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Sulfur functions in position 8 of the flavin nucleus 
give rise to new modified flavin derivatives, which 
should prove useful as probes of the flavin binding 
domains of flavoproteins. Here, we report on some 
properties of 8-nor-8-alkylmercaptoflavins and g-nor- 
8-mercaptoflavin which are readily formed by nucleo- 
philic displacement by alkylmercaptides or sulfide, 
with 8-nor-8-chloroflavins as starting material. The 
new flavins are characterized by extensive shifts in 
spectral properties, with very high extinction coeffi- 
cients. 8-nor-8-mercaptoriboflavin is easily and revers- 
ibly converted to its (-S-S-) dimer. Oxidation of the 
sulfur group by peracids forms first sulfoxides and then 
sulfones, in which the characteristic usual flavin spec- 
trum is regained. A comparison of 8-SR-8-nor-flavins 
with 8-OR-8-nor-flavins (Ghisla, S., and Mayhew, S. G. 
(1976) Eur. J. Biochem 63, 373-390) indicates that in 
both classes of compounds, optical properties, ioniza- 
tion constants, and oxidation-reduction potentials fol- 
low similar patterns. 

The chemical and catalytic properties of the flavin molecule 
result from the unique combination of a benzenoid, a pyrimi- 
dine, and a pyrazine moiety to form the isoalloxazine nucleus. 
The primary catalytic functions of the flavins are positions 
N(l), C(4a), and N(5) which are located in the pyrazine- 
pyrimidine subunits (1) .’ In contrast to this, the flavin xylene 
moiety, which had long been thought to be relatively inert, 
has in the past decade been found to possess surprising 
reactivity both in the form of apoprotein-bound coenzyme, as 
well as in model systems. Position 8 of the flavin chromophore, 
normally occupied by a methyl group, was demonstrated to 
be chemically active by Hemmerich et al. in 1959 (2), when it 
was shown that under aprotic basic conditions the 8 methyl 
group is deprotonated, resulting in slow irreversible dimeri- 
zation of the flavin via the quinone-8-methide function so 
formed. In 1965, Bullock and Jardetzky (3) observed exchange 
of the C (8)-CH:r protons in DrO, the exchange being catalyzed 
by phosphate ions. The same function was later found to 
constitute the position of covalent linkage between coenzyme 
and protein nucleophilic groups in several flavocoenzymes (4). 
The replacement of the same methyl group by -OH was found 
to occur in electron-transferring flavoprotein from Megas- 
phera elsdenii (5), while a C(8)-N(CH:& function was found 
in a riboflavin analog (roseoflavin) from Streptomyces which 
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possesses antimicrobial activity (6, 7). 
Position C(6) also has been found to be substituted with 

-OH in electron-transferring flavoprotein from Megasphera 
elsdenii and in pig liver glycollate oxidase (8). Very recently, 
C(6)-S-cysteinyl-FAD was found to be the covalently bound 
coenzyme of trimethylamine dehydrogenase (9, 10). 

From these observations, it is evident that the flavin ben- 
zene moiety, and in particular position C(8), possesses an 
intrinsic high reactivity which might be exploited for mecha- 
nistic studies and for exploration of protein structure around 
the flavin. Along this line, we recently found that &Cl-&nor- 
FAD” bound to lipoamide dehydrogenase reacts with a cys- 
teine sulfur of the enzyme backbone and becomes covalently 
bound, the resulting species retaining some catalytic activity 
(11). Clearly, the main relevance of such a covalent modifi- 
cation resides in its usefulness as a very specific and active 
center-directed protein label. During the course of our work 
with 8cysteinyl flavin peptides, it was observed that these 
molecules are extremely photolabile and are converted upon 
illumination to a hitherto unknown pink chromophore.” These 
observations prompted us to investigate the chemical and 
oxidation-reduction properties of this new class of flavins and 
to elucidate the nature of the 8-cysteinyl flavin photoproduct. 

