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Analysis of lumiflavin triplet state decay'kinetics
in aqueous.solution has given fhe'fdllowing results: k1
(first order decay) ='67Ovsec_1, k2 (triplet-triplet

1

quenching) = 8.9x10%M sec™ » kg (triplet-ground state

3.7x10%M *sec™l. The “MN triplet decays

quenching)
':mainly via intramolécUlar quénching by the ribityl side
chain and tripletsgroundfstate-qﬁéhching. Ferricyanide
and phenols are shown to be excellent quenchers of the
flavin triplet'(comparéble to KI and 0,). In the case of

phenols, quenching cccurs via hydroxyl hydrogen abstraction

to generate flavin radical and phenoxy radical. Recombina-
tion of these radicals (by reverse hydrogen transfer)
competés effectively_with fiavin'radical disproportionation.

" The lumiflavin triplet is also able to abstract hydrogen

10-methyl group). The radicals_so‘generated can either

\

! " from a ground state lumiflavin molecule (probably from the
| ' '

\

\

recombine or underge a buffer-catalyzed reactibn leading

to permanent bleaching. Evidence is presented for rapid
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oxidation of lumiflavin radical by both oxygen and ferri-
Cyanide. In dry non—polar;soivenﬁs, lumiflavin'triplét
formation is prevented; addition of small amounts of
watér restores the ability to produce triplet state mole-
cules. This is probably due to an effect of water on

‘intersystem crossing.

INTRODUCTION

The photochemical propérties of riboflavin and its
énalogs have been widely $tudied (i), not Ohly because of
their intrinsic intereét, but aiSoﬂbecause flavins have been
1mp11cated in a varlety of photoblologlcal phenomena such
as phototroplsm (2), Euglena phototax1s (3,4) and chloro-
plast photctdxis (5). Althoughvmany investigations (6) have
:éhown that the triplet state is an important photochemical
~intermediate, very little is known concerning its properties
(7,8). The present 1nvest1gat10n utilizes flash photolysis
techniques to eluc1date some of the kinetic and chemical
-behavior of the lumiflavin triplet. This compound was
chosen to avoid complications arising from ritityl side
chain photboxidation (1), although some evidence will be
presented which demonstrates that the FMN triplet behaves_

qualitatively in a similar manner.

 EXPERIMENTAL
Materials
Lumiflavin was synthésized by the method of Guzzo and

'Tbllih (9) and dried under'high vacuum. FMN (riboflavin—S'f



phosphate dihydrate, Na salt B Grade) was obtained from
vCalblochem and used. w1thout further pur1f1cat10n |
| 2,6 Dimethyl phenol and EDTA-(disodium salt) were
obtained from Eastman Organic Chemicals. Tyrosine, phenol,
p-t-butyl phenol, 3,4 dimethyl phenol, and 2,3 napthalene-.
diol were reageht grade. Potassium ferricyanide and potas-
sium iodlde were Mallinckrodt A.R. grade. Analyzed reagent
gfade Sucrose was_supp1ied by Allied chemical.

~Tert.-butyl acetate, DZO (99.5%) and 1,2-dichloro-
ethane were obtained from Matheson; Coleman'and Bell.i‘Igzz;;

butyl acetate was washed with 5% Na.CO solution, then with

2773

saturated aqueous CaClZ, dried 3 times with CaClz'and dis-
tilled. l 2-Dichloroethane'was dried two times with CaCl2
'and the“.‘:ac ioncally dlstllled from phosphoronus pentoxide.

Deoxygenatlon of samples

~Lumiflavin solutions were degassed on a high vacuunm
line (1070 torr). The solution was placed in a bulb which
~was attached to a 10 cm cylindrical spectrophotometer cell
through a teflon high vacuum valve. Six cycles of freezing,
pumping and thawing removed dll dissolved gases as was
shown by feading the pressure with a McCleod gauge. The
degassed solution was then transferred info the cell and
the teflon valve closed No air leakage through the valve
was detectable even several hours after degass1ng

Because of their high viscosity, sucrose soluticns'

| could not be degaseed by the'ffeezihg and pumping‘method.

