
MECHANISM OF REACTION OF FLAVOENZYME MODELS

Item Type text; Dissertation-Reproduction (electronic)

Authors Fox, Jack Lawrence, 1941-

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:26:49

Link to Item http://hdl.handle.net/10150/284753

http://hdl.handle.net/10150/284753


This dissertation has been 
microfilmed exactly as received 66-15,249 

FOX, Jack Lawrence, 1941-
MECHANKM OF REACTION OF FLAVOENZYME MODELS. 

University of Arizona, Ph.D., 1966 
Chemistry, biological 

University Microfilms, Inc., Ann Arbor, Michigan 



MECHANISM or REACTION OF FLAVOENZYME MODELS 

by 

Jack Lawrence Fox . 

A Dissertation Submitted to the Faculty of tha 

DEPARTMENT OF CHEMISTRY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1966 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

I hereby recommend that this dissertation prepared under my 

direction by Jack Lawranca Fox 

entitled Maahaniam of Reaction of Flavoanzyma Hodala 

be accepted as fulfilling the dissertation requirement of the 

degree of Doctorate of Philosophy 

Dissertation Director Date 

After inspection of the dissertation, the following members 

of the Final Examination Committee concur in its approval and 

recommend its acceptance:* 

&/2./& 6> 

(> '/$/&(• 

<*/? /t«. 

*This approval and acceptance is contingent on the candidate's 
adequate performance and defense of this dissertation at the 
final oral examination. The inclusion of this sheet bound into 
the library copy of the dissertation is evidence of satisfactory 
performance at the final examination. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment 
of requirements for an advanced degree at The University of Arizona 
and is deposited in the University Library to be made available to 
borrowers under rulee of the Library, 

Brief quotations from this dissertation are allowable without 
special permiesion, provided that accurate acknowledgment of source 
is made. Requests for permission for extended quotation from or re
production of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College 
when in his judgment the proposed use of the material is in the in-
terests of scholarship. In all other instances, however, permission 
must be obtained from the author. 

SIGNED*. J-



ACKNOWLEDGMENTS 

The author wishes to express his appreciation to Or. Gordon 

Toll in, uthose direction and encouragement made this dissertation 

possible. Appreciation is also extended to Dr. Leslie S« Forster 

for his direction and assistance. 

The design assistance and machine work of J.J. Flickinger, 

the glass blowing of H.A. Nunamaker, and the assistance of S.P. 

LaBerge is gratefully acknowledged. 

The receipt of Public Health Service Predoctoral Fellow

ship 5-F1-GM-20, 155-01 to 03 from the National Institute of General 

Pledical Sciences from 1963 to 1966 is most gratefully acknowledged. 

The patience, love, encouragement, and devotion of my wife, 

Sandra, have made this all possible. 



TABLE OF CONTENTS 

Page 

LIST OT ILLUSTRATIONS vi 

LIST OF TABLES Viii 

ABSTRACT ix 

INTRODUCTION 1 

Flavin Chemistry • ............ 1 

General Considerations . . . 1 
Free Radicals ....•.....,•••••.•....*2 
Molecular Complexes and Metal Chelates , , . , 8 
Molecular Orbital Calculations 12 
Redox Mechanisms . , 14 
Summary . . .... *15 

Pyridine Nucleotide Chemistry ...........15 

General Considerations •••••••..••..•....15 
Summary 19 

Non-heme Iron Chemistry ....... 19 

Flavoenzyme Chemistry ••••• ..........2D 

Rols of Radicals 20 
Enzyme Mechanisms • •.•••••••••••••••.. 25 
Flavin Binding . . 30 

Model Systems . . . . • 31 

Summary •  . •••••... .  . 35 

EXPERIMENTAL . 37 

Msterials ..37 

Chemicals . . * 37 

Spectrometere 39 

iv 



V 

Page 

Anaerobic Stopped-flow Apparatus • ••••••• 39 

Description • • • • 40 
Typical Operating Conditions •••• •• 47 
Valve Measurements ...••..•••••.••••.•• 48 
Optical Cells . • 49 

RESULTS • „ 52 

Dsfinition of the Problem 52 

Binary System • ••••••••••••• • ••... 54 

Tertiary System • •••••• ••••• 73 

Complexing (non-redox active) Agents • •••••••... 73 
Redox Components • •••••••*« • • . • . 73 
Molecular Orbital Calculations ••• 80 

DISCUSSION ....... 90 

Binary System • •••••••••••••••••••••••• 90 

M e c h a n i s m  •  • • • • • • • • • • • « • • • • • • • • • • •  9 0  
Molar Abeorption Coefficient at 570 nm • •••••••• • 93 
Triplet Mechanism • •••••••••••••••••.. 94 
Analogs •  • ••••••• • • • 95 

Tertiary Systsms ,, #•••• 96 

Non-redox (complexing) Agents » • ••••••• 96 
Redox Components 98 
Non-hems Iron Modsl System ,100 
Enzyme Mechanisms • • • • .••••••••102 
Molecular Orbital Calculations 103 

APPENDIX 105 

REFERENCES • . • 141 



1 

2 

3 

4 

5 

6a 

6b 

7a 

7b 

7c 

e 

9 

10 

11 

12 

13 

14 

15 

16 

LIST OF ILLUSTRATIONS 

Page 

Structures of Biologically Active Flavin Derivatives • • • 3 

Spin Densities of the Anionic Free Radical • • ••••••7 

Structures of Nicotinamide Adenine Dinucleotide (Phosphate)l6 

Proposed Mechanism of Reaction for Lipoyl Dehydrogenase . 26 

Proposed Mechanism of Reaction for NADH-cytochrome bg 
Reductase • 28 

Drawings of Anaerobic Stopped-flow Apparatus and Valve 
Chamber . . 41 

Pictures of Anaerobic Stopped-flow Apparatus and Valve 
Chhmber . 42 

Anaerobic Stopped-flow Apparatus in Degaseing Mode • . . 44 

Anaerobic Stopped-flow Apparatus in EPR Stopped-flow Mode 45 

Anaerobic Stopped-flow Apparatus in Cary Stopped-flow Mods 46 

Flow-through Optical Absorption Cells . ......... 50 

Reaction Kinetics for a Single Sample at 340, 445, 570, 
and 900 nm . ...... ••••* 55 

Flavin Free Radical EPR Spectrum at pH 6,8 ....... 56 

Identity of 570 nm and EPR kinetic Curves ...••••. 57 

900 nm Kinetice at Different NADH and FMN Concentrations 59 

First Order Plot of 900 nm Absorption Kinetics Decay . . 60 

570 vs. 900 nm Kinetic Behavior at Different FMN and 
NADH Concentrations • 61 

Reaction Ordere With Respect to NADH and FMN at 340 
a n d  4 4 5  n m  •  • • . . • •  6 3  

Reaction Orders Uith Respect to NADH and FMN at 570 nm 
a n d  b y  E P R  . . . . . . . . . . . . . . .  6 4  

vi 



vii 

F igure Page 

17 Reaction Orders With Respect to NADH and FMN at 900 nm , . , 65 

18 340 and 445 nm Overall Second Order Plot • • • • • . * . • • 6 6  

19 Arrhenlus Activation Energy Plot for 445 nm Rate Constants . 70 

20 EPR Spectrum of Reduced Nitroeopentacyanoferrata Ion , . , , 76 

21 Relative Kinetice of EPR, 445, and 900 nm During 
Nitrosopentacyanoferrate Ion Reduction .... 77 

22 An EPR and 340 nm Comparison of„Iron Reduction Requirements 78 

23 Reaction Orders With Respect to NADH, FPIN, and Nitroeo
pentacyanof errata Ion by EPR and 570 nm * • . • • 79 



\ 

LIST OF TABLES 

Table Page 

1 Molar Absorption Coefficients of Riboflavin, FWN, and FAD 
in 0*1 fll Phosphate Buffer* pH • 7,0 # , . 4 

2 Flavoenzymee , ••••••*23 

3 445, 570, and 900 nm Reaction Velocitiee .......... 68 

4 The Effect of D2O and KI on the Reaction Kinetice , 71 

5 Relative Reaction Rates of Biological Analogs 72 

6 The Effect of Complexing Agents on Reaction Rates ..... 74 

7 Calculated and Experimental Uracil Bond Lengths and 
Transition Energise B3 

B Calculated Transition Ensrgiss and Oscillator StrengthB . . 05 

9  C a l c u l a t e d  B o n d  L e n g t h s  . • • • •  8 7  

viii 



MECHANISM OF REACTION OF FLAVOENZYME MODELS 

Jack Lawrence Fox, Ph. D, 

The Univereity of Arizona, 1966 

Directors Gordon Tollin 

A flavoenzyme model eyetem coneiating primarily of flavin mono

nucleotide and reduced nicotinamide adenine dlnucleotide hae been 

studied, The finding that reduced pyridine nucleotide flavodehydro-

genasee, a class representing nearly 50# of all known flavoenzymes, 

can produce an e!6otron paramagnetic resonance aignal has led to pro

posals of flavin free radical intermediates in these 'enzymes. One of the 

primary goals of this investigation was to determine the mechaniem of 

flavin free radical production, le it formed directly from reduced 

nicotinamide adenine dlnucleotide arid flavin mononucleotide, or is it 

formed after a series of steps ? The study of the binary system was 

followed by an examination of the effecte of the addition of a variety 

of compounde which have been proposed to function in flavoenzyme binding 

or oxidation-reduction. 

The mechanisms were elucidated using kinetic information. An 

anaerobic stopped-flow apparatus, specially designed and built for this 

investigation, wae used to obtain reaction kinetics by optical absorp

tion or electron paramagnetic resonance spectroscopy. The apparatus was 

designed to present an approximately 5 ml degassed sample for observation 

in lese than a second with the continuous maintenance of anaerobicity. 

ix 



On the beeie of kinetic information, the direct formation of 

flavin free radical from reduced nicotinamide adenine dinucleotide and 

flavin mononucleotide is ruled out. An alternative mechaniem, consistent 

with all of the experimental data, ie offered. It ie proposed that a 

direct hydrogen transfer concomitant with a two electron transfer in 

the rate limiting step is followed by a disproportionation through the 

reduced flavin-oxidized flavin charge transfer complex to the free 

radical. Flavin free radical is formed in low yield compared to the pro

duction of reduced flavin species. The correlation of optical and 

electron paramagnetic resonance kinetice confirmed the identity of the 

electron paramagnetic resonance and 570 nm species, giving a molar 

absorption coefficient of 8,000 to 10,000, A comparison of biological 

analogs waa made. Flavin adenine dinucleotide exhibited an enhancement 

in the amount of relative free radical formed. 

The addition of compounds which complex with flavins wae found 

to reduce all of the ratee of flavin reaction by similar amounts. 

Compounds proposed to be involved in flavin binding to the active site 

of flavoenzymBS, e.g. tyroeine, reduced the flavin reduction rate. 

A number of potentially redox active compounds were added to 

the binary system. None of the sulfur containing compounde underwent 

reduction. The quinones were directly reduced by reduced nicotinamide 

adenine dinucleotide, obviating any study of the flavin mediated reduced 

nicotinamide adenine dinucleotide reduction of quinones. 

A successful redox system was obtained upon t(ie addition of a 

simple biological non-heme iron model, sodium nitrosopsntacyanoferrate. 

Two iron atoms were reduced per reduced nicotinamide adenine dinucleotide 



oxidized. Flavin oxidation occurs primarily from the fully reduced state. 

An unfavorable disproportionation decreases the flavin free radical 

concentration to a point where it id not possible to tell uihether the 

free radical is also involved in the flavin oxidation steps in this 

system. 

The implications of these resulte with regards to possible flavo-

enzyme mechanisms are discussed. Several mechanisms for flavoenzymes are 

offered* 

The results of a series of molecular orbital calculations on 

ths flavins and their analogs are pressnted, The self-consistsnt field 

theory as dsveloped by Pariser, Parr and Pople with the Nishimoto-

Forster variable-# approximation to remove the requirements of an 

explicitly known geometry was used. Good results for transition energies 

were obtained for uracil, the lumazines, alloxazine, and isoalloxazine 

in ssvsral forms. The Nishimoto-Forster formulae for calculating bond 

lengths from bond orders were used to determine bond lengths for the 

above spscies. 



INTRODUCTION 

"It uiill nout be shown that all oxidations of organic molecules, 

although the/ are bivalent, proceed in two successive univalent steps, 

the intermediate being a free radical." — L. Nichaelis (1946). 

The object of this investigation is to attempt to increase our 

understanding of the mechanism of reaction of flavoenzymes by means of 

an examination of a model system. Flavoenzymes often function as medi

ators between 2 electron and 1 electron processes. Electron paramagnetic 

resonance (EPR) signals have been observed in a number of flavoenzyme 

systems, and a flavin free radical has often been invoked as the species 

rssponsible for this signal. Ths experimental difficulties inherent in 

an investigation of the molecular mechanism of action of flavoenzymes 

are formidable. An examination of a model system might present insight 

into the chemistry of these redox systems and give an idea as to the 

mechanism of flavin free radical formation. The model used in the 

present study consists basically of flavin mononucleotide (FI*IN) and 

reduced nicotinamide dinucleotide (NADH), and thus serves as an analog 

of the NADH dehydrogenase snzyme system, a key component of the mitochon

drial electron transport system. 

1 



Flavin Chemistry 

2 

General Considerations 

(For reviews sees Bsinert (1960), Kosower (1962), Dudley et al. 

(1964), and Hemmerich, Veeger, and Wood (1965).) The structure of ribo

flavin (see Figure 1) was established by the syntheses of Karrer, Schbpp, 

and Benz (1935) and Kuhn et al,. (1935). Theorell (1934, 1935a, 1935b, 

1935c) showed that the liberated prosthetic group of old yellow enzyme 

was not riboflavin, but riboflavin-5'-phosphate (see Figure 1), also 

called flavin mononucleotide (FfflN). The other biologically-active form 

of riboflavin is flavin adenine dinucleotide (FAD) (see Figure 1) which 

was isolated and whose structure was determined by Warburg and Christian 

(1938a, 1938b). 

Kuhn, Vstter, and Rzeppa (1937) first reported the positions for 

the optical absorption spectra of variously substituted isoalloxazinss 

(the name ueed to denote the three ring aromatic nucleus of flavin 

molecules). The absorption maxima and molar absorption coefficients for 

the biologically important flavins are given in Table 1. 

Whitby (1953) has proposed that the diminution of absorption 

at 445 and 373 nm for FAD is due to an interaction between the adenine 

and isoalloxazine moieties. This is similar to the explanation given 

previously for fluorescence quenching in FAD (see section on flavin 

complexes). 

Free Radicals 

nichaelie, Schubert, and Smythe (1936) (reviewed by Michaelis 

and Schwarzenbach (1938)) demonstrated that flavin could undergo 
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Chb-CH-CHOH-CHOH-CH 
I I 0 J 
0 

OaP-OH 

D.P-OH 

HCOH 2' 

Flavin Adenine Dlnucleotlde (PAD) 

iLiboflavin-5'-phosphate, or 

Flavin Mononucleotide (FMN) 

t 2 e'. 2 H\ 

Riboflavin (Rb) Reduced Riboflavin (RbHg) 

Figure 1 .—Structures of Biologically Activs Flavin Derivatives. 
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Table 1 

Molar Absorption Coefficients of Riboflavin, FfflN, and FAD in 0.1 ID 
Phosphate Buffer, pH s 7.0 (Whitby (1953)) 

Optical property Riboflavin FMN FAD 

^nax 445 373 266 445 373 266 450 375 263 

®«ax ("A) * 103 12.5 10.6 32.5 12.5 10.4 31.8 11.3 9.3 38.I 
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polarographic reduction to a free radical and to a fully reduced state. 

Color changes from bright yellow to bright red to pale yellow accompany 

the electron reduction stepe, Kuhn and Strttbele (1937) isolated deeply-

colored intermediate oxidation products in crystalline form the next 

year. Haas (1937) rsported the formation of a red intermediate upon the 

addition of reduced pyridine nucleotides to old yelloui enzyme and inter

preted this as being due to a flavin free radical. (This interpretation 

has recently been questioned by Beinert (1957) and Ehrenberg and Ltidwig 

(1958).) 

Beinert (1956) hae examined the optical spectra for the reduced 

states of the three above-mentioned flavins, although his efforts were 

primarily devoted to FNN. At intermediate levels of reduction, an absorp

tion band appeared with a maximum at 565 nm. The observation of an EPR 

signal in experiments similar to the optical experiments suggested that 

ths 565 nm absorption was due to flavin free radical. The somewhat 

parallel behavior of a broad band with a maximum around 880 nm led 

Beinert to postulate this species as a free radical dimer (or higher 

order spscies). Ths 880 nm band was obssrved only in the presence of ths 

565 nm band, but at high dilutions, it fsll off mors rapidly than did 

ths 565 nm band. A molar absorption coefficient of 1,000 for ths 565 nm 

band was calculated. 

Confirmation of the free radical spscies observed by EPR as a 

flavin free radical was reported by several laboratories (Ehrenberg 

(1957) and Commonsr and Lippincott (1958)). An excellent correlation 

between the optical data and EPR data was found to exist by Gibson, 

Massey, and Atherton -(-T962). They obtained direct stoichiometric 
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correspondence between the 570 nm and EPR signals and calculated molar 

absorption coefficients of from 8,000 to 13,600, depending on the method 

used, Holmstrbm (1964a, 1964b) has determinsd molar absorption coeffic

ients of 700 to 3,050 from his studies on flavin photoreduction. Thus, 

agreement on these coefficients is poor and reported values range from 

700 to 13,600. 

Studies on the electron distribution in flavin free radicals 

have been conducted by Ehrenberg (1960, 1962), by Guzzo and Tollin (1963a, 

1963b, 1964), by Ehrenberg and Eriksson (1964a, 1964b), and by Eriksson 

and Ehrenberg (1964). This field was recently reviewed and a comparison 

with molecular orbital calculations was made by Pullman (1964) and by 

Ehrenberg, Eriksson, and Hemmerich (1965). 

The anionic form of the flavin free radical is the best understood 

form. FPIN and FAD produce a 12 line spsctra at pH's above 12. Isotopic 

substitution has dsmonstrated measureable spin densities at C5 or Cq, 

C7, Ng, and NfQ. The assigned spin densities are givsn in Figure 2. 

The cationic and neutral radicals have similar EPR spectra. The 

neutral radical is not easily obtained due to an unfavorable dispropor-

tionation reaction at neutral pH. Few respectable spectra have been 

available for study for the neutral free radical, leotopic substitution 

at and N3 produced no EPR spectral changee for the cationic and heutral 

radicals, demonstrating a lack of spin density at these positions, Ng, 

N10, and either C5 or Cq again are found to possess considerable spin 

densities by isotopic substitution. Both the C6 and C7 positions 

contributs to the hyperfins spectra, but to differing dsgrses. 
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<0.025 R *0.025 

0.123 
0.109 

0.130-0.167 0.246-0,378 

Figure 2.—Spin Densities of the Anionic Free Radical, 

The range of values is determined by the limits of the spin polarization 
parameters (Q) found in the literature. (Eriksson and Ehrenberg (1964)) 
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Molecular Complexes and Metal Chelates 

The first reports of complex formation involving flavins came 

from the work of Weber (1948, 1950) on the effect of purines, hydro-

quinone, and potassium iodids on flavin fluorascence. He concluded that 

complex formation between the isoalloxazins and adenine moieties was 

responsible for ths decreased absorption and emission of FAD rslative 

to FKIN or riboflavin. The structural requirements for complex formation 

of purines, pyrimidines, and isoalloxazines, as measured by optical 

absorption and fluorescence changes, have been studied by Tsibris, 

Mc Cormick, and Wright (1965) and Chassy and (He Cormick (1965). Optical 

rotatory dispersion has also been ueed to demonetrate the interactions 

of adenine and isoalloxazins, as wsll as flavin binding to enzymes by 

Gascoigne and Radda (1965) and Simpson and Vallee (1966), 

Szent-Gyttrgyi (195?) proposed that potassium iodide, serotonin, 

and lysergic acid formed complexes with riboflavin and that this enhanced 

the flavin triplet state concentration, as measured by increasss in 

riboflavin phosphorsscence (maximum at 605 nm). He later proposed 

(Szent-Gyttrgyi (1960)) that serotonin and other indoles formed charge 

transfer complexes with flavin. Isenberg and Szent-Gybrgyi (1956, 1959b) 

extended this to include tryptophan, reduced pyridine nucleotides, and 

reduced flavin complexes with flavin, A large variety of compounds were 

shown by Harbury (Harbury and Folsy (1958) and Harbury et al. (1959)) to 

complex with 3-msthylriboflavin using optical methods. This work clearly 

dsmpnstrates the ease with which flavins complex with an electron donor. 
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The chemistry of molecular complexes between flavins and phenols 

has been extensively studied by Fleischman and Tollin (1965a, 1965b, 

1965c), Correlation between spectral properties and quantum mechanical 

calculations of phenol ionization potentials was attempted, Karremfcn 

(1961a, 1961b) has also used a quantum mechanical approach for the study 

of flavin-tryptophan complexes. 

