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STELLINGEN 

1 

De suggestie van Penzer et al. dat de pH-afhankelijkheid van de fotoreductiesnelheid van 

flavines kan worden toegeschreven aan een flavin-triplet met een pK -waarde van 5.7, moet 

van de hand worden gewezen. 

G.R. Penzer, G.K. Radda, J.A. Taylor, M.B. Taylor, "Vitamins and Hormones" Vol. 
28, p. 441 (R.S. Harris, P.L. Munson and E. Diczifalusy, eds), Academic Press, 
New York, 1970. 
Dit Proefschrift. 

2 

Het mechanisme, dat Kotanigawa en Simokawa voorstellen voor de specifieke ortho-alkylering 

van fenol is onwaarschijnlijk. 

T. Kotanigawa en K. Shimokawa, Bull. Chem.Soc. of Japan 47(4) (1974) 950 en 47(6) 
(1974) 1535. 

3 

Bij de toepassing van fluorescente "probes" in biologische systemen verdient het aanbe-

veling zich vooraf op de hoogte te stellen van de intrinsieke moleculair-fysische eigen-

schappen van de "probe". Daarmee kunnen verkeerde interpretaties, zoals voorkomende in het 

werk van Weltman et al. , worden voorkomen. 

J.K. Weltman, R.P. Scaro, A.R. Frackelton, R.M. Dowben, J.R. Bunting en R.E. 
Cathou, J.Biol.Chem. 248 (1973) 3173. 

4 

De waargenomen snelheidsconstanten voor associatie van bepaalde repressor-operator systemen 

zijn onwaarschijnlijk hoog. 

A.R. Riggs, R.F. Newby en S. Bourgeois, J.Mol.Biol. 51 (1970) 303. 

5 

Het door Dubourdieu et al. voorgestelde schema voor de endotherme bindingsreactie van FMN 

aan het Desulfovibrio vulgaris apoflavodoxine is niet in overeenstemming met de door hen ge-

presenteerde experimentele gegevens. 

M. Dubourdieu, M.L. MacKnight en G. Tollin, Biochem.Biophys.Res.Commun. 60 (1974) 
649. 



6 

Inoue et al. dienen onderscheid te maken tussen het effect van de oligomeergrootte van het 

manteleiwit en van de tyrosine-modificatie op de initiatie- en de elongatiereacties van 

Tabaksmozaiek virus. 

H. Inoue, K. Kuriyama, T. Ohno en Y. Okada, Arch.Biochem.Biophys. 165 (1974) 34. 

7 

Birks en King stellen de vormingssnelheid van het 1,6-dimethylnaftaleen excimeer ten on-

rechte gelijk aan de klassieke botsingssnelheid, waarbij elke botsing tot reactie leidt. 

J.B. Birks en T.A. King, proc.Roy.Soc. A 291 (1966) 244. 

8 

De veronderstelling dat de omzetting van 3-morfolino,5-oxo,6-fenyl,4,5-dihydro,1,2,4-tria-

zine met fenylmagnesiumbromide tot 3-morfolino, 5,6-difenyl,1,2,4-triazine via een niet-

cyclisch intermediair verloopt, is aan bedenkingen onderhevig. 

A.K. Mansour en J.A. Ibrahim, J.Prakt.Chem. 315 (1973) 221 

9 

Song's bewering, dat de zwakke fosforescentie van flavines kan worden verklaard door een 

energiebarriere voor de intersystem-crossing aan te nemen, is in tegenspraak met de door 

hem uitgerekende grote spin-baan koppelingstermen. 

P.S. Song, "Flavins and Flavoproteins" , p. 37 (H. Kamin, ed.), University Park 
Press, Baltimore, 1971. 

10 

Een centrale, goed geoutilleerde electronische en fijnmechanische werkplaats op de Dreyen-

complex is uit practisch en economisch oogpunt te prefereren boven de huidige verspreiding 

van deze afdelingen over een aantal vakgroepen. 

Proefschrift van A.J.W.G. Visser. 



Aan mijn grootmoeder, 

mijn ouders, 

mijn vrouw en mijn kinderen 



VOORWOORD 

Vele mensen zijn op enigerlei wijze bij het tot stand komen van dit proefschrift betrokken 

geweest. Het betreft vele namen, niet alleen van vakgenoten, technisch en administratief 

personeel verbonden aan de drie laboratoria waar ik heb gewerkt, maar ook van mensen buiten 

het vakgebied, die mij tot grote steun zijn geweest. Zij alien hebben een belangrijke bij-

drage geleverd tot mijn wetenschappelijke vorming en zij hebben de voltooiing van dit proef

schrift mede mogelijk gemaakt. Zonder deze lange reeks namen op te noemen wil ik volstaan 

met het bedanken van alle betrokkenen voor hun onschatbare hulp. 
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INTRODUCTION AND SUMMARY 

Flavins are widespread in nature. As well known they are involved in metabolic oxidation-

reduction and in biological electron transport processes |1, 2|. Flavins in the excited 

state play an important part in photobiology (phototropism and photoreception) as well as 

in many "in vitro" photoreactions. Several review articles dealing with this subject ap

peared in the literature |3, 4|. An attractive working hypothesis of these photoreactions 

is that they might mimic the enzymatic reactions catalyzed by flavoproteins. The flavin 

bound to the enzyme can be activated to react with substrates by conformational transi

tions induced in the protein after the binding of the substrate. In photoreactions the 

flavin can overcome the energy barrier by absorption of light, so that the flavin might 

reach an energetic higher metastable state from which reactions might occur. The anaerobic 

photoreactions can be divided into photoreductions, in which the substrate is oxidized 

and the flavin reduced, and in photoadditions where groups are substituted into a light 

excited flavin nucleus. These reactions are classified in the literature |4, 5|. In many 

cases the reduced flavin can be reoxidized by admitting air or oxygen to the solution. 

The properties of these photoreactions are specifically determined by the primary photo

chemical steps, i.e. the sequence of events occurring after excitation with an imaginary 

infinitely-small light pulse (6-pulse). 

The purpose of this thesis was to obtain informations concerning the fate of light excited 

flavin molecules. Most of the experimental and theoretical methods, results and discus

sions are already published in four articles, which form the basis of this thesis. This 

introduction is ment to give a short and general outline of the most significant results 

described in these publications. Two appendices containing some theoretical background 

are added. At the end of this thesis a short discussion is incorporated. 

pH<7 pH>9 
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fig. 1 

Structure and products of hydrolysis and 
_> photolysis of flavin adenine dinucleotide. 
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In order to study these photochemical and photophysical processes some advanced elec

tronical and optical techniques were used, which have the advantage of an improved resolu

tion in time, making measurements in the (sub)nanosecond time range possible. Some excel

lent papers describing these techniques appeared in literature. Therefore it is not neces

sary to mention experimental details, but the relevant literature is quoted |6-9|. 

The flavins used in this work are represented schematically in figure 1. As can be seen 

from the figure the main part of the molecule, in which all the electronic properties are 

embodied, is the isoalloxazine ring. This aromatic moiety is in no way different from other 

aza-aromatic molecules. 

The position of the electronic energy levels can be schematically represented in a Jablons-

ki diagram (figure 2). 

fig. 2 

Jablonski-diagram describing the energy 
levels of singlet and triplet manifold 
of 3-methyllumiflavin; radiative and 
radiationless transitions are indicated; 
vibrational sublevels are not drawn; 
1 eV = 8066.0 cm-1; 1) absorption of 
light: S0-Sn, n ̂  1 ; 2) internal conver
sion; 3) fluorescence: S.-SQ; 4) inter-
system crossing; 5) phosphorescence; 
6) laser photolysis: Sj-Sn absorption; 
7) laser photolysis: TQ-Tn absorption; 
8) virtual energy level calculated by 
Song |l0|; 9) not observed transitions; 
10) laser wavenumber; 11) photochemical 
reactions; 12) population of excited 
states via radiationless energy transfer. 

There is much debate about the nature (n, TT or IT, TT ) of the excited singlet or triplet 

energy levels. A more complete discussion regarding this can be found in the literature 

|10, 11|. Also useful information concerning the direction of transition moments, oscil

lator strengths, charge density in the electronic states and spin density in the triplet 

state can be found in these references. 

The possible pathways of excitation and de-excitation are also indicated in figure 2. The 

distribution of excitation energy over the molecular energy levels can be described by a 

multistep process |12|. The main steps are summarized below: 

12 



1. A flavin molecule in the ground state SQ can be excited very rapidly (< 10 sec) by 

absorption of a quantum light to a higher vibronic singlet S. (i and v can be denoted 

as the quantum numbers for the electronic and vibrational state of the excited molec

ule) . 

2. From S. the molecule relaxes in a very short time (< 10 ps) to S. „ (internal conver

sion) . 

3. Radiationless deactivation (internal conversion) to the ground state S„ „ is possible, 

but not very efficient because of the large energy gap between S. and S„. 

4. A quantum of light can be emitted (fluorescence), in which the emission lifetime is re

flected by the lifetime of the excited state S1 _ (in the order of 10 ns). 

5. Intersystem crossing can occur from S.. . (or from a higher vibronic singlet) to an iso-

energetic vibronic triplet state T. (in the order of 1 ns). 

6. Internal conversion from T. to T. n occurs in a very short time (< 10 ps). 
i,v 0,0 ' c 

7. From the metastable state T . the energy can be dissipated by light emission (phos

phorescence) or radiationless to the ground state Sn (1 ys - 1 s). 

Apart from these intramolecular de-excitation pathways (2-7) several other steps originat

ing from intermolecular interaction can be incorporated. 

8. Because of its long lifetime and more favourable electronic distribution the triplet 

energy of the flavin is used as the driving force for chemical reactions, in which the 

flavin itself becomes reduced and the substrates become oxidized. 

9. The flavin can accept energy from a higher excited energy level of another molecule 

(donor). This radiationless energy transfer might take place from donor singlet to ac

ceptor singlet, from donor triplet to acceptor singlet or from donor triplet to accep

tor triplet. In some cases the donor - acceptor interaction can be so strong (strong 

coupling) that the transfer rate is in the same order as or larger than the internal 

conversion or intersystem crossing (steps 2 and 5) |13, 14|. This so called before 

relaxation transfer, often leading to exciton states, has been ignored in the present 

work. 

10. Short distance interactions with other molecules increase the probability of radiation

less deactivation, which can be quantitatively measured via quenching of the fluores

cence, phosphorescence or triplet-triplet absorption. As a consequence photoreactions 

mediated by the triplet state proceed at a lower rate. On the other hand the flavin 

forms weak complexes via Van der Waals-interaction with compounds like other flavins 

or aromatic electron donating molecules (e.g. phenols) |15-17|. If these "complexes" 

are present reactions might occur via the much shorter living excited singlet state. 

For a better knowledge of the role of flavins in the excited state the scheme proposed in 

figure 2 is very convenient and in all four papers several examples are given which em

phasize the usefulness of the scheme. The processes which were studied have also been 

depicted in figure 2. The papers are numbered as follows: 

I Laser photolysis of 3-methyllumiflavin. 

13 



II Time-resolved fluorescence of FAD. 

III Intrinsic luminescence studies on the apoenzyme and holoenzyme of lipoamide dehydro

genase . 

IV A pulse fluorometry study of lipoamide dehydrogenase. 

In paper I the results obtained with a very short (3 nsec) intense laser pulse as excita

tion source are described. This pulse excites such a large amount of flavin molecules into 

higher excited singlet and triplet states that changes in absorption of these higher ex

cited states can be analyzed with a second less intense light flash of longer duration 

(5 usee) fired synchronously with the laser pulse. The time-resolved absorption spectra 

obtained in this way were analyzed very carefully. When the pH was varied it was concluded 

that at 50 nsec after the laser pulse at least two species were present. One species could 

be identified as a flavin triplet. From photochemical and other data a structure for the 

second species was proposed, assuming the presence of flavin dimers. In such a flavin com

plex a very fast photoreaction occurs resulting in a photodimer, which is stable only in 

the excited state. 

In paper II another pulse technique (single photon counting) was applied to the free 

nucleotides FMN and FAD. These flavins were excited with a repetitive cycle of short 

(2 nsec) weak light flashes and the fluorescence response was measured as a function of 

both wavelength and time. From these time-correlated fluorescence spectra several con

clusions regarding the interaction of adenine and flavin moieties (in FAD) were drawn. 

The most important outcome was that only the open conformation of FAD is fluorescent. An 

appendix (1) is added, which treats the theory and method of the time-resolved fluores

cence relevant to the FAD-system. 

Paper III describes the results obtained with a flavoprotein (lipoamide dehydrogenase). 

Especially energy transfer experiments from tryptophan residues to the flavin indicate a 

crude distance and relative orientation between the 2 chromophores. In this study the time 

dependence of the tryptophan (donor) fluorescence was important. This was obtained from 

the phase delay of the fluorescence response on sinusoidally modulated exciting light. 

Paper IV gives independent evidence from the single photon counting method that 

the distance between a tryptophan-flavin couple is in the same order of magnitude as cal

culated from static analysis (paper III). Furthermore the experiments indicate that not 

all the tryptophans are involved in energy transfer, a result also found in paper III. 

The formulas describing the fluorescence decays of donor and acceptor molecules are sum

marized in appendix 2. A close examination of the flavin fluorescence decay demonstrates 

that the two FAD's occupy different sites in the dimeric protein. Several experimental 

tests for establishing this inequality are treated in appendix 1. The most interes

ting observations and significant results are discussed at the end of this thesis. 

14 
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Abstract—The pH dependence of the transient absorptions of 3-methyllumiflavin has been investi
gated with laser photolysis in the nanosecond time range. Three different transient species (I, II and 
III) can be observed. The analysis of the decay curves shows that I and II can be ascribed to the optical 
absorption spectra of the lowest excited singlet and triplet states, respectively. Their appearance is not 
affected by a change of pH of the solution. The transient spectra due to species HI have a decay which 
is dependent on pH. By comparison of these results with spectral data obtained with flavin dissolved in 
polymethylmethacrylate and with photochemical data reported in the literature, a structure for III is 
proposed which might explain the observed pH dependence. 

INTRODUCTION 

Flavins in the excited state have been shown to 
sensitize reactions involving a large number of 
biologically important compounds. A considerable 
number of these in vitro photoreactions has been 
published. A survey of the photochemical and 
photophysical properties of flavins is presented in 
several review articles (Penzer et ai, 1970; Song, 
1971). 

One aspect of these photoreactions is the influ
ence of pH on the reaction rate (Penzer et ai, 1970; 
Song, 1971). In an attempt to clarify this point, a 
flash photolysis study was performed concerning 
the influence of pH upon the appearance of tran
sient absorptions after flashing 3-methyllumiflavin in 
aqueous solution (Katan et ai, 1971). It was con
cluded that a 6 JH s photoflash creates at least two 
different transient absorbing species. The absorp
tion of one of these is affected by a change in pH. 

This paper is a continuation of the previously re
ported flash-photolysis study. The extension re
ported here is essentially a better time resolution 
obtained by applying short laser pulses for the 
excitation of the flavin, which brings the time scale 
of the experiments into the nanosecond region. 

MATERIALS AND METHODS 

3-Methyllumiflavin was a gift from Professor P. Hem-
merich, Konstanz. Other flavins used in this work were 
synthesized according to the literature (Hemmerich et ai, 
1956; Ehrenberg et ai, 1967; Muller, 1964). Flavin 
mononucleotide (FMN) was obtained from Sigma Chemi
cal Co. 

The buffers were prepared as described previously 
(Katan et ai, 1971). A 1 cm2 quartz cuvette attached to a 
glass bulb by means of a side arm, which can be 
connected to a vacuum line was used. The incorporation 
of 3-methyllumiflavin in polymethylmethacrylate plastic 
was performed as described elsewhere (Sun et ai, 1972). 
For flash photolysis experiments, polished polymethyl
methacrylate rods (length 7 cm, dia I -5 cm) were pre
pared. Polished blocks (13xl3xlOmm) of the same 
material were used for phosphorescence or laser experi
ments. The flash apparatus has been described previously 
(Katan et ai, 1971). 