Instead, they were deoxygenated by purging the solution for



45 minutes with nitrogen.gas‘directly from a ‘tank. No
difference was observed_in'the results when the nitrogen
was purified by passing over het,copper turnings.

Oxygeh Measurements

The amount of oxygen in solution was measufed by‘
using é Yellow Springs Instrument Co. oxygem monitor
(Model 55). The oxygen concentration wes varied by passing
a knewn mixtdfe of nitrogen and oxygen thraugh the solu-.
éion in the spectrophotometer'ceil.d

Flash Spectrophotometer'

The #lash photolysis apparatus was oféeoﬁventionel
desigh. The flash source was a.Xenon Corp. iemp (type FPfS).
This was charged to 6-7KV.usiﬁg a 7.5 uF Sangamo low induc-
tance copaciter aﬁd flred by tr;ggerlng an E, G and G model
.:GP 22B ceramic-metal spark gap with an E, G and G model
T™-11 trlgger_module and.appropriate puise cireuitry. In
order to improve the -efficiency and reliabilifydof firing
of the flashtube, it was further triggered with an auxiliary
vXehon Corp. trigger medule’(Model C) with a trigger'wire
wrépped‘around the tube. .The flash duration waSIQS usec
'd(half decay time). In the measurement of'decay kinetics,
'ierd time was chosen te be 60-75 usec (depending on the
- wavelength of the measuremeht) to avoid flash artifacts.

An infrared heat absorbing filter and aFCorning CS 7-59
| filter were mounted between the flashtube and'the.sample
cell. The entlre sample and flashtube compartment was

cooled by forced air.



.rate constgnt of 1.1 x 10

The monitoring beam was a Sylvaniav650W_tungsten—

' halogen lamp (120V, DVY) which was collimated to pass

through the sample cell and filtered using a water-cooled
infrared filter and appropriate band pass filters (usually

Corning CS 3-70). A DC power supply was used for the

monitoring lamp. The transmitted light passéd through the

sample cell into a Jarrel-Ash monochromator (Model 82-A10)

and onto the photomultipiier detector (RCA 4463, S-20 re-

éponse). In order to reduce scattered 1ight; a seriesvof
baffles was placedvbetween sample and monochromator. The

output from the photbtube (50K load resistor) was fed into

| - a Tektroﬁix type: 533 oscilloscope.

RESULTS AND DISCUSSION

When lumifiavin solutions in phosphate'buftef (pH=7.0).
or disfilled water are flashed, lumiflavin triplet'énd semi-
QUinone (free radital)_species'(7) are formed (Fig. 1); Tﬁe
absorption specéra of these twd‘méterials‘overlap considera-
bly in the visible region (10). However, the extinction
coefficieﬁts of the triplet at 560 nm and that'oflradiéal
at 680 nm are small and thﬁs'the.680 nm abSorBance}cah
be'assﬁmed to be primarily dﬁe-fo_triplet and’that at 560 nm

due to radical. Typical OSCilloséope traces at these two

wavelengths are shown in Fng 2. The transient observed at

_ S60~nm decays by a second order process (Fig. 3) with a

9 -1

1mole tsec This can be com-

pared with a value of 0.75 x 109_reported by Kﬁowlés and

~Roe (10).



