
lnreccntyelusithasbecome8ppluenttbatfultyreduced 
aWiu species otbex than l$dibydroaavin (1~H&, 
%vobydroquinone’~ may be relevant in 5vill depen- 
dent biilogical substrate deby~nation. In the nduc- 
tion of free’3 8s well as pfoteio bound) 5vin (FLx, 
“navoquinone’), 4a-aykted derivatives of tbe isome-ric 
4Qdibydrollavin (4a-R-ILrS-H)U aud hlkykted 
derivatives of normal 15dibydro5vin (S-R-Fl,.&H’Icb 
bave been observed of poatukted’-’ as iatermedkks. 

w~~~~2w~~t~~~~~-~y- 
dro5vio chromopbor (A- = 360 nm, c = 6200 M-‘cm-‘, 
as 4a-benzyl derivative). This compouod was then found 
to undergo autoxidative photodealkylation, in contrast to 
the S-RFLH isomers which are autoxidized smoothly 
in tbe darir, irrespective of tbe degree of a&ration 
(mobility) of the alkyl substituent.* 

From this and furtber studies it turned out that we 
have to distinguish four types of aikyi substituents with 
~s~t~~rn~~~of~n~de~n 
to and from position 4az 

(1) snturated alkyl residue8 or vinytic groups cannot be 
removed from C(4a) unless dfhc oxidaho is applied 
which would kad to par&l deletion of tbe fkvio 
skekton.” 

(2) More active aikyl groups such as anyl sod benzyl 
will be stabk under anaerobic conditions. but will be 
smoothly de&@&d upoo oxhtion (Rqn. 1). In tbe 
~nt~~~on~~of~ 
oxidah deaikyktion which have been elusive so faf. 

(3) Higbiy active alkyf group8 sucb as a-meulyl-beuzyl 
or ~~~~~ have been found to migrate 
easilybetweenpositioila4aand5”aQdcanbereEay 
elimhakd in both ways. i.e. protolytically as nucko. 
phiks~tocqn(2)oruponoxidotioaaJipEqn(l). 

4a-R-Fl,.&h+&. (2) 

(4) If tbe 4a-substituent is bearing a function XH 
(such as X= 0, NH) in position 0, fmgmentation 
8ccofd&toeqhon~willefficknUycompetewitb 
nuckopbilic5ationandfeeiiminahaccordingtoeqn 
(2). Most of tbe b&gicaUy nkvant substrate residues 
~k~~~~~p~b accounts for the fact 
tbat the correspondhg 5vin-substrate ‘%complexes” 
&I only be observed as short-lived intermediates by 
investigations of rapid kinetics.cb 

~R’CH~~ - 4a-R’ZH=X + H& . (3) 

Intbepre8entpqnxwewmlttosbowthat.#eveawitb 
tbCk4S8CtiVCSIkyireSidues,mobilitYcaObC8CbiCVed 

upon oxiddon, i.e. in the ~~~~~~ 
oftbealkylae~ 

l’RTVd3%Na%-O 
1129 
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slnget *xy*en-dep*Y&fatbn of 4a-aikyh?d- 
4a-S-dihyh~vins. Flavquinone is known to be a 
photosensitixer produc% sin&t oxy8en” by the energy 
transfer reaction ‘Pl,+‘~+pI,+‘O1. Studyin 
phoMr&ylation of 4a-R-Pl#&derivatives in the 
presence of pl, and ‘02 requires, therefore, knowkdge 
of their lot-reactivity in order to distitqgdsh the sen- 
sitixed reaction from direct attack of ‘PI, at the sub 
&rate. We End that ‘OJ, generatbd in boiling benzene 
from diphenylanthracenc peroxide, reacts three orders of 
ma8nit& more slowly with 4a-R-f&H than with 
diphenylisobenxofurane, a standard ‘03~acceptor. At 
roomtemperaturetlklatterhasbcensbowntoreactwitJr 
‘m with a rate constant of 1oP M-‘s-I.” Hence, we can 
estimate ‘Oj-reactivity of 4a-R-&Ji to be charac- 
terized by a rate constant of about lti K’s_’ which is 
conside “r smalkrthant&ratesfoundforthereac- 
tkn of ‘IL with electron donors. The latter have been 
shown to be in the ran8e of > ld M-‘s-‘.I*‘” 