Fleischman and Tollin found fair correlation between the position 

of charge transfer bands and the calculated phenol ionization potentials, 

calculated by the SCF-LCAO-MO technique. However, the position of the 

charge transfer bands had an inverse relationship to the stability con

stants that were determined. It was concluded by the authors that charge 

transfer does not play a major role in phenol-protonated flavin complex 

formation. Crystals obtained from acid aoltiibidihB iter ©found to possess a 

1:1 flavimphenol stoichiometry; those from neutral solutions possessed 

a 1:2 flavin:phenol stoichiometry. 

fllassey and Palmer (1962) reported the first indication of complex 

formation between NAD4, and reduced flavins or reduced flavoenzymes. Flavin 

functions as an electron donor in this case, Sakurai and Hosoya (1966) 

have recently shown these to be 1:1 complexes on the basis of studies 

using FPINH2 and simple nicotinamide dinucleotide analogs, Gibson, floss ay, 

and Atherton (1962), by analogy with the FMNH2-NAD* complexes, proposed 

that the 900 nm band seen in mixtures of oxidized and reduced FfflN was 

due to F.MNH2-FMN charge transfer complex formation, rather than being due 

to a free radical dimer as Beinert had proposed (vide supra). They also 

pressntsd stoichiometric data relating the 570 nm absorption to the 

flavin free radical. In an attempt to measure the rates of formation of 
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the species absorbing at 570 and 900 nm, they found that both species 

were completely formed uiithin the minimum response time of their stopped-

flow apparatus, i.e. 3 milliseconds (Gibson and Hastings (1962)). The 

mechanism for radical formation that they proposed was as followst 

FPINH2 + FPIN (FMNH2-FMN) 

(FMNH2-FI*IN) <=^ 2 FMNH* (free radical) 

At pH s 6.3, the equilibrium constant for the first reaction wae found 

to be 0.445 mMt and the equilibrium constant for the reaction between 

FMNH2 and to form FRINH* was determined to be 4.8 x 10^ mW. Holmstrbm 

(1964a) has arrived at these values from studise of the formation of 

570 and 900 nm bands upon flash illumination. 

Recently, Swinehart (1965, 1966) has examined the above system in 

the pH range of 3.9-5.2 by means of temperature jump kinetics. He has 

assigned the following values and limitations to the rate constants} 

|<2 greater than 109 M""' sec-^ 

k_2 greater than 10® sec-1 

k3 a 5 x 10"3 sec"'' 

k«3 * 6 x 10® sec-1 

These values are consistent with the FMNH2-FMN charge transfer complex 

being an intermediate in the disproportionation reaction of oxidized and 

reduced flavin to form free radical. 

Hemmerich (Hemmerich, Veeger, and Wood (1965)) has investigated 

the binding of metal ions by flavins. He reports that the structure of 

the oxidized flavin-metal ion complexes can not be ascribed to an 
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oxinate-like structure, by analogy to the 8-hydroxyquinoline complexes, 

as suggested by Albert (1953) and Harklns and Freiser (1959). The 

failure of these latter authors to account for hydrolysis led to their 

ascribing high association constants to these complexes. The metal 

affinity of flavin is insufficient to suppress the hydrolysis of metal 

ions; the measured association constants when hydrolysis is taken into 

account are many orders of magnitude lower than those of the 8-hydroxy-

quinoline complexes. The absence of an interaction between oxidized 

flavin and d-metal ions has also been noted by Mstzler and Baarda (1961) 

and Radda and Calvin (1964). It is interesting that Ag+ ion possesses 

an unusually high affinity for oxidized flavins. Its unique ability to 

form the8s complexes arises from its ability to function as an slsctron 

donor (Bamberg and Hemmerich (1961)). The fully reduced state likewise 

possesses no affinity for metal ions (Hemmerich, l/eeger, and Wood (1965)). 

The SBiniquinone, on the other hand, possesses a marked affinity 

for metal ione (Hemmerich (1963)), Addition of non-redox metal ions 

leads to a shift of the disproportionation reaction equilibrium far to 

the side of metal ion-free radical complex (Hemmerich et al. (1963)). 

The Irving and Williams (1948) sequence of stabilities is followed. 

Distinct, new absorption bands appear in the near infra-red, with 

maxima near 825 nm (Ehrenberg and Hemmerich (1964)), 

The reactions of molybdenum compounds with flavins have been 

examined by Williams (Williams (1961) and Mitchell and Williams (1964)), 

The reduction of oxidized FMN by Mo (V) or the oxidation of reduced FMN 

by Iflo (VI) occurs very slowly, taking several days to obtain significant 
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levels. The authors concluded, however, that the free radical was 

stabilized by coordination with the molybdenum ion. 

Stabilization of the protonated flavin free radical can be 

achieved by complexation with hydroiodic acid or with phenols (Fleischman 

and Tollin.(1965c)). 

Molecular Orbital Calculations 

There have been a number of attempts at molecular orbital calcu

lations of the electronic properties of the isoalloxazins ring (the 

heterocyclic nucleus of the flavins). The first, simplest calculations 

that were performed used the modified HUckel method. These have been 

performed by Pullman and Pullman (1959), Karreman (1961a), Guzzo and 

Tollin (1963a, 1963b), and Malrieu and Pullman (1964). Excellent agree

ment with experiment for the first transition in all of the above calcu

lations except Guzzo and Tollin (not reported) is obtained only if a £ ® 

-3.26 ev is used. This value was determined by averaging the value of 3 

necessary to give correspondence between the theoretical and expsrimental 

transition energies of 17 biological heterocyclic molecules (Isenberg and 

Szent-Gyttrgyi (1959a)). Calculations performed on DNA bases by DeV/oe and 

Tinoco (1962), however, required values of 3 from -2.7 to -3.9 ev to give 

correspondence between theoretical and experimental transition energies. 

Evaluations of 3 for hydrocarbon systems from resonance 

energies, spectra correlation, ionization potentials, half-wave poten

tials, etc., give values ranging from -0.70 to -4.00 ev (Streitwiessr 

(1961)), Thus it is not possible a priori to determine which value of $ 

must be used to give reasonable transition energies theoretically. 
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Thus the modified HUckel calculation can not be used with certainty for 

predicting the position of absorption bands. The failure to account 

separately for configuration interaction in these calculations may be 

responsible for the range of values of 3 which are found. Hydrocarbon 

systems often possess a high degree of symmetry so that considerable 

configuration interaction may occur. The biological heterocyclic 

compounds possess little symmetry, thus reducing the importance of 

configuration interaction. This could explain why a single value of 0 

suffices for some series of biological heterocyclic molecules (Forster 

(1966)). 

A form of molecular orbital calculation which does not require 

approximations as drastic as those of the HUckel technique is the self* 

consistent field (SCF) calculations as developed by Pariser and Parr 

(1953a, 1953b) and Pople (1953). Closed shell SCF calculations on isoal-

loxazine have been performed by Grabe (1960) without configuration inter

action and with configuration interaction (Grabe (1964)). Her best 

results gave 3.9 and 3.6 ev for the lowest energy singlet transition 

for the ksto and enol forms, respectively. The experimental value is 

2,86 ev, showing rather pobr agreement. 

An open shell calculation without constraint of spin was per

formed on the anionic and cationlc forms of the flavin free radical 

by Baudet, Berthier, and Pullman (1962). They only reported charge 

densities, so no comparison of their transition energies is possible for 

checking the pertinence of their results. The prerequisite of a known 

geometry for these calculations has been a serious limitation in their 

application to molecules where the geometry is not known* such as the 
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flavins. Reviews of thess calculations have been presented by Pullman 

and Pullman (1963) and Pullman (1964). 

Redox Mechanisms 

The mechanism of reaction of flavin In terms of the possible 

participation of higher electronic states has not been extensively 

studied for "dark" reactions. On the other hand, studies of flavin 

photochemistry point to the triplet state as the reactive speciee 

(Holmstrbm and Oster (1961)), The triplet state has been shown to be a 

much better electron acceptor than the ground state in a series of 

photochemical experiments using FfflN and various slectron donors (Radda 

and Calvin (1963)). Anaerobic measurements of triplet state EPR signals 

in 50# glycerol-phosphate buffer at liquid nitrogen temperature showed 

the flavin triplet state to have a lifetime of 130 milliseconde (Shiga 

and Piette (1965)). Tegner and HolmstrBm (1966) found that triplet-

triplet absorption spectra at room temperature under anaerobic conditions 

give a half-life for the triplet state in fluid eolution of 6 micro

seconds, This is to be compared to the limitation on the fluorescence 

lifetime (first excited singlet state) that Weber (1948) set as not 

exceeding 10 ° seconds. Potassium iodide in nearly equimolar amounts was 

shown to effectively quench phosphorescence and triplet-triplet absorp

tion. The quenching of fluorescence requires about a 1,000 fold excess of 

potassium iodide (Posthuma and Berends (1966)). 

Mc Glynn, Smith, and Cilento (1964) suggested that excited 

statee may play functional roles in biological "dark" reactions. The 

8tudis3 of Steele on riboflavin chemilumlnescence induced him to state, 
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"This result prompts us to raise the possibility that this excited 

triplet energy term of riboflavin is the functional electronic state 

mediating the •dark-oxidations1 of NADH by flavoprotein-linked NADH 

dehydrogenases,11 (Steele (1963)). 

Summary 

Oxidized flavin haa absorption maxima at 445, 373, and 265 nm. 

The free radical is presumably the species observed optically at 570 nm 

and can normally be observed by £PR with a characteristic hyperfine 

structure. The band appearing at 900 nm is tentatively interpreted as 

being dus to a FMNH2-FNN charge transfer complex. This is a probable 

intermediate in the diaproportionation reaction of oxidized and reduced 

flavin to form the free radical. The presence of metal ions may shift 

the disproportionation reaction to the side of free radical by stabil

izing this speciee in complex formation. Flavins readily form molecular 

complexes, at all three levels of oxidation with a variety of compounds. 

The flavin triplet state has been implicated as an intermediate in 

flavin photochemistry and has been postulated as an intermediate in 

dark redox processes. 

Pyridine Nucleotide Chemistry 

General Conslderstions 

The pyridine nucleotide coenzymes utere discovered by Ularburg and 

Christian (1931, 1936) and von Euler, Albers, and Schlenk (1936) (see 

Figure 3 for etructures). (For reviews see: Kaplan (1960) and Kosouisr 

(1960, 1962).) Ularburg and Christian found an absorption band at 260 nm 
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Figure 3,—-Structures of Nicotinamide Adenine Dinucleotide (Phosphate), 



for the oxidized pyridine nucleotides. It was demonstrated by these 

workers that reduction occurred in the nicotinamide ring, required 2 

hydrogen equivalents, and produced an absorption band at 340 nm. The 

exact value of the molar absorption coefficient for the reduced form 

at 340 nm has been disputed, but 6.22 x 103 is the generally accepted 

value now (Horecker and Kornberg (1948)). Loewus, Westheimer, and 

Vennesland (1953) demonstrated that the enzymic reduction occurs in a 

stereospecific manner by direct hydrogen transfer by the use of deuter

ium (Fisher et al. (1954)). It was subsequently shown by Pullman, San 

Pietro, and Colowick (1954) that the reduction occurs in the 4 position. 

This was elegantly confirmed by the enzymic oxidation of reduced 

pyridine nucleotides substituted in various positions ( Loewus, 

Vennesland, and Harris (1955)). 

Studies with yeast alcohol dehydrogenase demonstrated that the 

reoxidation of reduced pyridine nucleotides also occurs in a stereo-

spscific manner (Vennesland and Westheimer (1954)). Using a model 

compound, 1-benzyl-4-deuterodihydronicotinamide, Mauzerall and West

heimer (1955) demonstrated that only the 4-dihydro isomer would reduce 

malachite green. When this analog was used to reduce;: thiobenzophenone, 

it was shown to involve a direct hydrogen transfer, to be 2nd order 

overall, and to be 1st order with respect to both reactants (Abeles, 

Hutton, and Westheimer (1957)). It was thus concluded that the reoxi

dation of reduced pyridine nucleotide proceeds through a "hydride" 

transfer. However, it should be emphasized that an indistinguishable 

equivalent would be hydrogen atom transfer followed by a rapid one 
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electron transfer. Additional support for hydride ion (or hydrogen atom) 

transfer has been provided through studies of the reduction of carbonyl 

compounds (Oittmer and Fouty (1964)), of flavin reduction (Suelter and 

Metzler (1960)), and of NADH-cytochrome bg reductase (Strittmatter (1962)). 

\ 

A number of attempts mads at producing a one electron reduction 

product of the oxidized pyridine nucleotide have been unsuccessful. 

Kosower (1962) has pointed out that in several cases where free radical 

intermediates have been invoked on the grounds of spectroscopic data, 

these could as easily have been explained by charge transfer complex 

formation, a common phenomenon among pyridine nucleotides. Attempts at 

polarographic reduction of NAB* and its analogs invariably leads to 

dimer formation at the 4-position (Klingsberg (1961)). It is only recent

ly that an attempt to demonstrate titio distinct polarographic waves upon 

pyridine nucleotide reduction was successful (Burnett and Underwood 

(1965)). Only a single wave was found in acetate, citrate, phosphate, 

and pyrophosphate buffers. The double wave was observed in tetra-n-butyl 

ammonium carbonate buffer from pH 6 to 9. However, dimerization again 

occurs under these conditions. 

An attempt to prove that the oxidation of reduced pyridine 

nucleotides proceeds through a free radical intermediate was presented 

by Schellenberg and Hellerman (195Q). They presumably demonstrated that 

only "obligate one electron acceptors" would reoxidize NAOH at an 

appreciable rate. However, they did not correlate their results with 

oxidation-reduction potentials, nor with reactivities, in general. 
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Summary 

NAOH oxidation may be followed by the disappearance of the 340 nm 

absorption. NADH has been postulated to function in redox reactions via 

hydride transfer and would thus be expected to produce a two electron 

reduction. However, the evidence on this point is not conclusive. 

Non-heme Iron Chemistry 

Non-heme iron is found in a number of the reduced pyridine 

nucleotide-requiring flavodehydrogenasee (see San Pietro (1965)). 

Beinert, Heinen, and Palmer (1962) have shown that low temperature EPR 

spectra of these enzyme give a signal at g = 1.94 which can be assoc

iated with the iron moiety. Although the nature of thie species is 

uncertain, there is a simple iron complex which also gives an EPR g 

value lowers than 2.000. This is the one electron reduction product of 

the nitrosopentacyanoferrate ion (Beinert et al. (1965)). Work by Bernal 

and Hockings (1962, 1964) has shown that the reduced form (one electron 

equivalent) of this compound has a g value at room tempsrature and in 

aqueous solution of 2.0253. Beinert et al. (1965) report that at liquid 

nitrogen temperatures, anisotropic g values of 1.92 and 2.00 are found 

(the biological values under similar conditions are 1.94 and 2.00). 

The oxidized form of the complex possesses no optical absorption bands 

in the visible, but the reduced form absorbs at about 600 nm with a 

molar absorption coefficient of about 5,000. 

A second model for the non-heme iron in flavoenzymes has been 

proposed by Brintzinger, Palmer, and Sands (1966a, 1966b). Bis(hsxa-

methylbenzene) Iron (II) upon reduction has two g value at liquid 

nitrogen temperatures less than 2.000, 
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Flavoenzyme Chemistry 

Rola of Radicals 

After Michaelis proposed, from his studies on free flavins in 

1936, that flavin free radicals might play a role in flavoenzyme catal

ysis, it was but a short time before Haas reported the observation of a 

red intermediate in the functioning of old yelloui enzyme uihen NADH or 

NADPH were added (vide supra). This was interpreted as a demonstration 

of flavoenzyme free radical formation. (For reviews on flavoenzymes seei 

Mahler (1956), Singer and flassey (1957), Beinert (i960, 1963), Boyer, 

Lardy, and Myrb&ck (1963), and Beinert and Palmer (1965).) In succeeding 

years, other flavoenzymes were noted as having intermediate absorptions 

in the 500-650 nm region, although these were not generally interpreted 

as being due to flavin free radicals (Beinert and Sands (1961)). 

Beinert (1957) noted absorption bands between 500 and 650 nm 

for yellow acyl dehydrogenase, L-amino acid oxidase, and old yellow 

enzyme, which he interpreted as being due to flavin free radicals. 

Ehrenberg and Ludwig (1958) then reported the observation of a flavin 

free radical signal in old yellow enzyme using EPR techniques. Commoner, 

Lippincott, and Passonneau (1958) reported that lactic oxidative decar

boxylase, D-amino acid oxidase, old yellow enzyme, 3-glyceraldehyde-

phosphate dehydrogenase, alcohol dehydrogenase, glucose-6-phosphate 

dehydrogenase, NADH-cytochrome c reductase, cytochrome c oxidase, and 

succinic dehydrogenase could produce an EPR signal, although ths condi

tions here were rather abnormal. An attempt to reproduce these obser

vations under better conditions was unsuccessful (Mahler and Brand (1961)). 
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In the next several years, a large number of reports appeared 

shouting optical absorption bands in the 500-650 nm region and EPR 

signals for flavoenzymes. Unfortunately, in a number of cases, no direct 

correspondence between the optical and EPR absorption curves could be 

ascertained. The reasons for this are multiple and only recently have 

begun to become apparent. For example, in their paper on the role of 

semiquinones in flavoprotein catalysis, fflassey and Gibson (1964) statedi 

"We would therefore suggest that the vast majority of colored inter

mediates found on treatment of flavoproteins with substrates really 

indicate that the flavin is partially reduced to the semiquinoid level, 

but that by complexing, either with other groups in the enzyme, or with 

bound substrate radicals, many of these enzymes fail to show an EPR 

signal." This type of radical interaction has been experimentally 

verified in some cases by Beinert and Hemmerich (1965) who used EPR 

power saturation experiments on non-metal and metal containing flavo

enzymes. By addition of metal-ions to flavoenzyme solutions, they 

demonstrated the loss of radical signal upon chelation of the metals, 

presumably because of lifetime broadening. 

Another reason for the difficulty in correlating EPR and optical 

spectra is that many flavoenzymes contain non-heme iron which also gives 

absorption in the 500-650 nm region upon reduction (Rajagopalan (1962), 

Handler, Rajagopalan, and Aleman (1964)). 

Determination of g values for a number of flavoenzymes that gave 

EPR signals demonstrated that many of these were of metal-ion origin and 

were not due to flavin free radical. The failure to observe these speciee 
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until low temperature studies were initiated was due, in most cases, to 

broadening of the EPR signal with increasing temperature. Unfortunately, 

there is always the possibility of introducing artifacts under such 

conditions. 

