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1. A new flavin prosthetic group has been isolated in pure form from the electron-transferring 
flavoprotein of Peptostreptococcus elsdenii. Its structure has been established as the FAD derivative 
of 7-methyl-8-hydroxyisoalloxazine : 

Ribityl phosphate -AMP 
I 

0 

Proof of this structure has been obtained by chemical synthesis of 7-methyl-8-hydroxyisoalloxazine 
models, and by stepwise degradation of the native compound to 7-methyl-8-hydroxyalloxazine. 
The orange chromophore is characterized by a strong absorption band with a maximum at 
472 nm ( E  = 41000 M-' cm-') and a pK at 4.8 due to the ionisation of the C(8)-OH group. 

2. The properties of a series of functionally substituted derivatives of 8-hydroxy flavins and 
lumichromes have been investigated to provide a basis for interpreting the effects of pH on the 
spectroscopic properties of the 8-hydroxy derivatives of FAD and FMN. 

3. The 8-hydroxy derivative of FAD is bound by apo-D-amino acid oxidase; the complex shows 
no catalytic activity. The 8-hydroxy derivative of FMN is bound by apoflavodoxin to give a complex 
which has catalytic activity similar to that of native flavodoxin. The complex is reversibly reduced by 
dithionite, first to a relatively stable semiquinone and further to the dihydroflavin form. 

The prosthetic group of flavoproteins is usually 
FAD or FMN bound non-covalently to the protein. 
However, in some enzymes the flavin is modified at 
position 8a and covalently linked through this position 
to the protein [I]. Two different modifications have 
also been discovered in flavins which are not bound 
covalently. A fraction of the total flavin in prepara- 
tion of electron-transferring flavoprotein from Pepto- 
streptococcus elsdenii and glycollate oxidase fsom pig 

Abbreviarions. NMR, nuclear magnetic resonance; EPR, elec- 
tron paramagnetic resonance. 

Enzymes. Glycolkdte oxidase or glycollate : 0, oxidoreductase 
(EC 1.1.3.1); u-amino-acid oxidase (EC 1.4.3.3); phosphodiesterase 
(EC 3.1.4.1). 

Nomenclature. The abbreviations 8-OH-fldvin. 8-OH-FAD, 
8-OH-FMN, and 8-OH-riboflavin stand for flavin (7,g-dimethyl- 
10-substituted-isoalloxazine) analogs in which the (8)-CH3 group 
is replaced by an -OH function (compare also structure 1 on 
Scheme 1). 

~ 

liver is green and contains an hydroxyl substituent at 
position 6 of the isoalloxanine moiety [2]. Early 
evidence for a second modified flavin in an enzyme 
from P. elsdenii which showed NADH dehydrogenase 
activity [3] was later confirmed and the flavin identi- 
fied as the 8-hydroxy analogue of FAD ( la )  [4]. 
More recently, the apoprotein of this NADH dehy- 
drogenase has been shown to be identical with apo- 
electron-transferring flavoprotein [ 5 ] .  

In this paper we report in some detail the isolation 
and characterization of 8-OH-FAD (la) and %OH- 
FMN (Ib) and the properties of model compounds 
which were synthesized to interpret the spectral prop- 
erties of the coenzyme and their behaviour on apo- 
flavoproteins. Other investigators have recently syn- 
thesized similar isoalloxazine derivatives by oxida- 
tion of 6,7-dihydroisoaHoxazine [6} or by degrada- 
tion of 8-substituted (iso)alloxazine [7]. 
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EXPERIMENTAL PROCEDURE Isolution and Degradation of the Enzyme Chromophore 

Chromatography and Electrophoresis 

Thin-layer chromatography was carried out on 
precoated silica gel/glass plates (Merck AG, Darm- 
stadt) of 0.2 mm thickness. Electrophoresis was done 
on Whatman 3MM paper at pH 7 (100 ml pyridine 
and 5 ml glacial acetic acid was adjusted to pH 7 with 
ammonia and diluted to 1.0 1) or pH 3 (8 ml pyridine 
was adjusted to pH 3 with acetic acid and diluted to 
1.0 1) with a Savant Instrument Inc. apparatus at  a 
voltage of 22 V/cm. After electrophoresis, spots of 
flavin were detected by their fluorescence in ultra- 
violet light. 

Spectroscopic Methods 

Absorption spectra were recorded with Cary 
model 17 or 18 spectrophotometers using 1 -ml quartz 
cuvettes ; anaerobic spectrophotometric titrations were 
carried out in the apparatus described previously 
[S]. Fluorescence emission and excitation spectra 
were recorded at 25 "C with the ratio-recording 
fluorimeter described elsewhere [9]. Infrared spectra 
of KBr pellets were recorded on a Perkin-Elmer 237 
instrument. 

Nuclear magnetic resonance (NMR) spectra were 
recorded with a Varian T60 or A60 instrument. 
Values for chemical shifts (expressed as 6 in ppm) are 
calibrated to tetramethylsilane as internal standard ; 
values given in brackets refer to the number of 
protons and the position on the isoalloxazine ring of 
the function giving rise to the observed signal. The 
NMR spectrum of 8-OH-flavin isolated from electron- 
transferring flavoprotein was recorded after hydro- 
lysis to the FMN level. About 200 pg (0.5 pmol) of 
8-OH-FMN (lb) was adjusted to pH 7 with bi- 
carbonate and then lyophilised to dryness. The 
residue was dissolved in approximately 100 p199.97 
2H,0 (Thompson Packard Inc.). This solution was 
placed in an ultraprecision microcell (Kontes Glass 
Co., Vineland, N.J.) and measured with a Varian T60 
instrument equipped with a phase lock unit and a 
time-average computer model Varian C 1024. 60- 
100 scans were recorded, and for calibration a final 
measurement was made after addition of sodium 
tetradeutero-3-(trimethylsilyl)propionate. 

Electron paramagnetic resonance (EPR) spectra 
were recorded with a Varian model V4500 instrument. 
For the preparation of the radical cations, solutions 

The procedures for the preparation of electron- 
transferring flavoprotein from P. elsdenii [5], for 
extraction of the enzyme chromophores [2,3] and 
for the separation of FAD, 6-OH-FAD and 8-OH- 
FAD (la) by chromatography on DEAE-cellulose 
with 0.2 M potassium phosphate buffer pH 5.9 [2] 
have been described previously. The orange-coloured 
8-OH-FAD (la) was strongly adsorbed by DEAE- 
cellulose and remained in a band near the top of the 
column. The DEAE-cellulose was extruded from the 
column, the orange resin cut out, suspended in water, 
poured into a second column and the adsorbed 
material eluted with 0.1 N HC1 and finally neutralised 
with solid K2C0,. Material from several prepara- 
tions of electron-transferring flavoprotein (obtained 
from about 450 g dry bacterial cells) was combined 
(40.5 ml, A475nm = 0.43), diluted to 100 ml with 
H,O, applied to a further column of DEAE-cellulose 
(Whatman DE-32, 10 x 2 cm) and the chromato- 
graphic and elution procedures described above were 
repeated. Thin-layer chromatography showed that 
the 8-OH-FAD (la)  obtained by this procedure was 
free of coloured or fluorescent contaminants. 

8-OH-FMN (lb) was prepared by treatment of 
8-OH-FAD (1 a) with phosphodiesterase (Nqja naju 
venom from Sigma), the course of the reaction being 
followed by measuring changes in the absorption 
spectrum and fluorescence intensity. AMP was iden- 
tified enzymically as a reaction product [3]. Although 
8-OH-FMN (Ib) and AMP can be separated by thin- 
layer chromatography, large amounts of material 
were more conveniently separated by binding 8-OH- 
FMN (Ib), 0.6 pmol) to apoflavodoxin (0.65 pmol) 
and treating the mixture on a column (50 x 1 cm) of 
Sephadex G-25 equilibrated with 0.001 M phosphate 
buffer pH 6.5. The complex of 8-OH-FMN (lb) and 
apoflavodoxin was then dissociated by addition of 
methanol to 80% and heating at 60 "C for 10 min. 
Denatured protein was removed by centrifugation 
(15000 x g for 10 min) and methanol was removed 
from the supernatant by distillation in vucuo. The 
free flavin was finally rechromatographed on Se- 
phadex G-25 (50 x 1 cm) equilibrated with water. 
8-OH-riboflavin (lc) was prepared by hydrolysis of 
8-OH-FMN (lb) with 1 N HCI at room temperature 
in darkness. The course of the reaction was followed 
by thin-layer chromatography (qc legend to Table 1, 
solvents C, D); at  completion the solvent was eva- 
porated in vucuo. 

of flavin in 6 N HCl were deoxygenated with argon 

until maximal formation of the red colour of radical 

Photodegrudution 
and then treated with in HC1 of 8-OH-rihqflavin and Identification qf the Products 

cation was observed. These solutions were then trans- 
ferred anaerobically to flat quartz cells and the EPR 
spectra measured at ambient temperature. 