Auvbic photaddkylatioa In the dark. aerobic solu- 
tiona of 4a-R-M are stabk. In the presence of light, 
however, 4a-allyl-l&H and 4a-benxyl-PI&H are 
dealkylatal whik 4a-propyLPLH nnmins unchanged. 
The quantum yields for both photo&alkylations are 
identical (a = 0.24) and tire kin&s of IL formation are 
si8moidal (Pi&. 1). The action spectrum shows a sit&e 
bandcenteredaround45Onm.Whenthemixtmeshad 
been prcincubated with PI, (20% of the total tkvin), 
however, the action spectrum shows both absorption 
bands corresponding to the long wavekngth tramdtions 
ofFI,andthelagphaseinthekin&.softhereaction 
disappears (Pii 1). PhoMcaRyktion is inhii by 
iodide (5 X lo- M). i.e. at concentrations that do not 
quench &in fluorescence, suggestin that tkvoquinone 
tripkt (‘Pi,+3 is the reactive specks. 

To test this possibility furtlkr, we replaced n, by 
other dyes, such as methykne blue or cosine. These dyes 
were also productive in the PhoMeakyIation reaction 
and the relative reaction rates paraR&d those of the 
respective photodchydro8enations of EDTA (Tabk 1). 
Thusitappearsthattherateofaerobic&akyktknis 
8overneti by the potential of the photos&t& accord- 
inetoesn(4): 

With a&i&uterobcnxyl - 4aJ - dihydroflavin the 
kinetksofthereactknnmainedunchanRedkdkatmg 
that the rate limitin step does not involve an H atom 
abstractkn at the a-methykne group. 

Precise 8aschrom&gmphic determinatkn of the 
product from 4a-benxyl-Pi,& yklded a mixture of 85% 
benxahkhyde and 15% benxyl-akohol together with 
quantitative formatkn of tlavoquinonc. Product dis- 
triition was found to be independent of both solvent 
polarity and the nature of the initiating oxidant. Addition of 
superoxide dismutase (1 mg, activity 3tMO units) had no 
effect on either the rate of aerobic photodealkylation or on 
product disttiin. 

lkaikytin initiated by nitmidc as le-&nor. Since 
photodealkylation appeprad to bc initiated by le--oxida- 
tion we tested le-+xidants which might achieve oxida- 
tive dealkJktkn in the dark. Ferricyanide (lG= 
+43OmV)’ proved to be ineffective, whik with Spiro 
cycloexylporphyrexide (73; = +690 mV)” quantitative 
formation of IL from 4a-allyl-PI&l and 4a-benxyl- 
ILdIwasobservuiwithin3tseconds.A8ainnoisotopc 
et&t could be observed when C?H&H, was sub- 
stituted for CH&Ji, in a 4a-bcnxyl-Pl,.dH, while side 
chainpMductswereexacuythcsameasinthelight 
reaction. In the absence of oxy8ett. formation of IL 
was naverthekss rapid. We were, however, unable to 
identify the products derived from the alkyl side chain. 
Low mokcukr weight products. such as benxyl alcohol, 
benzaldehyde, bauoic acid, of diiyl could not be 
detected. 

Anaavbic photwn With ferricyanide as 
tkal electron acceptor (instead of Ox), dealkylation was 
achieved upon anaerobic illumi&on. The quantum yield 
(040)imXasedandtlkkinetks0fthcreactionwereno 
longer sign&al rcfkctin8 the absence of ‘PlzX qucnch- 
in8 by tripkt dioxygen. Again, FL was formed quan- 
titatively but side chain products could not be identi6ed. 