It is known now that many flavoenzymes will become reduced to 

the free radical state upon addition of chemical reducing agents, but 

not upon addition of normal substrate. Because of this, it appears that 

some cases of reported flavin free radicals in flavoenzymes are the 

result of artifacts of isolation (compare differences of NADH dehydro

genases prepared by different workers in Singer (1963, 1965)), In a 

recent review, Beinert and Palmer (1965) stated that only one metal-free 

flavoenzyme on addition of substrate demonstrates a flavin fres radical 

concentration representing a significant proportion of ths reduced 

flavin. This is microsomal NADPH-cytochroms c reductase. In this case, 

however, the EPR-dstectable free radical concentration is only 7% of the 

total reduced flavin (Plasters et al. (1965)), Qn the other hand, all 

metal flavoenzymes form free radical intermediates (presumably due to 

flavin radicals, although in some casss probably due to other species as 

well) readily with the expected quantitative and kinetic behavior (Beinert 

(1964)), 

A list of the known flavoenzymes (Dixon and Webb (1964)) is to 

be found in Table 2, Nearly one-half of these require reduced pyridine 

nucleotidee. 
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Table 2 

Flavoenzymee (Dixon and lilebb (1964)) 

Numbar Name 

Oxidaeee 

r^vin 
Metal atome 
Der Flavin 

1.1.3.1 Glycollata oxidase 2 or 4 FMN 

1.1.3.2 Laetata oxldaaa 2 FMN 

1.1.3.4 Glucose oxidase 2 FAD 

1.2.3.1 Aldehyde oxidaee FAD Mo 

1.2.3.2 Xanthine oxidaee 2 FAD £ Mo, 4 Fe 

1.2.3.3 Pyruvate oxidaee FAD 

1.2.3.4 Oxalate oxidaee FMN or Rb 

1.3.3.1 Dihydro-orotate dehydrogenase FAD + FMN 1 Fe 

1.4.3.1 D-aspartate oxidass FAD 

1.4.3.2 L-amino acid oxidaee (animal tiaauee) 2 FMN 

1.4.3.2 L-amino aoid oxidaee (enake venom) 1 FAD 

1.4.3.3 D-amino acid oxidaee 1 FAD 

1.4.3.5 Pyridoxarainepho8phate oxidaee FMN 

1.5.3.2 N-raethylamino acid oxidase 

Dehydrogenases 

FAD 

1.1.2.3 Lactate dehydrogenase 2 FMN 

1.1.2.4 D-lactate dehydrogenase 1 FAD 3 Zn 

1.1.99.a D-2-hydroxyacid dehydrogenase FAD M 

1.2.2.2 Pyruvate dehydrogenase 4 FAD 

1.3.2.1 Butyryl CoA dehydrogenase 4? FAD 
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Table 2 Continued 

Number Name 

1,3.2.2 Acyl CoA dehydrogenase 

1,3.99.1 Succinate dehydfrogenaae 

NAD(P)H dehydrogenaaee 

1.6.2.1 NADH cytochrome e reductaae 

1.6.2.2 NADH cytochroma b5 raductaaa 

1.6.2.3 NAOPH cytochroma c raductaaa (yeaet) 

1,6,2,3 NADPH cytochrome o raductaaa (liver) 

1,6,4,2 Glutathione reductaea 

1*6,4,3 Lipoamida dehydrogenaee 

1.6.5.1 Quinona raductaaa 

1.6.5.2 menadione reductaea 

1.6.5.3 Ubiquinone reductaae 

1.6.6.1 NADH nitrate reductaae 

1.6.6.2 Nitrate reductaae 

1.6.6.3 NADPH nitrate reductaee 

1,6,99.1 NADPH diaphoraee (yeaat) 

1.6.99.1 NADPH diaphoraae (plants) 

1.11.1.1 NAD** peroxidase 

Other flavoenzymes 

1.7.99.1 Hydrosylamine reductase 

1.7.99.2 Nitric oxide reductase 

1.7.99a Nitrite reductase 

Flavin 

FAD 

1 FAD 

1 FUN 

1 FAD 

FMN 

FAD 

FAD 

2 FAD 

FMN 

1 FAD 

FAD 

FAD 

FAD? 

FAD? 

2 FMN 

FAD 

FAD 

Metal atoms 
per flavin 

1 Fe 

4 Fe 

FAD 

FAD or FMN 

FAD 

4 Fe 

2 Mg 

Fe 

Mo 

Mn 

M 

Cu 
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Enzyme Mechanisms 

Studies on the mechanisms of reaction of flavoenzymes have been 

conducted by several groups. Recent work in this field has emphasized 

that any observation concerning flavoenzymes must be made with extreme 

care and that unambiguous interpretation of experimental data is not 

easily achieved. 

Lipoyl dehydrogenase normally functions to oxidize lipoic acid* 

but the reaction may be easily reversed using NADH as an electron donor 

(Nlasssy* Gibson* and Veeger (1960) and l/eeger (1960)). The enzyme contains 

no metal-ions* has 2 FAD moieties per molecule* and possesses reactive 

sulfhydryl groups. These latter have been propossd to stabilize a 

semiquinone intermediate by means of a sulfhydryl free radical-semi-

quinone complex. The proposed reaction mechanism is pressntsd in Figure 4. 

Yeast glutathione reductase has bseri examined by two groups in 

recent years with results somewhat similar to those found for lipoyl 

dehydrogenase. Black (Black and Hudson (1961) and Colman and Black (1965)) 

and massey (Masssy and Vssgsr (1963) and Masssy and Williams (1965)) have 

determined that one sulfhydryl group is functional in ths active site of 

the molecule, although ths two groups diffsr in the estimate of the 

number of unreactive sulfhydryl groups. Both enzymes have similar molec

ular wslghts and contain 2 FAD/ mole. Their catalytic activities also 

result in disulfide bond reduction by reduced pyridine nucleotides* 

although NADH is more effective with lipoyl dehydrogenase and NADPH is 

more effective with glutathione reductase. 

Microsomal NADPH-cytochrome c reductase is a metal-free flavo-

enzyms which contains 2 FAD/ molt (Kamin et al. (1965) and Klaattrs et al. 
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Figure 4,—-Proposed Mechanism of Reaction for Lipoyl Dehydrogenase. 

Catalysis is envisaged as proceeding through statee I-I/. All other 
states represent inhibitory Bide reactions, except VI. (Itiassey and 
Gibson (1964)) 
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(1965)). Addition of pCPIB and NEM (para-chloromercuribenzoate and N-ethyl 

maleimide) leads to e loss of activity, but the enzyme is still capable 

of being reduced. It thus appears that the sulfhydryl groups are involved 

in the binding of the substrate only and not in oxidation-reduction. 

Strittmatter has extensively investigated the mechanism of NADH-

cytochrome 65 reductase, a flavoenzyme containing 1 FAD/ mole and 

containing no metals. (For a recent review see Strittraatter (1965a).) 

Direct and atereospscific hydrogen transfer is observed from the reduced 

pyridine nucleotide to the flavin (Drysdale, Speigel, and Strittmatter 

(1961) and Strittmatter (1962)), It had been shoisn that a sulfhydryl 

group is involved in substrate binding (Strittmatter (1959)), but an 

oxidation-reduction role was not postulated for this moiety. Similarly, 

iodination of a single tyrosine residue left no flavin binding activity. 

Recent stopped-flow experiments have led to a mechanism which consists 

of a binding of the reduced pyridine nucleotide in a measureably 

distinct step (requiring the sulfhydryl group), a rate-limiting, stereo-

specific, direct hydrogen transfer in a two-electron transfer step, and 

then tuio one-electron reoxidation steps, in which the first step is the 

more rapid one (Strittmatter (1965b)). The proposed mechanism of reaction 

for NADH-cytochrome bs reductase is shown in Figure 5. 

A similar picture is now emerging for the non-heme iron contain

ing flavoenzymes. For example, dihydroorotic acid dehydrogenase can be 

run in the reverse direction, using NADH as the electron donor. It 

contains non-heme iron, labile sulfhydryl groups, 1 FFSN and 1 FAD/ mole. 

According to Aleman et al. (1965) addition of pCflB leads to a loss of 
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•rotate reduction, but not of reduced pyridine nucleotide oxidation. 

Miller and Massey (1965), however, detect new sulfhydryl groups upon 

reduction of the enzyme and have proposed a mechanism where disulfide 

reduction occurs and, perhaps, sulfhydryl free radical intermediates 

are formed. 

NADH dehydrogenase front respiratory systems contains non-heme 

iron, labile sulfide, and FfflN. Singer (Singer (1963, 1965) and Machinist 

and Singer (1965)) has amassed evidence which indicates that the 

numerous NADH dehydrogenases isolated from respiratory systems are in 

fact the same enzyme in various forms of preparation. He concludes that 

some of the reported preparations differ in their activity due to vary

ing losses of non-heme iron and labile sulfide. pCHIB, pCPIS (para-chloro-

mercuriphenylsulfonic acid), and NEW have been shown to inhibit the 

reoxidation step, but they do not affect the initial reduction step, 

Wackier (1965) reports that pCMS studies on heart muscle NADH 

dehydrogenase indicate that it possesses redox active sulfhydryl groups 

as well as sulfhydryl groups required for flavin binding. The presence 

of flavin is not required to obtain reduction of the enzyme, but it is 

necessary for reoxidation. The yeast enzyme (Duncan and Wackier (1966)) 

contains FAD, but no iron. Studies using pCMS titrations indicate that 

two labile sulfhydryl groups are present here also, but their function 

follows flavin reduction. 

Molybdenum has been found to play a role in several flavoenzymes. 

The most extensively studied system is xanthine oxidase which contains 

molybdenum, non-heme iron, and FAD. Although this enzyme is somewhat 

inappropriate to a discussion of reduced pyridine nucleotide 
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dehydrogenases, the function of the molybdenum provides another system 

to study in model reactions. The flow of electrons is believed to be 

from xanthine to molybdenum to FAD to non-heme iron to an electron 

acceptor (NAD+ has been used, but not very effectively) (Bray (1963) and 

Bray, Palmer, and Beinert (1965)), This pathway of electron flow was 

deduced from rapid mixing and freezing techniques using EPR spectrom

etry (Palmer, Bray, and Beinert (1964)). 

Another molybdenum containing enzyme, nitrate reductase from 

Neurospora. has been reported by Nason (Nason and Evans (1953) and 

Nason (1963)). The electron flow is given as being from NADPH to TAD 

to Mo to nitrate (Nicholas and Nason (1954)), so that the possibility 

of Mo functioning as a donor or an acceptor to flavin is raised. 

Flavin Bindina 

The mode of binding of flavin to flavoenzymes runs the gamut 

from loosely bound flavin (e.g. old yellow enzyme) to covalently bound 

flavin (e.g. succinic dehydrogenase). Kuhn and Rudy (1936) proposed 

that the 3-imino and a phosphate group were required for binding, 

Theorell and Nygaard (1954a, 1954b) have supported this finding and 

also report that the iodination of a single tyrosine residue leads to 

the loss of flavin binding in old yellow enzyme (Nygaard and Theorell 

(1955)). This confirms the proposal of Weber (1950) that an aromatic 

amino acid might be responsible for the observed quenching of flavin 

fluorescence upon binding to many enzymes. Strittmatter (1965a) has 

reported that the iodination of a single tyrosine in NADH-cytochrome bg 

reductase prevents flavin binding. There are no free sulfhydryl groups 
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in old yellow enzyme that might be involved in flavin binding as has 

been reported for NADH dehydrogenase and NADPH-cytochrome c reductase 

(vide supra), 3-Nethylriboflavin has been shown to bind to a flavo-

enzyme from egg white (Rhodes, Bennett, and Feeney (1959)), Pic Cormick 

found that 3-methylriboflavin binds to five flavosnzymes (Tsibris, 

Mc Cormick, and Wright (1966)). He also found a strong preference for 

the D-configuration of the hydroxyl groups of ths ribityl side chain. 

Massey and Ganther (1965) have proposed that hydrogen bonding of FAD 

occurs at the 2 and/ or 4 carbonyl position of the isoalloxazine ring 

in D-amino acid oxidase. 

Model Systems 

Haas (1937) reported that no reaction took place when he tried 

to add reduced pyridine nucleotides to free FWN, rather than FMN bound 

to old yellow enzyme. The concentrations that he used were not given, 

but the reaction was performed at 0° C. In 1950, Singer and Kearney 

reported on the non-enzymic dark reaction of O2 and of cytochrome c by 

NADH, NADPH, and NfllNH (nicotinamide mononucleotide—-reduced form), 

mediated by various flavins. The reaction was followed at 340 nm. 

The presence of flavins was mandatory for cytochrome c reduction. The 

initial step was proposed to bet 

NADH + Riboflavin NAD* + Leucoflavin (reduced form) 

and was found to be first ordsr with respect to NADH and with respect 

to the amount of riboflavin pressnt. The second reaction step was 

given as: 

Leucoflavin + 2cyt. c (Fe+++) ——• Riboflavin + 2cyt. c (Fe+-f) + 2H+ 
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and occurred too rapidly for their measurements (mixing to observation 

time of 3 minutes). The stoichiometry was as indicated above, i.e. 2cyt. 

c reduced per leucoflavin, or per NAOH oxidized. 

Commoner and Lippincott (1958) repeated the Singer-Kearney 

experiment by mixing NAOH and FfflN anaerobically and by using EPR 

discovered a free radical signal that was identified as the flavin free 

radical by other methods of preparation. Frisell and Mackenzie (1959) 

reported that attempts to detect a dark reaction for NADH and FfflN 

aerobically at 340 nm as a control for their photochemical studies were 

unsuccessful. On the basis of this report and a similar report by 

Japanese workers, Kosower (1962) went so far as to state: "tyADH and 

riboflavin (and other flavins, FMN, lumiflavin, etc.) do not react in 

the dark." (emphasis is Kosowsr's). 

Burn and O'Brien (1959) reported on the kinetics of the aerobic 

reduction of riboflavin by sodium dithionite. The dithionite concen

trations used were normally an order of magnitude greater than the 

flavin concentration which was rather high itself (usually 10" Pi). 

At very dilute flavin concentrations, a first order dependency with 

respect to flavin uias observed. The time course of the reaction at a 

low concentration of flavin, however, was more complex than a simple 

overall first order reaction. The authors concludsd from their rssults 

that 2 flavin molecules are required to form the intermediates that were 

observed at 570 and 900 nm. They rejected the notion that an oxidized 

and reduced flavin molecule were required, although no really accept

able alternative explanation was offered. 



Suelter and Metzler (1960) conducted experiments on the oxida

tion of reduced pyridine nucleotide analogs by FMN, They principally 

used 1-propyl-1,4-dihydronicotinamide, and they followed the reaction 

aerobically at 340 nm. Variation of oxygen concentration had no effect 

on the observed rate. No changes utere noted at 445 nm. Through a pH 

range of 5-9, virtually no change in rate was observed. The differences 

in rates observed beyond these, points are undoubtably due partly to 

decomposition and partly due to ionization processes. The relative 

rates of various reduced pyridine nucleotide and flavin analogs were 

given. The reaction was found to be first order with respect to reduced 

pyridine nucleotide, first order with respect to flavin, and second 

order overall* An Arrhenius activation energy of 4-5 kcal/ mole was 

calculated. If the 4-deuterated analog was used, an isotope effect of 

3.16 was observed. The evidence was interpreted as indicating a two 

electron transfer with direct hydride. ;ion exchange being the rate 

limiting etep. However, it is not possibls to exclude a rate-limiting 

hydrogen atom transfer followed by a rapid one-electron transfer. 

Mahler and Brand (1961) reported that a green material is 

formed upon trituration of NADH and riboflavin with just enough 70% 

ethanol to hold the mixture in eolution. When isolated as a solid and 

placed in an EPR spectrometer, a single peak was observed. Dilution of 

the crystals into solution caused a decay of the signal with time. In 

repeating this work, the author of the present thesis found that Mahler's 

complex rapidly decomposed with a loss of color in almost all solvents. 

If Mahler*s complex is exposed to heat of 60-65° C for a brief period 

of time to remove the last traces of solvsnt, a reddish brown crystalline 
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material ia formed which possesses a somewhat different EPR signal and 

which is more susceptible to decomposition than is the green complex. 

Mahler concluded that he had formed flavin free radicals as a result 

of the direct interaction of NADH. 

Isenberg, Baird, and Szent-GyBrgyi (1961) reported that upon 

anaerobic addition of NADH to THIN under strictly dark conditions, a 

flavin free radical was observed. No NAOH free radical was observed. 

The mechanism that was proposed was complex formation, one electron 

transfer, a rapid pyridine nucleotide disproportionation step, and a 

possible flavin free radical protonation step (also see Isenberg and 

Szent-GyBrgyi (1959, 1960)), 

NADH + FMN *=±NADH--FMN5=*NADHt • FMN" 

2 NADH* «=*= NAD+ + NADH + H+ 

r i*IN~ + H+;?=S FfllNH* 

However, no real evidence was provided for this mechanism. 

Radda and Calvin (1964) made an extensive examination of the 

chemical and photochemical reductions of flavins. They followed the 

anaerobic reduction of FMN by NADH at 447 nm. It was concluded that 

the reaction was first order with respect to both reactants and a 

second order rate constant was determined at 37° C as 0.159 liter/ 

mole-second. The Arrhenius activation energy was determined as S.3 

kcal/ mole. An EPR signal was observed for the dark reaction and was 

shown to be the FfflN free radical, as has been previously shown by others 

(vide supra). No evidence for a NADH-FMN charge transfer complex was 

found at 37° C when the optical abeorption and fluorescence changes 

were extrapolated to zero time. 



Giuditta arid l/itale-Neugebauer (1965) examined the effects of 

barbiturates upon the NADH and FMN reaction in the dark and under illum

ination, Barbiturates, such as amytal, strongly and specifically inhibit 

the NAOH dehydrogenase of the respiratory chain (Crnster at al. (1955) 

and Estabrook (1957)). It was found that as the pH increased (above 8), 

the rate of NAOH aerobic oxidation as followed at 340 nm fell off. The 

preeence of barbiturates (barbituric acid, sodium barbital, and sodium 

phenobarbital) increased the oxidation rate of NADH at these higher 

pH's. A complex with flavin in the ground atate could account for the 

stabilizing effect at higher. pH's. In the region of pH 7, no differences 

in the rate of oxidation of NAOH were found whether barbiturates were 

present or absent. 

The reduction of flavin by the addition of dihydrolipoic acid 

has been reported by Gascoigne and Radda (1965), The reaction is first 

order with reepect to lipoic acid, flavin, and hydroxyl ion, showing a 

strong pH dependence. The authore conclude that the mechanism is, in 

analogy to what has been proposed for the NADH and FMN reaction, a 

single two-electron reduction. 

Summary 

The evidence relating to whether NADH or FMN may react with 

each other in an oxidation-reduction reaction is somewhat contradictory 

on the surface, Bernard (1957) has beautifully pointed out the obli

gation of a scientist in this situation. Both sets of data repressnt 

trus observations of this phenomenon, but "... the differences in condi

tions are precieely what we must seek out and define, so ae to harmonize 



the two results and thus find the cause of variation in the phenomenon." 

The failure of several investigators to demonstrate a reaction was, at 

least in one case (Frieell end Mackenzie), a concentration effect on 

the reaction rate. At 10"^ HI NADH and FfflN, the half-life of the reaction 

is about half an hour. The experiments of Frisell and Mackenzie were 

conducted with concentrations three orders of magnitude lower than this, 

which would lengthen the half-life to an immeasureably slow rate. 

Moot of the workers in the field sesm to bs in agreement that 

the initial etep in the reduction of flavin by NA,DH is a two-electron 

transfer. This would imply that the flavin free radical obeerved in 

this system is formed by a side reaction, presumably by a dispropor-

tionation between oxidized and reduced flavin. However, it can not be 

said that this has bsen conclusively proven. One of the primary purposes 

of ths present studies to provide evidence bearing on this point. 



EXPERIMENTAL 

materiala 

Chemicals 

Reduced nicotinamide adenine dinucleotide (NADH) and flavin 

mononucleotide (FfflN) were obtained from Calbiochem, As supplied, the 

NADH is the trihydrate (molecular weight ie 709.3, formula weight is 

763,4) and FPIN is the dihydrate (molecular weight is 514,4, formula 

weight is 550,4), The NADH was found to be 94-9656 pure by spectral 

analysis, depending upon the lot obtained. Kinetic values also differsd 

according to the lot used, FMN was found to be 97,156 purs by spsctrsl 

analysis. One lot of FMN was used throughout these studies. 

NADH was also obtainsd from other sources and thsss wsrs compared 

with one another. Samples from IQann Laboratories, Nutritional Biochem-

icals Corporation, and rsgular and chromatographically purified NADH 

from Pabat Laboratories were all found to be inferior to the Calbiochem 

product on the basis of spsctral analysis and a few kinetic experiments, 

0,1 ffl Phosphate buffer, pH s 6.8 was prepared from Mallinckrodt 

Analytical Reagent grade potassium hydrogen phosphats and potassium 

dihydrogsn phosphate and conductivity water. This latter was obtained 

from a Heraeus quartz Bi-distiller (rssitivity « 10® ohms). This ensured 

the absence of metal-ion effects. 