The triplet, observed at 680 nm where there is no

'grouﬁd state or radical absorbance (11), doethot'decay
by a first order process except at higher concentrations
of lumiflavin. At lower concentrations of lumiflavin, the
fkinetics of triplet decay are mixéd; although Knowles and
Roe (10) report that the lumiflavin triplet decays to the
,igroﬁnd state by a first order process with a rate constant

4 1

of 1.1 x 107sec” However, this was detesmined on the

‘basis of an'aﬁalysis of a decay curve whicﬁ.was‘partly due

to radical aﬁd partly to triplet. Ye have studied the
vtriplet decay at 680 nm in 'solution as a'fmnction vathe
:concéntfation of lumiflavin. .At-ION concentfatibns of
flavin, the triplet decay.obeyé the following réte law
reasonably well, | |

2

- — =k o+ kZCT-’f ksCrCq (1)

C
dt 1°T
' This type of equation was used by Linschitz and Sarkanen

(12)‘to explain chlorophyll triplet decay in pyridine and

- benzene solutions. In this equation,

k, = first ofder radiative and radiationless
rate constants for the triplet decay.
4 k2 = rate constantAfor triplet-triplet |
quenchiﬁg processés.' v
'k, = rate constant fof'triplet—grommd 
state quenchihg;' | _
Values for these thrée'rate ;onsfants weré'calculated_

-by“the method given by.Linschitz’aﬁd Sarkamenv(IZ). Only




 the essential terms needed for this analysis are defined

here.
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"uof triplet at 680 nm (= 4600 as given by Knowles and Roe,
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Since AA680 = € CTl, where € = molar absorptivity

ref. 10), end 1 = length of the cell (= 10 cm)}, we can re-
'ﬁrite equation (1) as follows: | |
d "'AAO

1n = a+ bAM  .......... e (2)
at s - .

‘where AAO change in absorbance measured

60 uscc. efitex tho flach;
ca =k v keCyoiliiiiiinilL (3)
and b = k, - kg
| ) 680
Ep 1

The time-derivative in eQuation'(Z) is cbtained by
" drawing tangents to a plot of 1og'(AAO/AA) vs. t.  The
- slopes are plottedvagainst the torrespondingé&A‘values

giving a fanily of lines of constant slope but increasing

intercept with increasing C0 which allow a and b to be deter-

mined (Fig. 4,A). The variation of a with CO gives_k1 and
k3 (Fig. 4,B] and k2 can then be calculated from eqﬁation-
4. The'vaIUes of the three rate constants for lumiflavin

in distilled water are as follows,



k. = 670 sec 1

.1' a

k, = 8.9 x 108 M1 sec”!
and k; = 3.7 x 108 M1 sec™?

Rate constants of approx1mately equal value were
_obtalned in 0.025 M phosphate buffer, pH 7.0. Note parti-
cularly the rather large values for the tr1p1et-ground
stete quenching eonstant’ks._ This would suggest that in
»fhosevflavoproteihs in-which twoeflavin molecules are
"bbund'in_close proximity to one anotﬁer,etriplet quenching
“would be quite effective. B o

In Fig. 5, the triplet deeay rates at 680 nm for FMN
and lumiflavin'at low and high coneentrationsvare compared.
The FMN triplé* decays to fhe gvoun-4 state by-é first order
'process at coneentratlons at Wthh the lumiflavin decay 1s
of mlxed oxder Thls 1s.probab1y due to intramolecular
self-quenching by the riBit?l’side.Chain, althdugh intermole-
eular quenching is also occuring inasmuch as the rate of
‘decay is concentration dependent. Note also that the
- lifetime of the FMN. triplet at the lower Concentretions is
shorter than that of the 1umif1avin<triplet.

Tegner and Holmstrom (7) have calculated the rate
1constant for the reaction between t]lplet 1um1f1av1n and
-iodide ion to be 7 x 109M 1see_l. Inasmuch as ferrlcyanlde.
ion and phenols are‘also good.triplet quenchers (Fig. 6),

we have compared the effectiveness of triplet quenchiﬁg by

these cempounds with KI in aqueousisolution‘(Fig. 7). Using



the above value for the:iodide quenching constant, we

obtain values of 5.7 x 10° and 4.9 x 109M lsec™d for

' ferrlcyanlde and 2,6-dimethyl phenol, respectlvely.