Photolysis (illumination in the absence of added elec- 
.~necceptors)kaves4a-propyl-~aad4e-allyl- 
lLdIunchangedwhik4abenxyl-ILHumkr8oesa 
serka of reactions. In the pH-ranqe between pH 5 and 
pH9onlylO-15%PLareformedase+ncedbythe 
absorbance incrMks at 445ttm# along with spectral 
chan8es&arac&&byanewabso@knmaximumat 
W)nmandalOnmbhteshiftinthelongwavekngth 
absorption of 4abenxyLPLdH at 364~1 (Pi 2). Upon 
admission of air rapid formation of IL (10-1596 of the 

1. min 

Pi 1. RiQsucs cf ph&aatoxtdstkc of &bcluyt-&II (lOAM) ill 0.1 M phcspkk pH 7. (-): m 
Pi&fmnmtiLm without say adduioo; (-) abrppaMce of~pbwiatbe~of20x10-‘M~:~~~~: 

icthMoniuthcpmanceofsx10-‘M~iodide. 



oxidfdve ddkyhtion of 4&alkyl&d 4&5dibydrollavilIs 

Table 1. Comparison of relative pbotooxidatiw rates bctweeo BDTA aod CBz-F&H with d&rent dyes. Dye 
(lo-’ M) in 0.1 M phosphate pH 7.0 cooraining Xl!% mctb~01 (by vdume) was photoreduced by EDNA (IO-’ M) uwier 
anaerobic wndithu. 4a-Bz-l&H (IO-’ M) in 0.01 M phosphate buffer pH 7.0 wntsining 9% methanol (by volume) 

was pbotooxidizad in the presence of dye (IO-’ M) u&r acrobii coaditions 
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relative rates for 

Due 4x-LIZ-FlrJl relative rates for 

oxidation EDTA oxidation 

F'OX 1 1 

eoslne 1.5 I.5 

methylene 
blue 7 10 . 

total flavin) indicates that 1,5-H& had been one. of tbe 
products. concomitant slow formation of 5.benxyl.Fl’ 
@O-35% of tbe total fkvin), identitkd by characteristic 
absorption spectrum? shows that a second product must 
be 5-benxyl-F&H (Fr 2). After its total conversion to 
FLwithNaNOzinaceticacidadifIerencespectrumof 
tbe reaction mixture at this stage relative to FL is 
practically identical with that of authentic 4a$diinxyl- 
~(F~3),~~for30to35%0ftbetotal~via. 
That 4aMibenxyLFL had indeed been formed could 
be proven by thin layer chroma@raphy (pi 4). 

In an attempt to dh&gukh intramokcukr from in- 
termokcukr alkyl-transfer a combination of water solu- 
bk 4a-benxyl-F&.&H (the 3uuboxy-metbyl&rivative) 
aad chloroform sokbk & was photolyxed and sub 
sequently extracted with chloroform. If migratkn had 
ocuuredintra -ntokcuMy, 5-benxyLFUI should only 
be found in the aqueous phase. In case of intermokcular 
migratkn 5-benxyl-F&H s&Id also be found in tbc 
chloroform phase. We found 5.benxyl-LH in both the 
aqueous and chloroform phase in a ratio of 2: 1. Thus it 
appearsthatbenxylmigouknpMceedsviaboth,the 
intra- and intermokcular pa&way. 

7Ie sllrbility of 4a-propyMl,.,H. Si 4a-propyl- 
FLHisnotoxidixedbynitroxideinthedark,itcould 
have a higher redox potential than the “activated” 