EXPERIMENTAL PROCEDURES 

8-Cl-riboflavin was the generous gift of Dr. John P. Lambooy, 
University of Maryland. 8-Alkylmercapto- and 8-arylmercaptoribo- 
flavin derivatives for analytical experiments were prepared by react- 
ing 8-Cl-riboflavin with the appropriate thiol reagent at a pH which 
was more alkaline than the pK of the thiol(11). Thiophenol (Aldrich), 
N-acetylcysteine (Nutritional Biochemicals), 3-mercaptopropionate 
(Sigma), 2-mercaptoacetate (Sigma), Na?S (Matheson, Coleman and 
Bell), and 2-mercaptoethanol (Aldrich) were of purest available grade. 
Thiomethane was obtained from dimethyl disulfide (Sigma) by re- 
duction with a substoichiometric amount of dithiothreitol (Sigma) 
and then reacted with 8-Cl-riboflavin directly. 

General procedure for the Preparation of R-S-substituted Ribo- 
flauins-8-Cl-riboflavin (0.25 mmol) is suspended in a mixture of 5 
ml of N,N-dimethyl formamide/O.l M carbonate buffer, pH 9.0 (1:l). 
The mixture is made anaerobic by repeated evacuation and flushing 
with nitrogen, then 5 to 10 mmol of the thiol are added, and the whole 
is stirred at room temperature in the dark. The conversion to the 
adduct goes along with a deepening of the color of the solution. The 
course of the reaction can be followed by thin layer chromatography 
on silica gel plates (butanol/acetic acid/water = 4:3:1 or 12:3:5). In 
the case of reaction of 8-Cl-riboflavin with NaS (pH adjusted at 9.0), 
the mixture turns deep violet upon addition of the sulfide; after 
stirring overnight, black violet crystals of the product precipitate. 
When a water-insoluble compound is expected, the reaction mixture 

’ For sake of simplicity, the name flavin will be retained throughout 
this work for 7-methyl-8-substituted-10.alkylated isoalloxazines. The 
correct name requires the prefix “nor” indicating the removal of the 
C(8)CH.s group. 

‘D. Arscott, C. H. Williams, E. G. Moore, and V. Massey, unpub- 
lished observations. 
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is diluted to 10 ml with distilled water and the product is filtered, 
washed thoroughly with water and a little acetone, and dried in 
I?CLCUO. Yields are 80 to 90% of the crude products. In the case of 8-S 
riboflavin, the black crystals obtained are difficult to isolate in a pure 
state, due to their sensitivity to oxidation. 

Preparative Oxidation of &SK-Kibofiauins-The S-mercaptori- 
boflavin (0.2 mmol) is dissolved by gentle heating in a minimal 
amount of glacial acetic acid (1 to 5 ml), the solution is cooled to 
ambient temperature, %I volume of 30% Hz02 is added, and the 
mixture is kept in the dark. The process of the reaction was followed 
on thin layer chromatography with the system described above. First 
the nonfluorescent R-SR-flavm is converted very rapidly to a fluores- 
cent species, presumably the sulfoxide, which in turn is slowly further 
oxidized to the sulfone. When sulfones are being prepared, the com- 
pounds separate from the solution as orange yellow crystals after 
approximately 24 h of incubation. The products are filtered, washed 
thoroughly with water and acetone, and dried in uacuo. According to 
spectral and thin layer chromatographic criteria no inpurities were 
detected and, hence, recrystallization was not carried out. In the case 
of the 8-S0.iH-flavin, crystallization does not occur spontaneously; 
thus, the solvent is removed in uacuo, and the residue is crystallized 
from the minimal amount of dilute acetic acid. All flavin derivatives 
used for spectroscopic work or oxidation-reduction titrations gave 
single spots on thin layer chromatography in the 1-butanol/acetic 
acid/water solvent system described above. 

ANALYTICAL METHODS 

Dithionite titrations were performed in an anaerobic titration 
apparatus with attached quartz cuvette as previously described (11). 
Oxidation-reduction potentials were measured against a platinum 
electrode with a silver-silver chloride reference electrode. The elec- 
trode system was standardized with an equimolar potassium ferricy- 
snide/potassium ferrocyanide couple (+0.425 V in 0.1 M KPO$, pH 
7.0, 25°C (12). Flavin potentials were determined anaerobically by 
successive additions of reductant (dithionite), the electrode potential 
was measured (from a digital voltage meter model 701, Orion Research 
Inc.), and the absorption spectrum was measured, after each addition. 
Using the absorption spectra to quantitate the amount of oxidized 
and reduced flavin, the data were analyzed in the form of a typical 
Nernst plot (13). 