37 
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Flavin adenine dinucleotide (FAD), 90% pure, and reduced nicotin

amide dinucleotide phosphate (NADPH), chromatographically pure, were 

also obtained from Calbiochem, 

All of the other chemicals ueed mere obtained in the chromato

graphically pure state, with the exception of the Eastman Organic 

Chemicals products which were either purified by sublimation or by 

rscrystallization, and the D,L-lipoic acid obtained from Calbiochem 

(99.93% pure). Adenine, adenosine, adenosine monophosphate (AMP), 

adenosine diphosphate (AOP), adenosine triphosphate (ATP), cysteine, 

cystine, cytochrome c, oxidized glutathione, D,L-lipoic acid, trypto

phan, and tyrosine were obtained from Calbiochem, p-Benzoquinone, 

2,3-naphthalenediol, and 1,4-naphthoqulnone ware obtained from Eastman 

Organic Chemicals. Barbituric acid was from J.T. Baker. Ammonium molyb-

date-tetrahydrate, potassium iodldd, sodium nitrosopentacyanoferrate, 

and sodium phenobarbital were obtained from fflallinckrodt, Haemin, mena

dione, menadione bisulfits, and sodium barbital were obtained from 

Nutritional Biochemicals Corporation. Fremy*s salt was from Alfa, 

Inorganics. 99.5% Plus pure D2O and rssearch grade argon gas were 

obtained from Matheson, Coleman, and Bell. 2j2*1 Acid protenoid (thorn 

mal$yj.polymerized from 2 parts aspartate, 2 parts glutamate, and 1 part 

of equimolar concentrations of the other 16 common amino acids) was 

kindly supplied by Drs, S.W. Fox and K, Harada. It possesses a mean 

molecular weight of 4,000 (Fox and Harada (1960) and Fox (1965)). 
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Spectrometers 

A Cary~14M recording spectrophotometer was used for all optical 

absorption measurements* Wavelength calibration wa8 to uiithin 4 A over 

the entire range ueed. A Varian V-4501 electron paramagnetic resonance 

(EPR) spectrometer equipped with 100 kc modulation and Fieldial magnetic 

field regulation was used for the meaaurementa of paramagnetic Bpeciee. 

Reproducible kinetics i±S%) could bs made if the leakage current wae 

immediately readjuated to 300 microamperes after the introduction of a 

new sample. When the apparatus was carefully sst up, little detuning 

was observed asids from changas in the leakage current. 

Anaerobic Stoooed-flow Apparatus 

Preliminary experiments on the NADH and FltiN model eyetem eoon 

demonstrated the requirement for a moderately rapid mixing stopped-flow 

apparatus if initial ratee were to be determined. The oxygen sensitivity 

of the reduced flavins placed an additional requirement of strict anaer-

obicity on ths apparatus. Rapid mixing techniques wars first introduced 

by Hsrtridge and Roughton (1923). The stopped-flow modification was 

introduced by Chance (1940). The firet attempt at an anaerobic device, 

which wae ussd to study ths kinstics of ths combination of oxygen and 

hemoglobin, was also prssented by Chance et si. (1940). Subeequent 

developments have been msde by Gibson, Chance, and others (for discus

sions and additional references sees Roughton and Chance (1963) and 

Chance et al. (1964)). These devicee have invariably uaed a ayringe 

drive system. Personal communication with several investigators snd a 

ayringe manufacturer failed to elicit assurances of sufficient 
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anaerobicity of these systems for the present experimental purposes. Itfe 

were particularly concerned about ths possibility that small amounts of 

residual oxygen (or slight oxygen leaks) would introduce errors into 

the initial rate determinations. 

Development of a suitable device was therefore undertaken. Exam

ination of commerical?;y-available valves failed to produce an acceptable 

model, so that it was necessary to design and build one that would 

operate under the required experimental conditions (Fox and Tollin 

(1966)). The apparatus possessed the combined capability of high vacuum 

degassing and modsratsly rapid mixing stopped-flow operation. The valve 

was designed to present an approximately 5 milliliter degaeeed sample 

for observation in less than 1 second with a minimal holdup (about 1 ml) 

of reactant solutions in the valve and with the continuous maintenance 

of anaerobicity. 

Description 

Ths original model was machined from brass, but an apparent 

interaction of the experimental system with the copper in this material 

led to the construction of a second modal. This was machinsd, with 

difficulty, from type 304 stainless steel (high zinc end chromium 

content). The device is shown in Figure 6, 

Neoprene o-rings were ueed where indioated and the activators 

wsrs Speed Queen waehing machine replacement solenoids which have water

proof colls. The rapidity with which these can actuate the valve limits 

the over-all response time of the apparatus. A force of 14 pounde is 

required to place the valve plunger into motion. Other, more powerful 
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r""T 

Exploded view of stainless steel apparatus shown in degas
sing mode. A—O-rings; B—top and bottom of valve chamber (contain 
O-itngs); C—sides of valve chamber; D—solid metal valve plunger; 
E—solenoids; !•'—solution reservoirs; G—compression O-ring vacuum 
teals; H—mixing chamber; and I—7/15 (Standard Taper) joint. 

Enlarged view of valve chamber showing location of ncoprene of valve chamber 
O-rings and solid metal valve plunger. 

Figure 6a.--Drawings of Anaerobic Stopped-floui Apparatus and Valve 
Chamber (Fox and Tollin (1966)). 
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Figure 6b.--Pictures of Anaerobic Stopped-floui Apparatus and Valve 
Chamber. 

Top-Stopped-flow appacfetus in exploded view. Bottom-Valve chamber. 



activators could prssumably ba used to give more rapid response times. 

For lubrication purposes and to improve the vacuum tightness, the 

plunger and o-rings were first coated lightly with fllolykote (type G 

for the plunger, type U for the o-rings) and then with Apiezon N 

grease (a high vacuum grease). 

Tha working portion of the apparatus consists of a valve chamber 

which uses compressed o-rings to maintain a high vacuum. These are eet 

into the top and bottom walls of tha chamber and are compressed against 

an inner metal plunger which, when in the closed mode, presents a solid 

flat surface to the o-rings. This maintains the vacuum. In the degassing 

mode (see Figure 7a), two glass reservoirs are connected to the bottom 

of the valve chamber through vacuum-tight o-ring compression seals 

(obtainabls from Vacuum-Electronics Corporation). A glass line leads 

from each reservoir to a 3-way high vacuum stopcock which allows sample, 

vacuum line, and gaseous pressurization access to each reservoir. 

For stopped-flow operation (see Figure 7b and 7c), the apparatus 

is inverted. On the side of the valve chamber opposite the reservoirs, 

again connected through a compressed o-ring vacuum-tight seal, are two 

stainless steel tubes which lead into a two-jet, tangential mixing 

chamber (Chance (1940)). The o-ring couplers allow for adjustment of 

the mixing chamber for clearance when setting up the apparatus for EPR 

measurements using a cavity-positioned Varian aqueous solution sample 

tube. The bottom of the mixer is machined into a 7/15 i male joint to 

accomodate the EPR aqueous solution tubes and also specially prepared 

flow-through style optical absorption cells (vide infra). Flow and 
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Figure 7a. Anaerobic Stopped-flow Apparatus in Degassing Mods. 
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Figure 7b.—Anaerobic Stopped-flow Apparatus in EPR Stopped-flow Mode 
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Figure 7c.—Anaerobic Stopped-floiv Apparatus in Cary Stopped-floui Mode, 
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subsequent mixing occurs when the holes drilled in the solid metal 

plunger are pulled into the o-ring seal (which has a hole in its 

center). This produces synchronous flow of the two solutions. O-ring 

seals on the plunger pull rods assure a vacuum tight valve chamber. 

Typical Operating Conditions 

An experiment normally consists of placing a 20-25 ml aliquot 

of reactant into each reservoir. The samples are frozen to liquid 

nitrogen temperature, evacuated to 10"® mm Hg vacuum, thawed, and 

recycled until completely degaseed (normally 3 cycles). The reservoirs 

are then pressurized to 4*75 psig with research grade argon gas. For 

stoppsd-flow operation, the apparatus must be inverted. For EPR 

operation (see Figure 7b), the device is mounted on the klystron support 

platform. The apparatus is lined up so the mixing chamber can be lowered 

directly into an already positioned EPR aqueous solution tubs. A square 

collar on the neck of the EPR aqueous solution tube allows the tube to 

be reproducibly repositioned. The support arme of the stopped-flow 

apparatus are then clamped to the klystron support platform with two 

C-clamps, For optical operation (see Figure 7c), riser blocks which are 

connected to a collar that fits over the top of the sample compartment 

of a Cary 14 spectrophotometer are connected to the solenoid support 

arms, A hole in each solenoid support arm and corresponding slots in 

the riser blocks allow the apparatus to bs aligned with the optical cell 

in the optical path before the connecting machine screws are tightened. 

The valve's solsnoids are connected to 110 v. AC. Either an on-

momentary on type double pole switch or a time delay device which 
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regulates the valve's open period is used to open and close the valve. 

Different time settings on the time delay device are necessary according 

to the cell that is being used. 

Temperature regulation is obtained by an air flow system. The 

air (from a house pressurized air line) is brought to temperature by 

passing it through coils immersed in a constant temperature bath, A Haake 

Unitherm ED thermoregulator was used to maintain the temperature of the 

bath to ± 0,1° C. Blasts of air are then directed to the solution 

reservoirs and to the sample tube by copper tubing. The temperature of 

the sample solution is measured by inserting a 36 gauge uiire chromel-

alumel thermocouple which is Teflon coated (obtained from Thermo-

Electric Co., Inc.) into the sample tube. A Honeywell pyrometer is used 

to make the temperature readings. Most of the kinetic experiments were 

made at 27° C, but variation from 10 to 45° C was achieved for the 

determination of an Arrhenius activation energy. 

Valve Weasuremente 

Vacuum tightness measurements using the fflcLeod gauge on the high 

vacuum system utilized for high vacuum degassing demonstrated no apprec

iable leakage rate over a period of 12 hours for the system evacuated to 

10"® mm Hg. 

Measurements were made to determine the time elapsed between the 

activation of the solenoids to slide the plunger and the presentation of 

a useable, observable sample. With an optical cell of 1x5x25 mm connected 

directly to a female 7/15 $ joint, 0.52 seconds elapsed between initiation 

of the valve plunger motion and complete filling of the cell. A Varian 



EPR aqueous solution tubs required 0.82 seconds. An appreciable portion 

of this time is consumed in the sliding of the valve plunger, with no 

solution flowing. By using slits placsd 1 cm apart, flow rates of 66 and 

166 cm/ sec were obtained for the above-mentioned optical cell and EPR 

aqueous solution tube, respectively. Thus, mixing to observation times 

of 0.10 and 0.50 seconds, respectively, were obtained. These were repro

ducible in a series of runs approximating normal operating conditions 

within the limits of detectibility (less than ± 1$). 

A solution of FflIN was placsd in one reservoir, and solvent was 

placsd in the other. The extent of dilution wae followed spectrally, 

A mixing ratio of 1*1 within i 1% was observed for a series of experiments. 

Kinetic experiments with the Cary 14 and the Varian EPfl spectro

meters showed overall reproducibility on a run-to-run and day-to-day 

basis to essentially within the limits of thsss instruments (±.1%). 

Optical Cells 

Three stylss of flow-through optical absorption cells were used 

for the optical measurements (see Figure 8). The 5x10x25 mm cell wss 

prepared from a 5x10x30 mm piece of Fisher and Porter precision bore 

pyrex tubing which had been ground and polished on the outside. A length 

of 4 mm 1.0. pyrex tubing*was connected to the bottom of the cell, bent 

around 180°, extended the length of the cell, and connected to a female 

7/15 5 joint near the top of the cell. A eimilar length of 4 mm I.D. 

pyrex tubing was connected to the top of the cell, bent, and extended 

beyond the bottom of the cell to serve as an overflow exit tube. This 

cell was calibrated to have a 1.087 cm pathlength. A 1x5x25 mm and a 
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Figure 8.--Floui-through Optical Absorption Cells, 

Left to right, 5x10x25 mm pyrex cell, 1x5x25 mm quartz cell, 0,2x5x25 mm 
quartz cell. 



0,2x5x25 mm flow-through cell were contructed in a somewhat analogous 

manner. Ground and polished quartz microscope slides obtained from the 

Thermal American Fused Quartz Company were cut to appropriate dimensions. 

These pieces were cemented with Shell Epon VI epoxy resin into rectan

gular cells using appropriate spacers of shim stock to obtain the 

desired pathlength, A female 7/15 i joint was then cemented to the top 

of the cell and a 2 mm I.D. pyrex tube was cemented to the bottom for 

overflow. Theee were both flanged for connection to the rectangular 
> 

portion of the cell. The smaller cell was calibrated as being of 0,223 

mm pathlength. The aame sample could be followed at 340 and 445 nm with 

the 0,2 mm pathlength cell and at 570 and 900 nm with the 1,0 cm path-

length cell, Theee concentrations were also satisfactory for following 

the same sample in the Varian EPR aqueous solution sampls tube. 



RESULTS 

Definition of the Problem 

Reduced nicotinamide adenine dinucleotide (NADH) and flavin 

mononucleotide (FfflN) will react with one another to produce a flavin 

free radical which is detectable by electron paramagnetic resonance andy 

in principle( by optical absorption spectroscopy at 570 nm. Whether this 

is formed directly from the initial step of the reaction of NADH and 

FfflN, or is formed as the result of several subsequent steps is unresolved 

and forms one of the primary goals of this investigation. 

In order to distinguish between the following two types of 

mechanisms for flavin free radioal formation! 

NADH + FfflN > FfflNH* (free radical) (a) 

NADH + FfflN —• —4 —• FfflNH* (b) 

information on the kinetic reaction orders for FfflNH*, and other species 

that were present, with respect to the initial reactants, NADH and FfflN, 

is required. First order dependencies with respect to FfflN and NADH would 

not distinguish between (a) and (b), whereas a dependence other than 

first order with respect to NADH and FfflN would effectively eliminate (a). 

The kinetics of the reaction can be followed at 340 nm for the oxidation 

of NADH (after correction due to the reduction of oxidized flavin which 

also absorbs hers), 445 nm for the reduction of oxidized FfflN, 570 nm and 

EPR for the flavin free radical (if the optical absorption is correctly 

assigned), and 900 nm, which is tentatively assigned to the FfflNH2-FfflN 

charge transfer complex. 
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Strict anaerobicity was maintained throughout these experiments 

to prevent reoxidation of the reduced states.of. FWN by oxygen which 

would have introduced errors into ths initial rate meaeurements. The 

maximum oxygen concentration possible in this system was 10**^ ffl. This 

is at Isast three orders of magnitude below the detectable levels of 

reduced flavin, so there would be no observable effect on the systems 

studied. The possibility of the reaction being light catalyzed by the 

spectrophotometer or during preparation was carsfully excluded by 

experiment, Theee are truly "dark" reactions. 

The van't Hoff plot (Frost and Psarson (1961) and Benson (1960)) 

was used to determine the reaction order of each component, one at a 

time, A plot of log initial rate vs. log concentration was made for 

the component whose order was to be determined, with the other components 

held at constant concentration in excess of the concentration of the 

component being varied. 

Following the satisfactory resolution of the binary system, the 

effects of the addition of a third component were examined. Compounds 

which havs been ehown to complex with flavins and those which have been 

shown or proposed to function as electron acceptore in flavoenzymee 

were used. 

The anaerobic etopped-flow apparatus was used to follow all of 

the reaction kinetics, Ths reaction progress was observed at 340, 445, 

570, and 900 nm using a Cary 14 spectrophotometer and by CPR using a 

Varian V-4501 EPR spectrometer equipped with 100 kc modulation and 

Fisldial magnetic field regulation. 



54 

Binary System 

Typical data are presented in the following figures (see Appendix 

for tabulations). Figure 9 shouts the 340, 445, 570, and 900 nm kinetics 

for the same sample. It should be pointed out that the 340 and 445 nm 

absorption kinstics were taken in a 0.223 mm pathlength cell, end that 

the 570 and 900 nm absorption kinetics were taken in a 1.09 cm path-

length cell. The kinetics at 340 and 445 nm are identical, after correc

tion is made at 340 nm for changes due to FMN reduction by taking the 

ratio of molar absorption coefficients times the value at 445 nm. If the 

previously-given molar absorption coefficients are then used to calcu

late the number of moles of NADH and FMN consumed in a given period of 

time, a stoichiometric ratio of 1 NADH/ 2 FMN is obtained. This is not 

the same as the reaction order values obtainsd at thsss wavelengths 

(vide infra). 

An EPR spectrum showing the FMNH* hyperfine structure obtainsd 

upon the addition of NADH to FMN in 0.1 M phosphate buffer, pH « 6.8 

is seen in Figure 10. Figurs 11 shows the relationship which exists 

when the 570 nm and EPR kinetic date are nbrmallzed at a point 5 minutes 

from their origin. The curve is the time course obeferved at 570 nm and 

the EPR points are superimpoeed aa linee, the length of which represents 

an error analysis. The two sets of data are Been to be superimposiblB 

within ths experimental errors of their determination, transcription, 

and normalization. This then repreeents a kinetic, as oppoaed to a 

stoichiometric, dBmonetration of the identity of the 570 nm absorbing 

species and the flavin fres radical. 
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OptiAal.. 
Oanslty 

(O.D, unita) 

340 nm 0.223 mm cell 

0.1 

0.0 

445 nm 0,223 mm call 

570 nm 1,087 cm oall 

900 nm 1*067 om call 

1 2 3 4 

Tima (minutaa) 

Figura 9,—Reaction Klnatica for a Slngla Sampla at 340, 445, 570, and 
900 nm, 

2 x 10"3 M FPIN and 7 x 10"3 M NADH. 
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10 gauss 

Figure 10.--Flavin Free Radical EPR Spectrum at pH 6.8. 

Flavin free radical formed by mixing FMN and NAOH in 0.1 XI phosphate 
buffer in a Varian aqueous solution tube. Modulation amplitude 0.006 
gauss, gain 2,000, sweep 100 gauss/ 10 minutes, 3.2 seconds response 
time. 
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Optical Density 
(O.O* units) 

0.3 

0.2 

0.1 

0.0 

Figura 11.—Idantity of 570 nm and EPR Kinatio Curvaa, 

Solid Una rapraaanta 570 nm kinatiea, vartioal linaa arevfehe EPR kinatioa 
aftar normalization at 5 minutaa from tha origin. 5 x 10"3 M ITMN and NADH, 
1.087 om optical call, and Varian equaoua solution EPR tuba. 
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The two conditions found to prevail at 900 nm can be seen in 

Figure 12. If the NADH concentration is greater than the FfflN concen

tration, the absorption at 900 nm reaches a maximum and then tails off. 

The decay portion of this curve nicely fits a first order plot ae shown 

in Figure 13. If the FPIN concentration is greater than the NADH concen

tration, a maximum is approached asymptotically. As the concentrations 

of the reactants approach each other from either side, the kinetic 

curves approach an intermediate shape. The overshoot effect ie appar

ently due to the presence of limiting quantities of FWN and to competing 

reactions for the species absorbing at 900 nm. 

When the NADH concentration is nearly equivalent to the FMN 

concentration, the kinetice of 570 and 900 nm are esssntially identical 

as seen in Figure 14. However, at very low NADH concentrations as 

compared to the FMN concentration, a lag is seen at 570 relative to the 

900 nm kinetics as is also shown in Figurs 14. This is evidence that 

the 900 nm epecies (charge transfer complex) proceeds the 570 nm species 

(free radical) in time and is consistent with a sequential relationship 

between the two epecies. 

Application of the van't Hoff method by means of log rate vs. 

log concentration plots for initial ratss, whan either ^NADH^ or [YmN^ 

is varied and ths other component is in excess, gives the fallowing 

reaction orders: 
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0.1 

Optical 
Oanaity 

(0,D. units) 

0  1 2  3  

Time (minutea) 

a* NAOH ooncantratlon greatpr than RUN concentration; 

0 . 3  

Optioal 
Danalty 

(O.D, unita) 

12 3 4 

Tina (minutea) 

b, FMN oonoentratlon greater than NAOH ooncantratlon. 