Phosphorescence measurements were performed with 
a very sensitive phosphorimeter described earlier 
(Langelaar et ai, 1969). A CAT (Varian C-1024) was used 
to improve the signal-to-noise ratio in the phosphores
cence lifetime measurements. A complete description of 
the instrumental operations for the laser photolysis exper
iments has been given elsewhere (Lavalette et ai, 1971; 
Bebelaar, 1974). Either frequency-doubled ruby (28,800 
cm"1) or frequency-tripled Nd'*/glass (28,300 cm') 
laser pulses of 3 ns duration were used for excitation of the 
flavin. The analyzing source was a doubly pulsed xenon 
discharge lamp giving light with a constant intensity during 
the first 5 /us after the laser pulse. 

The time-resolved spectra were obtained from the oscil
lograms taken at wavenumber intervals of 500 cm' . For 
measurements at wavenumbers lower than 16,000 cm"' a 
red sensitive photomultiplier (RCA C31025C) was used in 
the detection system. At each shot the integrated laser 
output was measured and the spectra were corrected for 
fluctuations in laser energy. Normally for each run a laser 
energy of about 5 mJ was employed. Photodestruction of 
the flavin was found to be insignificant as judged from the 
stationary absorption spectra recorded on a Cary 14 
spectrophotometer taken before and after about 50 laser 
pulses. 

All measurements were conducted at room tempera
ture. 
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RESULTS 

Laser experiments with aqueous solutions of 3-
methyllumiflavin 

Figure la shows the change in the absorption 
spectrum of buffered solutions of 3-
methyllumiflavin at pH 5-6 and higher pH values at 
different times after excitation by the laser pulse 
(half-width 3 ns). The permanent absorption at 
22,400 cm"1 (446 nm) is bleached, which results in a 
negative change in the absorption. New absorption 
maxima are observed in the region from 12,000 to 
20,000 cm"' and above 25,000 cm"'. On a short time 
scale there is a small but rapid change in the 
transient absorption in the region from 27,000 to 
30,000 cm"' and below 14,000 cm"' (transient I). Its 
decay time is almost equal to that of the fluores
cence decay (about 5 ns). The remaining part of the 
transient absorption is characterized by a relatively 
slow decay in the jus time region (transient II). 

In buffered aqueous solutions of 3-
methyllumiflavin at pH values of 4-4, 3 0 and 1-8 
the time development of the transient spectra ob
served after laser excitation differs from those ob
tained at pH values of 5-6 and higher by an 
additional rapid decay (transient III) in the region 

from 25,000 to 29,000 cm ', which is superimposed 
on that of transient I (27,000-30,000 cm"') (Fig. lb). 

Figure 2a gives a more detailed picture of the 
decay of the transient absorption at 25,000 cm"' at 
pH 2-9. The decay is exponential (Fig. 3) and has a 
characteristic time (T) of 52 ns at pH = 4-4, 40 ns at 
pH = 3-0, and less than 3 ns at pH = 1-8. The time-
resolved absorption at 28,000 cm"' shows (Fig. 2b) 
that the more rapidly decaying transient I is 
superimposed on transient III decaying with T = 
40 ns at pH = 3-0. For comparison the correspond
ing transient absorptions at pH 6-6 are given in Fig. 
2c and d, respectively. 

Figure 3 gives the decay of the transient absorp
tion at 25,600 cm"' as a function of pH. It is seen 
that at pH values < 5 the amount of transient HI 
decreases with decreasing pH. The remaining part 
(superimposed on transient II and the rest of III) is 
representative for the change in intensity of the 
absorption at 25,600 cm"' (390 nm) with pH as 
obtained in the photoflash experiments at 6 /u. s after 
the flash as described previously (Katan et al., 
1971). 

From knowledge of the extinction coefficient of 
the transient absorption at a particular 

iqoo aoo 790 690 590 490 TOOO6O07006OO 500 400 

Figure 1. Transient absorption difference spectra at different times after the laser pulse, a: 105/xM 
3-methyllumiflavin in 01 M phosphate buffer pH 7-0. b: 127 fiM 3-methyllumiflavin in 0-1 M 

glycine-HCl buffer pH 2-9. 



Laser photolysis of 3-methyllumiflavin 

laser pulse 50 n sec /div 

Figure 2. Oscilloscope traces of the decay of the transient absorption at different wavenumbers and at 
different pH values, flavin concentrations about 100/uM. a: 25,600 cm"', pH 2-9; b: 28000 cm"', pH 2-9; 

c: 25,600 cm' , pH 6-6; d: 28,000 cm ',pH 6-6. 

Figure 3. Semilogarithmic plot of the initial decay of the 
transient absorption at 25,600 cm"' at pH 30; x x x 

x x pH 4-4; ***** pH 5-6; COOOO pH 7-9. 

wavenumber, and from the ground-state absorption 
spectrum, the absolute transient absorption spec
trum can be calculated. From a previous study the 
extinction coefficient (e) at 15,000 cm ' was found 
to be 4,700 1 mol"' cm"', which is of the same order 
of magnitude as found by Knowles and Roe for 
lumiflavin (eon™ = 4,600) (Katan et al., 1971; 
Knowles and Roe, 1968; Vaish and Tollin, 1970). 

Taking this into account it can be concluded that 
under certain conditions (high laser energy and 
perfect optical alignment) each shot converted 
about 60 per cent of the 3-methyllumiflavin present 
into transients II and III. On the other hand, after 
about 100 shots each with an average energy of 

about 5 mJ, only 1 per cent of the flavin was 
decomposed. From this it can be concluded that the 
process is almost quantitatively reversible. 

It should be noted that all three transients are 
present directly after the laser pulse and that only a 
decay in transient absorption intensity has been ob
served. 

Effect of oxygen 
It was observed that the intensity of the absorp

tion and the appearance of the spectrum in the first 
nanoseconds after the laser pulse were the same 
under aerobic and anaerobic conditions. However 
the decay became much ifaster when oxygen was 
present. 

Experiments with solutions of 3-methyllumiflavin in 
polymethylmethacrylate 

The shape of the transient absorption difference 
spectra of 3-methyllumiflavin in methacrylate was 
the same as the one obtained in benzene solutions, 
which in turn was similar to the spectra in aqueous 
buffered solutions at pH>5-6 , except that the 
lifetime for exponential decay is much longer 
(about 125 ms at room temperature) (Fig. 4). As 
shown in Table 1, the lifetimes of transient II and 
III are exactly the same. 

The phosphorescence and the E-type delayed 
fluorescence spectra obtained from the methacry
late sample were the same as reported by Sun et al. 
(1972). 

The phosphorescence lifetime obtained from the 

19 



A. J. W. G. VISSER et al. 

0 5 

0.4 

0 3 

0.2 

0.1 

0 

-0.1 

-0.2 

-0 .3 

-0 .4 

- O S 

1000 8 0 0 700 6 0 0 

- WAVELENGTH (nm) 

5 0 0 

y 
* ' s x 

400 

r-. 

300 

.'.AVE NUMBER 

t 1 0 3 c m J ) 

Figure 4. The transient absorption difference spectrum of 3-methyllumiflavin in polymethyl
methacrylate at 6/x s after the flash as obtained by flash photolysis absorption spectrum of a 2 cm 

disk before flashing; absorption difference spectrum 6 /x s after flashing. 

emission at 16,500 cm"1 (605 nm) after excitation at 
22-200 cm"' (450 nm) was 126 ms. Thus, within ex
perimental error, the decay times of transients II 
and III are identical to the phosphorescence 
lifetime. 

Transient spectra of other flavins 
To test the consistency of the results, other fla

vins were also investigated at pH 30 and at pH 70 . 
Lumiflavin, tetraacetylriboflavin and FMN, which 
all have the same stationary absorption spectra as 
3-methyllumiflavin, showed identical transient 
spectra at pH 7 0 as well as at pH 3 0. The tran
sient spectra obtained with 7,8-dichloro-3-
methyllumiflavin, 7-methyl-8-chlorolumiflavin and 
7-chloro-8-methyllumiflavin, whose absorption 
spectra are only slightly different from that of 
3-methyllumiflavin, were similar to the transient 
spectra of 3-methyllumiflavin at about pH 60 . 
However, the transient spectra of the first two 
compounds were not affected by a change in pH, 
while the transient spectrum of the other flavin 
derivative showed a distinct dependence on the pH, 
as was observed with 3-methyllumiflavin. 

DISCUSSION 

From the foregoing results on the time-resolved 
transient absorption spectra and from their pH 
dependence, it follows that three different tran
sients can be observed upon excitation. 

The appearance of transient I, with its main ab
sorption in the region from 28,000 to 30,000 cm"' 
(360-330 nm) and in the region below 14,000 cm"' 
(710 nm) is neither affected by a change in pH nor 
by a change in solvent. Since its decay is very short 
and comparable to the fluorescence decay rate, this 
absorption may be ascribed to a residual absorption 

Table 1. Decay times of the transient absorptions at 
different wavelengths of 22 fiM 3-methyllumiflavin in 

polymethylmethacrylate as obtained by flash photolysis 

Wavelength 
(nm) 

650 
530 
440 
390 
364 

Wavenumber 
(cm-) 

15,500 
17,900 
22,700 
25,600 
27,500 

Decay time 
(ms) 

120 
124 
124 
124 
128 

of 3-methyllumiflavin in its first excited singlet 
state. 

The transient absorption in neutral solution as 
shown in Fig. la after 50 ns and longer, has previ
ously been ascribed to absorption of the flavin in its 
lowest triplet state (Knowles and Roe, 1968). How
ever, the experiments at lower pH values clearly 
show that at least two different absorbing species 
(II and III) are present. II can be ascribed to 
triplet-triplet absorption of the flavin. 

The initial rapid decay of HI is only found in fluid 
solution of pH values <5-6. The decay in the 
buffered solution is exponential, therefore this be
haviour can be assigned to the establishment of an 
equilibrium III + H+«=*(IH - H+), which at pH = 4-4 
is completed after about 120 ns. Moreover the 
sharp break in the decay time by a few orders of 
magnitude by changing the pH from 5-6 to 4-4 
suggests a pK of about 5 for species III. 

Although II and III in fluid solutions of low pH 
appear as different species, their decay rates in 
neutral aqueous solution and in the methacrylate 
sample are the same. Moreover their decay rate is 
the same as the phosphorescence decay rate. This 
means that, although the electronic absorption of 
III is independent of that of II, the mere existence 
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of II and III is not independent and is connected to 
the lifetime of the triplet state, as indicated from 
the phosphorescence measurements. 

It is difficult to imagine how one can create two 
coupled, although independently absorbing, elec
tronic systems from a single flavin molecule. On the 
other hand, there are indications from optical ab
sorption spectra in aqueous solutions that flavin 
molecules in the ground state are weakly interacting 
at concentrations as low as 10 J to 10 5 M (Miiller et 
al., 1973). Furthermore Song et al. found red shifts 
in the phosphorescence spectra in the same con
centration range even in apolar solvents, which 
they assigned to the formation of dimers of flavin 
molecules in the ground state (Song et al., 1972). 
Thus at a concentration of 10~4M 3-
methyllumiflavin the presence of dimers is to be 
expected. At higher flavin concentrations, it was 
demonstrated with nuclear magnetic resonance 
for FMN that the two flavins are imperfectly 
stacked face-to-face through the aromatic parts, 
with the polar side chains opposing each other 
(Sarma et al., 1968). 

Now, when the dimer is excited some reaction 
between the two flavin molecules in the dimer may 
occur and some kind of covalently bound inter
mediate may be formed. The electronic properties 
of one of the flavin molecules are drastically 
changed, giving rise to a new absorption band (III), 
while the -n-electronic system of the other flavin 
molecule is not affected and is left in the triplet 
state, giving rise to triplet-triplet absorption spectra 
(II). Such a compound may be stable only in the 
excited state. 

In this way one could explain in principle that (i) 
in the excited state one part can be protonated with
out affecting the optical absorption of the other 
part, and (ii) when the triplet part decays, the other 
part, protonated or not, also decays with the same 
rate since the compound is no longer stable when 
the other part (in the triplet state) decays indepen
dently. 

Dimerisation in the ground state is to be prefer
red above excimer formation after excitation, since 
the transient absorption spectra were already pres
ent directly after the laser pulse, while diffusion-
controlled excimer formation, even at concentra
tions of 10 ' M, is complete after about 70 ns (Post 
et al., 1971). In our case excimer formation can be 
excluded since no growing in but only decay was 
observed on such a time scale. 

Before discussing the specific structure of the 
intermediate compound formed from the flavin 
dimer after excitation, we first want to mention 

some striking similarities with the photo-addition 
reaction of phenylacetic acid and flavin (Briistlein 
et al.. 1971; Haas and Hemmerich, 1972). First, 
there are strong indications for the formation of a 
complex between 'substrate' and flavin in the 
ground state. In the second place, it was possible to 
isolate under certain conditions a primary photo-
product in which a benzylgroup was added at the 
8-position of the flavin. This species possesses a 
rather acidic proton at N(l), exhibiting a pK-value 
of about 5. In an earlier paper, Hemmerich et al. 
have already demonstrated the weak acidity and 
the reactivity of the 8-methyl group of the flavin 
(Hemmerich et al.. 1959). Our experiments with 
other flavin derivatives showed that the presence of 
a methyl group in position 8 of the isoalloxazine 
nucleus was required to generate the pH depen
dence of III. 

Based on our experimental data we suggest that, 
immediately after excitation of the flavin dimer in 
neutral aqueous solutions, an intermediate is 
formed for which we propose the structure given in 
Fig. 5A. Flavin molecule A is bound to position 8 of 
flavin molecule B with a simultaneous electron 
transfer to B and concomitant ejection of a proton 
from the methyl group at position 8 of flavin 
molecule A. In acid solution part B of this primary 
product is protonated. Although the results of our 
experiments can be better explained by taking into 
account the presence of dimers, an alternative exp
lanation cannot be excluded (Fig. 5B). This 
tautomeric structure was proposed to be present in 
small amount in equilibrium with normal 3-
methyllumiflavin in the ground state in order to 
explain the observation that the protons of the 
8-methyl group can be fully exchanged against 
deuterium under mild conditions (Bullock and Jar-
detzky, 1965). 

One might assume that the equilibrium is displac
ed towards B when a strong perturbation like an 
intense light pulse is applied, resulting in a very fast 
intramolecular proton transfer towards N(l). This 
compound might absorb light at about 26,000 cm"' 
and could be expected to exhibit a pK value of 
about 5. This species might also be generated in 
apolar solvents. Unfortunately, because of its 
instability, a compound with a structure like Fig. 5B 
has never been detected, but has been found with 
pteridins (Pfleiderer et al.). 

It should be noted that the absorption of transient 
species III and a part of that of II lie in the same 
spectral region as the strong absorption of the flavin 
in the ground state. This makes it impossible to 
determine quantitatively the contribution of HI to 
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Figure 5. A: Proposed unfolded structure of the intermediate compound formed after excitation of a 
flavin dimer. B: Alternative tautomeric structure of 3-methyllumiflavin. 

the observed changes of absorption. F rom an ex
perimental point of view the overlap of the different 
absorpt ions restricts severely the concentrat ion 
range (roughly 50-200 /^M) and the laser energy ( > 
5 mJ) that can be applied for the detection of 
t ransient absorption III. For these reasons a clear-
cut concentrat ion dependence of the appearance of 
t ransient III at neutral pH , which might prove the 
proposed intermediate s tructure (Fig. 5A), could 
not be established. 