Optical absorption spectra were measured either with a Cary 118 
or a Cary 17 recording spectrophotometer. Extinction coefficients 
were calculated either from dithionite titrations with standardized 
dithionite solutions or from reaction of S-Cl-riboflavin with an excess 
of the organic thiol, ascertaining the concentration of the flavin from 
the experimentally determined extinction coefficient of S-Cl-riboflavin 

(12.0 IIIM ’ cm ’ at 445 nm) and assuming stoichiometric conversion. 
Where both methods were used, the results were in agreement. 
Fluorescence spectra were recorded with a ratio spectrofluorometer 
constructed by Mr. Gordon Ford and Dr. David Ballou of this 
department. The instrument uses a Xenon arc lamp source and gives 
expected excitation spectra for a series of dyes in the 250 to 650 nm 
wavelength range. The instrument was sensitive to detection of less 
than 2.7 mvr lumiflavin acetate. All fluorescence values were calculated 
relative to riboflavin. For each experiment, the absorption and fluo- 
rescence spectra of a freshly prepared riboflavin solution were re- 
corded for standardization along with those of the riboflavin deriva- 
tives. 

pH measurements were performed on a Radiometer pH meter 
(model 25) with Radiometer type GK 23210 electrode. 

Photochemistry was performed anaerobically in l-cm path-length 
cuvettes by irradiation with a sun gun lamp (Smith-Victor Corp., 
Griffith, Ind.) according to the procedure of Massey et al. (14). The 
intensity of the lamp source was regulated by a variable voltage 
control. Irradiations were performed in a thermostated water bath 
where the temperature was maintained at 25°C; the glass wall of the 
water bath filtered out light below 320 nm. 

RESULTS AND DISCUSSION 

Characterization of 8-Alkyl- and 8-Arylmercaptoribo- 
flauin-The absorption spectra of 8-alkyl- or 8-arylmercap- 
toriboflavin in the visible and near UV range, are character- 
ized by an intense absorption band maximal around 475 nm 
at pH 7 (Fig. 1 and Table I). The position of the maximum 
varies little among the derivatives investigated in this work 
and is similar to the 8-S-cysteinyl-FAD described earlier (11). 
The ionization state of the group linked to the flavin-C(8)- 
sulfur influences the spectra (Fig. 1) and indicates that a 
significant interaction with the flavin chromophore must exist. 
Similar interactions have been inferred with Ra-substituted 
flavocoenzymes (15). From spectral changes such as those 
shown in Fig. 1, the pK values of the carboxylate functions of 
the riboflavin 8-(N-acetyl)-S-cysteinyl, 8-S-(/?-mercapto)- 
propionyl, and 8-S-mercaptoacetyl derivatives can be esti- 
mated as 2.8, 3.6, and 2.8, respectively. 

As with normal flavins, deprotonation of position N(3)-H 
also affects the spectra of 8-alkyl- or arylmercapto flavins 
(Fig. 1 and Table I). The pK values for deprotonation of this 

WAVELENGTH (nm) 

FIG. 1. Spectra of %mercaptopropionyl-riboflavin in three ionization states. (.-.), pH 2.05; (---), pH 6.35; (- - -), pH 12.2. Also 
shown is the spectrum of the reduced form (. . . . . ) obtained in 0.1 M phosphate, pH 7.0, by titration under anaerobic conditions with 1 eq of 
dithionite. 
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Properties of 8-mercapto- derivatives of riboflavin 

The values reported were obtained in 0.1 M potassium phosphate, pH 7.0, 25°C. 

Flavin derivative 

Absorption extinction coefficient @ 
(mMml Cm-’ @ nm) 

Oxidized Reduced 

Fluorescence relative to ribo- 
flavin 

em A.,,, F @ h”“’ 

Midpoint poten- 
tial PK. 

R 

CH:,-” 

CH:,-S- 

0 -S- 

N-acetylcysteinyl- 

HOOCCHLH-S- 

HOOCCHI-S- 

-s- 

II 
CH I-S- 

d 

HL- 

b 

12.3 @ 445 
10.9 @ 374 

28.5 @ 474 
26.0 @ 460 

26.0 @ 474 
24.4 @ 456 

28.0 @ 475 
25.7 @ 456 

25.3 @ 477 
22.3 @ 458 
49.3 @ 251 

n.d.’ 