Valuss of the triplet quenching constants for ferri-

cyahide, dimethyl phenoi and oXygen'in 70% sucrose solu-

. . % .
tion were directly determined. . Except for altering vis-

cosity, sucrose was found to be phctochemically non-reac-

~tive. Trinlet decay in sucrose solutions follows first

order kinetics. The_first order triplet and second

order radical decay rate constants are viscosity dependent

but do not follow the expected inverse proportionality to

' viscdsity except at lower v1sc051t1es (Fig. 8). The rate

of trlplet decay is found to 1ncrease with 1ncrea51ng

concentratLon of the guencher (Flg 9,A),, The ‘quenching

constants were calculated from the slope of a straight 1line

obtained by plotting rate. constants against quencher con-

~ centration (Fig. 9,B). The quenching constants in 70% sucrose

for ferricyanide, 2,6-dimethyl phenol and oXygen are, 2.4

8

x 10 1.2 x 108, anc 1 3 x-lOSM_lsec—l,'respectively

From these data, it is apparent that dimethyl phenol and

4_ferr1cyan1ce quench the 1um1f1av1n Lrlplet as effectively

as does oxygen. Thus _a tyrosy1’51de chain or perhaps non- -
heme iron in a flavoproteln would prov1de an eff1c1ent

pathway for triplet degradation.

% ‘ ' : - :
The high viscosity of the sucrose solutions (321.6 centipoise)

'slows the reactions suff1c1ent1y to allow this type. of measule—

ment to be made over a wide range of quencher concentratlons
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Lumiflavin solutions in 0.1 M phosphate buffer (pH=7.0)

in vacuo undergo appreciable photobleaching (10). The ab-

sorption spectrum of such a solution, after about 20 flashes,

does not return to its original shape and height when air

is allowed into the sample cell (Fig. 10). This is probably

due to lumichrome formation. At lower buffer concentrations,

iess photooleachlng occurs. * In distilled water (pH=7.0),
.permanent photobleachlng after many flashes is minimal (5°
or less). When phenols, such as 2 D-dlmethyl phenol tyro-
sine, P'EEIE; butyl phenol, 3,4- dlmethyl phenol or 2,3-
vnapthalenediol, are nresent in 0.1M buffer, no permanent
bleeching'occurs u.In the preeence of these compounds the
triplet is completely quenched and the sem1qu1none yield is
1ncreased,(F1gL 1. Rudlcal decay 1is. second order wlthrahn
rate constant (with 2,6-dimethyl phenol) Qf 1 x 109M 1sec-vl.'
.(Fig. 3).. | | | | |
Wevheue also ohserved (Fig. IL) that the presence of
fphenols in a solutlon of 1um1f1av1n plus EDTA in phosphate
buffer markedly reduces the’ extent»of photoreauctlon to
the fully-reduced_form'(which,ie due to disprdporfionation
of lumiflavin radicalé) and increases the radical yield;.
'._If-one measures the'extent of decrease in absorbance
-at 445 nm induced by'a single flash in lumiflevin solutions
in distilled water, one findS'fhe following: iumiflevin -

alone =5%, lumiflavin pius 2,6-dimethyl phenol =9%, and

ThlS is suggestlve of buffer ion cataly51s, partlcularly

v51nce the triplet decay is unaffected by buffer
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lumiflavin plus EDTA ~35%,  The amount of radical generated
| b& thevflash in the EDTA and phendl solutions were apprdxi-
| mately'equal. |