Because of the interest in photochemical reac
tions of flavins, we hope that this study on a time 

scale of nanoseconds will contr ibute to the under
standing of these react ions as concerns the pH and 
t ime dependence of the t ransients obtained by 
excitation of the flavin molecule. 
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1. Introduction 

From a comparison of the quantum efficiencies and 
lifetimes of the isoalloxazine fluorescence in flavin ade
nine dinucleotide (FAD) and flavin mononucleotide 
(FMN) and from the slightly different extinction coef
ficients of both compounds Spencer and Weber have 
calculated and approximated the rate constants which 
describes the strong intramolecular quenching in FAD 

[!]• 
One of the assumptions in their derivation is that 

the observed fluorescence is due to the open or un-
stacked form of FAD, while the closed or stacked 
structures have no appreciable fluorescence. These as
sumptions are among others based on the experimen
tal fact that the shape of the fluorescence spectra of 
FAD and FMN is almost identical. However, one can 
also approach this point from another direction. Sup
pose that the more complete kinetic scheme can be 
applied for FAD (fig. 1). 

K: 

A, A » 

Fig. 1. Kinetic scheme describing the folding and unfolding 
of FAD in the ground-state and in the excited state. 

North-Holland Publishing Company - Amsterdam 

If both folded and unfolded forms are fluorescent 
and the emission spectra of both species are overlap
ping, one should expect that the time course of the 
fluorescence intensity (/(f)) at a given wavelength of 
emission, after a pulse excitation can be built up by 
a sum of two exponentials with different amplitude 
factors: 

I(t, \) = A'l(X) exp ( -tlr t) + A'2 (X) exp 

The derivation of this equation and the expressions 
of the parameters A\ (X), A'2 (X), T\ , T'2 are given in 
a previous work [2]. These parameters are functions 
ofk* k*_,kj, ki and K, where k* and k*_ are the rate 
constants in sec"1 for folding and unfolding in the 
excited state, kx =\\T\ and ki = 1/T2 are the rate con
stants in sec-1 for fluorescence and radiationless 
transitions for the isolated forms and K is the associ
ation constant in the ground state, index 1 and 2 refer 
to the open and closed conformations respectively 
(see fig. 1). 

Furthermore, A\ (X) and A'i (X) are functions of 
the emission wavelength X. 

On the other hand, when there is only one fluores
cent form, it is expected that the exponential decay 
is characterized by one time constant and is indepen
dent of the emission wavelength. If the unfolded form 
is fluorescent, the fluorescence lifetime is then given 
byr ' , = !/(** + * , ) . 

23 



Volume 44. number 1 I IBS LETTERS August 1974 

We investigated the time resolved emission of FAD 
to detect whether or not there was a heterogeneous 
character of the fluorescence which might be a direct 
experimental evidence for the existence of more than 
one fluorescent species. For this study, the single 
photon counting method was used, which is superior 
to the phase and modulation fluorometer method [3] 
because it is more sensitive with respect to the detec
tion of a heterogeneous character of the fluorescence 
decay. Especially when measurements are made on 
samples with low quantum yields of the emission, as 
is the case with FAD (in the order of 0.03 at neutral 
pH and at room temperature [1], the single photon 
counting method provides a reasonable resolution of 
the fluorescence in time and in wavelength. 

where A is a factor of normalization. The fit of these 
parameters was checked by calculating the convolu
tion of the decay (1) with g(r). This computed curve 
was then compared visually with the experimental 
curve and the weighted residual was calculated [9]. 

The average time constant < T > was also calculated. 
It is defined by the following expression: 

< T > = M, [i(Q] _ Mi [g(Q] 
M0 [i(0] M0 [gfO] 

Af i [i(f)] and M0 [i(t)] designate the moments of 
order one and of order zero of an experimental decay 
\{t),Mx [g(0] andA/o [g(t)] the moments of the 
response function g(t). 

2. Materials and methods 

FMN and FAD (grade III) were obtained from the 
Sigma Company (St. Louis, USA). FAD was purified 
with chromatography on DEAE-cellulose (Whatman 
DE 52) [4]. 0.05 M sodium phosphate buffer at pH 
6.9 made from doubly distilled water was used as sol
vent. The chromophore concentration was always 
20 iM. 

Fluorescence decays have been obtained with a 
single photoelectron counting apparatus which has 
been described earlier [5]. We used a free running 
flash lamp operating in nitrogen at high pressure. The 
exciting wavelength and the emission wavelength are 
selected by grating monochromators. The wavelength 
band were 10 nm and 6 nm for excitation and emis
sion respectively. The response function g(t) of the ap
paratus, which is used for the decay analysis, was 
obtained with a reference compound by a method 
described elsewhere [6]. The reference used here was 
1,1.4,4 tetraphenyl 1-3 butadiene. (TPB) obtained 
from Koch Light. Its time constant is 1.78 nsec [7]. 
Analysis of the data has been performed with a com
puter program based on the method of modulatrix 
functions [8]. The program was designated to deter
mine the three parameters relative to decays which are 
a sum of two exponential terms according to the fol
lowing expression: 

3. Results and discussion 

In table 1 the results for the FMN and FAD fluores
cence kinetics at variable emission wavelengths, con
stant excitation wavelength (370 nm) and constant 
temperature (20°C) are collected. A computer pro
gram was used in which the experimental data were 
analyzed into two time constants with their relative 
amplitudes (see Materials and methods). In general 
the weighted residual showed no deviation from its 
statistical value so that there was good agreement 
between experimental and convoluted curves. In table 
1 only the lifetimes (j\) with the largest weight factor 
C, and the average lifetime < T > are included. The 
data obtained with FMN are in good agreement with 
the results of Spencer et al. [10]. Only one lifetime 
is observed and the lifetime is constant across the 
fluorescence band. The same tendency can be obser-

Table 1 
Two component analysis of the I AD and FMN fluorescence 

at different emission wavelengths 

Fluorescence 
wavelength 
(nm) 

1 AD 

(nsec) 

FMN 

<T> T, C , 

(nsec) (nsec) 
< T > 
(nsec) 

500 
520 
560 

2.72 
2.82 
2.68 

0.98 
0.95 
0.99 

2.93 4.55 
2.79 4.70 
2.84 4.69 

1.00 
1.00 
1.00 

4.55 
4.67 
4.58 

Ht) = [C, e -tlr, + ( 1 -C , ) e -tlr. (1) Excitation wavelength 370 nm, temperature 20°C. 
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ved with FAD, where the data (table 1) point to one 
single lifetime, which is within 0.2 nsec constant across 
the fluorescence band. It was not possible to analyse 
accurately the fluorescence at wavelengths longer than 
560 nm because the reference compound (TPB) did 
not emit at these wavelengths. The lifetimes of the 
second component, which is present in very low per
centage (<5%), were always longer than about 5 nsec 
and the variation between them is very large. Although 
impurities cannot be excluded, when weak emissions 
are detected, it might be possible that the appearance 
of the small percentage of the second component is 
a result of the calculation method employed especial
ly in cases where the main component has a short 
lifetime. As a test for the significance of our results 
some experimental data were analysed into one single 
lifetime and in these cases the lifetimes are within 0.1 
nsec identical with TX . Also the temperature depen
dence of the fluorescence lifetime at constant emission 
wavelength (520 nm) was studied. From the data in 
table 2 it is obvious that especially at the lower tem
peratures the fluorescence is characterized by one 
single exponential decay. For FAD the lifetime decre
ases with increasing temperature from 3.5 nsec at 2°C 
to 2.1 nsec at 34°C. The large variation of the fluores
cence lifetime with temperature illustrates the strong 
dynamic character of the fluorescence quenching. 
For FMN the variation is within a much smaller range 
namely 4.9 nsec at 2°C to 4.5 nsec at 34°C. The same 
tendency is observed by Spencer and Weber [1 ] . 
However our lifetimes of the FAD fluorescence seem 
to be about 0.2-0.3 nsec longer. The single exponen
tial decay of the FAD fluorescence justifies the assump-

Table 2 
Two component analysis of the I-AD and FMN fluorescence 

at different temperatures 

Temperature 
(°C) 

2 
12 
20 
27 
34 

FAD 

n 
(nsec) 

3.51 
3.11 
2.82 
2.47 
2.07 

c, 

0.99 
1.00 
0.95 
0.91 
0.94 

FMN 

< T > T, 

(nsec) (nsec) 

3.69 4.87 
3.20 -
2.79 4.70 
2.76 4.59 
2.36 4.52 

c, 

1.00 
-
1.00 
1.00 
1.00 

< T > 

(nsec) 

4.79 
-
4.67 
4.55 
4.50 

Excitation wavelength 370 nm, emission wavelength 520 nm. 

i /T . io'(V'> 

Fig. 2. Hot of I n k* vs l/T. k* can be assumed as the rate 
constant (in sec"') of formation of the complex between 
the excited isoalloxazine and adenine moieties. T = tempera
ture in °K. 

tions that 1 /T'2 » 1 / / , and that 1 /T', % fc* + k, (fig. 
1). In the complex, extra radiationless processes are 
present as compared to the open form. Radiationless 
deactivation is so rapid that k*!_« k2 and A* is pro
bably created only by direct excitation. As pointed 
out earlier, because the stacked form is nonfluores-
cent the only rate parameter that can be evaluated 
is k+ by taking the observed lifetime of the FAD 
fluorescence as T\ and the observed lifetime of the 
FMN fluorescence as 1/A:,, [1]. The k* values at dif
ferent temperatures are shown in the form of an 
Arrhenius plot (fig. 2). From the slope of the plot 
the activation energy for complex formation in the 
excited state is calculated as 5.45 Kcal/mole. This 
value is in the same order of magnitude as found by 
Spencer and Weber [ 1 ] . We can conclude from these 
results, that the fluorescence of FAD in aqueous solu
tion arises from one single species, which corresponds 
to an aqueous environment of the isoalloxazine 
moiety. 
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Intrinsic Luminescence Studies 
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The following fluorescence parameters have been investigated: emission and excitation spectra, 
relative quantum yields, polarization values and lifetimes of the apo- and holoenzyme of lipo
amide dehydrogenase. Furthermore, fluorescence perturbation techniques have been used to 
characterize qualitatively the tryptophan and flavin environment in the protein. Also emission 
spectra at low temperature have been recorded to examine changes occurring on strong immobili
zation of the enzyme. From lifetimes and quantum yields of the protein fluorescence it can be 
concluded that the molecular structures of the two apoenzymes, which can be prepared from 
this enzyme, are different. The quenched protein fluorescence of the holoenzyme is characterized 
by a very short fluorescence lifetime due to radiationless energy transfer from tryptophan to 
flavin. Excitation polarization spectra of flavin and tryptophan fluorescences show that the 
chromophores are rigidly bound to the protein. Luminescence studies at liquid nitrogen tempera
tures reveal that the triplet state of the tryptophanyl-residues is not involved in energy transfer 
to the flavin. 

Collisional fluorescence quenching with KI shows in the dimeric holoenzyme, in contrast 
with the free molecules, only a small reduction in fluorescence intensity of tryptophanyl and 
flavin residues. Charge effects might be responsible for these observations. I t can be derived from 
the experimental results together with the indication that only one of the two tryptophans is 
transferring its excitation energy to the flavin, that the distance between donor and acceptor is 
1.3—1.6 nm. 

Lipoamide dehydrogenase from pig heart shows 
in contrast to many other flavoproteins a rather 
high fluorescence yield of the flavin, which makes 
it especially suitable for studying different fluores
cence parameters. In addition another fluorogenic 
chromophore in this enzyme is tryptophan. The 
enzyme has a dimeric structure and contains four 
tryptophans and two flavins (as FAD) per holo
enzyme [1]. Fluorescence and other spectroscopic 
techniques have been used to study the large 
structural differences between apoenzyme and holo
enzyme and changes induced in the latter by the 
employment of perturbation techniques [2,3]. Thus 
the protein fluorescence of the apoenzyme is enhanced 
when compared with that of the holoenzyme [4], 
In addition, the tryptophan fluorescence emission 
maximum of the protein is shifted hypochromically 
as compared to that of free tryptophan suggesting 
that the tryptophan residues are located in an apolar 

Abbreviation. CD, circular dichroism. 
Enzyme. Lipoamide dehydrogenase or NADH: lipoamide 

oxidoreductase (EC 1.6.4.3). 

environment [4]. Radiationless energy transfer from 
the tryptophans to the flavin has been reported 
[3,5]. 

In this paper the emission properties of lipoamide 
dehydrogenase have been reinvestigated in more 
detail in order to obtain a better insight into the 
physical processes underlying these phenomena. 

MATERIALS AND METHODS 
Preparation of Enzyme Samples 

The preparation of lipoamide dehydrogenase has 
been described previously [6]. The apoenzyme was 
prepared in two different ways. Apoenzyme I was 
obtained according to Kalse and Veeger [2]. Apo
enzyme II was prepared with guanidine-HCl (proce
dure 2), as described by Brady and Beichok [7]. 
Both apoenzymes are able to recombine with FAD 
to active holoenzyme. Apoenzyme I has a monomeric 
structure and its CD spectrum in the 260 to 300-nm 
region resembles that of the holoenzyme [4]. On the 
other hand the conformation of apoenzyme I I differs 
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from that of the holoenzyme [7], but its structure 
seems to be dimeric (Massey, V., personal communica
tion). Because of their instability the apoenzymes 
were stored on ice and used directly after preparation. 
Most experiments were conducted at 4 °C unless 
otherwise stated. The protein concentrations used in 
the measurements varied from 0.6—2 mg/ml, which 
is low enough to eliminate inner filter and reabsorp-
tion effects in fluorescence studies. 

Phosphate-buffered solutions of pH 7.2 containing 
0.3 mM EDTA were used in the experiments. All 
other chemicals used were of the highest purity 
available. 

The incorporation of 3-methyllumiflavin into 
polymethylmethacrylate was performed as described 
in the literature [9]. 

Absorption, Spectra 

Absorption spectra were measured on a Cary 14 
spectrophotometer equipped with thermostated 
cell-compartments. 

Measurements of Emission Parameters 

The fluorescence spectra were recorded in the 
ratio mode on a Hitachi-Perkin Elmer MPF-2A 
spectrofluorometer equipped with a thermostated 
cell holder. For the determinations of quantum yields 
the fluorescence spectra were corrected for the non-
linearity of the detection system, for which a cali
bration curve was obtained with a standard lamp 
[10]. The corrected emission spectra were plotted on 
a wavenumber scale and the area under the curve 
was determined by numerical integration using a 
standard computer program. This integral was com
pared with one obtained from a L-tryptophan solu
tion in the same phosphate buffer a t pH 7.2 exhibiting 
the same absorbance at the excitation wavelength 
(295 nm). In this way fluorescence yields were obtain
ed relative to a value of 0.14 for L-tryptophan [11]. 
Fully corrected excitation spectra were recorded as 
described by Chen [12] using 5 g/1 rhodamine B in 
ethylene glycol as quantum counter. 

Fluorescence polarization values were obtained 
with an apparatus based on the design of Weber and 
Bablouzian [13]. The excitation light from a stabiliz
ed 150-W Xe-source was passed through a Bausch 
and Lomb grating monochromator (1200 lines/mm, 
blazed at 300 nm). Band-pass and cut-off filters 
(Schott Jena UG14 and BG305) were used for 
isolating the protein fluorescence and cut-off filters 
(Schott Jena OG 530) for observing the flavin fluo
rescence. The degree of polarization could be directly 
read off from a DANA model 5403 digital voltmeter. 
Depending on the signal intensity the absolute 
accuracy varied between 0.005 and 0.01. Fluorescence 
lifetimes were measured with a 28-MHz phasefluo-
rometer [14]. The same filters as above were used for 

observation of the emissions. The accuracy of the 
measurements is within 0.2 ns. Some filters introduc
ed a weak background fluorescence, which has to be 
taken into account especially in the case of weak 
emissions. 