30.0 @ 523 
9.8 @ 310 

28.8 @ 277 

10.0 @ 452 
10.1 @ 338 

5 @ 340 526 

5.8 @ 353 527 
11.4 @ 292 

5.3 @ 354 528 
10.0 @ 300 

7.9 @ 354 525 
14.5 @ 300 (sh) 

6.0 @ 355 525 
11.4 @ 300 (sh) 
45.2 @ 257 

n.d. 526 

5.8 @ 351 
21.5 @ 282 (sh) 

9.3 @ 379 

10.8 @ 457 10.5 @ 362 
10.2 @ 333 15.3 @ 310 
38.9 @ 271 39.8 @ 265 

10.9 @ 448 
9.7 @ 342 

7.3 @ 350 
12.3 @ 302 
45.4 @ 260 

nm nm mV 

28.6 @ 270 

” Ref. 14. 
h Determined by equilibration with 8-Cl-FAD. 
’ n.d., not determined. 

function (Table I) do not deviate significantly from the value 
of 10.2 of riboflavin (16). 

Photochemical Degradation of 8-S-Cysteinyl Riboflavin- 
That the flavin molecule is highly photoactive has been known 
since Warburg and Christian’s early observation (17) that 
riboflavin is degraded to lumiflavin by daylight. The photo- 
chemistry of the flavin, which has since been studied exten- 
sively (cf Hemmerich (1) for a recent review) is characterized 
in general by a reduction of the flavin itself, accompanied by 
an oxidation of the photosubstrate. With 8-S-cysteinyl ribo- 
flavin, a different type of reaction was found in which the 
oxidation-reduction state of the flavin nucleus is not directly 
affected. When the compound is irradiated in 0.1 M phosphate 
at pH 7 with visible light under aerobic or anaerobic condi- 
tions, the yellow starting color rapidly changes to pink (Fig. 

1.0 @ 445 -208 

0.040 @ 478 -204 

0.013 @ 475 -166 
-160h 

0.11 @ 470 -180 

0.032 @ 478 -203 

0.05 @ 478 -208 

0 -290 

10.2 N(3)-H 

10.1 N(3)-H 

10.2 N(3)-H 

10.1 N(3)-H 
2.8 COOH 

10.3 N(3)-H 
3.6 COOH 

2.8 COOH 

11 N(3)-H 
3.8 S-H 

531 0.43 @ 455 -30 n.d. 

n.d. n.d. -50 n.d. 

531 0.70 @ 450 -122 n.d. 

2). At a light intensity of 1.2 X 10” erg cm-? s-’ and 25”C, the 
reaction proceeds exponentially with a half-time of 13 s. For 
sake of comparison, it should be pointed out that this reaction 
is considerably faster than the photolysis of riboflavin (18). 8- 
(N-acetyl)-S-cysteinyl-FAD is subject to the same phenome- 
non; however, the amount of light required for photolysis of 
this FAD derivative is 6-fold that required for the correspond- 
ing riboflavin. The pink photoproduct from the riboflavin 
derivative was identified as the anionic form of 8-mercapto-8- 
nor-riboflavin (cf below); the nature of the further products 
as well as the detailed reaction mechanism are currently being 
investigated.4 

Identification, Synthesis, and Spectral Properties of the 8- 

’ M. Janda and P. Hemmerich, personal communication. 
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FIG. 2. Photolysis of 8-(N-acetyl- 
cysteinyl)-riboflavin in 0.1 M phos- 
phate, pH 7.0, 25°C. (--), before ir- 
radiation; (- - -), after photolysis, as 
described under “Experimental Proce- 
dures.” Two intermediate spectra at 5- 
and 15-s irradiation are also shown. 

“2543 300 400 500 
WAVELENGTH (nm) 

(N-acetyl)-S-Cysteinyl Riboflavin Photoproduct as 8-Mer- 
captoriboflavin-The absorption spectra of the photoproduct 
in the visible and near UV range (Fig. 2) are strongly reminis- 
cent, in their shape and extinction coefficients, of those of 8 
hydroxyflavins at the comparable pH values (5, 19), although 
a red shift of the absorption in the visible range is apparent. 
This suggests the presence of the same type of flavin chro- 
mophore but with a mercapto(-SH) function at position 8. 
The red shifts of the lowest energy transitions in such a 
mercaptoflavin, when compared to the parent 8-hydroxy com- 
pound (5) are of the magnitude expected from such a replace- 
ment (20). In order to verify this hypothesis, 8-Cl-riboflavin 
was reacted with HS. In Fig. 3, a rapid reaction is shown to 
occur, which transforms the typical flavin spectrum into a 
species with X,,, 523 nm with an isosbestic point at 467 nm. 
This spectrum is virtually identical with that of the photo- 
product (Fig. 2), and the product is also indistinguishable from 
the photoproduct on thin layer chromatography. This substi- 
tution reaction shows a peculiar sigmoid course (inset, Fig. 3), 
which was not observed with alkylmercaptans (11) and which 
indicates a complex mechanism. With 8-Br-riboflavin, under 
the same conditions, the identical product is formed at ap- 
proximately the same rate; however, in this case, the lag phase 
is less apparent. 

