3) 232 (+6.64), 268 (�3.91), 316
(�3.15), 352 (�3.32); IR (UATR) nmax 3450, 2938, 1684, 1580,
1455, 1430, 1305, 1192, 1133, 1115, 1053, 981, 875, 753, 700
cm�1; 1H and 13C NMR data see Table 1; APCI-TOF MS m/z
329.1388 [M + H]+ (calcd for C19H21O5, 329.1383).

5,7-Dimethoxy-4-hydroxy-6,8-dimethylavan (3)

Pale yellow viscous liquid; [a]26D �20.04 (c 0.31, CHCl3); IR (UATR)
nmax 3421, 2923, 1599, 1455, 1433, 1375, 1191, 1127, 1105, 1053,
994, 875, 754, 698 cm�1; 1H and 13C NMR data see Table 1; APCI-
TOF MS m/z 314.1503 [M]+ (calcd for C19H22O4, 314.1513).

4,5-Dimethoxy-8-formyl-7-hydroxyavan (4)

Colourless solids, mp 108–109 �C; [a]26D �78.66 (c 1.02, CHCl3);
UV (MeOH) lmax (log 3) 212 (3.40), 228 (3.23), 293 (3.21) nm; CD
(MeOH, c 63.7 mM) l nm (D3) 205 (+5.75), 224 (+3.23), 236 (+2.6),
262 (�0.41), 325 (�3.20); IR (UATR) nmax 2927, 1630, 1439, 1366,
1349, 1329, 1286, 1230, 1203, 1150, 1112, 1076, 1022, 957, 898,
797, 757, 699 cm�1; 1H and 13C NMR data see Table 1; APCI-TOF
MS m/z 315.1232 [M + H]+ (calcd for C18H19O5, 315.1227).

5-Methoxy-8-formyl-4,7-dihydroxy-6-methylavan (5)

[a]26D �80.45 (c 0.99, CHCl3); CD (MeOH, c 104.2 mM) l nm (D3)
227 (+2.66), 307 (�0.52), 344 (�1.83).

Preparation of avanones 1a, 2a, and 5a

A solution of each avanonol (1, 2, and 5; 1 equiv.) and DMP (2
equiv.) in dry CH2Cl2 was stirred at room temperature for 1 h. The
reaction mixture was evaporated and puried using preparative
TLC to give avanones 1a (70%), 2a (92%) and 5a (49%).

5-Methoxy-7-hydroxy-8-formylavanone (1a)

CD (MeOH, c 54.5 mM) l nm (D3) 214 (+9.69), 269 (�7.27), 344
(+0.81); 1H NMR (300 MHz, CDCl3) dH 12.92 (1H, s, 7-OH), 10.15
(1H, s, 8-CHO), 7.45 (5H, br s, C-ring), 6.10 (1H, s, H-6), 5.56 (1H,
dd, J ¼ 13.0 Hz, 3.2 Hz, H-2), 3.98 (3H, s, 5-OMe), 3.08 (1H, dd,
J ¼ 16.6 Hz, 13.0 Hz, H-3a), 2.89 (1H, dd, J ¼ 16.6 Hz, 3.2 Hz,
H-3b); APCI-TOF MS m/z 299.0916 [M + H]+ (calcd for C17H15O5,
299.0914).

5-Methoxy-6-methyl-7-methoxy-8-formylavanone (2a)

CD (MeOH, c 110.4 mM) l nm (D3) 319 (�4.27), 353 (+2.86). 1H
NMR (300 MHz, CDCl3) dH 10.42 (1H, s, 8-CHO), 7.51–7.39 (5H,
This journal is ª The Royal Society of Chemistry 2013
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m, C-ring), 5.56 (1H, dd, J ¼ 12.4 Hz, 3.5 Hz, H-2), 3.92 (3H, s,
5-OMe), 3.89 (3H, s, 7-OMe), 3.07 (1H, dd, J ¼ 17.0 Hz, 12.4 Hz,
H-3a), 2.96 (1H, dd, J¼ 17.0 Hz, 3.5 Hz, H-3b), 2.15 (3H, s, 6-Me);
APCI-TOF MS m/z 327.1229 [M + H]+ (calcd for C19H19O5,
327.1227).