A solution (1 ml) of 40 pM 8-OH-riboflavin (lc) 
(or 8-OH-FMN, lb) was adjusted to pH % 3 with 
acetic acid, placed in a quartz cuvette and then irra- 
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diated with a tungsten-iodine lamp in a bath ther- 
mostated at 20 'C. The light intensity at the surface 
of the cuvette was z 10' erg cm-, s-' (10 J cm2 s- I ) .  

The course of the reaction was followed spectro- 
photometrically [4] and by thin-layer chromatog- 
raphy (cf. Table 1, solvents B, D). After 120 min of 
irradiation no starting material, but several faster- 
moving spots, could be detected in the solution. The 
main blue fluorescent spot, 7 methyl-8-hydroxyallo- 
xazine (ll,R3,R4 = H), was scraped from the thin- 
layer plate, eluted with 1 N acetic acid, the solvent 
evaporated in vucuo and the residue dissolved in 
dilute bicarbonate solution, filtered and the filtrate 
used for the light absorption measurements. 

Enzyme Preparations 

Flavodoxin from P. elsdenii [lo], apoflavodoxin 
[I l l ,  u-amino acid oxidase from pig kidney [I21 
and apo-D-amino acid oxidase [13] were prepared 
by published procedures. 

Synthesis of Flavin Compounds 

7,10-Dimethyl-8-hydroxyisoalloxanine (8-hydrox- 
ylumiflavin, 1, R2 = CH3, R3 = H). Trifluoroacetic 
anhydride (32 g, 150 mmol) was added dropwise 
over a period of 10 rnin to a solution of 6.5 g (50 mmol) 
of 5-amino-a-cresol [Z] in 30 ml of tetrahydrofuran 
in a flask fitted with a condenser and stirrer. After 3 h 
at ambient temperature the solvent was evaporated 
in vacuo. Remaining traces of trifluoroacetic acid and 
anhydride were removed by azeotropic distillation 
with benzene. The crystalline residue was then dissolv- 
ed in 50 ml tetrahydrofuran; 2.3 g (0.1 mol) sodium 
hydride were added in portions and the mixture was 
stirred for 15 min. Subsequently, approximately 10 g 
(70 mmol) methyl iodide were added and the mixture 
stirred for 4 h at  ambient temperature. The solvent 
and excess methyl iodide were removed in vucuo, and 
the residue was hydrolyzed for 30 min at room 
temperature with 10 ml 0.1 N sodium hydroxide. 
For the condensation, 6.2 g (0.1 mol) boric acid and 
9.4 g (60 mmol) violuric acid were added to this mix- 
ture, the pH was adjusted to 8.5, the solution was 
diluted with water to a final volume of 50 ml, and it 
was then refluxed for 2 h. The hot and dark-coloured 
reaction mixture was then acidified to about pH 3 
with glacial acetic acid and cooled in ice. The pre- 
cipitate which formed was collected by filtration, 
suspended in a minimum volume of cold 10% bi- 
carbonate solution, the mixture was filtered, the 
filtrate heated to boiling, and then treated with 2 N  
acetic acid until the beginning of precipitation. After 
cooling, the precipitate was collected by filtration, 
washed with dilute acetic acid and dried. Yield: 
1.2 g of 1, R, = CH,, R, = H (970, m.p. > 340 "C.  

Found: C 55.67, H 3.97, N 22.65%; C,,H,,,N40, 
( M ,  258.24) requires: C 55.81, H 3.90, N 21 .70~1 .  
N M R  (CF,COOH): 6 = 8.32 (6-H), 7.70 (9-H), 
4.50 (3H, 10-CH,) and 2.62 ppm (3H, 7-CH3). In- 
frared (KBr): typical bands at 2790, 1690 and 
1650 cm-'. m/e  258 ( M ,  88 %). 

(3, R, = C,H,, R, =H).  
Pure 5-acetylamino-o-cresol (3, R, = CH,CO, R, = 
H) [14], 4.3 g (26 mmol), dissolved in 200 ml tetra- 
hydrofuran, was reduced with an excess of LiAIH, 
(about 3 g) added in small portions over a period of 
10 min, then refluxed for 20 min and the remaining 
LiAIH, decomposed with wet ether. After addition 
of 50 ml water, celite and filtration, the product was 
extracted with 300 ml ethyl acetate. The product 
(3, R, = C,H,, R, = H) can be recrystallized from 
propan-2-ol/water.Yield:3.2 g(80%). m.p. 112-1 14 "C. 

7-Methyl-8-hydrl.o~~~- 10-ethylisoalloxazine (1 d, 
R, = C2H,, R, = H). 5-Ethylamino-o-cresol (3, R,  
= C2Hs, R, = H) 1.Og (66 mmol) was condensed 
with violuric acid (6, R,, R4 = H) (1.1 g, 70 mmol) 
in the presence of sodium metaborate (3 g, 7.8 mmol) 
by refluxing in 50 ml water (pH 8) for 2 h. The 
reaction mixture was worked up as described for 
7,10-dimethyl-8-hydroxyisoalloxazine). N M R  (CF,- 
COOH): 6 = 8.28 (6-H), 7.68 (9-H), 4.95 (quartet, 
2 H, 10-CH2-), 2.62 (7-CH3), and 1.84 ppm (tri- 
plet, 3 H, 10-CH2-CH3). m/e 272 ( M ,  l l  %,). 

( 1 , 
R, = C2H5, R3 = CH,) was synthesized from 3, 
R, = C2H5, R, = H (600mg, 4mmol) and mono- 
methylvioluric acid (6, R3 = CH,, R, = H) (770 mg, 
4.1 mmol) in the presence of sodium borate (2.0 g, 
5 mmol) as described for the first and third compounds 
above. Yield 110 mg, (10%) m.p. 350-352 "C dec. 

(quartet, 2H, 10-CH2-), 3.73 (singlet, 3-CH3), 2.63 
(7-CH3) and 1.80 ppm (triplet, 3H, 10-CH,-CH3). 

N-acety1-2-nitro-.5-metho.~y-p-toluidine. N-Acetyl- 
3-methoxy-p-toluidine (4) (2.0 g, 11 mmol) was nitrat- 
ed in 40 ml glacial acetic acid with 0.8 ml 702) 
HNO,. The mixture was warmed at 70 "C for 5 min, 
three parts of water were added and the crystals which 
formed on cooling were collected, washed repeatedly 
with water, and recrystallized from ethanol to yield 
2.1 g (84 x)  of the pure compound, m.p. 135- 137 T. 
Found: C 53.44, H 5.45, N 12.52%; Ci0H,,N2O4 
( M ,  224.24) requires: C 53.56, H 5.40, N 12.49%. 

7-Methyl-8-metho~.~- 10-e fhyl isoalloxanine (8 J . 
2-Nitro-5-methoxy-N-acetyl-p-toluidine (L;$ last com- 
pound above) (1.0 g, 4.45 mmol) was slowly added 
with the exclusion of moisture to 50 ml dry tetra- 
hydrofuran which contained = 2 g LiAlH,. The 
mixture was stirred for 18 h at 35 'C, and the 
excess LiAIH, was then destroyed by the careful 
addition of water. Celite was added, the mixture 
filtered and washed repeatedly with tetrahydrofuran 

5-Etlzylumino-o-cresol 

3,7- Diinethy!-8-hydroxy- I O - e t l ~ y l i s o c i l ( ~ ~ . ~ u ~ ~ ~ ~  

NMR (CF3COOH): 6 = 8.25 (6-H), 7.66 (9-H), 4.91 
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and the combined filtrates were evaporated to give 
the brown oily residue of the phenylene diamine (5). 
This compound was immediately condensed with 
700 mg alloxane (7) in 100 ml glacial acetic acid con- 
taining 2 g boric acid according to known procedures 
[15]. Yield of 8: 540 mg (45%), m.p. 341-344°C 
dec. Found: C 58.84, H 4.89, N 19.61 %,; C14H14N403 
( M ,  286.29) requires: C 58.74, H 4.93, N 19.57%. 