Figura 12,—900 nm Klnatioa at Diffarant NADH and FKIN Concentration!, 

a. 1 x 10"3 M FMN, 7 x 10"3 HI NAOH. b. 7 x 10"3 Id FMN, 1 x 1Q"3 M NADH. 
1*087 on oell* 
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Loq Optical Paneltv (O.D. units) 

0.500 

0,460 

0,300 
260 260 300 310 320 340 360 360 400 

Time (aaoonda aftar initiation of raaetion) 

Figure 13,-.-Firet Order Plot of 900 nm Abeorption Kinetioa Decay, 

4 x 10"3 HI FMN, 7 x 10"3 HI NADH, 1.087 om cell. 
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0.300 
900 rim 

570 nm 
0.200 

Optical 
Danaity 

(0.0. unlta) 

Time (minutaa) 

a. NADH concantration naasly aquivalant to FMN concantration. 

0,200 

900 nm 
Optloal 0.100 
Danaity 

(0*0* unita) 570 nm 

0.000 

b, FMN concentration muoh graatar than NADH concantration. 

Figure 14, —570 va. 900 nm Kinatic Bahavior at Diffarant FKIN and NADH 
Conoantrationa, 

a, 7 x 10-3 M FMN, 3 x 10"3 M NADH, curva ia normalised at 6 minutaa to 
570 nm absorption kinatica. 
b, 7 x 10"3 W FMN, 4 xlO"* M NADH, curvaa ara not normalized, 
1.0B7 cm oall uaad for both aata of data. 



For varied from 7 x 10"^ PI to 7 x 10~^ M, 

at 340 nm (see Figure 15), the slope ie = 1.00 

at 445 nm (see Figure 15), the slope is a 1,00 

at 570 nm (see Figure 16), the slope is * 0,99 

by EPR (see Figure 16), the slope is * 0.98 

at 900 nm (see Figure 17), the elope is s 0,82 

For [NADH] varied from 7 x 10"4 M to 7 x 10"3, V\9 

at 340 nm (see Figure 15), the slope is a 1.00 

at 445 nm (see Figure 15), the slope is s 1,00 

at 570 nm (see Figure 16), the slope is • 0.45 

by EPR (sea Figure 16), the slope is a 0.51 

at 900 nm (see Figure 17), the slope is a 0,84 . 

The 340 and 445 nm absorption kinetics followed an overall 

second order plot (Figura 18). The slope gave a value of l<2 * 0.225 at 

445 nm and k£ a 0,186 at 340 nm at 27° C when determined from a plot oft 

1 In b(a-x) _ kt 
a-b a(b-x) 

where a and b are the initial concentrations of the reactants and x is 

the amount that has reacted, When a and b are equal, this simplifies tot 

1 , kt 
c 

(Frost and Pearson (1961) and Benson (1960)). The 340 nm absorption had 

to be corrected for decreases in the absorption of FfflN at 340 nm (the 

molar absorption coefficient was found to be 5,900 at this wavelength). 

Attempts to plot the kinetic data at 570 and 900 nm and by EPR as 1st, 

1$, and 2nd order plots were unsuccessful. 
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0.20 

0.10 

slope • 1.00 Log initial 
rate 

(0.D./20 sec) 

0.05 • 

0.02 

0.01 
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A quantitative comparison of the 570 nm and EPR results for the 

same sample over a given period of time was made. The spin concentration 

of flavin free radical uias calibrated in the EPR spectrometer by single 

integration (reported as an acceptable technique by Yamazaki, Mason, and 

Piette (1960)) with Fremy'e salt. Correlation of the 570 nm absorption 

change with the corresponding EPR spin concentration gave 570 nm molar 

absorption coefficients ranging from 8,000 to 10,000. 

measurements of relative rates of reaction show that the 

velocity of formation of the species absorbing at 900 nm is approxi

mately equal to the rate of disappearance of FMN (within the limits of 

the molar absorption coefficients used here) (see Tabls 3). This 

indicates that very little free FPINH2 is present, in agreement with 

values (calculated to be less than 10$) for the equilibrium constant 

(Gibson, Nassey, and Atherton (1962)) and rate constants (Swinehart 

(1966)) for charge transfer complex formation. The rate of appearance 

at 570 nm was found to be only 4% the rate of FMN disappearance using 

a molar abeorption coefficient at 570 nm of 10,000, This value is in 

good agreement with the equilibrium radical concentration (calculated 

to be 5$) obtained by Gibson, Masssy, and Atherton (1962) for oxidized 

and reduced flavin mixtures. The above relations argue for a rate-lim-

iting initial step followsd by rapid equilibration to form charge 

transfer complex and flavin free radical. 

Using a variation of temperature, an Arrhenius activation energy 

of fl.26 ±0,5 kcal/ mole was obtained from the 445 nm absorption data. 



Table 3 

445, 570, and 900 nm Raaction Velocities 

Wavelength (nm) 445 570 900 

Initial 0,0, change/ minute 0.132 0.125 0.430 
±0.002 ±0.003 ±0.005 

Pathlength of call (cm) 0.0223 1.087 1.087 

Molar absorption coefficient 12,500 10,000 680 

Velocity (moles/minute) x 10"* 4.74 0.166 5.82 

7 x 10"3 dl FMN 

7 x 10"3 « NAOH 
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The plot of the respective rate constants versus temperature"'' is given 

in figure 19. This value is in close agreement with the value of 8.5 

kcal/ mole obtained by Radda and Calvin (1964). 

An experiment was performed in O2O to determine whether a proton 

exchange step with the solvent might be involved in the rate limiting 

process. No effect of the D2O was noted on the rate of reaction at 445, 

570, and 900 nm, as is seen in Table 4. 

When 7 x 10-3 HI FAN, 2 x 10"3 M NADH, and 5 x 10"2 W KI (consid

erably greater than the amount necessary to quench the triplet state) 

were used together, no changes in rate ware observed at 445 and 570 nm. 

A small effect was seen at 900 nm as is shown in Table 4. As no effect 

was noted under conditions where the excited triplet State is highly 

quenched, an excited triplet state can not be an intermediats in this 

reaction. 

An examination of the correeponding biological analogs of NADH 

and FMN gave the results in Table 5. The NADH and NADPH were both 

chromatographically pure; the FMN was 97$ pure, FAD was 90% pure. No 

correction was made for the differences in the FMN and FAD molar absorp

tion coefficients at 445 nm (see Table 1). The additional phosphate group 

in NADPH apparently decreases all of the measured rates by a like amount. 

The addition of adenosine phosphate to the FMN moiety (as in FAD) leads 

to a decrease in the overall rate of reduction of nearly 35$. The free 

radical concentration, however, has increased, for the relative amount 

of reduction occurring, by nearly 100$, The charge transfer complex was 

decreased markedly in the FAD system. 
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Figure 19.--Arrhenius Activation Energy Plot from 445 nm Rate Constants. 

7 x 10-3 m FfflN, 3 x 10'3 m NADH, 0.223 mm cell. 



Table 4 

The Effect of 020 and KI on the Reaction Kinetics 

Initial Rates (P.P. units/minute) 

7 x 10"5 M F«N 
2 x 10 M NAOH 

• 5 x 10"2 HI KI 

445 nro 

0.036 
±0.001 

0.037 
±0.001 

570 nro 

0.340 
±0.005 

0.300 
±0.004 

900 nm 

0.250 
±0.006 

0.142 
±0.002 

7 x 10"j? M FfflN 
3 x 10 PI NADH 

" in P20 

0.055 0.400 0.370 
±0.001 ±0.003 ±0.005 

0.056 0.380 0.340 
±0.001 ±0.010 ±0.008 
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Table 5 

Relative Reaction Rates of Biological Analogs 

Initial Rates (P.P. units/minute) 

445 nm 570 nm 900 nm 

7 x 10"3 n Fm 
2 x 10 Ifl NADH 0,038 0.340 0.250 

±03001 ±0.010 ±0.004 

7 x 10"3 ID FNN 
2 x 10"3 M NADPH 0.030 0.300 0.210 

±0.001 ±0.008 ±0.004 

EPR (arb. 
units) 

2 x 10-3 m FfflN 
7 x 10"3 n NADH 0.050 0.100 0.235 1.50 

±0.001 ±0.003 ±0.005 ±0.10 

2 x 10"3 M F&2. 
7 x 10-3 HI NADH 0.032 0.220 0.053 2.80 

±0.001 ±0.002 ±0.004 ±0.04 
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Tertiary Systems 

Coroplexino (non-redox active) aaents 

Compounds which will not directly undergo oxidation-reduction 

reactions with flavins, but would complex with them to varying degrees, 

were examined for their effect on the binary system reactions (see 

Appendix for tabulations). Those compounds which form better complexes 

exhibited the greatest effect, 2,3-Naphthalenediol forms a complex with 

FfQN in neutral solution tilth a stability constant of 242 (Flelschman and 

Tollin (1965b)), L-tryptophan has a stability constant of 0,002-0.010 

with FMN in neutral solution, and L-tyrosine ethyl ester has a value of 

0,002 (Harbury and Foley (1958)). The results are tabulated in Table 6. 

2t2t1 Acid protenoid provides a good low molecular weight (4,000 

mean molecular weight) model systsm to examins the sffscts of flavin 

binding by protein upon the rate of flavin reduction. The reeulte are 

aleo tabulated in Table 6, The rates at 445 and 900 nm are slightly 

depreeeed, but the rats of appearance at 570 nm is decreased by about 

65-85*. 

Redox Components 

No effect upon the binary syetem was noted upon the addition of 

possibly redox active components such as ammonium molybdate, cysteine, 

cystine, oxidized glutathione, hasmin hydrochloride, D,L-lipoic acid, 

menadione, or menadione bialulfits. p-Benzoquinone and 1,4-naphthoquinons 

exhibited a direct reduction by NADH, and so a study of the role of FPIN 

in this system waa experimentally inaocessible. Cytochrome c could not 



Table 6 

The Effect of Complexlng Agents on Reaction Rates 

ComDonent 340 nm 445 nm 570 nra 900 nm EPR (arb. units) 

FAN and NADH only 0.031 0.038 0.340 0.250 1.40 

+ adenine 0.031 0.038 0.325 0.195 

+ adanoaina 0.032 0.036 0.350 0.188 

+ adanoaina monophoaphata 0.032 0.038 0.360 0,200 

• adanoaina dlphoaphata 0.034 0.039 0.360 0,180 

+ adanoaina trlphoaphata 0.029 0.039 0.360 0,190 

• barbiturio aold 0,037 0.345 0,220 1.35 

• 2,3-naphthalanadiol 0*020 0.200 0,085 0.80 

+ aodlum barbital 0.039 0.240 0,250 

+ aodium phenobafcbital 0,039 0.345 0,250 

+ tryptophan 0,033 0.240 0,195 1.15 

+ tyroalna (7/3 x 10~3 M) 0,038 0.310 0,205 1,30 

7 x 10"3 PI FMN, 2 p 10-3 m NADH, and 
otharwiaa atatad. Error la ±0,002 at 
±0.006 at 900 nm, and ±0.05 by EPR aa 

-3 
7 x 10 fit tertiary component, unless 
340 and 445 nm, ±0,012 at 57Q nm, 
tha maximum values, 

2 x 10-3 HI FMN, 7 x 10~3 M NADH 0,058 0.135 0,250 

• 5 x 10"4 PI protalnold 0,054 0.050 0,240 

1 x 10-3 pi 7 x 10-3 m NADH 0,025 0.0B0 0,155 

• 1 x 10"3 mi protalnold 0.024 0.010 0.145 

Error rangaa ara ±0.001 at 445 nm, ±G 1,010 at 570 nm, and ±0,005 at 900 nm. 
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be obtained in solution in sufficient quantity bo give an obssrvable 

effect in this system. It aleo greatly clogged the atopped-flow appa

ratus making it non-operative very quickly* 

A redox active tertiary system was achieved with the addition 

of sodium nitrosopsntacyanoferrate, the firet simple iron compound to 

be reported with an EPR g value characterietic of enzym&c non-heme iron 

(Beinert et al. (1965))* The nitroeopentacyanoferrate ion undergoes a 

one electron reduction step giving rise to a paramagnetic species which 

shows a thrse line EPR spectrum centered about g = 2,026 (it ie diamag-

netic in the oxidized form). The reduced form also possesses an absorp

tion maximum at about 600 nm, so appreciable absorption for thie species 

is seen at 570 nm. Upon mixing a solution of NAOH with one containing 

FMN and nitrosopsntacyanoferrate ion in the EPR spectrometer, one 

observes the production of the one electron reduction product of the 

iron compound. The spectrum is shown in Figure 20, the kinetics in 

Figure 21®. Until nearly all of the iron is reduced (sse Figure 21), 

essentially no change was noted at 445 nm and only a slight change in 

the absorption was noted at 900 nm. Only at very high concentrations is 

a small flavin frse radical signal observed (about 15# of the value in 

the absence of the iron). Changes were noted throughout at 340 nm, 

corresponding to an oxidation of NADHj this was shown only to occur in 

ths presence of all three components (see Figure 22), With limiting 

concentrations of the iron compound, iron reduction would reach a plateau 

due to depletion in a few minutes. When this was then correlated to the 

amount of NAOH oxidized by 340 nm absorption changes, a ratio of 1 NADH/ 

2 Fe was obtained. 
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50 gauss 

2.026 

Figure 20.--EPR Spectrum of Reduced Nitroaopentacyanoferrate Ion. 

7 x 10~3 PI FI»IN, 2 x 10~3 HI NADH, 2 x 10~3 HI Na2N0Fe(CN)5# 0.11*1 phosphate 
buffer, pH • 6.8. Gain 125, modulation amplitude 6.000 gauss, 1 second 
response, 250 gauss/ 5 minute scan. 
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Figure.21.--Relative Kinetics of EPR, 445, and 900 nm During Nitroso-
pentacyanoferrate Ion Reduction. 

7 x 10"3 n FUN, 2 x 10-3 ID NADH, 2 x 10"3 « Na2N0Fe(CN)5 . 
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Figure 22,--An EPR and 340 nm Comparison of Iron Reduction Requirements, 

7 x 10"3 HI FMN, 2 x 10~3 M NADH, 2 x 10"3 HI Na2N0Fe(CN)5. 
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The reaction orders for thi9 system were determined, figure 23 

shows the rate of iron reduction to be zero order in nitroeopentacyano-

ferrate ion and first order with respect to FMN and NADH. Similar results 

are obtained from the initial changes at 570 nm, which in this system 

represents only the reduction of the nitrosopentacyanoferrate ion. This 

is also given in Figure 23. 

Molecular Orbital Calculations 

molecular orbital calculations have been performed on the 

lumazine , ieoalloxazine: , and alloxazine (lumichrome nucleus) systems 

in an attempt to elucidate the structure and electronic properties of 

their various oxidation and variously protonated states. There are three 

oxidation levels and each level exists in an anionic, neutral, and 

cationic form, i.e. a total of nine structures, for the isoalloxazine 

system. Several of these are rather inaccessibls to experimental inves

tigation. The isoalloxazines do not crystallize in a manner that can be 

used for x-ray structure determination, so their three dimensional 

structure is not known. Evidence is available as to the spin densities 

of ths free radical species (vide supra), although the interpretation 

of these in some cases is not certain. Molecular orbital calculations 

could conceivably give new insight into the structures, geometries, and 

chemical properties of flavin. The known transition energies and spin 

densities would serve as chscks upon the calculation results. 

The variable-0 modification of the Pariser-Parr-Pople type self-

consistent field molecular orbital calculation was used (Nishimoto and 

Forster (1965)). This calculation removes the geometry dependence for 
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the evaluation of the two-center core Integrals by calculating them from 

the bond orders at each Iteration, A set of parameters has been developed 

by Nishimoto and Forster which have given very good results for a wide 

range of heterocyclic compounds (Nishimoto and Forster (1966) and Fox, 

Nishimoto, and Forster (1965)), The Nishimoto-fflataga integrals (Nishimoto 

and Mataga (1957)) were used throughout the calculations. The results 

wsre slightly lower energetically than the results obtained by the more 

complex Roothaan integrals, so the simpler expressions were ussd. 

An equation for calculating bond lengths from bond orders was 

pressnted by Nishimoto and Forster (1966), The relations are: 

r(C-C) » 1.517 - 0.180 p 

r(C-N) * 1.451 - 0,180 p 

r(C-O) * 1.410 - 0.180 p . 

Reasonable agreement with experimental bond lengths were obtained by 

these authors for the C-C and C-N bonds. The C-0 bonds tend to be too 

short, whereas the CaO bonds tend to be too long. 

To demonstrats the validity of the bond length equations on a 

simpler biological heterocyclic compound, a calculation was performed 

on ths uracil ring, A constant geometry of 1.395 A for C-C and C-N bonds, 

1.23 A for CsO bonds, and 1.36 A for C-0 bonds was used initially. The 

calculated and experimental values (from x-ray crystallography) are 

presented in Table 7. It may be seen that the agreement is rsasonable, 

so the technique can be used for semi-quantitative determinations of 

bond lengths. The agreement between calculated and experimental transi

tion energies is also good. 
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Table 7 

Calculated and Experimental Uracil Bond Lengths and Transition Energies 

3N-H 

Bond Lengths (Anastroms) 

C2N1 N3C2 C4N3 C5C4 C6C5 C6N1 C207 C608 

Uracil (calculated) 1.372 1 .373 1.377 1.363 1.451 1.374 1 .276 1.271 

1-Methyl uracil 1.38 1 .38 1.37 1.35 1.42 1.38 1 .23 1.25 

1-Methyl thymine 1.379 1 .379 1.383 1.346 1.432 1.375 1 .225 1.237 

Thymine 1.361 1 .355 1.382 1.349 1.447 1.391 1 .234 1.231 

1-Methyl uracil (Green, Mathews, and Rich (1962)) 
1-Methyl thymine (Hoogatsen (1963)) 
Thymine (Gerdil (1961)) 

Uracil Transition Energies and Oscillator Strengths 

Calculated Exoerimental 

Enerov f Enerov f 

4.98 ev 0.40 4.81 ev 0.36 

5.70 0.15 5.56 0.15 

5.96 0,34 5.91 0.35 

6.57 0.82 6.50 1.02 
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Calculations have been performed on the isoalloxazine, alloxazine, 

and lumazine (the two ring biological precursors of the isoalloxazine 

ring) oxidized and neutral species. The cationic oxidized form of isoal-

loxazins waa successfully handled by considering the protonated nitrogen 

as a doubly charged nitrogen (for MO calculation purposes), fflalrieu and 

Pullman (1964) have previously treated the fully reduced, neutral form 

of the ieoalloxazine ring as being a bent structure with the bending 

occurring at the two nitrogens of the central ring. In this form, the 

nitrogen atoms possess a non-bonded pair of electrons and a N-H bond 

which may assume either of two orientations. When the hydrogen projects 

toward the center of the ring structurs, it is said to be "intra". 

Projection of the hydrogen away from the ring is ths "extra" position. 

In the Ralrieu and Pullman calculation, the intra position 

nitrogen overlap integral gave best results when varied to 0,65 of its 

original value and the extra position integral when varied to 0.27 of 

its original valus. A geometry for the SCF calculation was devised that 

treats the molecule as being bent into a tetrahedral configuration at 

Ng and at N^g, The Walrieu and Pullman overlap integral corrections 

were used. A value of -20,88 ev was used for the one center repulsion 

integral and -31.5 ev for the valence state ionization potential energy 

at the 9 and 10 position nitrogens. 

The presently calculated transition energies and oscillator 

strengths (f) after an inclusion of configuration interaction of tran

sitions within 3,5 sv of ths lowest energy transition are given in 

Ta£)le 8. The calculated bond lengths are given in Table 9, 



Table 8 

Calculated Traneltlon Energies and Oscillator Strengths 

Lumazine8 

Calcd Exotl. 

Energy f_ Enerov 

3,99 ev 0.335 3,81 ev 

4.74 0.198 

5.42 0.336 5.39 

5.68 0.377 

Lumichrome (Alloxazlne) 

Calcd. 

Energy 

Exotl. 

Energy 

0.425 3.04 ev 3.18 8V 

0.058 

0.764 4.84 4.48 

0.241 

Calcd. Exotl. 