Emission spectra at 80 K were recorded on a 
very sensitive phosphofluorometer [15]. In order to 
obtain a rigid glass at low temperature, concentrated 
protein solutions were diluted with a buffered 30°/0 
sucrose solution of pH 7.2. The measurements were 
performed in a small flat quartz cell with 0.1-mm light 
path. The cell was inclined at an angle of 20° to the 
incident beam and frontal observation of the emis
sion was employed to overcome reabsorption of 
emitted light. After measuring a spectrum at 277 K, 
the sample was gradually cooled to 80 K with a cold 
nitrogen flow and recorded again. The long-lived 
emission was isolated from the direct fluorescence 
by rotating the choppers in' the excitation and emis
sion light paths 180° out of phase. 

Two methods for recording the phosphorescence 
lifetimes were employed. In general long and moder
ately strong delayed emission lifetimes were measured 
with a shutter-fast recorder (Philips) system. Fast 
and weak signals were fed directly in a Varian C-1024 
time averaging computer, which was read out after 
accumulation of many transient signals. 

RESULTS AND DISCUSSION 
Fluorescence Properties of Apo- and, Holoeneyme 
of Lipoamide Dehydrogenase 

The fluorescence emission spectra of the apo-
enzyme I and II, the holoenzyme and L-tryptophan 
at 277 K are shown in Fig. 1. The excitation wave
lengths employed were 280 nm (Fig. 1 A) and 295 nm 
(Fig. 1B). Light of 295 nm excites almost exclusively 
the tryptophan residues of the protein. Therefore, 
this excitation wavelength was used in studying 
energy transfer from tryptophan to flavin (c/. below). 
The emission maxima of the tryptophan residues in 
the three proteins, located at about 325 nm, exhibit 
a blue shift as compared to free tryptophan. This 
indicates that the tryptophans are located in an 
apolar environment [16]. The fact that the position 
of the maximum of the tryptophan fluorescence of 
the holo- and apoenzymes is practically the same 
suggests that binding of FAD to the apoproteins 
has little influence on the direct environment of the 
tryptophan residues. The intensity of the short 
wavelength region of the emission band increases, 
when the samples are excited at shorter wavelength 
than 295 nm. The positions of the maxima of apo-
enzyme I and holoenzyme shift hypochromically 
indicating that tyrosyl residues have a larger contri
bution to the fluorescence of these proteins than to 
that of apoenzyme II . In this context it should be 
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Fig. 1. Fluorescence emission spectra of holo- and apolipoamide 
dehydrogenases and of free tryptophan. (A) Excited at 280 nm; 
(B) excited at 295 nm. The absorbance at 280 nm for all 
four solutions was 0.35. ( ) Apoenzyme I; (++++) apo-
enzymell; ( ) holoenzyme; ( ) tryptophan. The 
pH was 7.2 for all samples. The temperature was 4 °C. The 
arrows indicate the maxima of the protein fluorescence 
spectra 

noted that the protein contains 7 tyrosyl residues per 
flavin. Apart from the quantum yield, which is much 
lower in the holoenzyme, the emission spectra of 
holoenzyme and apoenzyme I are rather similar, a 
result which could be expected considering the 
rather similar C D . spectra of the two proteins [4]. 

In Fig. 2 A the polarization values of the fluo
rescence of the tryptophan residues of the three pro
teins have been plotted against the excitation wave
length. The values obtained for the holoenzyme 
were subject to larger errors because of the quenched 
protein fluorescence and the resulting less favourable 
signal to noise ratio. The degree of polarization of the 
indole part of tryptophan is intrinsically low because 
of the presence of more than one electronic transition, 
which overlap at the different excitation wavelengths 
[17]. In all three cases almost maximum polarization 
values of the tryptophan residues of the different 
proteins are observed. This indicates that the motion 
of the tryptophan residues is restricted in the nano
second region and that energy transfer between the 
tryptophans themselves, which causes depolarization 
of the fluorescence, hardly occurs. 

Also shown in F ig .2B are the polarization spectra 
of the flavin fluorescence of the holoenzyme and of 
the flavin emission of 3-methyllumiflavin in poly
methylmethacrylate. For comparison the absorp
tion spectra are also shown. The degree of polariza
tion is very high ( > 0.4) when excited at the red 
side of the first absorption band of the flavin. This 
demonstrates that the flavin is rigidly bound to the 
protein. On the blue side of the absorption maxima 
of both flavin spectra a small but consistent depolar-

0.5 
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• 0 .25 

0.20 

0.15 

0.10 ' 

0 .05 

280 290 295 300 350 
Wavelength (nm) 

400 450 500 

Fig. 2. Fluorescence polarization spectra of holo- and apolipo
amide dehydrogenase. (A) The degree of polarization of the 
protein fluorescence as a function of the excitation wave
length: (Q • ) apoenzyme I; (O O) apoenzyme IIj 
(A A) holoenzyme. (B) The degree of polarization of the 
flavin fluorescence (dashed line) of the holoenzyme and 

of 3-methyllumiflavin in polymethylmethacrylate as a 
function of the excitation wavelength. The absorption 
spectra (solid line) of both samples are also included: 
(O O) holoenzyme; (A A) 3-methyllumiflavin in 
plastic. Spectral bandwidth, 5 nm. The temperature was 
4°C 
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ization can be observed coinciding roughly with the 
shoulder on the blue side of the absorption maximum, 
which is attributed to vibrational fine structure. 
I t is not possible to give a correct explanation for 
this small effect. Upon excitation at shorter wave
lengths a sharp transition is observed. The degree of 
polarization decreases rapidly between 400 and 
370 nm and a shoulder in the 360-nm region is 
observed, which coincides with the absorbance maxi
mum. Interesting is the large difference in polariza
tion at the maxima of the second absorption bands 
of the model flavin and the enzyme-flavin. An 
influence of the N-3 methyl-group of the model flavin 
on the direction of the second electronic transition 
moment with respect to the first, might be respon
sible for this difference. On the other hand distortion 
of the FAD upon binding to the protein could lead 
to a different direction of the transition moment. 
I t can be calculated from the polarization values [18] 
that the angle between the Sv and S2-excitation 
vectors is 26—27° in 3-methyllumiflavin and 30—31° 
in the enzyme-bound FAT). In the holoenzyme a 
further gradual decrease in the degree of polarization 
is observed at a still shorter wavelength. At 295 nm, 
where the flavin fluorescence is mainly sensitized, 
the degree of polarization is low, but is still positive. 
This sensitized flavin fluorescence is most clearly 
demonstrated with the corrected flavin fluorescence 
excitation spectrum of the holoenzyme when it is 
compared with its light absorption spectrum and the 
excitation spectrum of FAD. At wavelengths shorter 
than 295 nm the excitation spectrum of the enzyme 
exhibits an intensity which lies in between both other 
spectra. This points to a rather efficient energy 
transfer from tryptophan to flavin. .The polarization 
values of the sensitized and direct emissions can yield 
some information concerning the question whether 
or not the tryptophans are randomly oriented in the 
protein with respect to the flavin. For a similar case 
the following expression was used [19]: 

PDA 
_L^AM__ JLW_L_ _ ±) 
3 5 \Pv 3 / \ PA 3 ) 

(1) 

P D A is the observed sensitized polarization of the 
fluorescence when the donor is excited selectively, 
P D is the limiting polarization of the donor fluores
cence excited at the same wavelength and P A is the 
polarization of the acceptor fluorescence excited 
at the wavelength of the overlap maximum. We 
measured P A = 0.28 and P D = 0.30. These values 
give P D A = 0.08 ± 0.01 with the aid of Eqn (1). 
The measured P D A = 0.09 ± 0.01. Both values are 
in good agreement suggesting that the assumption 
of random orientation of the tryptophans with 
respect to the flavin is valid. 

Data concerning the quantum yields and life
times of the protein fluorescence for the three cases 
are collected in Table 1. I t should be noted that the 

Table 1. Tryptophan fluorescence lifetimes (z) and quantum 
yields (Q) of holo- and apolipoamide dehydrogenases 
The experimental conditions are as described in Materials 
and Methods. Excitation at 295 nm. Quantum yields were 
obtained by comparison with the quantum yield of free 
tryptophan [11] 

Enzyme Q 

Apoenzyme I 
Apoenzyme II 
Holoenzyme 

3.8 
2.4 
1.6 

0.09 
0.03 
0.01 

extent of fluorescence quenching is larger for apo
enzyme II than for apoenzyme I. This is reflected 
in the quantum yields as well as in the lifetimes. The 
fluorescence lifetime of apoenzyme II is considerably 
shorter than that of apoenzyme I. These differences 
in the various fluorescence parameters reflect the 
structural differences between the two apoenzymes 
and are presumably related to subunit-interaction 
in apoenzyme II . The lowest quantum yield and 
shortest lifetime are observed in the holoenzyme, 
which must be partly due to radiationless transfer 
of excitation energy to the flavin. 

Luminescence at Low Temperature 

Total and delayed emission spectra obtained by 
excitation at 290 nm are shown in Fig. 3. The charac
teristic fine structure of the tryptophan phospho
rescence [20] is also observed in holo- and apoenzymes 
(see Fig.3B). From these data it is evident that no 
tryptophan triplet excitation energy is transferred 
to the flavin in the holoenzyme. Only a small amount 
of delayed flavin fluorescence was observed, eliminat
ing tryptophan triplet-flavin singlet transfer [21]. 
Bearing in mind that the transition moment from 
the triplet to the ground state of tryptophan points 
perpendicular to the indole plane and that the 
fluorescence transition vector lies in the plane, one 
can assume that the mutual orientation of both 
chromophores is unfavourable for triplet-singlet 
energy transfer [22]. Similar observations were made 
by Risler for L-lactate dehydrogenase from yeast 
[23]. From this it might be concluded that the flavin 
and indole moieties are more or less oriented in the 
same plane. 

Since no sensitized phosphorescence of the flavin 
(maximum at 610 nm) could be detected by excita
tion at 290 nm, triplet-triplet energy transfer can be 
excluded. However flavin phosphorescence (life
time 420 ms) can be easily detected by excitation 
at 450 nm. Triplet-triplet energy transfer requires 
a close contact between the chromophores [24]. Our 
phosphorescence data do not indicate such an inter
action, therefore the distance between tryptophans 
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Fig. 3. Total (A) and delayed (B) emission spectra of apo- and 
hololipoamide dehydrogenase (uncorrected). Excitation at 
290 nm. Conditions as mentioned in Materials and Methods. 
(A) ( ) Holoenzyme at 293 K; ( ) holoenzyme at 
80 K; ( ) apoenzyme I at 80 K. (B) ( ) Holoenzyme 

at 80 K; ( ) apoenzyme I at 80 K; ( ) tryptophan 
(10 |xM) at 80 K. The concentration of all protein solutions 
was 1 mg/ml. The gain in B is 6 times that in A; no corrections 
were applied for different chopping modes 

and flavins is probably larger than their collisional 
diameters. 

The phosphorescence lifetimes of tryptophan in 
holo- and apoenzyme I are of the same order of 
magnitude, 2.0 and 2.6 s respectively. This shortened 
phosphorescence decay as compared with the phos
phorescence lifetime of free tryptophan at pH 7.2 
(5.0 s) suggests a direct interaction with other amino 
acid residues which deactivate the triplet state of 
a neighbouring tryptophan. Song and Kurtin [17] 
have shown that the phosphorescence lifetime of 
indole is strongly dependant on substituents in the 
nucleus. 

Upon cooling the holoenzyme solution to 80 K 
both flavin and tryptophan fluorescences were blue 
shifted. The flavin fluorescence maximum is shifted 
from 520 nm at 293 K to 505 nm at 80 K. The 
fluorescence intensity is increased and the vibrational 
fine structure is better resolved. Solvent relaxation 
processes around the excited flavin might therefore 
be important in the holoenzyme. These phenomena 
will be investigated in more detail with flavin models. 

Collisional Quenching with Potassium Iodide (KI) 
A titration with KI [25,26] was performed moni

toring the decrease in fluorescence intensity of flavin 
and tryptophan in the holoenzyme. In Fig. 4 A the 
fractional fluorescence of the flavin in the holoenzyme 
as a function of the KI concentration [27] is shown 
in comparison with FMN and FAD in buffered solu
tion of pH 7.2. The data for free and bound trypto
phan are given in Fig.4B. Also the quenching be
haviour at 4 °C of tryptophan and flavin fluorescence 
in the holoenzyme is represented in Fig. 4. Several 
remarkable features can be observed from these data. 
The rate constants for quenching are much smaller 
for protein-bound flavins and tryptophans than the 
corresponding rate constants of the free chromophores 
At 4 °C the protein tryptophan fluorescence is not 
quenched at all by iodide ions. The enzyme-flavin 
fluorescence is less quenched at 4 °C than at 20 °C. 
These results support our previous conclusion that 
the enzyme exists at different temperatures in differ
ent protein conformations in which a tryptophan 
is more buried at 4 °C than at 20 °C [28]. This is also 
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Fig.4. Stern-Volmer and Perrin plots for the KI quenching 
of the fluorescence of flavin and tryptophan. (A) Quenching of 
the flavin emission (520 nm) upon excitation at 440 nm; 
( • - • ) FMN; (X X) free FAD; (O- O) enzyme-
bound FAD at 20 °C and (A A) at 4 °C. (B) Quenching 
of the tryptophan emission, excitation at 295 nm, emission 
at 335 nm; (X X) free tryptophan; (O O) holo-

enzyme at 20 °C and (A A) at 4 °C. (C) The reciprocal 
degree of polarization is plotted against the fractional 
fluorescence (520 nm) of. the flavin in the holoenzyme, the 
concentration range of added KI was 0—0.1 M, (X X) 
excitation at 440 nm, 20 °C and (A A) at 4 °C; (O O) 
excitation at 370 nm; 20 °C, ( • • ) at 4 °C. Generally 
the concentrations were 20 uM. The pH was 7.2 

confirmed in plotting the reciprocal polarization 
{lip) against the fractional flavin fluorescence (F/F0) 
of the holoenzyme (Fig.4C), where the first linear 
part of the Kl-titration curve was used. The rela
tionship between 1/p and FIF0 is derived from the 
classical Perrin equation (Eqn 2), where the fluo
rescence lifetime T is substituted by r0 FIF0 (F0 and 
T0 are the quantities in the absence of I"-ions) [29]. 

= — + (— - - M - . 
Po \ Po 3 / <P 

(2) 

p0 is the limiting polarization of the fluorescence, 
<p is the rotational correlation time of the macro-
molecule and is equal to rjVjkT, where V is the 
effective volume of the hydrated sphere, r\ the vis
cosity of the solution, T the absolute temperature 
and k the Boltzmann constant. I t is seen that addi
tions of KI up to 0.1 M KI are leading to a linear re
lationship indicating a collisional quenching process, 
which shortens the fluorescence lifetime. The differ
ent slopes at high and low temperature illustrate the 
different quenching behaviour of the enzyme at these 
temperatures. 

Another characteristic is the non-linear Stern-
Volmer plot of the holoenzyme. At about 0.1 M KI 
where tryptophan, FMN and FAD show almost 
linear behaviour a clear deviation from linearity is 
seen with the enzyme. At still higher concentrations 
of KI quenching occurs to a minor extent and a 
residual flavin fluorescence of about 60—70°/0 is 
left, depending on the temperature of the experi
ment. In principle several explanations might be 
given for this heterogeneous fluorescence quenching 
by KI. The protein structure and therefore the flavin 
environment might be affected by increasing the 
ionic strength with KI. We tested this possibility 

using higher concentrations of KN03 instead of KI 
and found no salt effect on the flavin fluorescence 
of the holoenzyme. 