4.36 (singlet, 8-O-CH3), 2.61 (singlet, 7-CH,) and 
1.84 ppm (triplet, lO-CH,CH,). 

N-Acetyl-3-methoxy-p-toluidine (3, R, = CH,CO, 
R, = CH,). 5-Acetylamino-o-cresol(3, R, = CH,CO, 
R, = H) (5.0 g, 30 mmol) dissolved in 50 ml 1 N 
NaOH, was alkylated by slow addition of 10 ml 
dimethylsulfate in 30 ml methanol with stirring, while 
maintaining an alkaline pH by titration with 1 N 
NaOH. After 30 min the precipitate which formed was 
removed by filtration, washed with water, and re- 
crystallized from ethanol/water. Yield: 4.4 g (83 %), 
m.p. 117-119 "C. Found: C 67.06, H 7.34, N 7.85%; 
C,oH,3N0, ( M ,  179.24) requires: C 67.01, H 7.32, 
N 7.81 %. 

7-Methyl-8-acetoxy-10-ethylisoalloxazine (10). The 
8-OH-flavin (Id, R, = C2H5, R, = H) (lOOmg), 
was acetylated in a mixture of 3 ml acetic anhydride 
and 1 ml acetic acid, by heating at 100 "C for 30 min 
in the presence of catalytic amounts of HClO,. After 
removal of the solvents the product was crystallized 
by addition of ether and recrystallized from glacial 
acetic acid. Yield 95 mg (83%) m.p. > 300 "C dec. 
Found: C 57.06, H 4.61, N 17.73%; C15H1,N404 
( M r  314.30) requires: C 57.32, H 4.49, N 17.83 %. 

7-Methyl-8-tosyloxy-10-ethylisoalloxazine ( c t  10, 
R, = C2HS, R, = H, and C7H7S02 at position C(8)-0 
instead ofCH,CO). Id, R, = C2H,, R, = H (200 mg, 
0.7 mmol) was tosylated with p-toluenesulfonyl chlo- 
ride (250 mg, 1.3 mmol) in 2 ml absolute pyridine at 
60 ' C  for 5 min. This solution was then cooled, poured 
into 50 ml of cold water; the precipitate which formed 
was removed by filtration and then washed successi- 
vely with dilute acetic acid, water and ether. The 
crude material was recrystallized from dioxane/di- 
ethyl ether. Yield; 295 mg (95 %), p.m. 265-267 "C. 
Found: C 56.26, H 4.46, N 13.18%; C,,H,,N,O,S 
( M ,  426.45) requires: C 56.33, H 4.25, N 13.14%; 
NMR (CF,COOH); 6 = 8.40 (2 protons, 6 H and 
9 H), 7.20 (9-tosyl-2,3-H), 5.10 (quartet, 10-CH,), 
2.55 (7-CH3), 2.38 (tosyl-CH,) and 1.83 ppm (tri- 
plet, lO-CH, - CH,). 

3,7-Dimethyl-8-mrthoxy-lO-ethylisoalloxazine (9). 
Alkylation of 8 and of Id, R, = C,H5, R, = CH,, 
with methyl iodide in absolute dimethylformamide 
in the presence of potassium carbonate [I61 yields 
the same product 9, as judged by the identity of 
melting point (303-306 "C, dec.), NMR, and light 
absorption spectra and of behaviour on thin-layer 

NMR (CF3COOH): 6 = 8.23 (6-H), 7.48 (9-H), 

chromatography (cj Table 1). NMR (CF,COOH): 
6 = 8.24 (6-H); 7.5 (9-H), 5.02 (quartet, lO-CH,-), 
4.36 (singlet, 8-OCH,), 3.73 (singlet, 3-CH3), 2.60 
(7-CH3) and 1.84 ppm (triplet, lO-CH, - CH,). In- 
frared (KBr): Bands at 1690, 1645, 1570, 1535 and 
1245 cm-'. m/e 300 (M, 54%). 

Violuric Acids (5-Nitvosopyrimidines) (6), R = 
Hy; CH,; R, = H and CH,, and the required 
barbituric acids were synthesized according to pu- 
blished procedures [17- 191. 

1,3,7-Trimethyl-8-hydroxyalloxazine (1 1, R,, R, = 
CH,). A mixture of 14 g (75 mmol) 1,3-dimethyl- 
violuric acid (6, R,, R, = CH,), 10.6 g (86 mmol) 
5-amino-o-cresol (2), and 30 g (52 mmol) sodium 
borate in 120 ml water was adjusted to pH 8.5 and 
refluxed for 2.5 h. The dark brown solution was 
filtered hot, the filtrate was acidified to pH FZ 4 with 
glacial acetic acid and cooled in ice. The precipitate 
was washed with dilute acetic acid, methanol and 
acetone, and dried in a vacuum to yield 2.5 g of 
1 1 ,  R,, R, = CH,, (9%). For elemental analysis the 
compound was repeatedly recrystallized from 0.1 N 
NaOHIdilute acetic acid. n1.p. > 300 "C dec. Found: 
C 57.46, H 4.31, N 20.61 %; C,,H,,N,O, ( M ,  272.27) 
requires: C 57.35, H 4.44, N 20.58%. NMR (CF,- 
COOH): 6 = 8.30 (6-H), 7.73 (9-H), 4.03 and 3.76 
(l-CH, and 3-CH3), and 2.73 (7-CH3). m/e 272 ( M ,  

7-Methyl-8-hydroxyallo.xazine ('8-hydroxylumi- 
chrome') (1 1, R,, R, = H) was synthesized from 5- 
amino-o-cresol (2) and violuric acid (6, R,, R4 = H) 
as described for the previous compound above. The 
crude product (yield 10 %) can be readily recrystallized 
as the disodium salt. m.p. > 300 "C dec. Found: 
C 54.09, H 3.38, N 22.727;; C,,H,N403 ( M ,  244.21) 
requires: C 54.10, H 3.30, N 22.94%. 

I ,3,7- Trimethyl-8-benzyloxyalloxanine (1 2, R,, 
R, = CH,, R, = CH,-CsH5), and 1,3,7-trirnethyl- 
8-rnethoxyalloxazine (12, R,, R, = CH,, R, = CH,). 
Benzylation of 11, R,, R, = CH,, occurs at position 
C(8)-0 under the conditions described by Hemmerich 
[16] for the alkylation of lumiflavins (absolute di- 
methylformamide/benzyl bromide/potassium carbo- 
nate). Yield 90%. m.p. 255-256 "C. Found: C 
66.26, H 4.96, N 15.41 x ;  C2,H,,N,0, ( M ,  362.39) 
requires: C 66.29, H 5.01, N 15.46 %. NMR (C'HCI,) : 
6 = 5.24 (2H,  8-O-CH2-), 3.75 and 3.53 (l-CH, 
and 3-CH,), and 2.45 ppm (7-CH3). Methylation of 
11, R,, R, = CH,, with methyl iodide yields analo- 
gously 12, R,, R,, R4 = CH,, which has physical 
properties closely similar to those of the benzylation 
product 12, R, = CH,-C6H,. Formation of 15, 
R, = CH, was not observed. 