Energy £ Energy 

3.45 ev 0.290 3.24 ev 

3.78 0.122 3.77 

4.72 0.917 5.00 
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Oxidized Isoalloxazlne 

Neutral 

Table 8 Continued 

Catlonlc 

Calcd. 
Energy f. 

3,05 ev 0.559 

Exptl, 
Energy 

2,86 ev 

Calcd. Exotl. 
Energy f. Energy 

2.93 ev 0.101 

3.81 0,123 3,81 3.31 0,584 3.30 ev 

4.05 0,056 3.74 0,071 

4.49 0.941 4.63 4.51 0,651 4.55 

Reduced Isoalloxazlne (No. Nin bent into tetrahedral ancles) 

CH3lf\ 

9 V 
N Ny 

Y° 

CH3-l!v^L II 

H 0 

N-H 

9 intra. 10 extra (H) 9 extra. 10 intra (H) 

Calcd. 
Energy f, 

Exotl. 
Enerov 

Calcd. 
Enerov f. 

Exptl, 
Enerov 

3.48 ev 0.037 3,10 (sh) 3,81 ev 0.096 3,10 (sh) 

4.23 0.009 4,24 0.014 

4.47 0.103 4.27 (sh) 4,70 0.237 4.27 (sh) 

4,63 0.218 4,81 0.113 

4,90 0.141 4.96 4.95 0.145 4,96 

4,98 0.164 5.13 0,105 

(4.505— flair ieu and Pullman 4.172— Malrieu and Pullman —see text) 



Table 9 

Calculated Bond Lengths 

(Structured aa In Table 8) 

Lumazlne 1 Lumazlne 2 
(Alloxazine analog) (Iaoalloxazine analog) 

C2N1 1.370 A 1.378 

N3C2 1.373 1,378 

C4N3 1,370 1,365 

C6N5 1,329 1.352 

C7C6 1,403 1.381 

NBC7 1,291 1.362 

•9C2 1,341 1.272 

010C4 1,307 1.269 

C11N1 1.324 1.325 

C11N8 1.341 1.367 

C12C4 1.385 1.466 

C12N5 1,338 1.316 

C12C11 1,414 1,442 



Table 9 Contlnuad 

011 (Structures as 
In Table 8 ) 

CH 

Iso ox nau Iso ox cat Iao raid 9E 101 Iso red 91 10E All ox 

C2N1 1,381 A 1.388 A 1.371 A 1.373 A 1.373 A 

N3C2 1.379 1.375 1.374 1.372 1.376 

C4N3 1.366 1.374 1.372 1.374 1.372 

C6C5 1.388 1.383 1.397 1.398 1.379 

C7C6 1.408 1.414 1.397 1.397 1.418 

C8C7 1.390 1.388 1.398 1.397 1.380 

011C2 1.271 1.267 1.277 1.276 1.275 

012C4 1.269 1.263 1.271 1.272 1.267 

C13N1 1.323 1.364 1.380 1.380 1.381 

C13N9 1.364 1.349 1.431 1.402 1.330 

C14C4 1.468 1.469 1.454 1.450 1.465 

C14N10 1.308 1.323 1.410 1.432 1.324 

C14C13 1.451 1.425 1.367 1.369 1.426 

C15C5 1.416 1.424 1.400 1.397 1.427 

C15N10 1.369 1.350 1.409 1.430 1.350 

C16C8 1.411 1.412 1,397 1.399 1.425 

C16N9 1.379 1.373 1.435 1.412 1.353 

C16C15 1.415 1.426 1.402 1.401 1.423 
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The hyperconjugation of the methyl groups on these molecules has 

been neglected, and, In general, would only lower the calculated transi

tions by 0,1 ev (Forster (1966)), Cpnfiguration interaction is small due 

to the low level of symmetry and generally amounted to about 0.1 ev. 

The results of the lowest calculated transition energy from the 

Malrieu and Pullman Httokel calculation on the fully reduced forms of 

the isoalloxazine ring is also listed in Table 8, Theee were the only 

values reported by these authors. The value shown in Table 8 was obtained 

by setting $ • -3.26 ev (Isenberg and Szent-Gybrgyi (1959a)) and con

verting the Malrieu and Pullman results into electron volts. Due to the 

uncertainty inherent in the value of 3 chosen, a direct comparison of 

the Malrieu and Pullman results with the present transition snergies is 

not possible. The lack of additional transitions and oscillator strength 

values makes comparison nsarly meaningless. It would appsar, however, 

that the SCF technique again has given results superior to the HQckel 

results. 



DISCUSSION 

Binary System 

Mechanism 

It was proposed (vide supra) that a distinction could be made 

between the two types of mechanism! 

NADH + FdlN • FfllNH' (a) 

NADH + FMN —» —» —* FMNH« (b) 

by ,the used of kinetic reaction orders. If the flavin free radical were 

produced by means of (a), its rate of appearance would be second order 

overall and would be first order with respect to 'both NADH and FMN, 

If the second type of mechanism is operative, the rate of appearance of 

flavin free radical could be of the sams orders as above as a limiting 

case, but it could also be of different order than first order with 

respect to NADH and FI*!N. 

Experimentally, the reaction order was found to be 1st order uiith 

respect to FMN and £ order with respect to NADH, whether determined by 

the kinetics of the 570 nm absorption or by EPR. The identity of the 

reaction kinetics and ordsrs by the two methods confirms the free radical 

assignment for the 570 nm band. The initial rate of appearance of flavin 

free radial, based on published, and calculated 570 nm molar absorption 

coefficients and EPR calibration, did not exceed S% of the rate of flavin 

or NADH disappearance. It is thus concluded that flavin free radical form

ation is not a direct consequence of the reaction between NADH and FMN. 
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The only other species observed in this system was characterized 

by a broad optical absorption with a maximum around 900 nm. As this 

species is also present in oxidized and reduced flavin mixtures, it must 

be another flavin species. The likely candidates are flavin free radical 

dimer or higher order polymers (Seinert (1956)) or FMNH2-FfllN charge 

transfer complex (Gibson, fflassey, and Atherton (1962)). If the first 

step of the reaction ia assumed to be a two electron reduction atep to 

the fully reduced flavin, three modes of formation of the 900 nm species 

can be envisioned, aeeuming that no other epeciee (none were detected) 

are present. In two of these, the 900 nm species is formed in competition 

with the free radical, or from itt 

NADH + FNN + H+ • FMNH2 + NAD+ 

900 (1) FMNH2 FMNH* 900 . 

Using steady state assumptions for the concentration of FPINH2, the 

reaction orders for the 900 and 570 nm species are of the same form 

for reaction pathway (1). This was not the experimental result; the 

orders, with respect to NADH were different at 570 and 900 nm. The nearly 

100$ conversion of oxidized flavin to the 900 nm species provides good 

support for the assumption of an FMNH2 steady state. The observed 570 nm 

lag relative to the 900 nm appearance argues against reaction pathway (2). 

The third possibility is consistent with the kinetic data and is 

also consistent with what ie known for the oxidized and reduced flavin 

mixturee: 

H+ + NADH + FWN FMNH2 + NAD+ 

FWNH2 + FWN 5=^ (FMNH2-FIW), (900 nm spscies) 

(FI*INH2-FI»IN) 2 FI*INH* . (3). 
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The mathematical expressions for the reaction orders with respect 

to NADH and FfflN in free radical and 900 nm species formation are not 

soluble. It is quite unlikely that strictly first order dependencies 

with respect to FfflN and NADH could be expected, however. The great 

disparity in rates between the first reaction step and all of the other 

steps, representing a range of at least 10 orders of magnitude (borne out 

by Swinehart's reported values—vide supra), precluded a computer simu

lation of the proposed mechanism, either by digital or analog computers. 

Several of the experimental observations corroborate mechanism 

(3) as proposed above. These are: the identity of initial rates of 

appearance at 900 nm and of the disappearance at 445 nm; the rise and 

first order decay at 900 nm; and the apparent lag at 570 nm relative to 

the 900 nm kinetic curve. All of these results argue for the 900 nm 

species being a kinetic intermediate in the formation of flavin radical. 
# 

The most logical structure for this species from what is known of oxidized 

and reduced flavin mixtures is a reduced-oxidized flavin charge transfer 

complex. 

The requirement of 2 FMN/ 1 NADH supports this type of mechanism, 

though not conclusively. The results also suggest that the initial two 

electron reduction is the rate limiting step. (This will also be con

cluded below on the basis of the results with the tertiary systems.) 

The absence of any effect on the reaction rats when the reaction was 

performed in D2O argues against a solvent proton exchange being involved 

in the rate limiting etep. When coupled with the iostope effect Men 

for NADH analogs by Suelter and Metzler (1960), the initial etep must 
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involve a direct hydrogen transfer concomitant with a two electron 

transfer. Reduction of oxidized flavin thus occurs via a hydride ion 

transfer, or an indistinguishable equivalent. 

Molar Absorption Coefficient at 570 nm 

The molar absorption coefficiente previously calculated at 570 

nm fall into two distinct categories dependent upon their origin. The 

strictly spectroscopic studies have given values from 700 to 3,050; 

Swinehart (1966) has obtained reasonable results for some of his calcu

lations only by using a value of 500. On the other hand, the present 

work and the work of Gibson, fllassey, and Atherton (1962), where corre

lations between 570 nm absorption spectra and EPR spectra were made 

following calibration with 8ome standard (Gibson used DPPH, Fremy's salt 

was used here), gave molar absorption coefficients in the range of 8,000 

to 13,600. The spectroscopic determinations depend purely on extrapo-

lative techniques with no absolute concentration reference point. Complex 

formation could conceivably lower the EPR-detectable radical concen

tration, but not the optical absorption intensity, lsading to high 

molar absorption coefficients. However, it is difficult to believe that 

this could be large enough to completely account for the discrepancy. 

Errors are pressnt in both techniques, so it may be that the true molar 

absorption coefficient lies somewhere in between the two extremes. 



Triplet Mechanism 

The suggestion that the dark reaction between NADH and flavo-

dehydrogenases, or FMN here, may function through an excited triplet 

state has been examined. Using potassium iodide, in concentrations an 

order of magnitude above that required to quench the FI*1N phosphorescence 

by 40%t no effect on the rate of reduction between NADH and FMN was 

observed. NADH is not believed to complex with FMN at room temperature 

to any extent that is measureable (Radda and Calvin (1964)), Potassium 

iodide is known to effectively interact with the excited singlet state 

(Weber (1948)) and excited triplet state (Shiga and Piette (1965), Tegner 

and HolmstrQm (1966), and Posthuma and Berends (1966)), The rate constant 

for the interaction of potassium iodide and the flavin triplet state 

in phosphate buffer at pH a 6.5 has been determined as 0,7 x 10^ 

eec~^ by Tegner and HolmstrBm (1966), It follows that the flavin excited 

triplet state is not involved as an intermediate in the dark reaction. 

Conceptually, the reaction transition state probably does not pass 

through either an excited singlet or triplet state, but rather involves 

acceptance of two electrons by the lowest, or ground state, empty 

molecular orbital. The finding of Radda and Calvin (1964) that serotonin 

inhibits the photoreduction' of FMN by NADH, but hae no effect on the dark 

reaction, favors the lack of analogy between the triplet-mediated photo-

reduction and the dark reaction. 

The effect of iodide on the 900 nm rate is probably due to the 

formation of a complex with FMN which eterically and/ or electronically 

interferes with charge transfer complex formation. 
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Analogs 

It was noted that NADPH functions at similar reduced rates in 

all determinations as comparsd with NADPH. This is consistent with the 

first step being the rate limiting one and steric or electrostatic 

repulsion effects from the added phosphate group slowing the rate of 

reaction for the initial step. 

FAD displayed a decreased rate of FPIN reduction and of charge 

transfer complex formation which can be accounted for in terms of the 

steric (and possible electronic) effecte that the known interaction 

between the adenosine and isoalloxazine moieties would produce. A rela

tive increaee in the rate of free radical production was quite evident. 

The adenine moiety apparently plays a role in stabilizing the flavin free 

radical. This may be the evolutionary purpose for TAD. 

Extrapolation of the preeent mechanism of flavin free radical 

formation to biological systeme on the basis of flavin-flavin dispro-

portionation reactions is probably invalid. Current structural infor

mation is not sufficient to locate the relative positions of flavin 

o 
prosthetic groups to one another, but Aksson, Ehrsnbsrg, and Theorell 

(1963) found no kinetic evidence to indicate that the 2 FMN/ molecule 

of old yellow enzyme interacted with each other. Miller and Masssy 

(1965) reported that they were unable to detect any kinetic differences 

between the FfflN and FAD moieties in dihydroorotic acid dehydrogenase, 

indicating that they are reduced simultaneously, Lipoyl dehydrogenase 

and NADH-cytoohrome bg reductase, on the other hand, are believed to 

poeaeae only 1 flavin/ molecule, so flavin-flavin interactions in these 
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systems are very unlikely. Most flavoenzymes do possess 2 flavins/ 

molecule (see any of the discussions on flavoenzymes in Boyer, Lardy, 

and Myrbflck (1963)), however. In the absence of flavin-flavin inter

action, the initial step would be a full two electron reduction, but 

where one electron reoxidation can occur, free radicals could bs formed. 

Most of the non-metal flavoenzymes appear to function as two electron 

donors, though. The diecuesion of tertiary systems will dsal with the 

one electron reoxidation mechanism. 

Tertiary Svetems 

Non-redox (complexlno) Agents 

The addition of agents which can or might complex flavins was 

made to the NADH and FMN binary system to form a tertiary system. The 

changes that these agents produced in the binary system reactions might 

have significance for flavin binding by functional groups in protein, 

for hormone action, or for intramolecular effects in FAD. The strongest 

known complexing agent at neutral pH for FMN is 2,3-naphthalenediol 

(Fleischman and Tollin (1965b)), Corresponding dscreases in the rates 

of reduction were noted upon the addition of thie compound for all of 

the reactions. This ie expected if the initial step is rate limiting and 

if the inactlvation of flavin occurs through complsx formation. A corres

pondence between complex etability and reduction.rate decreases is noted. 

At the pH used here, no effect of the presence of barbiturates 

is seen upon the rats of reduction of flavin. As amytal is known to be a 

potent inhibitor of the NADH dehydrogenase reaction of respiratory 
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systems, the interaction probably is not with the flavin moiety. An 

interaction of barbiturates with a binding site of the enzyme is the 

logical alternative explanation. The similarity of barbiturates to the 

nicotinamide ring of pyridine nucleotide argues for this. 

Tyrosine (at 1/3 the concentration of the other compounds tested) 

and tryptophan did not greatly reduce the rates of reaction. The decrease 

in reduction rates correlates with their ability to complex with flavins. 

Tyrosine has been invoked as the group responsible for flavin binding 

in several flavoenzymes that require reduced pyridine nucleotides. An 

alteration in the electronic configuration of the isoalloxazine ring 

would be expected upon complexing with tyrosins which would be reflected 

in a reduction rate alteration, conceivably an enhancement. The failure 

to observe an appreciable effect by tyrosine raises the possibility that 

it is not rssponsibls for flavin binding. The iodination of a single 

tyrosine may bs due to its incidental proximity to the active site 

which led to a marked increase in its chemical reactivity. The failure 

to bind flavin after iodination may purely be due to steric effects. 

It is, of course, also conceivable that a tyrosine-flavin complex is 

more stable in the environment provided by the enzyme protein than it 

is in solution. 

Addition of adenine analogs led to some enhancement of the free 

radical production in a somewhat analogous fashion to the effects 

observed in FAD. This is indubitably of biological significance. The 

effect in the tertiary systems was not as great asj;hat observed for 

FAD itself. The structural limitations in FAD greatly increase the 

possibility of flavin-adenine interaction. Since oxidized flavin complexes 



adenine only weakly, little effect on the rate of reduction was seen. 

The active complsxing site for flavin has been shown to be the free 

radical in the case of metal ions. The results suggest that this is 

probably the case for adenine analogs also. The differences in rate that 

are obssrved with different adenine analogs may be partially due to 

solubility problems and also to Electrostatic charge repulsions or 

attractions. 

Redox Components 

The majority of the compounds tested which were capable, in 

principle, of undergoing oxidation-reduction reactions with reduced 

flavin failed to have an observable effect on the binary system. An 

examination of the reported oxidation potentials in Clark (1960) gives 

-0,21 v for FMN at pH » 7, -0,32 v for NADH at pH *. 7, and a variety 

of values for the sulfur containing series from -0,14 to -0,35 v at 

pH * 7, The "sluggishness" of sulfur containing compounds makes accurate 

determination of the oxidation potentials very difficult. From such 

values, it is not really possible to tell a, priori whether a particular 

reduction scheme drill go to completion. The most commonly expressed 

value was -0,32 v. An equilibrium calculation for the reduction of a 

disulfide bond shows that only about 1£ would be reduced by reduced 

flavin, Thie is below the level that can be significantly detected. 

This la apparently what happened in the case of cysteine, cystine, 

oxidized glutathione, D,L-lipoic acid, and thiamine hydrochloride. The 

reverse reaction, between dihydrollpoie acid and oxidiztd flavin, haa 
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been followed by Gasciogne and Radda (1965a), and it was concluded that 

a hydride transfer mechanism was operative. 

Upon binding of the flavin moiety, the oxidation potential changes, 

if the enzyme-bound flavin oxidation potentials that havs been reported 

can be considered to have any credulence (this type of determination is 

subject to considsrable error), Values for old yellow enzyme and NADH-

cytochrome reductase at pH • 7 havs been reported to be around -0.06 v. 

A similar valus has bsen reported for xanthine oxidase free of molybdenum 

(Clark (1960)), The flavin oxidation level in these enzymes becomes even 

more unfavorable to the reduction of disulfide bonds, unless incorpo

ration of cystine into protein greatly increases its oxidation potential 

to a more positive value. 

The incorporation of disulfide and sulfhydryl groups into 

protein frequently leads to a dacrease in their activity with regards 

to ion binding, chemical modification, etc, (Boyer (1959)), No cases 

have been reported for an increase of reactivity of these systems upon 

incorporation into protein. Potentiometric titration has bssn used for 

disulfide reduction in protein studies, but considsrable ovsrvoltages 

must be applied to obtain the reduction (generally 2 to 10 volts I), 

These difficulties have made the determination of an oxidation potential 

upon protein incorporation impossible. 

It appears that the modification of oxidation potentials for 

flavin and disulfide groups upon incorporation into protein only makes 

their interaction more unlikely. Considerable doubt is then thrown on 

the validity of reaction mechaniems which invoke disulfids and 

sulfhydryl reduction in flavoenzymes. The finding that reduction was 
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not impaired, but only reoxidation, for several NADH dehydrogenases 

raises the need for new, more definitive experiments for the syeteme 

where such mechaniBms have been proposed, 

2t2s1 Acid proteinoid was used as a low molecular weight protein 

model to examine the effect of flavin binding by protein on the rate of 

reduction. For FMN and proteinoid in equiraolar concentrations, only a 

small decrease waa noted. On the other hand, the free radical formation 

was decreased by 65-S5& An explanation of theee results is not indicated 

by these experiments, but the effect may be the result of an alteration 

of the disproportionation reaction by the protein environment, an 

interaction of the charge transfer complex and proteinoid preventing 

the disproportionation reaction to produce free radical, or an interaction 

of the free radical with the proteinoid, thus decreasing its observable 

concentration. 

The oxidation potentials for 1,4-benzoquinone and 1,4-naphtho-

quinone were quite favorable. However, direct reduction of the quinone 

by NADH occurred obviating any study of the flavin-catalyzed reactions. 

Menadione and menadione bisulfite failed to react at all. The question 

of quinone reductases was thus beyond the capability of this model system. 