The above resﬁlts suggest that phenois can react with
the lumiflavin triplet to generate lumiflavin radical and
that decay occurs predominantly via a second order.process
which competes with. disproportionation. Furtﬁermore, the
radical decay process in solutions of lumiflavin without an
| édded reductant aisd proceeds partly via a second order |
process which doeé_not involve formation oflfully-reduéed
flavin. | |

van air-éaturated'solutionév(6.1 M phosﬁhaté at pH¥7;0)
‘no transients'can be seen'in pure lumiflavin solutions (Fig;i
-8,B). 'This isnundbuﬁtcdly due to triplet quenching by_ |
~oxygen. However, the additibn of 2;6-dimethyl phenol (br
other phenols)'cauSes the appearance of a semiquinone tran-
sient at 560 nm (Fig. S,A), whiéh_decays more rapidly than
.in énaerobic soiution and by first.order kinetiCS'(Fig. 12).
7,1 -1

The calculated second order rate constant (2.2 x.10 M “sec ')'

is independent of the concentration of phenol, from about

"S5 M to 1072

10 M, and alsovof phenol strucfure, thus demon-
sf;éting that the phenél is not participating in the decay
.brocess. Inasmuchvas phenols are etfective quencﬁérs'of
 the flavin triplet they can compete effectively'With oxygen
" and thus_radical formation‘can‘dccur. The first order
kinetics and moré'répid rate of radical decay pr@vide clear

evidence for an oxidation of thé lumiflavin radicél'by oxygen.
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“We are presently investigating this in more detail (see
below for further COmment)fi. |

Potassium iodide quenching provides further support
- for the concept that fadical formation, with ahd withbut
.pheﬁols, proceeds via the lumiflaViﬁ triplet state. The
-fésults are shown iﬁ Fig. 13. Thus, KI reduces both the
:'radical and'triplet yields with lumiflavin alone_(Fig. 13
- A,B,C,D), at concentrations too iow to ﬁeasurably affect
v flavin fluoreécence._’ln the présenée of,lxlO'4M dimethyl
phenol one has to go to é highér concentration of iodide
ions for a marked reduction'in»the radical yield (Fig, 13,
E,F,G,H), althoﬁgh one is still belcw fhe fluorescence_
'quénéhing ~evel. | o |
| ‘We have_a;so 9btained'éyidenge that the FMN triplet
| can.reaCt with phenols.  The addition of 5x10 *M dimethyl
phenol to L.leO-SM FMN in 0.025_M phosphate buffer, pH 7.0.
- causes the following changes to occur: | |

a) photobleaching of the.FMN (due td éide chaiﬁ oXi-_
dation) is almost completely preVehted. -

b) the FMN radical yieid is increased.

c) the FMN-triplef state is completely quenched.

It is necéssary'now to comment on the source of re-
ducing equivalenfs for radical prdduction in these systems.
The phenol reaction is féasqnably simpié_to eXplaih. Thé‘
‘fact'thét phehol itself is.quite'reaétive'suggests hydroxyl

hydrogen abstraction-generating a phenoxy radicalf

e+ dod - LfH_g + do-

o jermTs I Ay G

pedicn, s ) Ko P bpptocs | cansa pdi | 7hnld

/Ufﬂr.&-« mzwwﬁ-‘a



- 13 -

The low absorpt1v1ty of phenoxy rad1cals and the fact that
they absorb in the same reglon as does lum1flav1n (13)
.precludes a direct observatlon of these spec1es. The small
amount of fully-reduced flavin formed suggests that lumi-

flavin radical decay proceeds'mainly by recombination:

¢o - A ¢0H
rather than by dlsproportlonatlon

2LfH- ~» Lf + Lsz

'ThiS'lends credence to the suggeétion made above.that O2
reacts directly with LfH- (it is in principle'possible,
althoogh unlikely in view.ofathe'kinetics, that the 0xygeh
results are due to reaction with Lfi,) . |

e rate constant found'for the reacti £

The lar

lumiflavin triplet with:ground state_lumiflavin and the ob-
servation of buffer-catalyzed irreversible'photobleaching

of lumiflavin proceedlng via the triplet state, suggest that
-lum1f1av1n radical formatlon in pure water occurs by inter--