In analogy to 8hydroxyisoalloxazines (5), the spectra of 8- 
mercaptoriboflavin show a pH dependence, which reflects pK 
values at 3.8 and -11 (Fig. 4). By comparison with the values 
of 8-hydroxyflavins, of 8alkylmercaptoflavins (Table I), and 
of normal flavins (pK = -lo), the higher pK is attributed to 
ionization of position N(3)-H and that at 3.8 to ionization of 
the 8-SH function. The shift of one unit, as compared to the 
pK of 8-OH flavins, is again in the expected range for a 
replacement of -OH with -SH (21). 

As with 8-hydroxyflavins (5), 8-mercaptoflavins could exist 
either in a “phenolic” (left) or in a tautomeric “paraquinoid” 
(right) form: 

Rib Rib H 

AN O 

:X& 

-Y 

#lay 0 

/ NH -,;cXX;< !. ,x 

0 0 

Thus, the same criteria can be applied for differentiation. 
For example, comparison of the spectra of 8-mercaptoflavin 
at low pH (Fig. 4) and 8-S-alkyl flavins (Fig. 1) (which cannot 
have a p-quinoid structure), clearly indicates that the thio- 
phenolic structure is favored for the protonated form. Simi- 
larly, the red shift in absorption maximum and the increase in 
extinction which accompany ionization of 8-mercaptoflavin 

FIG. 3. Reaction of 8-Cl-riboflavin with HS-. d-cl-riboflavin, 
in 0.1 M pyrophosphate, pH 8.7,25”C, (--) was reacted with 10 mM 
Na$, and the time course followed spectrophotometrically (inset). 
Intermediate spectra (. . . . .) on the way to 8-mercaptoriboflavin 
(- - -) are shown. 

are typical of the changes which occur with ionization of 
simple phenols and thiophenols (20, 21). 

Peracid Oxidation of 8-Mercaptoriboflavins to the Sulfo 
Derivatives-The oxidation of 8-SR-flavins by peracid (30% 
H202 in glacial acetic acid (1:2)) occurs in two distinct steps. 
In a fist rapid reaction (Fig. 5), the absorbance of the 8-SR- 
flavin is changed in a reaction with an isosbestic point at 381 
nm to the typical two-banded absorption of oxidized flavin 
with maxima at 443 and 345 nm. Concomitantly, a strong 
fluorescence, maximal at 530 nm, appears. The second reac- 
tion is much slower and takes several hours to reach comple- 
tion; it leads to a species in which the second flavin absorption 
band is blue-shifted to 330 to 340 nm (Table I) and increased 
in intensity (Fig. 6). This spectrum is closely similar to those 
of electron-deficient flavins, carrying a cyano (22, 23) or a 
sulfonate (24) function at position 8. The course of the hy- 
drolysis of the oxidation product of 8-phenylmercaptoribo- 
flavin at high pH parallels that described by Bruice et al. (22) 
for 8-cyanoflavins. The reaction of 8-Cl-riboflavin with sulfite 
(- 1 M) proceeds rapidly at pH 7 to 9 and yields a main product 
which on thin layer chromatography, and by its absorbtion 
spectrum, is indistinguishable from the final oxidation product 
of 8-SH-riboflavin. At higher temperature and higher sulfite 
concentrations, a second product is formed which is probably 
a flavin 6,8-disulfonate similar to that obtained by Hevesi and 
Bruice (24) under similar conditions. From these observations, 
we attribute the sulfone structure (Table I) to the final oxi- 
dation products of 8-SR-flavins. Thus, the intermediate spe- 
cies formed rapidly upon peroxide oxidation should logically 
represent the corresponding flavin-8-sulfoxide or the sulfenic 
acid, in the case of the oxidation of 8-SH-riboflavin). 