Addition of a weaker quencher like KBr up to 
0.3 M did not affect at all the flavin fluorescence of 
the holoenzyme, while the fluorescence intensities 
of the free coenzymes were reduced to 10°/0 for FMN 
and 16°/0 for FAD. The Br - ion is smaller than the 
I~ ion and therefore can reach the flavin easier. The 
reason that no quenching with KBr and only a small 
quenching with KI is observed indicates that prob
ably a negative charge is present near the flavin 
so that repulsive forces completely prevent collisions 
with Br - . The larger, more polarizable, I - ion is less 
repelled and therefore the flavin fluorescence is 
affected so some extent from a longer distance. As 
pointed out by Lehrer [26], Lakowicz and Weber 
[30] fluorescence quenching by I~ is in contrast with 
that by 0 2 highly dependent on charge effects. 

Energy Transfer 

Electronic energy transfer from a donor to an 
acceptor molecule has been treated theoretically by 
Forster [31] and applications in biological systems 
have been discussed and reviewed by Eisinger et al. 
[32] and Steinberg [33]. The quantity that can be 
measured is the transfer efficiency, which for a single 
donor-acceptor pair is defined as [31]: 

E = 1 + (r/JV (3> 

where r is the donor-acceptor separation and R0 

the Forster critical distance for 50% efficient energy 
transfer: 

iJ„ = (8.8 X10-26 xa Qj>° n~* J ) 1" . (4) 
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I n this formula xz is the dipole-dipole orientation 
factor, QD° the fluorescence quantum yield of the 
donor in the absence of energy transfer, n t he 
refractive index of the medium and J t he spectral 
overlap integral : 

J FD(v)-eA(v)lvl-dv 
J = (5) 

/ FB(v)-dv 

in which BA.(V) is the molar absorption coefficient 
of the acceptor and J ^ D ^ ) the fluorescence intensity 
of the donor a t wavenumber v. Energy transfer can 
be measured directly when sensitized emission of the 
acceptor can be observed. The energy transfer effi
ciency can also be determined indirectly from the 
reduction of the quantum yield and lifetime of the 
donor emission measured in the absence and in the 
presence of acceptor molecules. 

If it is assumed t ha t quenching of the t ryp tophan 
fluorescence is mainly due t o radiationless energy 
transfer to the flavin then an estimate of the transfer 
ra te can be obtained from the following equations: 

1/TD° = kt + ks and 1/TD = kt + ka + £ D A (6) 

kt, kB and &DA are the r a te constants respectively for 
fluorescence, radiationless deactivation and energy 
transfer from the emitting singlet s ta te . &DA was 
calculated from the observed fluorescence lifetimes 
of holoenzyme and apoenzyme and values of 3.6 
X 108 s _ l a nd 2.1 x 108 s _ 1 were found using the 
T values of apoenzyme I and I I , respectively (c/. 
Table 1). These values are larger than the correspond
ing if-values, which are 2.4 X10 ' s _ 1 and 1.3 X10 ' s - 1 , 
respectively (calculated from kt = Qtjr where Qt 
= quantum yield in apoenzymes). Obviously, energy 
transfer is competing with fluorescence. 

In Table 2 overlap integrals (J) and R0 values 
were calculated for three different t ryptophan 
environments from Eqns (4) and (5) assuming two 
different average orientation factors, namely x" 
= 2/3, in which the dipoles are rapidly rotat ing and 
thus are randomly oriented with respect to each 
other and x2 = 0.476, where the dipoles are randomly 
oriented, but fixed [34]. I t is clear t ha t small altera
tions in orientation and in overlap of absorption 
and emission bands have a small effect on the 
critical transfer distance R0 because of the 6 t h root 
dependance of Bg on the spectral overlap integral (J) 
and the orientation factor x2. 

Without the knowledge of the amino-acid sequence 
and/or t he three-dimensional s tructure of the protein 
i t is not possible to determine exact distances and 
relative orientations for each pair of chromophores 
from energy transfer experiments alone, because 
i t is impossible to evaluate more than one distance 
from one measured parameter . Therefore only a crude 
model can be developed. I n the model used i t is 

Table 2. Spectral overlap integrals (J) and critical transfer 
distances B0 for the tryptophan-flavin system of lipoamide 
dehydrogenase 

Donor in 1015xJ •R.a *ob 

M_1 • cm6 nm 
Apoenzyme I 
Apoenzyme II 
Free tryptophan 

8.1 
8.2 

11.3 

2.09 
1.74 
2.40 

nm 
1.98 
1.65 
2.25 

» R0 calculated for x2 = 2/3. 
» R„ calculated for x2 = 0.476 [37]. 

assumed t h a t the donor molecules are randomly 
distr ibuted within a sphere of diameter D and the 
acceptor is located either on the surface of this sphere 
(Fig. 5, insert A) or separated by a distance of X>/2 
from this surface (Fig. 5, insert B). For simplicity the 
donor molecules are supposed to transfer independent
ly to the acceptor and transfer between donor molec
ules is neglected. The lat ter a rgument is justified 
from the polarization values. General formulas given 
by Badley and Teale [35] are adapted for the average 
transfer efficiency E t o give the following equations: 
For the fluorescence yields: 

^ o = l 
12 

1+2K 
l+K 

Xi [X-I (K + 1)] (K - X) 
X« + (RJD)« 

dX (7) 

and for the fluorescence lifetimes: 

Er = l - 12 

(1 
l+K 

I 
-BQ)(1+2K) 

X13 [X - (K + 1)] (K - X) 
[X8 + (SJD)'f dX. (8) 

I n these equations the iJ0-values are based on x* 
= 2/3 and K is a parameter which depends on the 
distance of the acceptor from the sphere (diameter D). 
I n the first case (Fig. 5, insert A) K = 0. When the 
integration is performed for a whole range of R0jD 
values, curves I and I I of Fig. 5 are produced. I n the 
second case (Fig. 5, insert B) where K = 0.5, curves 
I I I and IV are generated. F rom the experiments E 
can be determined from the quantum yields and life
times measured for holo- and apoenzymes: 

EQ = 1 - Q[Qo and Ex = 1 - T/T0 (9) 

where Q0 a nd T 0 denote the quantit ies for the apo
enzymes. From the data in Table 1 i t can be derived 
t ha t for apoenzyme I , EQ = 0.89 and Ez = 0.58 
and for apoenzyme I I , .EQ = 0.66 and ET = 0.33. 
If D is assumed to be 8.4 nm (twice the Stokes 
radius [36]) and using B0 values taken from Table 2 
i t is obvious t ha t there is no good agreement between 
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KID 
Fig. 5. Plots E of the average energy transfer efficiency against 
R0/D. Curves I and II were obtained from Eqns (7) and (8), 
respectively, by setting K = 0 (insert A). Curves III and IV 
were obtained in the same way by setting K = 0.5 (insert B). 
(•) Experimental transfer efficiencies E based on apo-

enzyme I, (X) based on apoenzyme II. (a) BJD calculated 
for apoenzyme I (cf. Table 1) and D = 4.2 nm (monomer) 
(b) for apoenzyme I and D = 8.4 nm (dimer) (c), for apo
enzyme II and D — 4.2 nm (d) for apoenzyme II and 
D = 8.4 nm 

the calculated and experimental transfer efficiencies 
(see Fig. 5). This can be explained by the fact t ha t 
in the applied model only two t ryptophans and one 
flavin are present per subunit. These two t rypto
phans are probably distributed within a much smaller 
volume than the volume occupied by the whole sub-
unit (cf. dot ted sphere in insert A of Fig. 5) or, alter
natively, one t ryptophan is located in the neighbour
hood of the flavin and transfers very efficiently while 
the other one is too far removed to transfer to the 
flavin. If the acceptor is a t a certain distance Dj2 
from the surface (Fig. 5, insert B) the discrepancy is 
even more evident. Assuming both t ryptophans 
contributing to the energy transfer in a random 
distribution according to model A of Fig. 5, one can 
calculate the diameter of the sphere in which the 
three components are located. Depending on the 
apoenzyme taken as reference for the calculation 
(apoenzyme I has a higher quan tum yield and a 
longer lifetime than the apoenzyme I I ) , the diameter 
is 1.3—2.0nm. The latter value is more probable 
since i t is based on the values obtained from apo
enzyme I, which in contrast to apoenzyme I I re-
combines spontaneously with FAD [3]. If this 
mechanism is operating i t is clear t h a t the energy 
transfer takes place within the subunits (Stokes 
radius of holoenzyme = 4.2 nm [36]). However, 
because of the very poor fit between calculated and 
experimental efficiencies, the hypothesis t ha t the 
t ryptophans are randomly oriented with respect to 
the flavin is doubtful. 

5 2 (370nm) 

H3C 

(450 and 520nm) 

Fig. 6. Relative parallel orientation of the indole and isoalloxazine 
planes if it is assumed that one tryptophan molecule participates 
in energy transfer. The angle between the emission transition 
vector of the flavin (/S,) and the absorption transition vector 
of tryptophan (probably 'La) is approximately 50°. Other 
transitions are also indicated. The phosphorescence oscillator 
(3La) points perpendicular to both indole and isoalloaxazine 
planes and is unfavourably oriented for energy transfer to 
the flavin. Details concerning the assignments are given in 
[17] 

Although it cannot be s tated with certainty, the 
results indicate t ha t i t is more probable t h a t only 
one t ryptophan participates in energy transfer. 
Taking into consideration the conclusion t ha t the 
indole and flavin rings are fixed and oriented in one 
plane i t can be calculated [18] from the polarization 
value of the flavin fluorescence excited a t 295 nm 
t ha t the angle between the t ryptophan excitation 
vector and the flavin emission vector is approxi
mately 50° (Fig.6). A distance can be estimated [37] 
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by measuring the energy transfer efficiency from the 
relative intensities of holoenzyme and FAD-excita-
tion spectra plus the normalized holoenzyme absorp
tion spectrum a t 295 nm. The efficiency was found 
to be 40—50°/0 and is about twice as large when only 
one t ryptophan transfers energy to the flavin. From 
Eqn (3) and the da ta in Table 2 with x2 = 2/3, the 
distance between the donor and the acceptor was 
found to be 1.3—1.6nm taking apoenzyme I I and 
apoenzyme I, respectively, as basis for the calcula
tion. I t should be recognized t h a t the assumptions 
are very crude and more information is necessary 
in order to obtain a good correlation between 
theory and experiment. 
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The time dependence of the fluorescence of tryptophanyl and flavin residues in lipoamide 
dehydrogenase has been investigated with single-photon decay spectroscopy. 

When the two FAD molecules in the enzyme were directly excited the decay could only be analyzed 
in a sum of two exponentials with equal amplitudes. This phenomenon was observed at 4 °C 
(T, = 0.8 ns, T2 = 4.7 ns) and at 20 °C (T, = 0.8 ns, T2 = 3.4 ns) irrespective of the emission and 
excitation wavelengths. This result reveals a difference in the nature of the two FAD centers. 

By excitation at 290 nm the fluorescence decay curves of tryptophan and FAD were obtained. 
The decays are analyzed in terms of energy transfer from tryptophanyl to flavin residues. The results, 
which are in good agreement with those obtained previously with static fluorescence methods, 
show that one of the two tryptophanyl residues within the subunit transfers its excitation energy 
to the flavin located at a distance of 1.5 nm. 

The luminescence properties of the apoprotein 
and holoprotein of lipoamide dehydrogenase from pig 
heart (NADH: lipoamide oxidoreductase) were in
vestigated recently with static luminescence methods 
and with phase fluorometry [1]. One aspect of this 
study was the energy transfer process between trypto
phan and flavin, from which an average distance in 
the order of 1.3—1.6 nm was estimated assuming one 
single donor-acceptor couple rigidly bound within the 
protein framework. However, only indications to
gether with some crude calculations gave rise to the 
assumption that the energy transfer occurs between 
one pair of chrbmophores within the subunit. In the 
hope of getting additional support for previous con
clusions, a pulse fluorometry study of the tryptophan 
and sensitized flavin fluorescence of the holoenzyme 
was performed. 

A second problem, not directly connected with the 
first one, concerns the symmetry with regard to the 
two FAD sites of the dimeric holoenzyme. As judged 

Abbreviations. FMN, flavin mononucleotide; FAD, flavin 
adenine dinucleotide; EDTA, ethylenediaminetetraacetic acid; 
T, fluorescence lifetime. 

Enzyme. Lipoamide dehydrogenase or NADH: lipoamide 
oxidoreductase (EC 1.6.4.3). 

Eur. J. Biochem. 50 (1975) 

from experiments of Massey et al. both active centers 
are considered to be identical [2,3]. Fortunately, the 
oxidized protein-bound flavin itself shows in contrast 
to many other flavoproteins a considerable amount 
of fluorescence and 'can act as a natural probe for the 
microenvironment of the flavins provided that both 
FAD molecules are fluorescent. Therefore the fluo
rescence decay curves obtained by direct excitation 
of the flavin were closely analyzed in order to in
vestigate whether a correlation exists between the 
equivalency of sites and the homogeneity of the 
fluorescence lifetime. 

MATERIALS AND METHODS 

Experimental Conditions 

The preparation of lipoamide dehydrogenase from 
pig heart has been described previously [3]. Solutions 
of 10 uM enzyme in 0.03 M phosphate buffer of 
pH 7.2 containing 0.3 mM EDTA were used in this 
work. The experiments were performed at two temper
atures, namely 4 °C and 20 °C. 
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Fluorescence Decay Measurements 

Fluorescence decays were obtained with a single 
photoelectron counting apparatus described earlier [4]. 
A free-running flash lamp operating in nitrogen at 
high pressure was used. The excitation and emission 
wavelengths were selected by grating monochromators 
with bandwidths of 10 nm and 6 nm respectively. The 
response function g(t) of the apparatus, which is used 
for the decay analysis, was obtained with a reference 
compound by a method described elsewhere [5]. The 
references used here were a solution of 1,1,4,4-tetra-
phenyl 1,3-butadiene in cyclohexane (time constant 
of 1.78 ns according to the unpublished results of 
J. C. Brochon) in the case of the flavin emission and 
a solution of para-terphenyl in cyclohexane in the 
case of the tryptophan emission (time constant 0.96 ns 
[5]). The compounds were obtained from Koch Light 
Laboratories Ltd. 

Analysis of the data was performed with a com
puter program based on the method of modulating 
functions [7]. The program was designed to determine 
the three parameters relative to decays which are sums 
of two exponential terms according to the following 
expression: 

truncated moments [7]. The solution adopted was the 
one which had the smallest average weighted residue. 

If we assume that the two flavins are located 
rigidly within the enzyme while both molecules can 
be considered as independent and non-interacting 
several special cases can be distinguished. 

a) The two flavins have identical surroundings 
and can be considered as indistinguishable. Both 
FAD molecules should have the same fluorescence 
lifetime and Eqn (1) reduces to a single exponential 
term. 

b) The two flavins have different environments, 
but the absorption spectra are (almost) equivalent. 
If one of the flavins is fluorescent and the other not 
one-exponential decay must be expected. If both 
FAD molecules are fluorescent but with different 
quantum yields the decay can be described by Eqn (1). 
If, in addition, the shape of the individual fluorescence 
spectra is also identical, there will be no variation 
of C\ with the emission wavelength. In this special 
ideal case the amplitude C, is a direct measure for the 
amount of emitting species and should be equal to 0.5. 
If the individual flavin emissions are spectrally differ
ent, C, should be a function of the emission wavelength. 

1(1) = A [Ci e""' + (1 — C,) e""';] (1) Fluorescence Decay in the Case of Energy Transfer 

where A is a factor of normalization. 
The fit of these parameters was checked by calcu

lation the convolution of the decay, described by 
Eqn (1), with the apparatus response function, g(t): 

i°(t)=fg{T)nt-T)dT. 
0 

(2) 

The energy transfer process from a donor, trypto
phan, to an acceptor, FAD, has been shown to exist 
in the holoprotein[l,9]. In the simple case where there 
is only one kind of donor-acceptor couple the time 
dependence of the donor fluorescence after an infinitely 
short excitation (<5-pulse) can be described by [10,11]: 

This computed curve, i°(/), was then visually 
compared with the experimental curve, /(/), and the 
weighted residue (/?) was calculated according to a 
method described by Knight and Selinger [8]: 

with 

/D (0 = A>(0) e" 

l / t D = 1/TD0+ *DA 

(4) 

(5) 

* = }#,7(7)['W-W (3) 

In Eqn (3) it is assumed that the experimental 
decay curve, /'(/), is described by a distribution of 
counts into n channels. Theoretically it was shown [8] 
that the best computed curve is obtained when R = 1. 
In practice however good fits were obtained when R 
was around 2, while the range R = 3 - 5 resulted in 
reasonable fits. 