' molecular hydrogen abstract1on * This probably occurs from
the N-10 methyl group, 1nasmuch as we have observed that
10-methyl isoalloxazine produces comparable amounts of
~radical on flash‘ekcitatioh in water. Again,'radical‘decay
'is partly via recombination, aS'evidenced by the small amount’

of photoreduction observed."As a further confirmation of an

.The p05510111ty of water ox1dat10r was con51dered but
vexperlments using sodlum formate (which is a good hydroxyl
‘vradlcal scavenger (14)) showed no effect on radlcal decay

. rates.
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oxygen-lumiflavin radical reéction, we have made measure-
ments with lumiflavin solutions without phenols containing
very low concentrations of oxygen. Aithough thé'data are
not very accurate because of the small sigmais, we observe
a rapid first order decay of the lumiflavin radical (Fig.
.12).‘ Analysis of the decay kinetics gives'é rate constant
approximately equal to that obtained in the preseﬁce of

7 M-;sec-l).

dimethyl pkenol (2.0 x 10
‘ Additional évidence that the 560 nm absorbing species

generated‘with‘1umiflavin alone and with'phenolsfis the |
same compoﬁnd; nameivafH-,~is provided by observations
1made in the presence of ferricyénide. We find that the
decay rate increases andlchanges from secdnd'qrdér to

first order kinetics (Fig. 14). The calculated second order
‘'rate constants are épproximétely the same for the two

8M_lsec'l with phenol and 5.1 x 108M 1sec™!

systems (3.8 x 10
without phenoi).' _

In diy l,2-dichloroethane and dry Egzz;~butyl’acetate,
no triplet or radical signal is observed in degassed solu-
'tibns (Fig. 15,A). However; when the solvent is Shéken'with'
HZO or D,0, a large triplet signal is obsérved (Fig. IS,B).
In the latter case, the triplet decey is slightly faster.
Simiiar results are observed with the radical signais al-
though, becausevof irreversible photobleaching, the signal
at 560 nm in fhe wet solvent was aiways associated with a

very slowly decaying transient. This did mot interfere with

the observation of the triplet at 680 nm where no such slower



cprocesses are observed TheSe results, when considered in

f.relatlon to observatlons of 1ncreas=d fluorescence ylelds‘

‘presence of water 1ncreases the rat° constant for 1nter-"' ""v R
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kaor'flav1ns in non—polar-solvents (158), suggest.that'the'

isystem crossing from the 51ng1et to the tr1p1et manlfolds of
. the flavin molecule. Thus, a-nonrpolar environment for
" flavin in a flavoprotein would provide still another mecha-

;_nism for preventing'triplet'statevpopulation.
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- Legends for Figures

Flash-induced difference spectra for degassed

- lumiflavin solutions (6x10'6M) in distilled water

(pH;?!O) with and without 2,6-dimethyl phenol
(lxlo'sM). Points were taken 150 uséc after the
flash in order to reduce possible contribution of
the triplét statevbetween 500 nm and 600 nm.

Typical oScillograms observed at 680 nm (A) and

'56C¢ nm (B) upon flashing a 5.1x10 %M 1lumiflavin

solution in distilled water. Each division along

the abscissa in (A) represents 50 psec and in (B)

‘represents 200 usec. In (A), 7 divisions along

the ordinate corresponds to a AA of 0.31; in (B),

S dGivisioiis along the ordinate corresponds to a

AA of 0.31.

Second order plots of 1um1f1a%1n sem1qu1none decay
. 0) 5
obtained with lumiflavin alongkand with 2,6- dlmethyl

(X)
phenolAln distilied water. Data represent approxif

- mately 80% of decay curve.

[lumiflavin]v= 6.1x10 oM |

[2,6-dimethyl phenol] = 1.0x1073M

A - plot of d/dt In AA /AA vs. AA for various con-
centrations of 1um1f1av1n in dlStllled water.