1,3,7- Trimethyl-5-acetyl-8-acetoxy-l0,5-dihydro- 
alloxazine (1 3) was prepared by reductive acetylation 
of 1 .O g of 11, R,, R, = CH, according to the method 
described by Dudley and Hemmerich for related 

100%). 
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alloxazines [20]. Recrystallization occurred from di- 
methylformamide/water. Yield 1.2 g, (87 x), m.p. 
171 -176 "C, A,,,(MeOH) 310 nm. NMR:  (C2HCl,/ 
CF3COOH = 9/l): 6 = 8.0 and 6.96 (6-H and 
9-H), 3.58 and 3.43 (1-CH3 and 3-CH3), 2.40, 2.27 
and 2.20 ppm (5-CO-CH3, 7-CH3 and 8 -0  

1,3,7,10-Tetramethyl-8-oxoalloxazine (15, R, = 
CH,). A solution of 200 mg (0.53 mmol) 13 in SO ml 
absolute tetrahydrofuran was treated with SO mg 
(2.2 mmol) NaH and stirred at 24 "C for 10 min. 
0.2 ml (2.1 mmol) dimethylsulphate were then added, 
the mixture stirred at 24 "C for a further 5 h, and 
then treated with 0.5 ml 1 N acetic acid to destroy the 
excess sodium hydride. The solvent was then eva- 
porated under vacuuni to yield an oily product (14) 
which was dissolved in 20 m16 N HCI. Sodium nitrite 
(200 mg) was added to this solution, the solvent eva- 
porated under a vacuum, the residue dissolved in 
10 ml of water and the resulting solution adjusted 
to pH 8 with bicarbonate. A small amount of 12, 
Rz, R3, R4 = CH3, precipitated and was separated 
by filtration. The filtrate was made saturated with 
ammonium sulphate and then extracted thoroughly 
with chloroform. The extracts were dried over so- 
dium sulphate, the solvent evaporated under vacuum 
and the residue treated with 20 ml acetone. On stand- 
ing, red crystals of 15, R, = CH, separated, and were 
collected by filtration. Yield 120 mg (79%) m.p. 
273-278 "C dec. For elemental analysis the com- 
pound was recrystallised from acetonitrile/2-propyI- 
ether. Found: C 58.68, H 5.02, N 19.69%; C,4H,4N40, 
( M ,  286.29) requires: C 58.74, H 4.93, N 19.57%. 

4.50, 4.00 and 3.70 (3 methyl groups, 10-CH,, 1-CH, 
and 3-CH3), and 2.60 ppm (7-CH3). Infrared (KBr): 
characteristic bands at 1720, 1665 and 1620 cm-'. 
m/e  286 ( M ,  100 %). 

-COCH3). 

NMR (CF3COOH): 6 = 8.20 (6-H), 7.60 (9-H), 

RESULTS AND DISCUSSION 

Separation, Degradation and Iden t $cat ion 
of the Enzyme Chromophore 

When extracts of electron-transferring flavopro- 
tein are treated on DEAE-cellulose as described in 
Experimental Procedure, three coloured bands are 
separated. In order of their elution from the column, 
these bands are yellow, green and orange. The chromo- 
phores in the first two have been identified as FAD 
and 6-OH-FAD respectively [2]. Several lines of 
evidence indicated that the orange chromophore in 
the third band is also a flavin at the level of FAD; 
it is bound by the apoproteins of D-amino acid 
oxidase and electron-transferring flavoprotein, which 
are specific for FAD and FAD derivatives, and it 
can be degraded stepwise by procedures which are 
known to hydrolyse FAD. The changes in the proper- 
ties of  the chromophore at each step resemble those 
during the sequential degradation of FAD to FMN, 
riboflavin and lumichrome. For example, phospho- 
diesterase (Naja naja venom) splits AMP from the 
chromophore and during the hydrolysis, the intensity 
of the visible absorption peak increases by 12%, an 
amount comparable with the value observed on hy- 
drolysis of FAD to FMN ( l l x  [21]). The orange 
product of this hydrolysis is bound by the apoprotein 
of P. elsdenii flavodoxin, thus providing strong evid- 
ence that it is an FMN derivative. Further mild 
hydrolysis gives a product which is not bound by 
apoflavodoxin, and which has physical properties 
resembling those of riboflavin (Table 1). 

The absorption spectrum of  the orange chromo- 
phore at the FAD, FMN and riboflavin levels 
depends on pH not only in the pH regions of the two 
pKs of isoalloxazine (pK z 10 and pK = 1 [22]) 
but also around pH 5. This additional pK of 4.8 is 
due to the ionization of a weak acid, as was inferred 

Table 1. Chromatographic and electrophoretic properties of' 8-OH-riboflavin and of model compounds 
The solvent systems were: (A) butdnol/ethanol/l .O M sodium acetate p H  6 (61311, v/v/v); (B) butanol/ethanol/watcr (6/3/1/, v/viv);  
(C) butanol/ethanol/2 N ammonia (6/2/2, viviv); (D) butdnol/acetic acidiwater (4/3/3, v/v/v). Electrophoretic mobilities are in arbitrary units 
and compared with the mobility ofriboflavin; the mobility of riboflavin from the starting line is given in brackets. (+) Mobility towards the 
anode; (-1 mobility towards the cathode 

Compound R,  values in solvent Electrophorctic 
mobility at 

~ ~ ~ -~ ~~ 

A B C D PH 3 PH 7 

Riboflavin 0 48 0 30 0 70 0 33 ( -  10) (+ 1)  
FMN 0 0 - 0 15 + I 3 5  + 16 
FAD 0 0 - + 9  + 14 
8Cc(K-Hibtidyl)riboflavtn [36] 0 10 - 24 - 7 5  
8-OH-riboHavin (ic) 0 33 0 17 0 48 0 22 - 6 5  + 9  

7-Methyl-8-OH-alloxazine (11, R,, R4 = H) 0 87 0 89 0 65 0 81 
8-OH-hmifldvln (Id, R, = CH,, R, = H) 0 60 0 57 0 66 0 53 

- 

Main photodegradation product of 8-OH-rlbo- 
flavin (lc) 0 87 0 89 0 65 0 81 
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from the relatively tight binding of the chromophore 
to DEAE-cellulose and from the electrophoretic 
properties of the chromophore at the riboflavin 
level: at pH 7 the uncharged riboflavin does not 
migrate, while the orange chromophore moves towards 
the anode (Table 1);  at pH 3, where riboflavin is 
neutral, both compounds move very slowly towards 
the cathode. By comparison, 8-histidylriboflavin car- 
ries a positive charge at this pH, and shows a much 
higher mobility (Table 1). 

NMR and EPR spectra, which are detailed below, 
indicated that by comparison with normal flavin, 
the modified flavin lacks a methyl group. As pointed 
out previously [4], the replacement of the methyl 
group at position C-8 of isodloxazine by a phenolic 
hydroxyl would explain the physicochemical pro- 
perties of the flavin. Therefore model flavins with 
this structure were synthesized in an unequivocal 
way. The spectroscopic properties of these 7-methyl- 
8-hydroxy-1 O-alkylisoalloxazines (Id, Scheme 1) were 
shown to closely resemble those of the enzyme chro- 
mophore at the FMN and riboflavin levels [4] thus 
indicating the presence of the same chromophoric 
system. In analogy to the established acidic photo- 
degradation of the ribityl side chain of riboflavin to 
lumichrome, the orange FMN and the orange ribo- 
flavin could be converted to the lumichrome derivative. 
This was isolated by thin-layer chromatography and 
its spectroscopic (Fig. 4 below) and chromatographic 
properties (Table 1) were characterized and shown 
to be indistinguishable from those of synthetic 7- 
methyl-8-hydroxyalloxazine (1 1, R,, R, = H, Scheme 
2 below). It could, therefore, be concluded that the 
orange chromophore of electron-transferring flavo- 
protein is 7-methyl-8-hydroxy-10(5’-ADP-ribityl)iso- 
alloxazine (la). 

Chemical Synthesis and Properties 
of 8-Substituted (Iso)allo.xazines 

The chemical synthesis of these (iso)alloxazines, 
as described in Experimental Procedure, is straight- 
forward and leads to compounds of unequivocal 
structures. They have been characterized by combina- 
tions of conventional analytical methods (e.g. ele- 
mental analysis, NMR, EPR, infrared and visible 
spectroscopy). Since our first report [4], similar 
compounds have been obtained by Addink and 
Berends [6] by autoxidation of 6,7-dihydroalloxazine ; 
they show physical characteristics which are in good 
agreement with those reported here. The synthetic 
pathway is outlined in Schemes 1 and 2 and only 
a few points which need further elaboration will be 
discussed here. 