In order to improve the solution a set of combina
tions of two time constants was tried, the values of 
which were chosen around the solution given by the 
modulation function method. The amplitude C, was 
calculated by using the expression which relates the 
quantities to the decay time constant and to the 

where T^ is the lifetime of the donor fluorescence in 
the absence of the acceptor and KDA is the transfer 
rate constant. The value of KDA depends on the relative 
distance and orientation between donor and acceptor 
and can be represented as: 

* D A = l / W ^ M (6) 

where R0 '
s t n e critical transfer distance and r is the 

distance between donor and acceptor [11,12]. 
The time dependence of the fluorescence of the 

acceptor after <5-pulse excitation can be shown (cf. [10]) 
to be proportional to: 

/ A ( 0 M l / * A - l / T D r , ( e - " " - e - " » ) (7) 

where TA is the lifetime of the acceptor fluorescence 
obtained by direct excitation. 
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20 30 
f (ns! 

Fig. 1. Fluorescence decay of (A) lipoamide dehydrogenase 
and (B) tetraphenyl-butadiene. /.ex = 370 nm, /.em = 520 nm. 
Temperature = 20 °C 

Fig. 2. Fluorescence decay of (A) lipoamide dehydrogenase 
and (B) p-terphenvl. Ae< =" 290 nm, Aem340 nm. Temperature 
= 20°C 

Table 1. Parameters defining the fluorescence decay of the 
flavin in lipoamide dehydrogenase excited in the second ab
sorption hand of FAD 
Temperature 20 °C. R = average weighted residue. Details 
are given in the text. 

Aex C, 

330 
350 
370 

370 
370 
370 
370 

520 
520 
520 

500 
520 
540 
560 

0.8 
1.0 
0.8 

0.8 
0.8 
0.8 
0.8 

3.6 
3.6 
3.2 

3.4 
3.2 
3.4 
3.4 

0.51 
0.53 
0.46 

0.50 
0.46 
0.48 
0.49 

4.2 
5.1 
2.2 

4.3 
2.2 
4.7 
4.3 

Table 2. Parameters defining the fluorescence decay of lipo
amide dehydrogenase excited in the second absorption band 
of FAD 
Temperature 4°C. R = average weighted residue. Details 
are given in the text 

'-e» 

nm 

330 
350 
370 

370 
370 
370 
370 

' • • . 

520 
520 
520 

500 
520 
540 
560 

*i 

ns 

1.2 
0.6 
0.8 

0.85 
0.8 
0.6 
1.0 

*i 

4.9 
4.5 
4.7 

4.7 
4.7 
4.7 
4.7 

Cx 

0.45 
0.51 
0.44 

0.49 
0.44 
0.47 
0.45 

R 

3.2 
2.6 
5.0 

3.4 
5.0 
3.7 
3.5 

Since the enzyme contains four tryptophans and 
two FAD molecules, one could expect that the decays 
are linear combinations of Eqns (4) and (7). 

RESULTS 

Direct Excitation of the Flavin 

The reference compound, 1,1,4,4-tetraphenyl 1,3-
butadiene, does not absorb light in the wavelength 
range corresponding to the first absorption band of 
the flavin (> 400 nm). Therefore wavelengths within 
the second absorption band were selected for direct 
excitation of the flavin. The excitation and emission 
wavelengths were varied systematically and the fluo
rescence decay curves were analyzed as described 
above. A typical example is given in Fig. 1. In all cases 
the decay could not be described by a single exponential 
function, but good fits were obtained with a sum of 
two exponential terms. The time constants and the 
relative amplitude C, [cf. Eqn (1)] are collected in 
Tables 1 and 2 for 20 °C and 4 °C respectively. It should 
be noted that there is no systematic variation of the 
decay parameters with the changes of excitation and 
emission wavelengths. 

At 20°C the average parameters are: Xx = 0.8 ns; 
T2 = 3.4 ns; C, = 0.49; C2 = 0.51 and at 4°C: T, 

= 0.8 ns; r2 = 4.7 ns; C, = 0.45; C2 = 0.55. 

Excitation at 290 nm 

By excitation at 290 nm two emission bands can 
be observed in the fluorescence spectrum: the first 
one with its maximum located at about 330 nm is due 
to the tryptophans, which absorb most of the light 
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Table 3. Parameters defining the fluorescence decays of lipo
amide dehydrogenase excited at 290 nm 
R = average weighted residue. Details are given in the text 

Temp. 

C 

20 
4 

20 

A., 

nm 

290 
290 
290 

*em 

340 
340 
520 

*i 

ns 

0.6 
0.8 
1.8 

*2 

4.2 
5.0 
3.3 

c, 

0.86 
0.85 
0.45 

R 

3.8 
5.3 
2.0 

and the second one originates from the flavin (maxi
mum at about 520 nm) mainly by energy transfer 
from tryptophanyl residues [1]. Fig. 2 shows the decay 
at 340 nm in comparison with the decay of the fluo
rescence of/7-terphenyl. Also in this case is the best 
fit of the experimental curve a convolution of g(t) 
with a sum of two exponential terms. The parameters 
are given in Table 3. 

DISCUSSION 

A very interesting outcome of this study is that 
the two FAD sites seem to be non-equivalent, as can 
be concluded from the fluorescence decay measure
ments of the flavin part of the enzyme. Generally, 
for a population of emitting species having different 
time constants, the fluorescence decay is a sum of 
exponential terms. The relative amplitudes are pro
portional to the molar fractions of these different 
species. There are some restrictions to that last state
ment. In particular no energy transfer should occur 
between the chromophores of different species. In the 
present case this means that, energy transfers between 
the two FAD molecules bound to the same enzyme 
must be insignificant. This condition seems to be effec
tively realized since on one side the overlap integral 
between the corresponding absorption and emission 
spectra is small and on the other side the fluorescence 
polarization is high [1]. In principle, however, it can 
be expected that the flavin dinucleotide exists at least 
in two conformations (open and closed), which are in 
equilibrium. As was shown earlier the flavin fluo
rescence of free FAD in aqueous solution has one 
single time constant which value is strongly temper
ature dependent [13,14]. Only the open conformation 
is fluorescent. If, in the case of the enzyme, the double 
exponential decay of the flavin fluorescence was the 
result of two different FAD conformations in equi
librium, the ratio of the amplitudes of the two con
tributions in the decay must be expected to vary 
with the temperature. However, the results show that 

this does not occur within the limit of experimental 
accuracy. In addition the ratio of these amplitudes is 
close to one. It thus seems reasonable to conclude 
that the two kinds of FAD are related with the 
two independent sites of the enzyme. A fast dynamic 
motion of the isoalloxazine part is improbable, because 
the high value of the degree of polarization of the 
fluorescence indicates a rigidly bound flavin [1]. 

There is no systematic variation in the results with 
varying excitation and emission wavelengths, which 
implies that the shape of the emission and (second) 
absorption bands of the two species are identical 
within experimental error. If the quantum yields of 
the two FAD molecules are supposed to be pro
portional to their lifetimes the ratio of the two quantum 
yields is then equal to 4 at 20 °C and to 6 at 4°C. 
Data of De Kok et al. [15] show that the quantum 
yield of the flavin fluorescence of the enzyme is about 
half of that of FMN at 4°C. The corresponding 
fluorescence lifetimes are 4.2 ns for the enzyme and 
4.9 ns for FMN. At 25 °C the relative yield is about 
one third, while the lifetime is 2.3ns (for FMN 4.7ns). 
These lifetime values, obtained by phase fluorometry, 
can be compared with the average lifetimes (< T > ) , 
obtained with the single-photon counting technique 
as described earlier [14]. At 4°C < T > is found to 
be 4.1 ns and at 20 °C 2.8 ns. It should be realized 
that in this case of heterogeneous emission the most 
predominant contribution in the results obtained by 
phase fluorometry is given by the component with 
the longest lifetime and largest quantum yield, whereas 
the results obtained by pulse fluorometry are in better 
agreement with reality. These experiments indicate 
the presence of two kinds of FAD, which are both 
fluorescent having different lifetimes and therefore 
different quantum yields. It has been shown that the 
values of the quantum yield and lifetime of FMN are, 
in contrast to those of FAD, hardly dependent on 
the temperature [13,14]. If the FAD component in 
lipoamide dehydrogenase with the longest lifetime (T2) 
at 4°C is connected with a flavin in a FMN-like or 
open conformation the relative large change of T2 

with temperature must be attributed to a dynamic 
quenching of the flavin fluorescence. This could be 
due to the adenine moiety itself or to a protein residue 
situated in the vicinity of the isoalloxazine ring. 

From earlier experiments it was concluded that 
the two subunits and flavin sites seem to be equiv
alent [2,3]. The present results, however, show that 
the two FAD centers have different microenviron-
ments, which implies that the overall symmetry of 
the dimeric enzyme is not two-fold. It is not completely 
clear yet whether such asymmetry could explain some 
aspects of the enzymatic reaction. By kinetic and 
spectral methods cooperative interaction of the sub-
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strates with the enzyme has been shown to be present, 
indicating that the two centers are not independent 
[16—19]. It should be interesting to investigate whether 
the substrates show preference for one of the two 
binding sites. 

The experimental results obtained by excitation at 
290 nm are not easy to explain. A priori, the chromo
phobe system which leads to these emissions is not 
a simple one. The enzyme contains four tryptophanyl 
residues. Under favourable conditions, each of these 
residues could have its own fluorescence lifetime and 
could transfer its energy to the two flavin compounds 
in the protein. The fluorescence response function at 
340 nm can be expected to be composed of a sum of 
four exponential terms. This number can be reduced 
by the presence of some symmetry in the dimeric 
protein molecule. The two decay times, which are 
observed, can probably be considered as average 
values. The main contribution in the experimental 
decay is characterized by a short time constant 
(0.6 ns) at 20 °C. This value is smaller than the average 
value of 1.6 ns, which was earlier obtained by phase 
fluorometry [1], and is indicative for fast energy trans
fer. Taking the lifetime of the tryptophan fluorescence 
of apoenzyme I as 3.8 ns [1], an average transfer rate 
can be calculated as 1.4 ns ~' by applying Eqn (5). This 
value is a factor three larger than that obtained 
previously, which is due to the very short time constant 
measured by the single-photon counting technique. 
After applying Eqn (6) with RQ as 2 .0nm[l] , an 
average distance r can be calculated as 1.5 nm, which 
is in close correspondence with the previous value of 
1.6 nm [1]. From Table 3 it can be concluded that 
15% of the tryptophanyl residues are characterized 
by a longer time constant of 4.2 ns, belonging to 
residues showing an insignificant transfer efficiency 
(see below). According to Eqn (7) the decay of the 
flavin fluorescence excited by energy transfer, is the 
sum of the exponential terms. The time constants 
are the decay times of the transferring tryptophans 
and of the flavins (as measured by direct flavin exci
tation). The decay should be a complicated one in
volving negative amplitudes. Consequently, the follow
ing considerations based on the resolution into two 
exponential terms as is presented in Table 3, are rather 
qualitative in nature. 

Firstly, it should be noted that no time constant 
of about 4.2 ns appears in the flavin fluorescence decay. 
This justifies the conclusion that the corresponding 
tryptophans have practically no transfer efficiency. 
The conclusion that not all tryptophanyl residues in 
the holoenzyme participate in energy transfer was also 
obtained earlier in an indirect way [1]. Secondly the 
long time constant found in this transfer analysis is 
practically identical to the one found upon direct 

excitation of the flavin. The site characterized by this 
constant must be an acceptor of energy transfer. 
Finally the short constant of indirect flavin emission 
decay is longer than the short time constant obtained 
upon direct flavin excitation. This must be due to the 
delay caused by the time needed for transfer of the 
energy from tryptophan to FAD. This is not an un
reasonable explanation bearing in mind that the time 
resolution of the apparatus as well as the time scale 
of energy transfer are both in the subnanosecond 
region. 

CONCLUSION 

Perhaps the most important result of this work is 
that the two FAD molecules bound to the enzyme are 
characterized by two different fluorescence lifetimes. 
This implies different conformations of the two flavin 
sites, which might have consequences for the reaction 
mechanism. It should be interesting to see if this 
phenomenon also exists in other flavoproteins, because 
many of these enzymes have a dimeric structure. 

Recently, evidence has been given that such dis
symmetry also occurs in other protein systems [20]. 
From electronic absorption spectra it was concluded 
that the two iron (III) sites in spinach ferredoxin are 
not equivalent. 

The energy transfer experiments seem to justify 
the previous conclusion that not all the tryptophans 
are involved in energy transfer to the flavin. The 
distance between a tryptophan flavin couple, calculated 
from the transfer rate, is in good agreement with the 
value obtained earlier from the transfer efficiency [1]. 
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APPENDIX 1 

Derivation of the tuo-exponential decay in the scheme (fig. 1) of paper II 

Following the kinetic scheme in figure 1 of paper II the rate equations important for the 

fluorescence after 6-pulse excitation can be written in matrix form as two simultaneous 

differential equations with constant coefficients. 

^- + k + k* - k* 
dt K1 *+ -

- k* i- + k + k* 
k+ Ht K2 K 

with general solutions: 

A1-1 

A1-2 

A1-3 

, X. "t / T1 " t / x 2 |A*| (t) = Cje ' + C2e L 

-t/t' -t/x' 
|A*| (t) = C3e ' + C4e L 

t t 

T.. and T . are interrelated by: 

1/T^ . \/x2 = k ^ 2 + k2k* + ^ k * 

1/T^ + 1/T2 = k1 + k2 + k* + k* 

The fluorescence intensity is related to: 

, x. _ t / T1 " t / T 2 

IA (t) = k£ |A*|(t) = kf (Cie + C2e z ) 
1 A] Aj 

i X. "t/T1 " t A 2 
IA (t) = kf |A*|(t) = kf (C3e ' + C4e z ) A ^ 

2 A2 A 2 

kf and kf are the radiative rate constants for species A1 and A- respectively. 
A A \ L 
A1 A2 

The equations A._. are of the same form as those derived for excimer and exciplex forma
tion, protonation in the excited state or quenching by other molecules |1-4|. 
C., C_, C, and C. are dependent and can be derived from the initial boundary conditions: 

* i i » * on t = 0 is |A*| = |A*Q| = eAI0|A1 

and |A*| = |Aj0| = E B I 0 | A 2 | ^ 
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e and e. are the molar decadic extinction coefficients of both forms at the excitation 
1 2 

- 1 - 1 wavelength in 1 mole cm and I is the intensity of the exciting light in Einsteins 
-1 -1 

1 'sec '. 

|A-. j and |A~| can be expressed in the total flavin concentration in the ground state. 

|F| = |A11 + |A«| , and in the equilibrium constant in the ground state K = |A-|/|A-1 . It 

is assumed further that e. ^ e. = e, which is allowed if the excitation wavelength is 
A1 A2 

at an isosbestic point. Furthermore since the absorption spectra in the visible and near 

U.V. region of FAD and FMN are only slightly different, indicating weak interaction 

between adenine and isoalloxazine it is assumed that kf = k,- = k, |5|. With these as-
A1 2 

sumptions C., C~, C, and C, can be solved via A., * and A. 2> 

C] = P O / T J - k1 - k* + k* K) 

C2 = P (k1 + k* - k* K - 1/x.J) 

* * A l _ 6 

C3 = P (KA2 - k2K - k_ K + k*) 

C4 = P (k2K + k* K - k* - K/T^) 

e I |F| 
with P = r— 2 r 

1/T2 - 1/T, 

The time dependence of the total fluorescence is I(t) = I. (t) + I. (t), which can be 

shown to be 

k e I |F| , -t/i' , -t/x' 
I(t) - t , ° r { ( 1 / T 2 - M ) e ' + (M - 1 / T J e l} A._? 