Non-heme Iron Model System 

The reoxidation of reduced flavin by a non-heme iron model, 

nitrosopentacyanoferrate ion, has been successfully investigated. The 

reaction was seen to be zero order in iron concentration, indicating 

that the reoxidation step is considerably more rapid than the reduction 

step and that the concentration of reduced flavin species is always 
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limiting. Two iron atoms were found to be reduced per NADH oxidized. The 

reaction orders with respect to FfflN and NADH were both first order, 

implying that reduction primarily occurred from the fully-reduced state, 

rather than from the free radical etate (in this case, one would expect 

to find a order dependence for NADH), The question is now raised 

whether reoxidation occurs first from the fully-reduced state and then 

sequentially from the semiquinone state. It was not possible to dstsct 

two reoxidation steps under the current experimental conditions (the 

instrumental limitations ars considerable) and so this question can not 

be answered with certainty* 

The flavin oxidation-reduction disproportionation reaction is 

known to lie far to the side of oxidized and fully-reduced flavin. Thus, 

it is likely that the oxidized iron compound reacts to a greater extent 

with fully-reduced flavin than with the semiquinone. As the iron oxida

tion is very rapid, it probably competes more successfully than the 

flavin reactions for FMNH2 (such as charge transfer complex and free 

radical formation). Thus the FMNH2 level is kept low and no changes are 

observed at 900 nm and for flavin free radical until nearly all of the 

iron is consumed. 

The mechanism is probably initially a two electron reduction 

step, followed by a one electron oxidation to free radical, and a 

disproportionation to oxidized and reduced flavin producing a cyclic 

oxidation from the flavin fully-reduced state: 

H+ + NADH + FfflN » FNNH2 + NAD+ 

FMNH2 + Fe+++ —» FfflNH* + Fe++ 

2 FWNH* » FCINH2 + FMN , 
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This may not necessarily be the biological mechanism. For example, NADH 

dehydrogenases are known to consume two ferricyanide ions per NADH 

oxidized (Plahler and Green (1954) and Dixon and Uebb (1964)), 

Enzvme Mechanisms 

The evidence acquired in the study of the tertiary systems is 

consistent with ths mechanism proposed for the binary system. It can 

thus be propossd that flavosnzymas functioning as rsduced pyridine 

nucleotide dehydrogenaees are reduced through a direct hydrogen transfer 

concomitant with a two electron transfer in the rate limiting step. Then, 

either two 1 electron reoxidation steps or one 2 electron reoxidation 

step may ensue. Flavoenzymes functioning with 2 electron acceptors 

generally are metal-free; their reactione are hydride transfer reoxi-

dations (as is apparently indicated by the dihydrolipoic acid studies). 

The non-heme iron containing flavoenzymes, in general, function with 

1 electron acceptors. Ths ratio of non-hams iron is much greater than 

1:1 in most cases. Ths operative mechanism is likely to be a single 2 

electron reduction step followed by two rapid reoxidation steps by 

interaction with the non»heme iron, which in turn reduces some 1 electron 

acceptor (this has been previously stated in a similar fashion by Mahler 

and Glenn (1956)). It would seem that the flavin free radical state is 

at best a very transient intermediate, if at all functional in flavo

enzymes, in gsnsral. Xanthine oxidase may very well be an exception to 

this (vide supra). The diversity of its prosthetic groups, however, places 

it in its own catsgory. 
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It becomes clear from an examination of model systems and from 

flavoenzyme chemistry that no ubiquitous mechaniem can be invoked for 

the great variety of flevoenzymee that are found. Attempts to extrap<* 

olate results found in one system to another appeare to have complipated 

the whole picture, Much extra work haa been epent demonstrating some of 

theee analogiee to be fallaciou8. The reeulte and conclusions of this 

work may serve aa a guide towarda design of experimente to corroborate 

or discard mechanisms which have been proposed for flavoenzyme dehydro

genases. The relevancy of theee studiee to other flavoenzyme mechanisms 

can not yst be aeaeeeed. 

Molecular Orbital Calculations 

The calculated transition energiee and bond lengths for uracil 

gave very good agreement uiith the experimental values. Thus, the 

extrapolation of theee techniquee to more complicated biological 

heterocyclic compounds may bs viewed optimistically. 

The close agreement between calculated and experimental transi

tion energies for the lumazinee, lumichrome, and oxidized ieoalloxazine 

is quite stricking. The calculated bond lengthe are probably, at least* 

semi-quantitatively correct. A number of the bond lengthe differ 

appreciably from the assumed geometry of Grabe (1964) in her geometry 

dependent calculations, which may, in large meastire, account for her 

poor results. 

The oxidized cationic ieoelloxazine calculated transition 

energies also give good agreement with experimental values. Upon 

lowering the pH, the 2,86 and 3.B1 ev transitionsof the oxidized 
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neutral species coalesce to a single peak at 3,30 ev with a hint of a 

shoulder. The calculated results correlate well with these findings. 

Protonated nitrogen can be treated, to a first approximation, as a 

doubly charges species in SCF molecular orbital calculatione. 

The experimental traneition energies observed for the fully 

reduced form of isoalloxazine show an intense absorption in the ultra

violet with two shoulder8 at lower energy. Attempts to calculate 

transition energies for this speciee assuming a planar geometry gave 

very poor results. However* when the tetrahedral configuration was 

assumed for Ng and N^q and the modifications of Malrisu and Pullman 

(1964) were used, good reeults were obtained. Only when one nitrogen 

is intra and the other is extra is reasonable ; agreement with the 

experimental values obtained. Both casee give good correlation with 

the abeorption shoulders and tha intense psak. It is not possible, 

however, to distinguish between the two forps. 

It can be concluded from these calculatione that large:, 

biologically-significant molscules may be successfully handled by 

SCF calculations if an appropriate set of parameters is chosen. It is 

possible to compute bond lengths from the bond orders that are obtained 

in such a calculation where the x-ray dimensions are not available. 



APPENDIX 

Kinetic Data 

Figure 9 

2 x 10"3 PI FI»IN, 7 x 10"3 PI NADH 

3/1/1966 #1 

Optical Density (O.D. units) 

Time 3i40 nm 445 nm 570 nm 900 nm 

0 seconds 1.090 0.51B 0.029 0.078 

20 1.076 0.497 0.057 0.140 

40 1.060 0.480 0.075 0.177 

60 1.050 0,460 0.087 0.215 

BO 1.041 0.445 0.097 0.239 

100 1.031 0.429 0.106 0.243 

120 1.021 0.41 B 0.113 0.242 

140 1.012 0.404 0.119 0.238 

160 1.003 0.390 0.124 0.232 

180 0.996 0.373 0.130 0.224 

200 0.990 0.367 0.135 0.216 

220 0.963 0.356 0.139 0.20B 

240 0.970 0.34B 0.142 0.198 

Pathlengths 0.223 mm 0.223 mm 1.087 cm •
 o
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Figure 11 Figure 12 

5 x 10"3 IW FMN; 1 x ID"3 K FMN 

5 x 10'3 PI NAOH 7 X 10"3 l»l NADH 

8/1B/1965 8/24/1965 12/8/1965 

Time 570 nm EPR 900 nm 

0 eee 0.060 0.0. unite 0,070 O.D. unite 

20 0.122 1.20 arb. unite 0.110 

40 0.150 1.68 0.150 

60 0.176 2.10 0.183 

80 0.193 2.40 0.212 

100 0,211 2.68 0.244 

120 0.227 2.90 0.270 

140 0.240 3.17 0.298 

160 0.252 3.34 0.320 

180 0.264 3.50 0.340 

200 0,273 3.63 0.353 

220 0,282 3,75 0.367 

240 0,291 3,90 0.375 

260 0.300 4.02 

280 0.307 4.13 

300 0.314 4.27 



Figure 13 Figure 14 

4 x 10~3 HI FfflN 7 x 10"3 PI FfflN 

7 x 10"3 HI NAOH 3 x 10""3 HI NADH 

9/27/1965 

Optical Density (O.O, 

11/16/1965 #2 

, units) 

Time 900 nm Time 570 nm 900 nm 

260 seconds 0.4B0 0 seconds 0,072 0.103 

280 0.470 20 0.148 0.197 

300 0.460 40 0.180 0.280 

320 0.449 60 0.206 0.348 

340 0.436 80 0.229 0.430 

360 0.426 100 0.247 0.495 

360 0.415 120 0.263 0.550 

400 0.403 140 0.2B0 0.600 

420 0.393 160 0.293 0.640 

440 0.381 180 0.305 0.678 

460 0.372 200 0.317 0.704 

220 0.327 0.730 

240 0.338 0.750 

260 0.348 0.770 

280 0.356 0.787 

300 0.364 0.800 



rigura 14 Continued 

7 x 10-3 PI FWN 

4 x 104 (I NADH 

4/13/1966 #3 

Optical Oeneity (O.D. units) 

Time 570 nm 900 nm 

0 eeconda 0.05B 0.063 

20 0.070 0.096 

40 0.098 0.116 

60 0.110 0,138 

80 0.118 0.153 

100 0.125 0.170 

120 0.131 0.184 

140 0.137 0.197 

160 0.143 0.210 

180 0.148 0.215 



F igure 15a 

340 nm, 0,223 mm cell 

[fmn] 7 x 10~3 m 5 X 10-3 m 2 x 10"3 M 7 x 10"4 H 

[nadh] 7 x 10"3 m 7 x 10~3 m 7 x 10"3 M 7 x 10-3 f 

2/28/66 #1 2/28/66 #2 3/1/66 #1 3/1/66 #2 

Time Optical Density (0, D. units) 

0 seconds 1.728 1.400 1.130 0.807 

20 1.690 1.369 1.115 0.802 

40 1.655 1.345 1.100 0.797 

60 1.623 1.322 1.090 0.794 

80 1.593 1.301 1.078 0.791 

100 1 ̂ 570 1.282 1.070 0.788 

120 1.547 1.264 1.058 0.784 

140 1,523 1.246 1.050 0.780 

160 1.500 1.232 1.040 0.777 

180 1.482 1.220 1.033 0.774 

200 1.462 1.205 1.025 0.770 

220 T.448 1.192 1.020 0.768 

240 1.430 1.182 1.013 0.765 
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Figure 15a Continued 

340 nm» 0,223 mm cell 

[rw] 7 x 10"3 M 7 x 10-3 HI 7 x 10"3 M 

[nadh] 5 x io-3 pi 2 x io"3 n 7 x io-4 m 

3/1/66 #3 3/2/66 #1 3/2/66 #2 

Time Optical Danlstv (P.P. units) 

0 seconds 1.540 1.067 0.910 

20 1,516 1.068 0.908 

40 1.485 1.057 0.905 

60 1.460 1.047 0.901 

80 1.438 1.038 0.897 

100 1.415 1.030 0.892 

120 1.395 1.022 0.889 

140 1.377 1.013 0.887 

160 1.358 1,005 0.883 

180 1.344 1.000 0.880 

200 1.328 0,992 0.877 

220 1.310 0,986 0.874 

240 1.298 0.980 0.871 
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Figures 15b, 16a, & 17, Table 3 Figures 15b, 16a, & 17 

7 x 10~3 l*l FKIN 5 x 10"3 l*l FlflN 

7 x 10~3 m NADH 7 x 10~3 M NADH 

12/13/1965 #2 121/1,4/1965 #1 

Optical Density (P.P. units) 

Time 445 nm 570 nm 900 nm 445 nm 570 nm 900 nm 

0 seconds 1.365 0.100 0.100 1.110 0.050 0.068 

20 1.320 0.187 0.235 1.067 0.117 0.180 

40 1.280 0.238 0.400 1.070 0.154 0.292 

60 1.242 0.278 0.500 0.997 0.181 0.375 

80 1.208 0.310 0.620 0.968 0.206 0.443 

100 1.175 0.336 0.730 0.940 0.227 0.503 

120 1.145 0.360 0.810 0.910 0.241 0.551 

140 1.119 0.380 0.885 0.888 0.258 0.583 

160 0.996 0.398 0.935 0.865 0.272 0.609 

180 0.970 0.416 0.965 0.843 0.285 0.623 

200 0.952 0.430 0.990 0.824 0.294 0.634 

220 0.930 0.444 1.005 0.805 0.304 0.639 

240 0.912 0.457 1.020 0.789 0.313 0.641 



Figures $5b,'f6«, & 17 Figures f5b, 16a, & 17 
Table 6 

3 x 10"3 M FfUN 1 X 10"3 M FPIN 

7 x 1Q'3 PI NADH 7 x 10~3 PI NADH 

12/14/1965 #2 12/ 14/ 1965 #3 

flpf.fnwl pBnA<f.y units) 

Time 445 nm 570 nm 900 nm 445 nm 570 nm 900 nm 

0 seconds 0.627 0.030 0.084 0.237 0,000 0.050 

20 0.615 0.070 0.150 0.230 0.017 0.088 

40 0.600 0.097 0.228 0.223 0.029 0.112 

60 0.560 0.116 0.774 0.215 0.036 0.117 

60 0.562 0.131 0.320 0.207 0.041 0.110 

100 "0.547 0.144 - 0.363 0.200 0.046 0.094 

120 0.531 0.156 0.390 0.193 0.050 0.077 

140 0.517 0.167 0.401 0.187 0.053 0.065 

160 0.502 0.176 0.403 0.181 0.056 0.059 

180 0.490 0.184 0.400 0.175 0.058 

200 0.479 0,191 0.396 0.170 0.061 

220 0.46B 0.198 0.390 0.165 0.063 

240 0.457 0,204 0.381 0.161 0.065 
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rigures f5fc>, $6?, & 17 FIgures T5b, 16a, A 17 

2 x 1Q~3 M FWN 7 x 10-3 m FWN 

7 x 10-3 |*l NADH 5 x 10~3 W NADH 

12/15/1965 12/10/1965 #2 

Qntlcal Densitv (O.D. units) 

Tiros 445 nm 570 nm 900 nm 445 nm 570 nra 900 nm 

0 seconds 0.434 -0.012 0.105 1.480 0.029 0.035 

20 0.420 +0.017 0.161 1.445 0.097 0.150 

40 0,407 0.033 0.203 1.410 0.138 0.285 

60 0.393 0.046 0.230 1.380 0.170 0.415 

80 0.377 0.056 0.252 1.353 0.196 0.510 

100 0.365 0.065 0.270 '1.323 0.220 0.600 

120 0.354 0.073 0.275 1.300 0.241 0.640 

140 0.342 0.080 0.274 °1.277 0.260 0.680 

160 0.330 0.085 0.267 1.255 0.277 0.720 

100 0.321 0.090 0.261 1.235 0.293 0.770 

200 0.312 0.094 0.255 1.216 0.306 0.800 

220 0.303 0.098 0,245 1.197 0.317 0.830 

240 0.295 0.102 0.236 1.180 0.330 0.855 
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Figures 15b, 16a, & 17 Figures 15b, 16a, & 17 

7 x 1Q"3 m FWN 7 x 10~3 (»l FMN 

3 x 10~3 M NADH 1.5 x 10""3 m NADH 

12/20/1965 #2 12/22/1965 

Optical Density (O.D. units) 

Time 445 nm 570 nm 900 nm 445 nm 570 nm 900 nm 

Q seconds 1,440 0.047 0.060 1.465 0.050 0.048 

20 1.425 0.119 0.150 1.45B 0.104 0.100 

40 1.407 0.153 0.238 1.449 0.126 0.157 

60 1.383 0.180 0.305 1.440 0.145 0.200 

80 1.367 0.204 0.380 1.430 0.160 0.244 

100 1.349 0.224 0.463 1.420 0.173 0.294 

120 1.335 0.240 0.537 1.412 0.185 0.330 

140 1.318 0.255 0.590 1.403 0.194 0.375 

160 1.304 0.270 0.640 1.396 0.205 0.420 

180 1.293 0.283 0.674 1.389 0.215 0.445 

200 1.280 . - 0.295 0.710 1.380 0.223 0.470 

220 1.270 0.305 0.739 1.373 0.230 0.492 

240 1,255 0.314 0.760 1.365 0.238 0.510 
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Figures 15b, 16a, & 

7 x 10"3 PI FWN 

0 x 10"4 M NADH 

12/21/1965 #2 

17 

Optical Density (0.0. 

Figures 15b, 16a, & 17 

7 x 10-3 l»l FI*IN 

7 x 10"4 l*l NADH 

12/15/1965 #2 

units) 

Time 445 nm 570 nm 900 nm 445 nm 570 nm 900 nm 

• seconds 1.650 0.000 0.015 1.345 0.013 0,070 

20 1 .648 0.030 0.052 1.342 0.048 0.107 

40 1.643 0.057 0.097 1.339 0.070 0.135 

60 1.640 0.073 0.130 1.335 0.084 0.160 

80 1.635 0.086 0.157 1.330 0.094 0,188 

100 1.629 0.096 0.200 1.326 0.103 0.223 

120 1.624 0.105 0.228 1.323 0.112 0.252 

140 1.620 0.112 0.250 1.319 0.120 0.273 

160 1.616 0.120 0.271 1.313 0.126 0.287 

180 1.612 0,126 0.290 1.310 0.132. 0.296 

200 1.608 0.133 0.304 1.307 0.137 0.306 

220 1.603 0.139 0.313 1.303 0.143 0.317 

240 1.600 0.145 0.323 1.298 0.148 0.328 



Figure 16b 

[FMN] 7 x 10"3 M 3 x 10"3 (*) 1 x 10"3 M 

[NADH] 7 x 10~3 m 7 x io-3 m 7 x 10"3 m 

gain 250 500 1,000 

1/10/1966 1/11/1966 #1 1/11/1966 #2 

Time Intensity (arbitrary units) EPR 

0 seconds 0.00 0.00 0.00 

12 0.75 0.45 0.45 

24 1.03 0.70 0.70 

36 1.27 0.85 1.00 

48 1.37 1.05 1.20 

60 1.55 1.20 1.35 

72 1.70 1.28 1.50 

84 1.80 1.40 1.60 

96 1.89 1.50 1.70 

108 1,97 1.58 1.80 

120 2.05 1.65 1.85 

132 2.14 1.70 1.90 

144 2,22 1.75 1,94 

156 2.30 1.80 1.98 

168 2.34 1,90 2.00 

180 2.40 1.95 2.04 



Figure 16b Continued 

[FPIN] 7 x 10~3 PI 7 x 10~3 HI 7 x 10-3 PI 7 x 10"' 

[nadh] 3 x 10"3 pi 1 x 10"3 PI 1.5 x 10"3 p| 5 x 10"2 

gain 500 500 500 250 

1/12/66 #1 1/12/66 #2 1/13/66 #1 1/13/66 

Time Intensity (arbitratv units) EPR 

0 second 0.00 0.00 0.00 0.00 

12 0.10 0.30 0.70 0.55 

24 0.30 0.50 

in o
 • 0.80 

36 0.60 0.70 1.35 0.95 

48 0.90 0.90 1.60 1.08 

60 1.05 1.03 1.75 1.20 

72 1.20 1.10 1.93 1.30 

84 1.32 1.20 2.04 1.41 

96 1.45 1.30 2.20 1.51 

108 1.55 1.40 2.33 1.57 

120 1.65 1.47 2.41 1.64 

132 1.75 1.55 2.56 1.70 

144 1.83 1.65 2.67 1.76 

156 1.90 1.70 2.84 

o
 

C
O

 

•
 

168 1.98 1.75 2.88 1.89 

180 2.04 1.82 2.97 1.93 



Figure 18 Figure 19 

[FWN] 5 x 10-3 M 7 x 10-3 l*l 

[nadh] 7 x io"3 m 3 x icr3 in 

11/16/1965 #1 12/30/1965 #1,#2 and 1/4/1966 

445 nw Optical Density (P.P. unite) 

Time 27° C 14° C 
u
 

o
 CM 

36° C 

0 seconds 1.540 1.655 1.517 1.450 

20 1.504 1.639 1 .496 1.420 

40 1.470 1.623 1.478 1.390 

60 1.450 1.613 1.457 1.365 

80 1.414 1.600 1.440 1.340 

100 1.385 1.590 1.421 1.320 

120 1.361 1.587 1.406 1.300 

140 1.340 1.^72 1.390 1.280 

160 1.320 1.565 1.376 1.265 
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Flgura 21 

7 x 10"3 M FMN 

2 x 10-3 M NADH 

2 x 10'3 M Na2N(F« (CN)S 

2/10/1966 #3 2/10/1966 #2 

EPR gain 25 Optioal Danaity (O.D. unita) 