N-substituted amino-o-cresols (3) are condensed 
with (monosubstituted) violuric acids (6) in the pre- 
sence of boric acid and yield compounds 1 (Scheme 1); 

this reaction is discussed elsewhere [15,17]. This 
synthesis does not lead to the desired products when 
the -OH function of the cresol is blocked (e.g. 3, 
R, = CH,) and when both nitrogens of violuric 
acid (6) are substituted (e.g. 6, R,, R, = CH,). In 
these cases, and under the conditions used for the 
synthesis of compounds Id, or when the condensa- 
tion was attempted in acid medium, only unidentifi- 
able products and tars are obtained. Since alkylation 
of compounds Id may yield several isomers and 
disubstitution, flavins unequivocally substituted at 
the C(8)-0 function were obtained by condensation 
of the newly described methoxy-phenylene diamine 
(5) with alloxane by the method of Kuhn (cf. [15]). 
Methylation of compound 8 then occurs at  N(3) 
and yields a product which is identical with the prod- 
uct of methylation of compound Id (R, = C2H5, 
R, = CH, or H). Thus the anion of compound 1 
alkylates at C(8)-0 and not at N(l)-C(2) = 0. Simi- 
larly, acylation and tosylation of compound 1 occur 

The 8-OH-alloxazines (11, R,, R, = CH, or H) 
were synthesized in an analogous way from o-amino- 
cresol (2) and violuric acid (6, R3, b = CH3 or H) 
(Scheme 2). As in the case of the attempted synthesis 
of 8a-substituted isoalloxazines the condensation 
fails when the aminocresol (2) carries a substituent 
on the oxygen function (R, # H). Alkylation (and 
acylation) of the anion of compound 11 (R,, R4 = 
CH,) occurs at C(8)-OH and not at N(10) to yield 
compound 12 (compare mesomeric structures for the 
anion of 11 in Scheme 2). Therefore, for the synthesis 
of the desired N(l),N(lO)-blocked ‘paraquinoid’ flavin 
15 (R, = CH,), the C(8)-OH and N(5)-H functions 
were protected by acylation of the reduced form 
of compound 11 (R,, R, = CH,). Dudley and Hem- 
nierich [20] have shown that acylation of reduced 
alloxazines occurs at N(5) and not at N(10); this 
finding, in connection with the NMR spectra, which 
show the presence of two acetyl functions, confirm 
the proposed structure of compound 13. Alkylation 
of 5-acetyl-5,10-dihydroalloxazines such as compound 
13 with methyl iodide was found to occur pre- 
dominantly at position N(10), to a minor extent at 
position C(4a) and not at position C(4)=0 [20]; 
these products could readily be recognized by their 
NMR spectra. Compound 14, obtained by methyla- 
tion of compound 13, was converted to the acid- 
stable compound 15 (R, = CH,) by oxidation/hydro- 
lysis with nitrous acid. The structure of compound 
15 (R, = CH,) is confirmed by elemental analysis, 
mass spectroscopy, NMR and electron absorption 
spectroscopy (cf. Fig.4 and details below). In partic- 
ular, alkylation at position C(4a) is excluded by 
NMR; substitution at C(4)-0 is very improbable in 
view of the negative results of Jefcoate et al. [20], 
and should yield an acid-labile compound [20]. 

at C(8)-0. 
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I 0  

CH3 

1 a) R1= ribityl-AMP; R3=H 

b )  

c)  R1= r ib i ty l ;  R3=H 

d )  

R, = ri b i  tyl-OP03H2 ; R3= H 

R f =  CH3 or C2H5, R3=H or CH3 

Scheme 1 

The unusually low pK of the phenolic 8-OH func- 
tion in compounds 1 (pK = 4.6 for Id, 4.8 for lb ,  or 
lc, cj: Table 2, compare with 2,4-dinitrophenol, 
pK = 4.1) is an expression of the high electron defi- 
ciency of the isoalloxazine nucleus. It provides a 
direct estimate of the "acidity' of substituents at 
C(8), a property which has been deduced previously 
from a series of exchange and condensation reactions 
with the C(8)-CH, group of normal flavins [23,24]. 
The acetoxy substituent in compound 10 has accord- 
ingly a typical anhydride character; its hydrolysis is 

very rapid at pH values greater than 8 (e.g. 
t I l2  = 13 min at pH 9.5 as in Fig.l), leads to com- 
pounds 1 without formation of detectable inter- 
mediate adducts, and is subject to strong general 
catalysis by several anions and nitrogen bases. In 
contrast, hydrolysis of the 8-tosylate of compound Id 
is slow, comparable rates only being obtained at 
higher pH (e.g. t l i z  = 18 min at pH 12.5 and 25 C), 
and in addition methanolysis of this compound in 
the presence of sodium methylate yields only com- 
pound Id and not 9. An hydrolysis reaction proceeding 
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through nucleophilic attack of the solvent at position 
C(8), such as has been described for 8-chloroisoallo- 
xazines [17], does not occur to a detectable extent 
in the present cases. The pK difference between com- 
pounds lb ,c  and Id can be attributed to an inter- 
action of a side-chain hydroxyl group (in lb,c) with 
the N(l)-C(2) = 0 function. 

EPR and N M R  Spectra 

When the enzyme chromophore at the FMN level 
is dissolved in 6 N HCl and treated with Ti3+, a red 
compound is formed similar to the semiquinone 
intermediate of normal FMN. The intermediate is 
further reduced by an excess of Ti3+ to a colourless 
species which is assumed to be the cation of fully 
reduced 8-OH-flavin (1 b). The red intermediate has 
a resolved EPR signal (Fig.2) with a total width of 
"N 44 G. By comparison, a total line width of 52 G 
was found for riboflavin and FMN, 46 G for 8a- 
histidylriboflavin from succinate dehydrogenase [25] 
and 46.5 G for 8cc-O)-chlorobenzoyl)riboflavin (spec- 
trum not shown) synthesized according to Hemmerich 
et al. [24]. For reasons outlined earlier [25], the differ- 
ence between the EPR-hyperfine pattern of the orange 
flavin radical cation and 8a-histidyl-riboflavin or 
FMN and the 'loss' [25] of more than two ESR- 

active protons, provided an indication for a sub- 
stantial modification possibly at position C(8) of 
the coenzyme. The ESR spectrum of the orange FMN 
in 2H,0/CF3C002H (lj l)  has a total band width 
of z 38 G and suggested that more than one EPR- 
active proton has been exchanged with deuterium, i .e.  
N(5)H and C(8)-OH. The EPR spectrum of the ra- 
dical cation of 8-OH-lumiflavin (Id, R, = CH,, 
R3 = H) has a total width of 49.5 G compared with 
6 0 G  for lumiflavin [25] and provided confirmation 
of the modification at C(8). Finally, the spectra of the 
radical cation of 7-methyl-8-hydroxy-lO-ethylisoallo- 
xazine (Id, R, = C2H,, R, = H), which have a 
total band width (43.0 G in 6 N HC1, and 37.5 G in 
2H20/CF3C002H) and hyperfine pattern very similar 
to those of the spectra of the enzyme chromophore, 
further confirmed the structural assignment (Fig. 2). 

The NMR spectrum of the orange FMN in 'H20 
shows a single peak in the region of z 1.8 ppm 
corresponding to the C(7)-CH3 group. In CF3C002H 
a signal at z 2.5 ppm was observed in addition to 
the signals of the ribityl side chain at 4.0-5.5 ppm 
and a further weak signal at = 7.5 ppm probably due 
to the C(6) and C(9) protons. No accurate integration 
was possible because of the small amount of material 
available (z 0.5 pmol). However, a second methyl 
signal in the 1.6 - 3.2-ppm region was considered 
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Fig. 1 .  Changes in the absorption spectrum during the conversion of the 8-ucetoxyfluvin (10) to the anion of the orange ,flavin (I) .  The 
8-acetoxyflavin (10) in absolute methanol was diluted 20-fold with 0.1 M pyrophosphate buffer, pH 9.5 at 24 "C, to give a solution of 
20 pM. Curves 2, 3, 4, 5, and 6 (-) were recorded 7, 13.5, 19, 34 and approximately 120 min after mixing. Curve 1 (O----O) is 
compound 10 (20 pM) in 0.1 M phosphate buffer pH 7 

improbable since it would have required that the 
signals from both methyl groups would be coincident 
in the spectra of both the neutral and cationic forms 
of the molecule. The positions of the signals of the 
enzyme chromophore were found to be in appropriate 
agreement with those of the synthetic compounds 
(cf. Experimental Procedure). 