anakgs. Such a property, however, cannot be respon- 
sible for the apparent photostabiity, as demonstrated by 
flash pbotolysis experiments. Following the absorbance 
of FlH’ at 59Onm we found identical yields for both 
4a-propyl-Fl,.JI and 4a-benxyl-LH indicating exactly 
the sank extent of initiaJ oxidation by ‘Fl:. In either 
case the radicals formed after the flash had disappeared 
within two mihkeconds. At that time, 4a-benxyl-&H 
had been quantitatively converted to FL, while 4a- 
propyl-FLdH was recovered unchanged. Thus, 4a-pro- 
pyl-IT radical must have been re-reduced by FRI., 
whereas 4a-benxyl-IT was rapidly dealkylated and/or 
oxidized. Hence, one has to conclude that &oxide has a 
lower redox potential than the 4a-alkylated 4aJdihy. 
drotlavins investi@ed. The fast irreversible dealkylation 
of 4a-&nxyl-RI’ and 4a-allyl-Fl’ leads to quantitative 
formation of FL although only a small percentage of 
4a-R-IT radical is present at equilibrium. 

Evidence obtained in a number of recent enxymologi- 
cal studies suggests that tlavindependent dehydrogena- 
tion of biological substrates is a 2e--process, involving 
labile covalent flavin-substrate intermedikte~.‘“~ Their 
chemical structure has to be interpreted as alkyldihy- 

X .nm 

F~2(-):lO~M4r-besryl-~hO.lMphorphtcpH7;(---):tertionmixhlrrrfter60minof~ 
tioo: (- - e): trwicnt fwmntioo of II-bauyt-PI’ after admhioo of ti (---): reactioa mixture after wmpletc air 

oxidation. 
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(1) Reversal of tbc initial oxidation step through 
reduction of 4a-R-PI’ by FIH’. Simikr flavindepeodcot 
photooxidations followed by fast reversal in tbc dark 
have been described by Tollin et al.14 for phenol and by 
Traber et d.” for tItc reaction of ‘Fir with its own 
ground state. For 4a-propyCFl’ this is the exclusive 
pathway of &cay. FW 4. Identi6don of 4a,5diil-p1, M a product of . . 

ihmmdonof4a-bcnzyi-Fi,.,Hbytbinlyachmma- 
z (wkot system butaed/~_ridlwrta=5/~3/2 by 
wlumc): I = %.; 2 = 4dn?&-pkH; 3 = 5-benzyl-PI&i; 4 = 
4G&ii~~e~rc.doa& mixtmx dtu oxiddon by 

mwrerceace (w-light A, = 
~nn;)&eto~i,~~~~~~t~~impllrity.ft~ . be observed with &-R-PI’ aacb as bcnykkohol, ben- 
ah0 formed tram 4ebenykv 8ad 5huyl-F&H on tbc zaldehyde, benz0iC acid Of dibenzyl. 

chrormtagnphieplatewln?nexporedtoair. (3) 24?-donation to 01, yielding FL, akkhyck and 

(2) le-4onatioo to ferricyaairk or aitroxidc radical, 
yielding FL ad+ns~&lybene, followed by 
polyWixatio0. This intcrprctatioo is based 00 the 
observation tbat no bw mokcukr weight prodMa could 

ddavins R-F&H. The alkyl residues of biologicd 
rekvanccaremostlyoftbctype >CX-,i.e.theybcara 
functional m (-NH, or 4H) in position a, ad 
exhibit mobility already in the reduced state. Tbia has 
2120bCC08h0WTlWithU10Nt12biklK%idlWesrtier1’whe0 

we &mood.mtal4a-S-migratioael @ih& in mod& R- 
FLJI, R bciug adimctbyLbenzy1. The alkyldiby- 
,drofkvinr prcscoted in this inve3tigatioo are more stabk, 
tbc alkyl-substitucot can be adilix& bowever, under 
0xidizbgcoMIitioM: 