© 1.9 x 1075

M
| -5
X . 1.1 x 10 M
A 0.61 x 10 °M
4 0.39 x 107°M

e 0.25 x 10°°M
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B - Plot of intercepts from Fig. 4A vs. lumi-
flavin-concentration. -
"Fig. 5: Semilog plots of tfiplet detay Curves for lumi-
flavin and FMN in distilled water |
| Fig; 6: Ostlllograms observed at 560 nm for air- saturated
. solutlons of 1um1f1av1n in 0.025 M phosphate

vbuffer (pH= 7 0) with and w1thout 2,6-dimethyl pheno]

. [1um1f1av1n]

y ‘ -
| = 1x107°

1.9x10.5M; [2,6 dlmethyl phenol]

M.

Sy

B - [lumiflavin] 1;9x10

Tine scale in A is 100 usec per division and in B
is 200 usec per division.

Fig. 7: Effect of various quenching agents on lumiflavin

-~
~

a]

iplet decay in 0. OZSM phosphata buffe*, pH 7.0.
[lumiflavin] = 1.4x10 SM

_SM

'[quencher] - 1.0x10
R 5 1ﬁmif1avin alone
e lumiflavin-plus 2,6~dimethy1 phenol
X l1lumiflavin plus ferricyanide
A lumiflavin plus KI |
~Fig. 8?7_Effect Qf viscosity of sucrose;solutioﬁs on decay
| constants for 1amif1avin}tfip1et and semiquinone.

-SM

[luniflavin] = 1.3 x 10
Fig{_9: A - Effect of 2,6-dimethyl phenol concentration on
lumiflavin triplet decay curves in 70% sucrose

solution.

" [lumiflavin] = 1.7 x 107°M



- Fig.10:

- Fig.l1:

Fig.12:

" tration of quencher.

| [1umiflavin] = 1.7x10 "

_XjflumlflaV1n plus 5x10 3M EDTA .‘C

e mome
o 1.0x107%M
Cx o s.ox10TM
¢ 1.0x10"*M
A 1.5x10 %M
+ 2.0x107 %M
E.; Apparént first'order rate constants for lumi{ :

flavin triplet decay in 70% sucrose vs. concen- -

SM

X' ferricyanidef -

0 oxygen" ,
VrA; 2 6 d1methy1 phenol

Abcorptlon spectra of 1um1fLav1n solutlons in 0.1 M

‘phosphate buffer (pH 7. 0) before and after flashlng

a) before flashlng

4 b)v-after-ZO»flashes
‘c)' after allow1ng a1r to enter ce11
Amount of lumlf avin. semlquwnone gene1ated by a

51ng1e flash Vs, number of flashes Wthh sample

hae received. 0 1M phosphate buffer, pH 7.0.

-3,

eo”lumlflaV1n plus 5x1073M EDTA and 2x1073M

tyr051ne-

Semtlog plots of 1um1f1av1n semlqulnone decay curveSv"

“in . alr saturated solutlons in. d15t111ed water con—

| talnlng varlous phenols (1 0x10 3M) and for Tumi-

r-flavxn alone at low oxygen concentratlon (1x10 4M)



 Fig.13:

Fig.14: -

~ in the presence of ferricyanide with and without

- 560 nm and 680 nm in lumiflavin solutions in

A0.025szhosphate buffer, pH=7.0. [lumiflavin] =
1.5x107°M | o |
A -'560 nm - lumiflavin aldne
-‘B - 680 nm - lumiflavin alone _
C - 560 nm - lumiflavin plus 1.0x107°M KI
"D - 680 nm - lumiflavin plus 1.0x10°°M KI
E.- 560 nm - lumiflavin plus 1.0x10f4M 2,6-dimethyl

F - 680 nm - lumiflavin plus 1.0x10"
G - 560 nm - lumiflavin plus 1.0x10” M 2,6-dimethyl