Light Absorption Properties 

The flavocoenzymes and the synthetic derivatives 
of the isoalloxazine molecule are characterized by 

their typical visible and ultraviolet absorption spectra 
and by their fluorescence emissions. The spectra of 
the orange flavins (1) in neutral solution (see [4] 
and curve 6 in Fig. 1)  are strikingly different from the 
spectra of normal flavins (e.g. curve 1 in Fig.1). In 
particular, the higher absorption coefficients and the 
dependence on the state of ionisation of the 8-OH 
function (Table 2) indicate that the electronic distri- 
bution in the chromophore is strongly altered. The 
class of 8-OH isoalloxazines (1) can be represented 
either in a 'phenolic' structure or in its tautomeric 
'paraquinoid' form (Scheme 1, upper and lower 
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80: - Histidyl - 
riboflavin 

w 
Fig. 2. EPR spectra of semiquinone cations qf orange ,fluvins and 
comparison with other fluvosemiquinone cutions. Spectra were re- 
corded as described in  Experimental Procedure. Arrows indicate 
the top of the outermost EPR line. The total width of the signal 
was taken to be twice the distance between the outermost line and 
the centre of the signal. No further wing lines were observed by 
increasing the gain 10-fold 

formulae). Both species could be in thermodynamic 
equilibrium, the position of which would be influenced 
by the solvent environment, and they are expected 
to exhibit different absorption spectra. For example, 
specific hydrogen bridges or charges at the binding 
site of an apo-flavoprotein could preferentially stabi- 
lize one of these tautomeric forms or the correspond- 
ing anion. Thus the orange flavins (and also 6-OH- 
flavins 121) conld serve as sensitive indicators of the 
protein environment at the flavin binding site, and 
provide information not readily obtained with normal 
flavins (whose pK values are out of the physiological 

pH range). A study covering the practical application 
of this point with several apoflavoproteins will be 
reported elsewhere [26]. It was therefore important 
to determine unambiguously the absorption proper- 
ties of both tautomeric forms of compounds 1 by total 
synthesis of appropriate model compounds in which 
the electronic structure is ‘blocked’, by substitution 
for example. Similarly, by varying the substituents 
R,, R,, R, and R, (structural formulae in Table 2) 
the observed pK values could be assigned to the 
different functions on the isoalloxazine ring of com- 
pounds 1. 

The absorption spectrum of the neutral orange 
flavin 1, R, = H (Table 2, cf [4]) closely resembles 
the spectrum of the neutral 8-methoxyisoalloxazines 
8 and 9 (Fig.3, Table 2), but it is markedly different 
from the spectrum of the derivatives of the other 
possible tautomeric form, the “paraquinoid’ 8-oxo- 
isoalloxazine 15 (Fig.4). In contrast to our earlier 
assumption [4], and a proposal of Addink and 
Berends [6], it therefore appears that the ‘phenolic’ 
structure is the predominant tautomeric form of 
compounds 1 (Scheme 1, upper formula) and con- 
sequently that the pK at % 4.8 represents deprotona- 
tion of the hydroxyl function at C(8). Similarly, the 
pH dependence of the spectrum of compound 1, 
R, = C2H,, in which R3 = H or CH, and R, = OH 
or OCH, (Table 2), indicates that the pK at z 11 is 
due to the ionisation of the N(3)-H function. 

The spectral features of normal flavins can be 
obtained from orange flavins by substitution of the 
(8)-OH group with electron-withdrawing functions 
such as acetyl (10) or tosylate (Fig. 1). The ‘para- 
quinoid’ flavin 15 in its neutral state shows a fairly 
resolved spectrum (Fig. 4) remarkably similar to those 
of the monoanions of compounds 1 (Fig. 1, curve 6); 
the band at % 300 nm is red-shifted and increased in 
intensity, and at the same time the lowest energy 
band is decreased in intensity and also red-shifted 
(Fig. 4). Theoretical calculations (K. Weiss and R. Hu- 
ber, personal communication) indeed confirm the 
assumption that the spectral type characterized by a 
high-intensity absorption around 475 nm, and shown 
by compound 15, and the anion of compounds 1 
(Fig.1 and 4), can be attributed to a ‘paraquinoid’ 
structure such as in compound 15. The shift of the pK 
of protonation of the latter at C(8) = 0 to 2.45 as 
compared to compounds 1 (pK = 0.7) indicate that 
it has a pronounced dipolar character. The spectra 
of the cationic species of compounds 1 (A,,, = 
422 nm, Table 2 and [4]), 8 (i,,, = 425 nm, Fig. 3), 
15 (A,,, = 432 nm, Fig. 4) and 11 (E,,,, = 422 nm, 
Fig.5), indicate that the electronic structure of the 
four compounds are similar, and further that proto- 
nation of the neutral compound 1 occurs at N(1), as 
in the case of normal isoalloxazines [22], and that 
protonation of compound 15 occurs at C(8) = 0. It 
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Table 2. Ahsorption musinzu, absorption coeJjficirnrs, ,flE1owsScenSce propcvvirs and pK vulues of 8-substituttd ffuvins und allo.xii:ii?er 
Spectrain the p H  range 2- 11 were measured at an ionic strength of0.05-0.1 M.Va1ues of HO were obtained with appropriately diluted sul- 
phuric acid, and pH values above 11 were obtained with NaOH. Fluorescence intensities are compared with the intensity of the fluorescence 
emission of lumiflavin 3-acetate at pH 7 (excitation and emission light a t  450 and 520 nm respectively) which was assigned a value of loo'!, 

Com- R 1  R 4  Condi- A,,, ( E )  Fluorescence pK values 
emission [position ol'ionization] 

Id ,  CH3, 
1c G H s ,  
or ribityl or 
l b  ribityl-P 

l a  Ribityl-P 
- AMP 

H - OH -1.0 422 (33.6) 258 (25) 223 (32) - - 

3.0 435 (26) 262 (31) 220(37) SOS(440) 145 

7 0 472 (41) 300 (10 7) 267sh(25 5 )  528 (475) 134 

13 0 472 (53 2) 283 (11 1) 248 (58) 520 (475) 225 

H - OH 3 0 445 (27) 280sh(19 4)261 (44 6) 500 (440) 130 
238 (42 2) 

7 0 478 (36 7) 302 (9 9) 265sh(39 9) 535 (475) 130 
252 5 (61 2) 

2.52 (51) 

~ -~ - 

0.7 "(I)] 
4.6, R, = CH, or C,H, 
4.8, R, = ribityl or 

rib-P [C(8)OH] 

11.5 "(1)-HI 

3.4 [adenine] 

4.8 [C(8)-OH] 

Id CzHs 

~ 

8 C,H, 

~~ 

10 C,H, 

CH, - OH 3 0  435 (26 1 )  263 (37) 
7 0 475 (41) 530(475) 147 

- ~ ~~~~ - ~~~ 

H - OCH, - 1  0 425 (36) 260 (26 7) 234(32 6) - - 

7.0 436 (22 6) 380sh (7) 262 (27.2) 500 (440) 320 
234 (35) 

228 (37) 
12 5 440 (20 6) 380 (9 2) 264 (32 5 )  

. 

CH3 - 0-C-CH,  7 0 440 (12) 340 (6 8) 266 (35)  520 (440) 
II 222 
0 
0 

~ 4.83 [C(8)-OH] 

11 .O [N(3)-H] 

7.0 438 (12) 335 (7.1) 270 (34.8) 522 (440) 130 
II 

0 

C,Hs H - O-S-C,H, 
II 222 

- 
n 

U 250 (36) 
H -  -N 0 6 N HCI 510 (29 3) 405sh (4 7) 318 (14 5) - CH, 

7 0 480 (37) 380sh(3 4) 300sh ( 5  6) - ~ 

252 (45 5 )  
0 1 N  
NaOH 475(32) 

. - 

15 CH, CH, CH, = O  1 3 432 (30 4) 265 (24 9) - - 245  [C(8)=O] 
7 0  475 (222) 387 (3 X )  318 (174) 557(485) 15 

~~~~-~ ~~~ 

252 (23) 

11  - I1 H OH - 4 0  422 (25 2) 260 (24 6) 232(28) - - 1 28 [N( lo)] 
~~ -~ ~ ~~~ 

- 

4 I 385 (19 1 )  258 (28 3) 555 (390) 6 
8 2 437(169) 293 (20) 240(323) 555 (430) 4 5  

12 7 428 (21 7) 272 (25 2) 243 (34 1) 550 (430) 11 
~~~ ~ . ..- ~~ ~~~ 

11 - CH, CH, OH 3 0  383 (206) ZSO(35) 550 (390) 5 9 6 63 [C(8)-OH] 
9 0 434 (19 1) 390sh (9 4) 294 (20 4) 550 (430) 8 1 

242 (41 9) 
-~ ~ ~- .- ~~~ - 

12 - CH, CH, 0-CH,-C,H, dloxane 390 (17 9) 277 (20 4) 251 (44 4) 417 (390) 45 
238 (41 5) 
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Wavelength (nrn)  
Fig.3. Effects O f p H  on the spectrum qf8-mrtlzo.~~:fluvin (8) .  The 8-methoxyflavin 8 (20 pM) was dissolved in 0.1 Mbuffers. ( 0 d )  
H ,  = ~ 1 ; (-) pH 6.5; (----) pH 12.5 

should be pointed out that, in contrast to the related 
6-OH-flavins described earlier [2,27], the 8-hydroxy- 
flavins 1 do not have any ‘long-wavelength’ absorp- 
tions in any of their ionization states. 