The primary step consists of 1e-4datbll, yielding a0 
unstable radical 4sR-PI’ which can decay in various 
ways. As le-ddanta a stabk radical of high energy, i.e. 
spiracycbhcxylporphyrexide (G = 690 nm), or excited 
dye tripkts, preferably ‘FIZ itself, proved to be effective 
whik triplet dioxygcn or fedcyanide were wt. From 
this we can estimate a minimal rdox potential for 4a-R- 
FLH of + 700 mV. Once the radical 4a-R-PI’ has been 
generated, weaker oxidnnt84uch as ‘a f&cyanide- 
callscrveassccondaryacceptorswhichattbcsamctioM 
induce ckavaIte of the R-Fl bead. Thus we distinguish 
the following decay pathways (Scheme 1) of 4%R-M’. 
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akohol. This pathway invoIven the intemledkte for- 
mation of a kbik primary alkylhydroperoxide. Aidehyde 
and akohol are weil e&Ushed breakdown products of 
such bydqleroxidea.‘*‘* 

(4) Alkyl migmtkn, yielding S-R-Fl’ and, after reduc- 
tion by PM’, 5-R-&,,I% 

(~~~~,~~~+~~.~e~~o 
reactions are only possl&k with the very kbik beuzyl 
sub8tituenL They in at least 100 times slower than 
Mu%ioM (lH3). 

AsshowninschemeI,therearetwoautocataiytic 
steps in the dealkyktion rea&ns: in reactions (2)-(4) 
~~p~~~k~~~~p~~ns~r 
of~~~s~*~~~)~~~~xy~ 
is an intermed& of stKm@ oxidi&lg power towards the 
s&&g 4a-R-F&H, This au&catalytic step is well 
e!&ablkhed for the autooxidatkn of bydrocarbolls.‘” 

Summa&kg, snb~tmte rwidyGs R in dkyiated dihy 
dmjlillhs should be dividai into three classes of 
decreasing mobiiity depending on the ~aubstituents in 
R: 

(a) Fun&km& protic or-substituents such as -OH and 
-NH2 permit fxagmentation of R as shown in eqn (5): 

>C(XH)-FL,H---,>C=XtH~FL. (5) 

&) Residues R with a&&on containing a-sub 
stituents, such as pbenyl aad vinyl, cao either migrate or be 
ckaved after te- oxidation as shown in eqn (6). 

> CAPFQJI -% > CAr-Fi M &Ar + iT. (6) 

~c)~y~~sR~~~v~~ 
ambient temper&me. This remit& somewhat of the 

transitbn of bond nature in simpk cycbpenttulkne 
derivatives R-CSHJ from fixed (R<H,) to ibating u- 
bonds (R = si(C!H,h) and finaRy to ~-bonds R = Fe&& 
andionpairs(R=Na).” 