H - 680 nm - lumiflavin plus 1.0x10'4M 2,6—dimethyl

[lumiflavin] = 1.9x10-°M"
A 3,4—dimethy1 phenol
<4 phenol

@ tyrosine

,i 2,3-naphthalenediol |
@ 2,6-dimethyl phenol ‘ A b o |
Z\P’EEEE; butyl phénol o | |
.E 1umif1avin alone (x2)

Effect of KI in the presencevand absence of 2,6-

dinethyl phenol on flash-induced transients at

phenol

4M 2,6-dimethyl

phenol
phenol and 1.0x10™#M KI

~ phenol and 1.0x10 *M KI

First order plots of lumiflavin semiquinone decay

2,6—dimethy1 phenol in 0.0ZSM:thsphafe buffer,




o [1um1flav1n] 1 5x10: 5

CFiglis:

pH"7 0.

-4

‘X‘ lum1f1av1n plus.5x10_ M 2 6 d1methy1 phenol

and 4x10-5M'ferricyan1d@-

O_:lumlflaV1n plus 1x10 5M ferrlcfanlde
Flash-induced tran51ents at 680 nm for 1um1flav1n
 1n dry and wet dlchloroethane ' )
4[1um1flav1n] = 1,6x10-5M .

Time scale is 50 usec per division -

Ab?'dry

B - shaken with water . -



'» G—E) . ‘Lﬁumiflavi-n. alone .
x—x  Lumiflavin + 2,6 Dimethyl =
| e - Phenol - -

o " o |
1 2040 60/f0 | 20 40 60 80 | 20 40 60 80 |
400" 500 T e00 T

P '.‘;"'if‘:}'_quélehgth (nm) |

. j._v-_';F_iQuré A




fon L T bt o ey T

"' % "’\/ A} W}f}v‘@f\%ﬂ\v_

R{Vbrwﬁw ‘
k- S

W -

L = - -
oy

Hinl il s sl

N

AR (PR SN




| ~ Time (msec)




T R N l"'l-'l »'| T S
QO .02 .04 06 080l 2 14 A6 U8 02 =22

CAA

l‘n“ter'c'ep*t (% 107°) :

VT I  |- |V |. ! .l ’. N P
0 2 4 6 8 1012 14 |6 18 20
~ Concentration of Lumiflavin (x.10° )

' Figure 4




\ . eoxi0°M

FMN
. 79 x10°°M

35 x10°°m

50 100 . 150 - 200 250 300 350

L - g “Time. (/usec:.)_



t enend

L e ban ]
‘g_fk,vm LY.

L e,
kY

¥ v ¢

Fie.b

P W W

e A

AL

7V

-
4

it L, P

10020

g

il ' 2

1




0l

e st et et e i e AL

20

40

. Time (usec)

100

N <Tohe L



Viscosity -

?..(p,oi's»"'-v' )

10-

12

x Triplet

O Semiquinone o

K radical (x1078) e

2 3 4 5 6 7.8 9 10
o Kriplet (x1073)




0T ——— S — T |
-0 -;.2” ._4 6 8 o 2 4 6 820 .2_»“_4‘-1_1.6_ _8‘»3.0.»1?

- Concenfrchon of Quencher (m =10




22
20"

V' ]

400 . 40 800 - 850

* Figure 10




_ , Rodicol"._i-- Com:':en'fration (A'rbi»irdvr'y_ Units) - »,

v 1 R : \ 1- ST BV |

JoquInN e

saysp|4 0

menan e L e

P e 1 W

A A




O

N
Ny

&

T

-3 .
* Time: (msec.)

06"

04~ |

an

.02



frnf-

haci? >
bl
o
-ty ,
i

i 'ti':»'%ﬁﬁ{"

S

0021 {

CR TR R
il ol LR L P PU

0.0223

0100 -

ra .

1

0024

@oozo'

o tht L
] L B b 5
. . sk iy
E4bah & ‘i AUNEN N
( t, i Y iy v 2
¥ ¥ v




- Time (msec.)



ok -

I SV

aladnd SN PERPE U