Fig.5 shows the spectra of the 8-OH-alloxazine 
11 (R3, R4 = H), obtained by photodegradation of 
the native compounds 1, b, c; they are closely similar 
in all ionization states to those of synthetic com- 
pound 11 (R3, R4 = H). The pK of the 8-OH group 
is shifted to 6.63, by comparison with isoalloxazine 1 
(pK z 4.7) and the pK of protonation of N(30) is 
lowered (to - 1.28) by comparison with that of 
compounds 1 (0.7) and normal flavin ( z  0 [22]). 

Fluorescence Properties 

8-OH-flavins fluoresce with emission intensities 
and maxima similar to those of normal flavins. This 
is in contrast to the 6-OH-flavins which have been 
reported to be not or only weakly fluorescent [2,27]. 
As with normal flavocoenzymes, the pH dependence of 
the fluorescence of the enzyme flavins 1 shows charac- 

teristic differences at the FAD (la) and FMN (lb) 
levels. This pH dependence (Fig.6) also reflects the 
ionisation state of the C(8) and N(3) functions and 
is a useful tool for differentiating between these 
modified flavins and normal flavins. 

The complete quenching of the emission at low 
pH (apparent pK z 2) does not coincide with the pK 
of protonation determined by light absorption mea- 
surements (pK = 0.7); it probably reflects dynamic 
proton quenching as is the case with normal flavins 
[28]. As with FAD, deprotonation of the adenine 
nucleus in 8-OH-FAD (la) leads to a quenching of 
the fluorescence (pK z 3.4), but concomitant with 
the first ionization of the 8-OH isoalloxazine moiety, 
the original emission intensity is restored. These 
effects are not observed with 8-OH-FMN (lb) and it 
therefore appears that ‘hairpin’ complexation in 
8-OH-FAD and consequent fluorescent quenching 
only occurs between the uncharged subunits. The 
pK at 11.5, which leads to a strong fluorescence 
increase, reflects deprotonation at N(3)-H to form the 
dianion of compound 1. This is in contrast to the 
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Fig.6. pH-dependence of the jluorescence intensity of 8-OH-FAD ( l a )  (+O) und R-OH-FMN ( I b )  (M). The pH of an 
unbuffered solution of 8-OH-FAD (la) (2 FM) in 0.05 M NaCl (2 ml) was adjusted by addition of small amounts of solid phosphate 
salts, citric acid, potassium carbonate, potassium hydroxide and sulphuric acid. Data for 8-OH-FMN (1 b) were obtained under similar 
conditions but after addition of phosphodiesterase (Naja naja venom) to a solution of 8-OH-FAD (la). The wavelength of the exciting light 
was 443 nm, an isosbestic point between the absorption spectra of the neutral and anionic forms of the chromophore; fluorescence 
intensities were measured at 520 nm, the isosbestic point between the corresponding emission spectra. Each point in the figure represents 
a single measurement 

case with normal flavins in which ionization of 
N(3)-H leads to complete quenching, but similar to 
the effect observed with the lumichrome series [29]. 
The fluorescence of the isoalloxazines 11 and 12 is 
anomalous: whereas the emission of the 8-O-benzoyl 
compound (1 2, R, = CH, - C,H,) in toluene (A,,, = 
417 nm) has the expected overlap with the lowest 
energy transition (A,,, = 390 nm) (Table 2), in water/ 
dioxane (9/l, v/v) it is very broad and maximal at 
450 nm. Further, although the fluorescence excita- 
tion spectra of compound 11 (R, = R4 = CH,) in 
its neutral (pH 3) and monoanionic (pH 9) forms 
differ and correspond with the different absorption 
spectra, the fluorescence emission spectra are very 
similar in shape and both have a maximum at 
550 nm (Fig. 7). It thus appears that, independently 
from the ionization of the ground state, the emitting 
species is the excited anion of compound 11, and 
consequently that the pK of the C(8)-OH group in 
the excited state is lowered by at least 3 units by 
comparison with the pK of the ground state. This 
observation is in accord with an extensive transfer of 
charge from the C(8) position of the alloxazine 
system upon excitation [30]. 

Binding o j  8-OH-jluvins to Apojluvoproteins 

The apoproteins of D-amino acid oxidase [13] 
and electron-transferring flavoprotein [5] bind %OH- 
FAD (la) and apoflavodoxin from P. elsdenii binds 
8-OH-FMN (lb). The spectral properties of these 
complexes differ from each other and from those of 
the free flavins, and they provide useful information 
about the flavin-binding sites in each protein. 

When 8-OH-FAD (la) is bound to D-amino acid 
oxidase, the absorption band in the visible region is 
shifted to the red, reduced in intensity and resolved 
(cfi [31]) to give shoulders on each side of the maxi- 
mum (Fig. s), and the band at % 300 nm is red-shifted 
to 322 nm. At the same time the fluorescence emission 
of the flavin is increased by about 30 x. The dissocia- 
tion constant for the 8-OH-flavin . protein complex 
(0.105 pM), determined by spectrophotometric titra- 
tion, is lower than that for the binding of normal FAD 
to the apoprotein (0.22 pM) [13]. However, the com- 
plex is devoid of catalytic activity in the standard 
assay [12] for D-amino acid oxidase. Addition of 
benzoate to the complex causes a loss of resolution 
in the visible spectrum but does not alter the fluores- 
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Fig. 7. Eflects o f p H  and solvent on the fluorescence emission spectra of the alloxazines I1 and 12. Curve ( -): 1,3,7-trimethyl-8-benzyloxy- 
alloxazine (12, R, = CH2-C,H5) (19 pM) in toluene (excitation at 390 nm). Curve (- ---): the same compound (2.7 pM) in water/ 
dioxane (9/1, v/v; excitation at 390 nm). Curve (M): the neutral lumichrome 11 (R,, R., = CH,) at pH 3 (30 pM; excitation at 390 nm) 
in 0.05 M NaCI. Curve (.....-I: the anion of alloxazine 11 (R,, R, = CH,) at pH 8 (30fiM; excitation at 430nm) in 0.05 M NaCI. The 
relative fluorescence intensities by comparison with lumiflavin-3-acetate at  pH 7 (4.8 pM; excitation at 450 nm and emission at 520 nm) 
were 0.46, 0.6, 0.059 and 0.081 for alloxazines 12 (R, = CH,-C,H,) in toluene and water/dioxane and 11 (R3, R, = CH,) at pH 3 
and pH 8 respectively 

cence intensity. It is notable that these spectroscopic 
changes are quite different from those observed with 
native enzyme; the bound flavin is 80% less fluores- 
cent than free FAD, the absorption spectrum retains 
its unresolved character, and is converted to the 
resolved type after the addition of benzoate [31]. 

When 8-OH-FMN (lb) is bound by apoflavodoxin 
at pH 8.1, the intensity of the single visible absorption 
band is decreased by 22% and the maximum is red- 
shifted to 482 nm (Fig.9). The intensity of the band 
decreases further when the pH is lowered to 4.9, the 
maximum moves to 460nm and shoulders develop 
on each side of the maximum. The pK for this change 
is at 6.1 and is therefore shifted by comparison with 
the pK of the free 8-OH-flavin. A similar pK shift 
has previously been observed when 6-OH-FMN is 
bound to apofiavodoxin [2 ] .  The complex of apo- 
flavodoxin with 8-OH-FMN (lb) is non-fluorescent 
in both ionization states in contrast to the complex 
of apo-D-amino acid oxidase with 8-OH-FAD (la). 
The extra negative charge provided by 8-OH-FMN 
. apoflavodoxin causes a tighter binding of the protein 
to DEAE-cellulose and allows the complex to be 
separated from native flavodoxin when a mixture is 
chromatographed at pH 8. 