l%e following com~inkm of bkdo&d nlcwncc CM 
~~~~~ 

(1) Even if radicak are involved in the decay of a 
&in-substrate compkx, dioxygen will not necessarily 
act as k--acceptor. We could not detect fommth of 
superoxide which is ia agreement with recent data of 
Kemal tf uLp Instead, a substrate peroxide is assumed 
which wouk! ykki preferentkny akk-hyde by mar- 
rangeme& &nce, the total @oto)mactkn of 4%R- 
FLdHwithCkappear8tobea%ixedfunctionoxy- 
genation~, ykldiq oxygenatui sub&ate and water, but 
~hy~~o~.~~~~~~~ 
the now well estabMed reaction of eaI&kpeadent 
bacterial luciferase, where aldehyde k the substrate ami 
acid the produce involving the decay of a ternary com- 
plex: 

(2)A~~f~~~~knot~~a 
cam%ate for further oxida& or feduction. fastead$ 
~ntsandtmnsferreac&msmayoccuratthe 
radical Ievel, foBowed by %erilavin” ekctron exchange 
(dkmutation). In several enxyme systems, inter&&n 
reactions appear tip% favored by protein sbucture 
aIM4or umformaGo& 

(3) %vin is an active surface, upon which even alkyl 



1134 G. BIANKENHORN and P. HEMMIINCE 

FL,. + RH # 4a-RFLH # 5-H # [R’] + Fld- 

e.g. R = NAD (8) 

(4) Fiavin is a &ox-system which is capable of deal- 
ing equally well, in principle, with le-- and with 2c-- 
equivalents in clwnical or photochemical as well as in 
biological oxide-reduction. The actual mode of reaction 
is, in a chemical system, dictated by the nature of the 
substrates, donors (“CH-substraks’) as well as ac- 
ceptors (a or Fe”‘). In biological systems, the apopro- 
tcio dcciis which type of compound will, spcciIlcally, 
be substrate of a given lIavc~protcin by direct@ 
hydrogen bonds towards the chromoph, either in tbc 
region N(1)/0(2a) for L--transfer, or ia tbe region N(S) 
for le--transfer.B 

3-Metby1-40-beazy1-405-dihydrodnvin,3-metbyl-4r- 
auyl- rpJ - diby&oaavin, 3 - methyl - 4a - prcgyl - w - 
ltihydrohiu. 3 - metllyllumillpvin, ad 3 - cxrboxymetbyl - 
hlmil?avin were syn&i acxord& to puw pmce- 
mnes.xn3-Methyl-4a-a-didcutcrobcnzyl-4aJ-~diby- 
drolkvin wa¶ xvnthixed from udidcutau - DbmYimtic acid= 
~3-metbyn~~atupc,3-carbox~yl--~-benzyl- 
4a+5 - dibydrohin from 3 - carboxymetllyhlminavin and 
phykcetk acid at up accord& to walku et d’ 9.10 - 
Dipheoyknthraceneperox& (“DAP”) wax a gift from Dr. W.-R 
Knxppe in this loborotory, xpilocycbllexy@orphylexide wan 
syntb&ed accodhg to Porter ad Helkrmmn.” AU other 
cbemkall and rea@otx were wmoMckl products of the bext 
avaikbk pmity. they were UKd without fulth purihtho. 
Superoxide dixmutaxe was purcbaaed from sii Mlhcheo. 

Spectropbtom&ic mms-09 were made with a CAKY 
14 instrumeot, Thmbq type 1 cm da were uxed for auaczobic 
mfasurement.4. AMembiosix of dnx wax achieved with deoxy- 
8enatedargon.Forpllot&+Mtctioaraprojector25OW24Vtosp 
stenhalogeoligbtsollrcewaaus&equippdwithaarrowbend 
interfereace Bltas of the desired wavekpstb (bd bahidtb 
lOlull) ad a heat BIta. Action spectra were lktermid with a 
Zeiss M4Q3 monochromator equipped witb a Xewn light 
source.Quaatumykldsweredetermidbyrmehdaimikrto 
tbatofKhgddw~anxlyxkw8apaformed 
withaPerkioElmerP21prepardvegaschrormtoenpbaxig 
SE3Oardytidcohlmo,fordetectkoofbenxylalcoMmld 
tenddehyde. Siogkt oxygen wax geaaated cbcmkdly by 
rduxiugadutiooof”DAP”inbenzeaeaccdingtoW~- 
mpnndd”l+3-Dipbeoylkobenx&rancwaxudaaastan- 
dard for determihg siugkt oxygen redivity” by foBow& tbc 
lkcn?&Yein~ at 420 am (e = 1,7x lo’ M-1 cm-q. The 
rateofDAPdecaywaxa&ainedbyfoUowingtke&reaseio 
abdmncc at 394nm (prcducho of 9,lOd&?ayknthrMne: 
c = lo’ Id-’ cm-‘). In a typkal experimcot a lti xohtion of 1, 
alkyktd4a$dibydrofkvin in beaxeoc, cootaiuing a 500 fold 
excess of DAP wax retied for approximately 24hr. Takiag 
sampks at regkr time iatenak the rate of &.-formation wax 
foUowaJ xpectrophotomehkally by the inaea%ofabao&ooat 
47Onm. 

For Bash pbotolyir experimeotx a type KR I hxtntmeot from 
ApplkdPb5tOplly8iC&L4WMh~uredU&pdwith~tiS 
M4QIB-mo~~,aW)WXe~lrmpmdaT~~ 
;ENdciBo=pe. Cyihdrid pyrex cdk, Ugbt pxth lOcm, 
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