Tlwa EESJnfctnfifc* 445 n* 9t?,o n«i 

0 aaoonda 0.00 1.610 0.068 

20 0.40 1.610 0.078 

40 0.75 1.610 0.093 

60 1.05 1.610 0.104 

80 1.35 1.610 0.112 

100 1.63 1.610 0.117 

120 1.83 1.610 0.121 

140 2.07 1.610 0.123 

160 2.27 1.608 0.125 

160 2.42 1.606 0.125 

200 2.57 1.604 0.125 

220 2.70 1.600 0.125 

240 2.82 1.598 0.125 

260 2.90 1.595 0.125 

260 3.00 1.592 0.125 

300 3.07 1.590 0.125 



120 

Figure 23a 

[FAIN] 7 x 10"3 m 7 x 10"3 M 7 x 10"3 M 7 x 10"3 M 7 x 10"3 PI 

[NADH] 2 x 10"3 M 2 x 10"3 W 2 x 10"3 M 2 x 10"3 M 7 x 10"4 M 

[Fa cpd.] 7 x 10"3 M 5 x 10"3 m 2 x 10"3 m 7 x 10"4 PI 2 x 10"*2 

gain 25 25 so 25 50 

3/3/66 #1 3/3/66 #2 3/4/66 #1 3/4/66 #2 3/5/66 

lias. Intensity (arbitrary units) EPR 

12 seconds 0.58 0.25 0.44 0.33 0.10 

24 0.63 0,39 0,60 0.50 0,20 

36 0.77 0.50 0,81 0.68 0.36 

48 0.90 0.61 1,15 0.83 0.50 

60 1.03 0,72 1,35 0.95 0.62 

72 1.15 0.83 1.55 1.08 0.77 

84 1,25 0.94 

ro • 1.18 0,92 

96 1.37 1.03 1.90 1,22 1.02 

108 1.50 1.12 2.05 1.28 1.16 

120 1.60 1.20 2.20 1.32 1.30 

132 1.70 

o
 

to • 2,35 1.35 1.41 

144 1.78 1,36 2.50 1.38 1.54 

156 

CO CO 

• 1.44 2.62 1.41 1.65 

168 1,98 1.50 2.75 1.43 1.76 

180 2.07 1.88 2.83 1.45 1.88 



121 

Figure 23a Continued 

[FMN] 7 x 10-3 « 7 x 10"3 N 7 x 10"4 PI 1 x 10"3 M 5 x 10"3 A 

[NADH] 5 x 10"3 n 7 x 10"3 n 7 x 10"3 M 7 x 10"3 M 7 x 10'3 « 

[Fa cpd.] 2 x 10'3 M 2 x 10"3 M 2 x 10'3 « 2 x 10"3 M 2 x 10"" 

gain 25 25 250 50 25 

3/7/66 #1 3/7/66 #2 3/9/66 3/10/66 #1 3/10/66 

Tiwe Intenaitv (arbitrary unite) EPR 

12 aeoonda 0,90 0.60 0.60 0.35 0.39 

24 1.50 1.30 0.75 0.55 0.70 

36 2.00 1.75 0.85 0.75 1,00 

48 2.40 2.10 0,97 0.95 1.22 

60 2.80 2.35 1.05 1.15 1.43 

72 3.05 2.58 1.18 1.34 1.61 

84 3.30 2.72 1.30 1.51 1.78 

96 3.50 2.83 1.47 1.70 1.89 

108 3.67 2.90 1.57 1.90 1.96 

120 3.80 3.00 1.70 2.05 2.03 

132 3.90 3.05 1.82 2.25 2.09 

144 4.00 3.10 1.95 2.41 2.13 

156 4.10 3.14 2.10 2.58 2.20 

168 4.20 3.18 2.30 2.74 2.25 

180 4.23 3.20 2.40 2.90 2.28 



Figure 23b 

[F*«] 7 * 10"3 PI 7 * to"3 PI 7 x 10"3 W 7 x 10"3 PI 7 x 10""3 

[NADH] 2 x 10"3 PI 2 x 10~3 PI 2 x 10"3 PI 2 x 10"3 PI 7 k 10"4 

[Fa cpd.] 7 x 10"3 PI 5 x 10~3 PI 2 x 10"3 PI 7 x 10"4 PI 2 x 10"3 

3/3/66 #1 3/3/66 #2 3/4/66 #1 3/4/66 #2 3/5/66 

Tina 570 nm ODtical Density (O.D. units) 

0 seconds 0.070 0.066 0.055 0.046 0.038 

20 0.098 0.098 0.087 0.09$ 0.042 

40 0.130 0.135 0.123 0.130 0.053 

60 0.162 0.167 0.153 0.167 0.070 

80 0.188 0.195 0.180 0.198 0.083 

100 0.214 0.221 0.204 0.225 0.098 

120 0.235 0.243 0.227 0.248 0.110 

140 0.255 0.265 0.248 0.270 0.121 

160 0.275 0.287 0.269 0.286 0.132 

180 0.293 0.305 0.288 0.300 0.142 
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Figure 23b Continued 

[FUN] 7 x 10"3 M 7 x 10~3 M 7 x 10~4 ffl 1 x 10"3 in 5 x 10"3 M 

[NADH] 5 x 10"3 n 7 x 10""3 M 7 x 10~3 M 7 x 10"3 M 7 x 10"3 M 

1—
1 

•
 

T> a. o
 

©
 

u. 1 
1 2 x io~3 M 2 x 10"3 PI 2 x 10~3 M 2 x 10"3 M 2 x 10"3 M 

3/7/66 #1 3/7/66 #2 3/9/66 3/10/66 #1 3/10/66 #2 

Time 570 nm I Optical Density (0. D. units) 

0 seconds 0.078 0.090 0.019 0.056 0.075 

20 0.170 0.218 0.020 0.070 0.160 

40 0.248 0.318 0.022 0.086 0.234 

60 0.314 0.403 0.025 0.104 0.298 

80 0.371 0.471 0.027 0.123 0.353 

100 0.420 0.527 0.029 0.136 0.402 

120 0.461 0.575 0.031 0.152 0.444 

140 0.500 0.614 0.033 0.167 0.481 

160 0.531 0.647 0.036 0.180 0.515 

180 0.560 0.675 0.040 0.193 0.543 
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Table 4 

7 x 10"3 l«l FlflN 

2 x 10"3 M NADH 

1/24/1966 

Optical Density (P.P. 

7 x 10~3 l*l FMN 

2 x 10~3 l*l NADH 

5 x 10~2 n KI 

4/26/1966 

units) 

Time 445 nm 570 nm 900 nm 445 nm 570 nm 900 nm 

0 seconds 1.552 0.037 0,090 1.652 0.050 0.050 

20 1.539 0.096 0,148 1.643 0,120 0.097 

40 1.526 0.125 0.210 1.630 0.152 0.140 

60 1.512 0.147 0.278 1.618 0.172 0.182 

80 1.500 0.165 0.344 1.608 0.191 0.221 

100 1,490 0,181 0,408 1.595 0,207 0.256 

120 1.480 0.196 0.449 1.587 0.220 0.293 

140 1.468 0.210 0.483 1.573 0.233 

160 1.456 0,220 0,521 1.562 0.244 

180 1.448 0,230 0,552 1.552 0.255 

200 1.438 0,240 0,581 1.545 0.265 

220 1.430 0,248 0,603 1.538 0.275 

240 1.421 0,256 0,627 1.529 0.283 
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Table 4 Continued 

7 x 10"3 M FMN 

3 x 10"3 rn NADH 

12/30/1965 

7 x 10"3 

3 x 10"3 

1/7/1966 

Optical Density (P.P. units) 

fll FMN 

fll NADH In D?0 

Time 445 nm 570 nm 900 nm 445 nm 570 nm 900 nm 

0 seconds 1.526 0.086 0.117 1.543 0.042 0.064 

20 1.496 0.154 0.200 1.525 0.116 0.160 

40 1.476 0.187 0.286 1.502 0.155 0.243 

60 1.457 0.214 0.361 1.485 0.183 0.337 

60 1.440 0.237 0.440 1.464 0.207 0.420 

100 1.421 0,256 0.526 1.449 0,229 0.494 

120 1.406 0.274 0.590 1.430 0.245 0.570 

140 1.390 0,287 0.633 1.415 0.262 

160 1.376 0,303 0,670 1.400 0.277 

180 1.361 0,314 0,711 1.385 0.290 

200 1.349 0,326 1.372 0.303 

220 1.339 0,338 1.360 0.312 

240 1.327 0,347 1.349 0,323 
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Table 5 

(Table 6) 

7 x 1CT3 l*l FfflN 

2 x 10-3 M MADH 

1/21/1966 

gain 250 

EPR 2/4/1966 

Optical Density 

7 x 10~3 W FfflN 

2 x 10~3 n NADPH 

1/19/1966 

(P.O. united 

Time 445 nm 570 nm 900 nm EPR 445 nm 570 nm 900 nm 

0 seconds 1.550 0.036 0.087 1.522 0.037 0.052 

20 1.538 0.097 0.150 0.55 arb 1.514 0.090 0.115 
units 

40 1.525 0.125 0.211 0.90 1.505 0.115 0.170 

60 1.511 0.148 0.278 1.12 1.495 0.135 0.242 

80 1.500 0,165 0.344 1.33 1.485 0.152 0.306 

100 1,490 0.181 0.408 1.50 1.478 0.167 0.474 

120 1,480 0.196 0.449 1.65 1.468 0.180 0,408 

140 1.468 0.209 0.483 1.75 1.459 0.190 0,430 

160 1.456 0.220 0.521 1.90 1.450 0.200 0.470 

180 1.447 0,230 0.553 2.00 1.440 0.210 0.495 



127 

Table 5 Continued 

(Table 6) 

2 x 1CT3 HI FWN 

7 x 10"3 M NADH 

1/24/1966 #2 

ODtical Density CO.D. units) 

Time 445 nm 570 nm 900 nm 

0 seconds 0.475 0.047 0.088 

20 0.459 0.070 0.160 

40 0.440 0.087 0.200 

60 0.429 0.100 0,227 

SO 0.413 0.111 0.250 

100 0.402 0,119 0,263 

120 0.368 0,125 0.265 

140 0.375 0,133 0.260 

160 0.366 0,139 0,255 

180 0.355 0.145 0.248 

gain 1,000 

EPR 5/11/1966 #1 

EPR (arb. units) 

0.75 

1.55 

1.90 

2,30 

2.65 

2,85 

3.12 

3.34 

3,50 
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Table 5 Continued 

2 x 10-3 W FAD 

7 x 10"3 HI NADH 

1/25/1966 

Optical Penalty (P.P. units) 

Time 445 nm 570 nm 900 nm 

0 seconds 0.365 0.043 0.093 

20 0.349 0.093 0.105 

40 0.340 0.117 0.120 

60 0.330 0.132 0.133 

80 0.320 0,145 0,147 

100 0.310 0,155 0,158 

120 0.301 0,162 0,167 

140 0.295 0,170 0.175 

160 0,286 0,177 0.181 

180 0.280 0,183 0.189 

gain 1,000 

EPR 5/11/1966 #2 

EPR (arb. units) 

0.85 

1.60 

2.15 

2.55 

2.90 

3.25 

3,48 

3.60 

3.85 
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Table 6 

7 x 10"3 l»l FlflN 

2 x 10"3 HI NADH 
. i 

7 x 10-3 m AMP 

3/12/1966 #1 

Optical Density (O.D. units) 

Time 340 nm 445 nm 570 nm 900 nm 

Q seconds 1.140 1.735 0.055 0.080 

20 1.130 1.724 0.124 0.137 

40 1.121 1,710 0.159 0,169 

60 1.111 1,695 0.183 0.190 

80 1,100 1,685 0.205 0,212 

100 1,091 1.675 0,222 0.230 

120 1,082 1.660 0,238 0,245 

140 1,073 1.653 0.250 0,258 

160 1,065 1.639 0.267 0,271 

180 1.060 1.630 0.279 0,283 
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Table 6 Continued 

7 x 10~3 m FAIN 

2 x 10"3 m NADH 

7 x 10~3 M Adenine 

3/12/1966 #2 

Optical Penalty (O.D. unite) 

Time 340 nm 445 nm 570 nm 900 nm 

0 secondB 1.170 1.728 0.063 0.060 

20 1.160 1.720 0.122 0.125 

40 1.150 1.709 0.154 0.180 

60 1.140 1.695 0.176 0.231 

BO 1.130 1.662 0.191 0.275 

100 1.120 1.672 0.210 0.315 

120 1.115 1.661 0.224 0,362 

140 1.106 1.650 0,236 

160 1.097 1.639 0.246 

160 1.090 1.630 0,258 
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Table 6 Continued 

7 x 10-3 M FWN 

2 x ID"3 M NADH 

-3 
7 x 1 0  1 * 1  A d e n o s i n e  

3/12/1966 #3 

Optical Density (O.D. units) 

Time 340 nm 445 nm 570 nm 900 nm 

0'seconds 1.150 1.726 0.057 0.066 

20 1.142 1.718 0.123 0.129 

40 1.133 1.710 0.154 0.181 

60 1.121 1.695 0.177 0.231 

80 1.112 1.680 0.195 0.280 

100 1.103 1.673 0.211 0.332 

120 1.096 1.662 0,225 

140 1.090 1.652 0.237 

160 1.080 1.643 0.24B 

180 1.074 1.633 0.260 
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Table 6 Continued 

7 x 10~3 HI FWN 

2 x 10"3 to NADH 

7 x 10"3 B A DP 

3/13/1966 #1 

Optical Density (P.P. units) 

time 340 nro 445 nm 570 nm 900 nm 

0 seconds 1.109 1.687 0.063 0.093 

20 1.100 1.675 0.130 0.154 

40 1.090 1.665 0.163 0.210 

60 1.079 1.652 0.187 0.263 

60 1.068 1.643 0.209 

100 1.058 1.629 0.227 

120 1.047 1.619 0.243 

140 1.042 1.605 0.258 

160 1.033 1.597 0.272 

160 1.026 1.568 0.284 



Table 6 Continued 

7 x 10"3 HI FMN 

2 x 10"3 HI NADH 

7 x 10"3 l*l ATP 

3/13/1966 #2 

Optical Penalty (P.P. unite) 

lime 340 nm 445 nm 570 nm 900 nm 

0 seconds 1.093 1,692 0,046 0.060 

20 1.063 1,680 0,123 0.150 

40 1.070 1,667 0,155 0.210 

60 1.060 1,655 0,179 0.260 

80 1.050 1,643 0,196 

100 1.041 1,632 0,206 

120 1.032 1,622 0,231 

140 1.024 1,610 0,245 

160 1.015 1,600 0,256 

180 1,006 1,590 0,270 
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Table 6 Continued 

7 x 10"3 M FfflN 

2 x 10"3 l*l NADH 

7 x 10"3 M Barbituric acid 

1/29/1966 #2 

ODtical Density (O.D. units) 

Time 445 nm 570 nm 900 nm 

0 seconds 1.652 0.033 0.080 

20 1.640 0.084 0.145 

40 1.625 0.114 0.200 

60 1.614 0.140 0.250 

80 1.600 0.163 0.298 

100 1.590 0.180 0.345 

120 1.579 0.197 0,395 

140 1.564 0.216 

160 1.556 0.230 

180 1.545 0.243 

giin 250 

EPR 2/7/1966 #2 

EPR (arb. units) 

0,47 

0.80 

1.00 

1.23 

1.40 

1.57 

1.72 

1.87 

1.93 
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Table 6 Continued 

7 x 10"3 M FMN 

2 x 10"3 M NADH 

7 x 10"3 HI 2,3-Napthalenediol 

1/26/1966 #1 

ODtical Density (O.D. units) 

Time 445 nm 570 nm 900 nm 

0 seconds 1.646 0.403 0.069 

20 1.642 0.440 0.090 

40 1.639 0.460 0,114 

60 1.633 0,474 0,137 

80 1.628 0.485 0.162 

100 1.620 0,492 0.174 

120 1.616 0,500 0,208 

140 1.610 0,509 0,230 

160 1.6Q5 0.517 0,248 

180 1.6Q0 0,522 0,270 

gain 500 

EPR 2/4/1966 #2 

EPR (arb. units) 

0,33 

0.90 

1.30 

1.63 

2,00 

2,20 

2.45 

2.67 

2.87 
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Table 6 Continued 

7 x 10~3 Kl FIQN 7 x 10"3 N FMN 

2 x 10"3 M NADH 2 x 1(f3 M NADH 

7 x 1Cf3 fll Sodium barbital 7 x 10"3 ffl Sodium Pheno-
barbital 

1/31/1966 2/2/1966 #1 

Optical Penalty (P.P. unite) 

Time 445 nm 570 nm 900 nm 445 nm 570 nm 900 nm 

0 seconds 1.517 0.075 0.090 1.615 0.063 0.092 

20 1,504 0.110 0.160 1,601 0,120 0.170 

40 1.491 0.143 0.230 1.500 0,147 0,230 

60 1.470 0,165 0.200 1,572 0.170 0,200 

80 1.464 0,179 0.330 1.561 0,107 0,330 

100 1.450 0.195 0.307 1.547 0,200 0.375 

120 1.440 0.206 0.434 1.533 0,215 0.430 

140 1.420 0.220 1.523 0.227 0.476 

160 1.419 0,230 1.512 0.230 0.510 

180 1.410 0,240 1,502 0,247 0,540 
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TablB 6 Continued 

7 x 10"3 M FfflN 

2 x 10"3 (fl NADH 

-3 
7 x 10 W Tryptophan 

1/26/1966 #2 

Optical Density 

Time 445 nm 570 nm 

0 seconds 1.550 0.300 

20 1.545 0.352 

40 1.535 0.375 

60 1.525 0.394 

BO 1.512 0.407 

100 1.500 0.419 

120 1.492 0.429 

140 1.482 0.438 

160 1.473 0.448 

180 1.464 0.456 

gain 250 

2/5/1966 EPR 

(P.P. units) 

900 nm EPR (arb. units) 

0.104 

0.145 0.37 

0.178 0,68 

0.215 0.98 

0.250 1,16 

0.288 1.37 

0.326 1.46 

0.360 1.60 

0.389 1.74 

0.414 1.83 



Table 6 Continued 

7 x 10~3 l*l FMN 

2 x 10"3 PI NADH 

7/3 x 10-3 M Tyrosine 

1/29/1966 #1 

Optical Density 

Time 445 nm 570 nm 

0 seconds 1.676 0.080 

20 1.667 0.125 

40 1.654 0.154 

60 1.643 0.173 

BO 1.630 0.192 

100 1.620 0.210 

120 1.608 0.223 

140 1.600 0.255 

160 1.587 0.246 

180 1.580 0.256 

gain 250 

EPR 2/7/1966 #1 

(O.D. units) 

900 nm EPR (arb. units) 

0.110 

0.150 0.40 

0.197 0.75 

0.240 0.95 

0.278 1.13 

0.323 1.30 

0.370 1.44 

0.411 1.55 

0.445 1.69 

0.479 1.00 



Table 6 Continued 

2 x 10"3 PI FMN 

7 x 10"3 l*l NADH 

5 x 10"^ M 2 : 2 t 1  Acid protenold (0,10000 g—mean mol. uit. 4,000) 

4/23/1966 #2 

Optical Density (P.P. units) 

Time 340 nm 445 nm 570 nm 900 nm 

0 seconds 1.111 0.548 0.337 0.226 

20 1.100 0.537 0.360 0.270 

40 1.06B 0.521 0.372 0,311 

60 1.079 0.506 0,381 0.334 

80 1.068 0.493 0.390 0.352 

100 1,057 0.480 0.395 0,365 

120 1.048 0.469 0.400 0,373 

140 1.041 0.458 0.403 0.372 

160 1,033 0.447 0.406 0.369 

160 1.025 0.435 0.409 0.365 



Table 6 Continued 

1 x 10~3 m FlflN 

7 x 10~3 M NADH 

-3 
1 x 1 0  M  2 : 2 : 1  A c i d  p r o t e i n o i d  ( 0 , 2 0 0 0 0  g — - m e a n  m o l .  w t ,  4 , 0 0 0 )  

4/24/1966 

Optical Density (P.P. units) 

Time 340 nm 445 nm 570 nm 900 nm 

0 seconds 1,096 0,245 . - 0,663 0,365 

20 1,090 0,238 0,663 0,389 

40 1.085 0.230 0,664 0,398 

60 1,080 0,223 0,663 0,395 

80 1,073 0.217 0,670 0,380 

100 1,068 0,210 0,671 0,365 

120 1,062 0,203 0,672 0,350 

140 1,058 , 0,197 0,674 

160 1,053 0,190 0,676 

180 1.049 0,185 0.676 
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