The complex is completely reduced by an equi- 
molar amount of sodium dithionite ; an intermediate, 
which is presumed to be the semiquinone, develops 
during anaerobic titrations with this reductant. At 
pH 5.8, the intermediate shows a high band of ab- 
sorption at 580 nm ( E ~ ~ ~ ~ ~  = 9500 M-' cm-') and 
it is produced almost quantitatively (Fig. 10). Much 
less of the intermediate is formed at pH 8, and the 
long-wavelength maximum in its spectrum is shifted 
to 585 nm, and in addition it shows a shoulder at 
650 nm. Since the anionic semiquinone of normal 
FMN is not stabilized by native flavodoxin even at 
pH values above 10, the differences between these two 
semiquinone spectra of 8-OH-FMN . apoflavodoxin 
probably reflect the ionization at C(8)-OH of the 
flavin radical itself. The spectra of both forms of the 
intermediate differ from the spectrum of the normal 
neutral flavin semiquinone of this flavodoxin (Fig. 10). 
Aeration of the fully reduced complex causes a rapid 
reoxidation to the intermediate, followed by its further 
slow reoxidation (pseudo-first-order rate constant 
at pH 6.5 and 20 "C = 0.74 min-I). 

The flavodoxin complex is biochemically active 
and replaces native flavodoxin as an electron carrier 
in the phosphoroclastic oxidation of pyruvate [lo]. 



At non-saturating concentrations of the electron 
carrier, the activity of 8-OH-FMN . apoflavodoxin 
is 78% of the activity of an equivalent amount of 
native flavodoxin. 

Comparison of the spectra of the protein-bound 
orange flavins with the spectra of the models indicates 
that the protein environments at the coenzyme bind- 
ing sites differ. The spectra of 8-OH-FAD . ap0-D- 
amino-acid-oxidase (Fig. S), 8-OH-FAD . apo-elec- 
tron-transferring-flavoprotein [5], and 8-OH-FMN 
. apo-lactate-oxidase [26] resemble that of the neutral 
form of “paraquinoid” flavin 15 (Fig.4) which also 
shows some resolution, low intensity in the band in 
the visible region and a red shift of about 20 nm in 
the 300-nm band (compare with curve 6 in Fig.1). 
This resemblance suggests that the electronic distribu- 
tion of the 8-OH-flavin in these enzymes is similar 
to that in compound 15, and that in the enzymes the 
flavin is in the ‘paraquinoid’ rather than in the 
‘phenolic’ form (cJ: formulae 1, Scheme 1). As was 
pointed out previously for 6-OH-FAD . apo-electron- 
transferring-flavoprotein [2], a positively charged 
group close to the N(l)-C(2)=0 of the coenzyme 
might induce these spectra effects, and it would also 
explain why the negatively charged 8-OH-FAD (la) 
is bound more tightly than FAD to apo-D-amino 
acid oxidase. A positive charge near the flavin of 
D-amino acid oxidase has been proposed earlier to 
explain the stability of the anionic semiquinone in 

this enzyme and also its reactions with sulphite and 
benzoate [32]. 

The spectrum of the complex of 8-OH-FMN (lb) 
and apoflavodoxin at pH 4.9 (shoulder 440nm, 
maximum 460 nm, Fig.9) resembles the spectrum of 
compound 8 in its neutral form (maximum 436 nm, 
shoulder 455 nm, Fig. 3), and at pH 7.8 the spectrum 
of the complex is similar to the monoanion of com- 
pounds 1 (Fig.1, curve 6). It therefore seems likely 
that the “phenolic’ structure l a  of 8-OH-FMN is 
stabilized in the complex with apoflavodoxin. A 
negative charge close to N(3)-C(4) = 0, as observed by 
X-ray crystallography of a related flavodoxin [33], 
and/or the hydrophobic protein environment are 
probably responsible for the shift of pK from 4.8 to 
6.1. 

These and other [2] preliminary results on the 
properties of protein-bound hydroxyflavins indicate 
their potential usefulness as probes of the charge 
distribution in the catalytic centres of flavoproteins ; 
a systematic investigation of the properties of their 
complexes with other apoflavoproteins will be pu- 
blished elsewhere [26]. 

Formation oJ’8-OH-FAD 
in Electron- Transferring Fluvoprotein 

Whitfield and Mayhew [5] have shown that elec- 
tron-transferring flavoprotein from P. elsdenii con- 
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Fig.9. Effect o f p H  on the spectrum of 8-OH-FMN . apoflavodoxin. 
A solution of 4.3 pM 8-OH-FMN (Ib) and 7.3 pM apoflavodoxin 
in 2 ml 0.05 M NaCl and 0.01 M potassium phosphate buffer, 
pH 7.8, was titrated first to pH 4.9 by the incremental addition 
of solid citric acid, and then to pH 8.5 by addition of 2 N NaOH. 
Absorption spectra and pH were recorded after each addition. 
The inset shows a plot of the change in absorption at 480nm 
versus pH 

tains two molecules of flavin linked non-covalently to 
two protein subunits of different molecular weight. 
Most of the flavin in the enzyme is FAD, but all 
preparation contain at least traces of 6-OH-FAD and 
8-OH-FAD (la) [5] .  The discovery of the hydroxy- 
flavins and the observation that enzyme molecules 
which contain them do not transfer electrons to 
butyryl-CoA dehydrogenase, the natural electron 
acceptor for electron-transferring flavoprotein, 
prompted speculation about their origin and function 
in the enzyme [2,5].  However, subsequent analysis of 
crude extracts of the strict anaerobe P .  elsdenii has 
shown that neither of the hydroxyflavins can be 
detected until after exposure of the extracts to air 
(C. D. Whitfield, private communication; I. Dekker 
and S. G. Mayhew, unpublished). This suggests that 
the modified flavins are not normal constituents in 
the bacterium, and that they are probably formed in 
electron-transferring flavoprotein during its isolation. 
Conditions for generating the hydroxyflavins from 
unmodified FAD in purified electron-transferring 
flavoprotein have not yet been found. 

Although present evidence suggests that the hy- 
droxyflavins have no physiological importance in 
P .  elsdenii, the mechanism of their formation and 
the special properties of electron-transferring flavo- 
protein (and also glycollate oxidase from pig liver 
[2]) which evidently favour production of hydroxy 
derivatives of the coenzyme, remain of interest. A rmc- 
tion which might be related to the reaction that gives 

Wavelength (nm) 

Fig. 10. Absorption spectra of the intermediates formed during the reduction q f  8-OH-FMN . apofluvodoxin und nativeflavodoxin. Increments 
of sodium dithionite (2.6 mM) in sodium pyrophosphate, pH 8.5, were added under anaerobic conditions [8] to 2.5 ml of 8-OH-FMN 
. apoflavodoxin (24 pM) in either 0.1 M Tris-HC1 buffer, pH 8.0, (----) or 0.05 M sodium acetate buffer, pH 5.8 (-), until the maximum 
amount of intermediate was observed (approximately 0.5 mol of dithionite per mol of flavin). (. . . . .) The spectrum of the blue flavin semi- 
quinone of native flavodoxin (34 pM) in 0.1 M sodium pyrophosphate buffer, pH 8.3 
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rise to 8-OH-FAD (la) in the enzyme has been ob- 
served in a model system. Addink and Berends [6] 
report that 6,7-dihydro-7,8-dimethylisoalloxazine can 
be oxidized by oxygen in alkaline medium to 6,7-di- 
hydro-7-methyl-8-hydroxyisoalloxazine in good yield. 
No such oxidative removal of the C(8)-CH3 group 
has ever been reported for ‘fully aromatic’ (iso)- 
alloxazines, but recently it has been proposed that 
adducts at positions C(6) or C(8) might arise as 
intermediates during the reoxidation of reduced flavins 
[34] or as side reactions during catalysis [ 2 ] .  It is 
possible that such intermediates might react further 
with oxygen in a way similar to the reaction described 
by Addink and Berends [6]. 

As described above, the spectroscopic properties 
of 8-OH-FAD . apo-electron-transferring-protein (and 
8-OH-FAD . apo-D-amino-acid-oxidase) suggest that 
the electronic system of the isoalloxazine is polarized 
towards positions N(l)-C(2) = 0 through the effect 
of a positive charge or a hydrogen bridge (structure 
A). Thus abstraction of a proton at C(8)-CH3 of 
FAD to yield B should be favoured. 
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A B C D 

A reaction of oxygen with a species such as B 
could lead to C, which in turn would decay to a 
fragment such as D. Similar reactions are known in 
organic chemistry and have been proposed for the 
oxidation of some olefiiiic compounds by oxygen 
(see several articles in [35]) .  
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