7-Hydroxy-5-methoxy-6-methyl-8-formylavanone (5a)

CD (MeOH, c 96.2 mM) l nm (D3) 279 (�0.81), 354 (+1.21). 1H
NMR (400 MHz, CDCl3) of 5a was identical to that of the des-
mosavanone II;32 dH 12.99 (1H, s, 7-OH), 10.24 (1H, s, 8-CHO),
7.47–7.41 (5H, m, C-ring), 5.55 (1H, dd, J¼ 13.1 Hz, 3.1 Hz, H-2),
3.91 (3H, s, 5-OMe), 3.06 (1H, dd, J ¼ 17.0 Hz, 13.1 Hz, H-3a),
2.88 (1H, dd, J¼ 17.0 Hz, 3.1 Hz, H-3b), 2.09 (3H, s, 6-Me); APCI-
TOF MS m/z 313.1072 [M + H]+ (calcd for C18H17O5, 313.1071).

Methylation of avanone 5a

Flavanone 5a (14.6 mg) and K2CO3 (30 mg) was dissolved in 1
mL of acetone, and then 1 mL of MeI was added. The reaction
mixture was reuxed for 24 h. The reaction mixture was puried
by preparative TLC, developed with 20% acetone in hexane, to
provide avanone 2a (14 mg, 92%). The 1H NMR and CD spectra
of the obtained avanone were identical to those of avanone
2a which was prepared from 2.

Assays for biological activities

The inhibition of aromatase was evaluated using the method
reported by Stresser and co-workers.33 The reference compound
was letrozole (Table 2). The cytotoxicity for adhesive cell lines,
including the HuCCA-1, HepG2, and A549 cancer cell lines, was
evaluated with the MTT assay,34,35 while the cytotoxicity for the
non-adhesive MOLT-3 cell line was assessed using the XTT
assay.36 Doxorubicin and etoposide were used as the reference
drugs; doxorubicin exhibited cytotoxic activity against HuCCA-
1 and A549 cells with IC50 values of 1.10 and 0.90 mM, respec-
tively, while etoposide displayed respective IC50 values of 22.11
and 0.03 mM towards the HepG2 and MOLT-3 cell lines (ESI,
Table S1†).

Molecular docking calculation

The X-ray crystal structure of human aromatase was taken from
the PDB (code 3EQM.pdb).31 All of the water and phosphate
molecules were removed from the crystal structure. Hydrogen
atoms were added by AutoDock Tools.37 To prepare for the
docking study, a molecule of androstenedione was removed
from the crystal structure. The inhibitor structures were opti-
mized with the Gaussian09 program.38 All of the structures were
fully optimized with the default convergence criteria, and
frequencies were calculated to ensure that there was no imagi-
nary frequency for the minima. The B3LYP39–41 density func-
tional and 6-31G(d)42–44 basis set were used for all of the ligand
geometry optimizations and frequency calculations. The dock-
ing calculations were performed by AutoDock Vina.45 The
inhibitors were docked to the binding site of aromatase. Rigid
and exible dockings were performed. Rigid docking has a rigid
receptor and only the rotational torsion angles of the ligands
This journal is ª The Royal Society of Chemistry 2013
can freely rotate. Within 10 Å around the C-9 of androstene-
dione, there are ve residues which contain hydrogen bond
donors and acceptors, Met374, Arg115, Thr310, Ser478 and
Asp309. For exible docking, all of the rotatable torsion angles
of these side chain residues were allowed to freely rotate. A grid
box size of 25 � 25 � 25 Å was used. The grid was centered at
the position of C-9 of androstenedione, at x, y, z coordinates of
86.174, 53.912, 45.811. PyMol46 was used for the graphical
presentation of the data.
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