Also in line with this interpretation is the spectrum of 
reduced 8-methylsulfonyl riboflavin (Fig. 6), which shows the 
pattern characteristic for electron-deficient flavins (23), but 
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FIG. 4. Spectra of S-mercaptoriboflavin as a function of pH 
and oxidation state. These solutions of S-mercaptoriboflavin were 
obtained by photolysis of anaerobic solutions of S-(N-acetylcysteinyl)- 
riboflavin at pH 7.0,25’C, as described in the legend to Fig. 2, with 3- 
min irradiation. The spectra at pH 2.5 and pH 12.5 were obtained by 
subsequent mixing from a side arm of the anaerobic cuvette of either 
acetic acid or NaOH. For the spectrum of the reduced flavin, the 

300 400 500 600 
WAVELENGTH (nm ) 

FIG. 5. Oxidation of S-(phenylmercapto)-riboflavin to the 
presumed sulfoxide. To the mercaptoflavin in 1.0 ml of glacial 
acetic acid (- - -) was added 10 ~1 of a mixture of 33% HIOr (1 part) 
and formic acid (2 parts). The intermediate curves (. . . .) were 
recorded after 5, 10, and 15 min. p, the spectrum of the sulfoxide 
after the fast spectral changes had gone to completion (c/I text for 
further explanations). 

markedly different from that of normal flavins (25) (also cf. 
Fig. 4). 

Oxidation-Reduction Properties of 8-SR-Flavins-Solu- 
tions of Smercaptoriboflavin in the neutral pH range are 
moderately stable; however, lowering of the pH under aerobic 
conditions facilitates the formation of a species which is 
spectrally similar, though not identical with the protonated 
form. In particular, this species cannot be reconverted to the 
anionic form of S-S-flavin by increase of the pH above 3.8. As 
shown in Fig. 7, the same species is formed at pH 7 by 
oxidation with 1 eq of ferricyanide. This species is reconverted 
to the pink form of &mercaptoriboflavin by titration with 1 
electron eq of dithionite, by illumination in the presence of 
EDTA, or by dithiothreitol. These findings are interpreted as 
to reflect reversible formation of the R-mercaptoriboflavin 
dimer: 

Rib Rib 

photolysis product at pH 7.0 was titrated with dithionite to complete 
reduction. Extinction coefficients were calculated from dithionite 
titration with standardized dithionite solution, from reaction of S-Cl- 
riboflavin with NaS (cf. Fig. 3.), and from photolysis of S-(N-acetyl- 
cysteinyl))riboflavin (cf. Fig. 2). All three methods gave closely similar 
values. 

WAVELENGTH (nm 1 

FIN. 6. Spectra of S-methylsulfonyl-riboflavin. This com- 
pound was dissolved in 0.1 M phosphate, pH 7.0,25”C (--) and then 
converted to the reduced form (- - -) by anaerobic titration with 
standardized dithionite solution (extinction coefficients were calcu- 
lated on the basis of 1 eq of NaSlO, being consumed). .-., the 
spectrum of the oxidized derivative in its protonated form (HI, = -4) 
(obtained in a separate experiment). 

The oxidation-reduction potential of this couple must be 
more positive than that of 8-mercaptoflavin to the correspond- 
ing dihydro form since with any of the above reducing agents, 
reduction of the 8-S-linkage occurs before reduction of the 
flavin chromophore. The latter reaction yields the same spe- 
cies when carried out by titration with dithionite or by illu- 
mination in the presence of EDTA; it requires 2 electrons, and 
the midpoint potential is -290 mV (Table I). This value 
compares with --340 mV for 8-hydroxyriboflavin (26). 