1/x1 - 1/T2 

k + k K 
with M = _!irrf 

Thus the decay of the fluorescence is the sum of two exponentials with different ampli

tudes . 

From an analysis of the fluorescence decay it is possible to determine T1, T 7 and the 

amplitude ratio: 

1/T' - M 
C = r A 

M - 1/T1
 ] 8 

One has to know one of the rate constants, k.. or k,, to evaluate the other from M, provid

ed that the association constant in the ground state, K, is known by other means (e.g. via 

absorption spectrophotometry or nuclear magnetic resonance). From A1 , the other rate con

stants can then be determined. 
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Wavelength dependence 

Suppose that the individual emission spectra of A., and A, are different and overlapping. 

The wavelength dependence of I. (t), I. (t) and I(t) can then be written as: 
A1 A 2 

IA'(X, t) = k£CA (X) iA (t) 

I. (A, t) = w . (x) i (t) 
A 2 r A 2 2 . 

A1-9 
I(X, t) = kfCA (X) iA (t) + kfcA (X) iA (t) 

1 1 I , I f 

" ¥^1 + C A 2
C 3 ) 6 * "1 + ( C A 1 C 2 + Ŝ  6 ' "2} 

CO CO 

with the normalization condition / C. (X) dX = I C. (X) dX = 1. 
o 1 o 2 

The terms (C. C. + C. C,) and (C. C2
 + C. C.) are the same as the amplitudes A.. (X) and 

A2(X) of paper II. 

If the equations in A - g are integrated over time the individual time independent emis

sions at wavelength X are obtained. These emissions can be measured in the conventional 

way with continuous excitation. 

Thus 

\ w = kfcAi(clT; + C 2T 2 ) 

\<» = VVC3Ti + W A1-11 

KX) = IA i(X) + IA2(X) = V C ^ ^ x ; * C/2) + CA2(C3x; + C ^ ) } 

I t can be shown that: 

(CC, - COCC.T! + C 2 T ' ) 
I (x) = — 5 * — L J LA- i(x) A 

1 ( C T 1 + T 2 ^ C 1 C 4 - C2C3^ 

and for spec ies A-: 

I (X) = I(X) - I . (X) 
A2 A1 

I(x) can be measured for the emission spectrum; all the constants in A.. ,» can be cal

culated from the rate constants, which are determined from the fluorescence decay analy

sis. 

It should be noted that the common factor P of A, , is eliminated in A..,-. Integrating 

of the equations in A, .... over wavelength should give the area under the emission spectra 

which is proportional to the quantum yields: 
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I I 

si (A) d x . c 1 x 1 + C 2 T 2 = S 
O 1 1 

; i A w dx ,. C3T1 + C4T2 = s ^ A 1 - 1 4 

00 

/ ICx) dX ^ S = SA + S. 
o 1 2 

Special oases 

The rather complicated picture can sometimes be simplified. 

a. The second form A. is nonfluorescent (dark), so that 1/T, -»• °°. The fluorescence is due 

to the open form A- and its decay is expected to be exponential with a rate constant 

of 1/T.. £ k + k*. This is probably the situation in FAD. 

b. k*. k* « k , k2. 

This means slow equilibrium in the excited state, the equilibrium in the ground state 

is not perturbed. 

Neglecting all terms in k and k with respect to k.. and k9 (cf. A- 7) it can be shown 

that 1/T = k. and 1/T = k. so that 

-k,t -k.t 
I(X, t) ̂  e ' + K e z 

and 

and C = 1/K 

c. The same situation as in b, except that A. is dark, so that 

-k.|t 
I(X, t) = I4 (X, t) *• e (exponential decay) 

A1 

d. k+, k_ >> k1, ky-

This is fast equilibrium in the excited state. 

Neglecting the corresponding terms in A. , it can be shown that 

i i ^2 + 1̂ Ke 
1/T1 = 1/T2 = 1/T £ — £ — 5 — ^ — 

with K = k*/k*. 

The emissions of A., and A- decay exponentially with the same time constant T. 

e. As in d, but A- is dark. Only the open form is fluorescent with a single lifetime. 
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Flavin fluorescence decay of a dimeric flavoprotein 

The fast dynamic equilibrium in free FAD is not probable in FAD, which is bound tightly 

to a protein. One conformation is predominant excluding an equilibrium of the type in 

fig. 1 of paper II. In dimeric flavoproteins two FAD molecules are present, which do not 

need to be identical. For two non-interacting, inequivalent and fluorescent FAD molecules 

the flavin fluorescence decay is heterogeneous and can be described generally by a sum of 

two exponential terms: 

-k..t -k?t 
I(A, t) % C ^ A , t) e + C2(A, t) e A 1 - 1 5 

k-i (= V O and k? (= 1/T~) are the rate constants for fluorescence of FAD species 1 and 

2 respectively; C. and C. are their relative amplitudes. Several cases can be distin

guished. 

a) The individual absorption and emission spectra are identical, but the fluorescence 

quantum yields are different. A light pulse excites equal populations of both species, 

so that directly after the pulse equal concentrations of components 1 and 2 are pres

ent; the emissions of each component decay independently with time constants T.. and T ? . 

the total fluorescence decay obeys equation A.. ,.. C. and C 2 show no dependence on 

emission and excitation wavelengths. The experiments indicate that this situation is 

approximated in lipoamide dehydrogenase. 

b) The absorption spectra, emission spectra and quantum yields are different. The total 

decay is described by equation A, ..,., but C. and C~ are functions of excitation and 

emission wavelengths. 

Variations between these two extreme situations are, of course, possible. Single exponen

tial decay is expected if one of the two species is nonfluorescent (dark) or if both fla

vins are spectrally indistinguishable and equivalent. 

Flavin fluorescence decay of a dimeric flavoprotein as studied by the phase and modula

tion technique 16/. 

A population of molecules is excited by sinusoidally modulated light of a fixed angular 

frequency u described by: 

E(t) = A + B cosuit A1-16 

The degree of modulation is B/A. 

The fluorescence response on this periodic function is given by (for an exponential de

cay) : 

I(t) = A + B cos6 cos(ut-S) A1-17 
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The degree of modulation is now B cos<5/A. 

The phase angle 6 is related to the lifetime T via 

tan 6 = oiT ^1-18 

The modulation depth (M) can be defined by 

., B cos6 , B _ „ „ . f, . 2 2,-1 . 
M = — ^ ' A = U + w x ) 2 A1-19 

It can be derived from A...., and A . ^ that the fluorescence lifetime T may be determined 

from independent measurements of phase angle 6 (x ) and of modulation depth M (x ). For a 

homogeneous decay both measurements should give the same lifetime; for a heterogeneous 

emission x and x are different with x > x . This inequality can be derived from the 
p m m p 

average values of x (<x >) and T (<X >) of a double exponential decay: 

1 C,/C~ sini5i cos61 + sin62 cosS2 

<x > = — x * o A1 -,„ 
p (o n ,„ 2. 2. 1-20 
^ C,/C2

 c 1 ? 

1 1 1 

<x > = - { * * j j - 1}2 Ai 91 
m u (C1 cos & + C2 cos &2) + (C1 cos61 sin61 + C2 cos62 sin62)

 l_zl 

61 and &7 are the phase angles of components 1 and 2 respectively; C. and CL are their 

fractional intensities. 

It should be realized that the intensity ratio C./C7 is different from the amplitude 

ratio C-./C- in equation A..,,.. This has to do with the different modes of excitation 

used in the two type of experiments. 
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APPENDIX 2 

Fluoresoenee decay in the aase of dipole-dipole energy transfer 

Forster has derived the phenomenological expression for the rate constant of nonradia-

tive energy transfer from donor to acceptor molecules in the weak coupling limit |1|: 

KDA = V\ CRo/r)6 A2-1 

(cf. equations 4 (paper III) and 6 (paper IV)). 

Forsters theory of resonance energy transfer was confirmed in a series of very elegant 

experiments |2|. 

From equation A2 , it is possible to estimate the donor-acceptor distance in a protein 

system if the other parameters are known. These can be determined from spectral data and 

from fluorescence decay analysis. 

Suppose a binary system containing donor and acceptor molecules, the lowest excited sin

glet state of the donor being higher in energy than that of the acceptor. As pointed out 

by Birks two ultimate cases can be distinguished |3|: 

a) In solutions of low viscosity complete mixing of donor and acceptor molecules occurs 

during the transfer process; the rate constant of energy transfer is time independent. 

The system is said to obey "Stern-Volmer" kinetics. 

b) In solutions of high viscosity donor and acceptor molecules remain stationary and 

randomly oriented during the transfer process; the transfer rate becomes time depen

dent. The system is said to obey "Forster" kinetics. 

These ultimate cases were taken as starting points for the development of theories con

cerning the role of diffusion in dipole-dipole energy transfer (for references see ref. 3, 

p. 577). 

Ad a 

The rate equations describing the time dependence of the donor and acceptor concentra

tions in the excited states after &-pulse excitation are in matrix form: 

1 t + KD„ + KDA ° 

d i i ^ i A2-2 
KDA dt + KA, 

where IC. (= 1/T_ ) is the rate constant of the donor fluorescence in the absence of 

o 
uo transfer, KnA (= Kn.|A|) is the rate constant for energy transfer and K. is the rate 
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constant of the acceptor fluorescence, when the acceptor is excited directly; it is con
venient to substitute IC = 1/x„ = IC + K-. . 

After following a similar treatment as in appendix 1 for the derivation of the two-expon
ential decay the fluorescence response of the donor to a 6-pulse can be represented by: 

ID(t) = K^lEjl e " t A D A2_3 

and of the acceptor, which has been excited via energy transfer: 

K F A
 KDA lDo' -t/xA -t/x 

J A W " 1/T- - 1/T.
 (e " e ) A2-4 

(D - A) U A 

or IA(t) * IA(t) - ID(t) 
( D - A ) 

Kp and Kp are the radiative rate constants for donor and acceptor respectively,|Er| is 

the donor concentration in the excited state on t = 0, IA(t) represents the fluorescence 
decay of the acceptor, which has been excited directly. 
Equations A, , and A~_. are similar to equations 4 and 7 (paper IV). 

By measuring the fluorescence lifetime of the donor in the presence (x„) and in the ab
sence (x„ ) of acceptor molecules K^. can be determined. 

Ad b 

Forster has derived an expression for the fluorescence decay of the donor in the presence 
of energy transfer; the rotatory Brownian motion of the donor molecules is considered to 
be fast, but the translational Brownian diffusion of donor and acceptor molecules is in
significant |4|: 

{-t/t - 2Y (t/x )J> 
ID(t) = KpjD^I e

 Do Do V s 

2 TT3/2 N R3 |A| 
where y = - ° 

3000 

N = Avogadro's number, R = critical transfer distance and |A| = the acceptor concentra

tion; for a fixed acceptor concentration y depends only on R . 

By measuring the fluorescence decay of the donor in the absence of acceptor molecules xn 

can be determined; in the presence of a fixed acceptor concentration the decay can be ° 
analyzed to yield y (and R ) . 

Steinberg has derived a theoretical expression for the case that also the rotatory Brow
nian motion is frozen; the time dependence has a similar form as equation A - , , but the 
extent of transfer is less |5|. Bennett was the first who verified 
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experimentally equation A.,, for a randomly oriented donor-acceptor system in rigid solu

tion using a pulsed excitation source |6|. The fluorescence response of function of the 

acceptor excited via energy transfer has a far more complicated form. In principle it can 

be solved from the following differential equations: 

It + KD +«*»** ° 
o o 

- ^ ' J 1 at + K
A i 

o 

A2-6 

Details of the solving procedure can be found elsewhere 7 ; the result is: 

, *, i m2 1 1 " t / T A 

IA(t) = Kp |DX|TT2 m em {erf(a2t2 + m) - erf m} e A A2_y 

D -> A A 

KD , 
where m = fe 2__) 2

Y , a = Kn - K. and KD " KA Do A 

o 

erf m = 2TT 2 / e dx , the error integral, 
o 

For large m (i.e. large Y or large R ) the error integral can be expanded into a series: 

2 
e"m 1 erf m = 1 - V ~ (1 - -^ ....) A, 

•n2 m 2m 

Substituting the first two terms of A__8 into A.__ gives: 

-t/T {-t/T " 2Y(t/T )h 
IA(t) - K |D^| (e Do °o ) A2_9 

D + A A 

or IA(t) ̂  I A M " In̂ t-'' wn^-cn n a s t n e s a m e ^o r m a s equation A._.. 

D •+ A 

Remarks 

Lipoamide dehydrogenase is a complicated system in which to study energy transfer because 

the four donor and two acceptor molecules seem to occupy nonequivalent positions into the 

protein. Each donor-acceptor couple might have a different R -value and distance. In 

principle the contribution in the energy transfer of each couple should be included; the 

overall transfer rate is in fact a superposition of individual transfer rates. In the 

case of a random ensemble of donor and acceptor molecules there is a continuous distribu

tion of rate constants, which means that the fluorescence decay of the donor is non-

exponential. Fluorescence decay curves of donor and indirectly excited acceptor should be 

analyzed then with equations A.,, and A2__. However, doubt exists, whether a protein 
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system containing a limited number of chromophores can be considered as a random ensemble 

of donor and acceptor molecules. As is discussed and demonstrated in papers III and IV, 

not all the tryptophans are involved in energy transfer to the flavin. A homogeneous popul

ation of these nontransferring molecules gives rise to an exponential decay with a charac

teristic time constant. This time constant should be present in the total decay of the 

donor fluorescence, but absent in the decay of the acceptor excited by energy transfer 

(cf. table 3 of article IV). In this case the number of donor molecules, which contributes 

effectively to energy transfer becomes less so that in lipoamide dehydrogenase probably 

less than the four tryptophans are transferring energy to the two flavins. This implies 

that in the protein each transferring donor molecule is in the same geometrical config

uration with respect to the acceptor molecule. This gives rise to one single rate constant 

for energy transfer and the fluorescence decay curve of the (transferring) donor is expec

ted to be exponential. It is then completely allowed to make use of equations A_ , and 

A._. as is done in paper IV. Because the subunits do not seem to be identical with respect 

to the flavins, linear combinations of these equations might be used. 

Since the donor fluorescence decay in the holoenzyme is built up from at least two exponen

tials (cf. table 3 of article IV), it can be explained using equation A1_.„, that the 

average lifetime measured with the phase fluorometer (x ) is longer than T- and shorter 

than T 2 of the donor fluorescence decay. 

Georghiou has studied the effect of resonance energy transfer on the donor fluorescence 

decay with the phase and modulation technique |8|. The expressions are rather intricate 

and fall outside the scope of this appendix. 
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DISCUSSION 

At first sight the results obtained in this work do not seem to correlate with each other, 

but the contrary is true. It must be kept in mind that when the excited state of protein-

bound flavin is investigated one needs exact knowledge about the excited state properties 

of the isolated flavin molecules in order to examine the influence of the protein on these 

properties. However one must be aware of complications, arising from the fact that free 

flavins in solution undergo some diffusion controlled processes, which are absent in pro

tein bound flavins. The molecular motion of tightly bound flavins is mostly dominated by 

the much slower motion of the much larger protein molecules. These dynamic processes are 

at least partly responsible for the phenomena observed in papers I and II. The most sig

nificant features of papers I and II shall be discussed subsequently. 