Such a low value, as compared to normal flavin or to, e.g. 
8-S-CH,j-riboflavin can be ascribed to the presence of a nega- 
tive charge on the molecule. With 8-OH-flavins, the oxidation- 
reduction potential was shown to reflect the pK of the 8-OH 
group (=4.8) and to be much higher for the protonated form 
(26). With 8-S-CH:I, 8-S-CH,-CH,-COOH, and 8-S-CH2- 
COOH riboflavin, the potential is basically unchanged from 
that of riboflavin (Table I); probably in these cases the induc- 
tive and mesomeric effects of the sulfur substituent compen- 
sate each other. With 8-S-C&H, and with 8-S(N-acetyl) cys- 

 



FIG. 7. Oxidation of S-mercaptoriboflavin to the disulfide 
dimer. An anaerobic solution of 8-S -riboflavin in 1 ml of 0.1 M 
potassium phosphate, pH 7.0, 25”C, (---) was oxidized with 
K,Fe(CN),,: 2.75 nmol (.-.); 5.5 nmol (. .-. .); and 8.25 nmol 
(- -). After each addition of ferricyanide, the reaction was followed 
spectrophotometrically until no further changes occurred before the 
spectrum was recorded (approximately 10 min). 

teinyl riboflavin, a considerable increase of the midpoint po- 
tential is observed, which probably cannot be explained by 1. 

simply assuming a stronger electron withdrawing capacity of 2. 

these substituents; more probably, an intermolecular interac- 3. 
tion between substituent and the oxidation-reduction moietv 

_I 

in the oxidized or reduced state plays a major role. The high 4. 
values for the 8-sulfone-riboflavins (Table I) are in agreement 
with the strong electron withdrawing effect of the sulfone, this 5. 

effect being in part counterbalanced by the presence of the 
negative charge in the &sulfonate flavin. It should be pointed 

6. 

out that during the dithionite reduction of S-SO,-I< flavins, no 7. 
reduction of the sulfone group was observed, in contrast to 
the effect observed by Edmondson and Singer (27) for the 80(- 8. 

sulfonyl flavins. 
9. 

CONCLUSIONS 
10 

The substitution of the flavin 8-CH:j group with a sulfur 
function markedly alters most characteristic properties of the 11. 

coenzyme. The recognition of such a substitution is easy 
because of the differences in optical properties, fluorescence 12. 

emission, and the effect of oxidizing agents such as peracids. 
13. 

The effect of this substitution is also reflected by the oxida- 14. 
tion-reduction potential (Table I). Selection of an appropriate 
&substituent thus allows the choice of a potential in the range 15. 

-30 to -290 mV and suggests the use of such modified 
flavocoenzymes as tools for the investigation of enzymatic 16. 

reactions where a modified potential promises mechanistic 17. 
information. 18. 

The absorption spectra of 8-mercaptoflavins at the different 
possible ionization states of the chromophore follow, in gen- 19. 

eral, the pattern observed with the corresponding B-OR com- 
pounds (5), where the chromophore was found to exist in a 20. 

phenolic form in its neutral state, and in a p-quinoid one as 21. 
the monoanion. Sulfur however, as compared to oxygen, is 
less prone to enter conjugation in r systems. Thus, with 8-S 22. 
flavins, an anionic mesomeric structure in which the negative 
charge is localized near C(8)-S should be favored over the one 
where the charge is localized near N( 1), as it is in the case of 23. 

8- hydroxyflavins (5). 24. 
25. 

Rib Biochemistry 13, 589-597 
Ghisla, S., and Mayhew, S. G. (1978) Methods Enzymol., in press 
Edmondson, D. E., and Singer, T. P. (1973) J. Biol. Chem. 248, 

8144-8149 
Phenollc Paraqumo~d 

Form Form 

The mesomeric and tautomeric structures discussed abode tion. 
Massey, V., Ghisla, S. and Moore, E. G., manuscript in prepara- 

are of potential importance, as they should be differentiated 
by their absorption spectra; because of its extended conjuga- 
tion, the p-quinoid mesomer would be expected to have its 
absorption maximum at longer wavelengths. Thus, the spectra 
of such chromophores bound to specific apoproteins could be 
expected to reflect the location of charges or hydrogen bridges 
at the coenzyme binding site, and thus the coenzymes could 
serve as probes for the chemical milieu of enzyme-active 
centers. In a following paper,” it will be shown with 8-mercap- 
toflavin coenzymes bound by a series of apoenzymes that the 
spectral effects induced by binding correlate with the catalytic 
function of the enzyme itself. 

Finally, the possibility should be pointed out that &cystei- 
nyl flavin, although not yet found in nature, may indeed be 
one of the battery of naturally occurring flavins. This would 
not be too surprising in view of the recognition in recent years 
of the natural occurrence of 8-hydroxy-FAD (5), of 8-di- 
methylaminoriboflavin (6), and, very recently, of protein- 
linked 6-cysteinyl-FAD (9, 10). 
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