In paper I it can be noticed that the transient absorption difference spectra of species 

II and III decayed about 1000 times faster than the corresponding spectra of the flavin in 

plastic "solution". The reason for this rapid decay in fluid solution is that the flavin 

in its higher excited triplet state is now vulnerable for dynamic quenching processes, 

which diminishes the lifetime of the triplet state. As was not mentioned in paper I at

tempts were made to analyze the decay curves of the transient absorptions at different 

wavenumbers. Different concentrations of flavin (in the range 80 - 300 pM) and different 

laser energies (in the range 0.1-2 mJ) were used and the observation time was extended 

to 10 ysec after the laser pulse. In practical all cases no clear cut first or second or

der decay could be observed illustrating that the decay kinetics followed a complex mech

anism. As also pointed out by Vaish and Tollin the decay of the flavin triplet is not on

ly determined by the presence of quenchers (e.g. 0-) but also by intermolecular interac

tions with flavin in the ground as well as in the triplet state |1|. At low laser energy 

quenching by ground state flavin should be predominantly leading to a pseudo first order 

quenching process provided that the concentration of flavin triplet is sufficiently low 

with respect to its concentration in the ground state. This tendency is indeed observed in 

the more concentrated samples using a low laser energy. From the slope of a In AA-time 
o 

plot the rate constant for triplet-ground state quenching is approximately 2.0 x 10 
— 1 — 1 8 — 1 — 1 

M sec (Vaish and Tollin found 3.7 x 10 M sec ) . This large value suggests very ef

ficient quenching. The use of higher laser energies increases the population of flavins in 

the triplet state, so that triplet-triplet annihilation processes are favoured reducing 

the lifetime of the flavin in the triplet state |2|. Our data point in the same direction 

because at higher laser energies the decay becomes much faster. These "self quenching" 

processes are probably responsible for the fact that the transient absorptions observed 

in the laser experiments decayed more rapidly than the ones obtained from flash photolysis 

|1, 3, 4|. Because of the different experimental set up the concentrations of flavin used 

in the laser experiments were at least 4 - 1 0 times higher than the flavin concentrations 
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in photoflash experiments. In contrast with the flavin in solution the flavin in plastic 

showed transient absorption difference spectra with first order decay kinetics. 

The presence of dimers is an attractive assumption for the explanation of the nature of 

transient III, but it should be realized that only circumstantial, not direct evidence 

was presented. It is specially difficult to imagine that at low flavin concentrations 

(20 yM) and in apolar solvents dimerisation can occur. However from the literature it is 

known that flavins are weakly interacting |5, 6|. Song et al. found dimer phosphorescence 

at low concentrations of flavin in ethanol or isopentane glasses |6|. The dimer phosphor

escence in isopentane was more predominant than the comparable monomer emission even at 

concentrations of 30 yM of flavin |6|. If transient species III can be assigned to belong 

to a "photodimer", its molar extinction coefficient at 25,600 cm should be higher 

than that of transient species II (flavin triplet) at the same wavenumber. It was ex

cluded, that the excited singlet state of the flavin was involved because the lifetime 

and the quantum yield of the fluorescence were unaffected in the pH range 3-9, whereas 

transient species III showed a marked pH-dependence. 

From flash photolysis data it is assumed that the absorption changes in the spectral re

gion from 18,000 - 21,000 cm can be ascribed partfy to the flavin radical |1, 7|. This 

radical species could be generated in a bimolecular diffusion controlled reaction of fla

vins in the triplet and/or in the ground state; it is always present after a flash of 

10 usee duration |1, 71 . This reaction might occur in a photoflash experiment because of 

the long illumination time (10 ysec) as compared with the much shorter laser pulse 

(3 nsec). It is quite illustrating that the samples in flash photolysis experiments have 

to be refreshed very frequently because of permanent photobleaching. In laser flash ex

periments all the transient species were present directly after the pulse and no radical 

species with an absorption between 18,000 and 21,000 cm" was growing in. Moreover this 

spectral region was not affected by a change in pH over the range 2 - 9 whereas the fla

vin radical has a distinct pK value of 8.3, which should be noticed by its characteristic 

absorptions |8|. However, when an electron donating compound like EDTA (50 mM) was present 

in a neutral flavin solution, laser flash photolysis showed a very rapid triplet decay and 

a concomitant growing in (completed after 400 nsec) of flavin radical at 16,000 and 

19,000 cm (unpublished observations). It is believed that this example might illustrate 

that solid state lasers delivering a high amount of energy in a short pulse provide a 

powerful tool for the study of photoreactions. 

The short study described in paper II is essential for a better understanding of the 

fluorescence properties of flavoproteins containing FAD. The most important outcome is 

that in aqueous solutions only one form of the internal complex, in this case the open 

conformation, gives rise to fluorescence. FAD can exist in more conformations which are 

in rapid equilibrium. It would be interesting to see if in apolar solvents, in which the 

dispersion forces between adenine and isoalloxazine rings are weaker, the fluorescence of 

more than one conformation can be detected. 

Paper III contains the necessary information in which environments the tryptophan and 

flavin moieties are located in lipoamide dehydrogenase. It was a pity that addition of 
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increasing amounts of I or Br did not result in a proportional decrease of the flavin 

or tryptophan fluorescences. This collisional quenching method should elucidate the loca

tion of the chromophores (buried in or at the exterior of the protein), but these charged 

quenchers are not appropriate for this. The observation that negatively charged substrates 

(lipoic acid) have lower turnover numbers than uncharged substrates (lipoamide) might in

dicate that charged molecules are hindered to approach the active site |9|. The smaller 

Br ion does not give any flavin fluorescence quenching in contrast with the larger, more 

polarizable i" ion. However, in the case of quenching with I the Stern-Volmer plot ex

hibits a "saturation pattern", which indicates that other quenching mechanisms are involv

ed. The application of uncharged gaseous quenchers like oxygen (paramagnetic) or krypton 

(heavy atom) used under high pressure seems to be a powerful tool to obtain information 

concerning the location of chromophores in proteins [10, 11|. Using this technique, the 

environment of the two different FAD's in lipoamide dehydrogenase might be elucidated. 

The results and the interpretation of the energy transfer experiments described in papers 

III and IV respectively must be considered as qualitative and approximate because the 

protein system contains 6 potential chromophores (the 14 tyrosins were not even taken in 

consideration). The apoenzymes must be used as reference not only for the calculation of 

R but also to estimate the amount of energy transfer that is occurring. Although the 

emission spectra did not seem to differ very much, the protein conformations of both 

species (apo- and holoenzyme) were different. Furthermore, different apoenzymes can be 

prepared with different emission properties. These last two factors made it impossible 

to analyze the results very accurately. 

One comment should be added to the use of equations 7 and 8 of paper III and equations 4 

and 7 of paper IV. These equations are used for the case that the system obeys so-called 

Stern-Volmer kinetics |12|. This means that the donor and acceptor are diffusing so rapid-
2 

ly that i) the orientation factor < is averaged to 2/3 and ii) the rate of "statistical 

mixing" of donor and acceptor molecules exceeds the rate of energy transfer. 1C.., its 

rate constant, becomes then independent of time. This, of course, is not true for the 

system under study because the chromophores are fixed rigidly within the protein. There

fore the above mentioned expressions should be considered as a first approximation. For 

systems where the molecular motion of donor and acceptor molecules is frozen, it can be 

shown that the transfer rate constant, K~., becomes time dependent |13|. Forster has 

shown in this case that the donor fluorescence decay does not obey a simple one-exponen

tial relationship |13|. The fluorescence response functions for donor and acceptor emis

sions might therefore be more complicated than equations 4 and 7 of paper IV. The 

theoretical formulations for dipole-dipole energy transfer are summarized in appendix 2. 

Mich more work on model systems like tryptophan-flavin peptides with different end to end 

distances must be performed in order to get a better insight in the different types of 

transfer and its inherent mechanisms. Especially at short donor-acceptor distance (<15 A) 

not only interactions between two dipoles but also between multipoles should be taken 

into account. 

Perhaps the most important result of paper IV is that the two FAD sites seem to be non-
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equivalent. This can be concluded from the analysis of the flavin fluorescence decay, 

which consists of two exponential contributions with almost equal amplitude factors. 

These two different FAD centers might be connected with two different active sites per 

molecule of protein. On the other hand the structure and sequence of both subunits seem 

to be completely identical |14, 15|. The tertiary and quaternary structure of the protein 

might be responsible for the different micro-environments of the two FAD molecules. The 

very important question is now: is this just simple coincidence or has this implications 

for the reaction mechanism? In the enzymatic reaction 2 reducing equivalents are trans

ferred from NADH via FAD to lipoamide and/or from reduced lipoamide via FAD to NAD with 

the participation of disulfide and thiol groups. In the remaining part of this discussion 

several points are summarized and some preliminary experiments are reported, the con

clusions of which are a logical consequence of paper IV. 

Lipoamide dehydrogenase is a constituent of two multi-enzyme complexes, usually abbrev

iated as pyruvate and a-ketoglutarate dehydrogenase complexes |16| . In the overall reac

tion pyruvate and a-ketoglutarate are decarboxylated. In the partial reaction the oxida

tion of dihydrolipoamide, covalently bound to transacetylase, linked to NAD reduction 

is catalyzed by lipoamide dehydrogenase. When the enzyme is isolated from the complex it 

is still able to catalyze reversibly the oxidation of derivatives like dihydrolipoamide 

or reduced lipoic acid linked to NAD reduction. The reaction mechanism is extensively 

discussed in the literature |17-19| . It is not the purpose to discuss to what kind of 

mechanism the catalytic action of the enzyme can be classified. One aspect, however, 

comes forward after reading the literature. In the explanation of the kinetic mechanism 

the FAD molecules have been considered to be identical and independent. The enzyme can 

be reduced by its substrate dihydrolipoamide with two reducing equivalents, which are 

proposed to be distributed over the flavin and disulfide bridge. In a slow side reaction 

the substrate NADH can reduce the enzyme with four reducing equivalents, the flavin and 

disulfide bridge being fully reduced. Spectral changes accompany these reactions |17, 20|. 

The physiological activity seems to be connected with the dimeric form of the enzyme and 

not with the monomeric form. Dissociation of the enzyme into subunits, induced by in

creasing concentrations of sodium dodecylsulphate for instance, always leads to loss of 

activity |21|. When the apoenzyme is made according to the acid ammonium sulphate precip

itation method, the structure is monomeric |22, 23|. Recombination with FAD is considered 

to take place via a multistep process: firstly binding of FAD to monomeric apoenzyme (in

active) followed by dimerisation to active enzyme |24|. These experiments gave unambiguous 

evidence, that the dimeric enzyme is the active species. The kinetic mechanism was always 

set up for two sets of independent FAD's and disulfide bridges |18|. Doubt towards this 

proposal came from the demonstration that the enzyme was able to bind NAD at two dif

ferent sites - a regulatory site and a catalytic site - susceptible to cooperative 

interaction |25] . These cooperative effects are indeed demonstrated from kinetic experi

ments at room temperature but seemed to be absent at elevated temperatures (37 °C) 

|19, 26|. Cooperativity indicates that the two active sites are not entirely independent, 

since binding of the first substrate molecule influences the binding of the second one. 
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From the observation that the two FAD centers have different micro-environments the fol

lowing question arises. Is there a preferential substrate binding to one of the two in-

equivalent FAD sites? Some preliminary experiments were performed to investigate this 

hypothesis. NADH in (sub)stoechiometric amounts was added anaerobically to the enzyme. 

NADH forms with lipoamide dehydrogenase a complex with an absorption maximum at about 

530 nm. The flavin fluorescence was used as an internal marker for the oxidized state 

of the flavin. A cross correlation phase and modulation fluorometer operating at 60 Mc 

was used for several reasons |27|. Fluctuations in the fluorescence parameters like life

time, quantum yield and polarization were observed when NADH was added to the enzyme. 

The time course of the fluctuations in lifetime can not be measured with the single photon 

counting apparatus (cf. paper IV), because with this method statistically meaningful re

sults are obtained after a sampling period, much longer than the duration of the fluc

tuations. The heterogeneity of the fluorescence can be also detected with this apparatus 

by measuring simultaneously the two apparent lifetimes via phase shift (T ) and modula

tion depth (T ) measurements |27| (see also appendix 1). The large advantage of a cross 

correlation fluorometer is that changes in lifetimes as a function of time can be measured 

very easily and that the results are obtained much quicker. The results are summarized as 

follows: 

1) Without addition of NADH the heterogeneity of the flavin fluorescence was confirmed 

because T and T are different (T > T ) (see appendix 1). The largest difference p m m p r i r ° 

between x and t is at 4 C; it becomes less at higher temperature (37 °C). 

2) Anaerobic addition of a slight (molar) excess of NADH (with respect to FAD) leads only 

to partial quenching of the flavin fluorescence; the shape of the fluorescence spectrum 

remaines the same. 

3) (Sub)stoechiometric addition of NADH anaerobically results in an initial drop (com

pleted after about one minute) in the values of x , x and the fluorescence intensity 

(I) followed by a slow increase of the values of these parameters and stabilization 

after about 15 minutes. These phenomena were observed at 4 and at 22 C. 

4) (Sub)stoechiometric anaerobic addition of NADH results in a decrease of the degree of 

the polarization of the fluorescence (p) completed after about one minute. The value of 

p remaines constant at this lower value. 

5) Addition of NAD hardly affected the values of T . x , I and p. 

More experiments are needed for a correct explanation, but one might speculate a little 

bit. Fluorescence can still be observed after addition of a small excess of NADH, which 

proves that oxidized flavin is present a few seconds after mixing. The results suggest 

that two electrons are transported within the peptide chain accompanied with structural 

changes in the protein as proposed in the following scheme: 

r-FAD |-FAD(2e) r-FAD 
(I) N A ^ (I) > (I) 

•-FAD V * — ^ ...„+ L-FAD L-FAD ^ * M A D + F A D «-FAD(2e) 
(II) ^»NAD ( n ) ( n ) 
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FAD (I) denotes the FAD characterized by the longest lifetime and largest quantum yield 

and FAD (II) the flavin component with the opposite properties (see paper IV and appen

dix 1). FAD(2e) indicates the 2-electron reduced form of the enzyme. The first reaction 

is fast, the equilibration much slower. In the first reaction FAD (I) is reduced and its 

fluorescence is lost leaving the much weaker and shorter living fluorescence of FAD (II). 

Upon redistribution of the 2 electrons towards FAD (II) within the dimeric enzyme the 

stronger fluorescence of FAD (I) reappears. The drop of p indicates that changes in the 

micro-environment of one flavin induce changes in the subunit interaction. An intermolec-

ular disproportionation reaction like 

rFAD(2e) i-FAD 
(I) (I) 

rFAD(2e) 
(I) 

•-FAD LFAD uFAD(2e) 
(II) (II) (II) 

can be excluded because the totally reduced form is considered to be nonfluorescent and 

the reaction should leave p unchanged. 

In case of internal transport of electrons, it can be visualized that the enzyme contains 

two different sites: an input site for NADH and either an output site for lipoamide or a 

regulatory site for NAD . If this electron transport takes place from one flavin to the 

other a striking similarity with the scheme in fig. 5A of paper I is obvious. In that 

scheme, which can be considered an elegant artificial side reaction, an electron from 

one flavin is directly injected into the other one, thus mimicing in a way the possible 

situation in the dimeric flavoenzyme. In the protein the flavins are possibly not in di

rect contact, but electrons seem to be transported . Contact between the two S-S bridges 

could be considered. One argument against a close contact between the two FAD molecules 

is that p is rather high. This indicates that the two flavins are located at such a dis

tance that no energy transfer among the two flavins occurs, which causes depolarization 

of the fluorescence I28I. The R -value characteristic for transfer between identical fla-
' ' o 

vin molecules is in the order of 14 A, which means that transfer should be very efficient 

if the distance between the two flavins is smaller than 14 8 |28 J - However if the two 

aromatic rings are more or less perpendicular oriented, energy transfer is unfavourable, 

although the two molecules can be positioned at a short distance |28|. 

It is needless to say that these arguments are rather speculative and that more experi

ments need to be performed. These experiments are in progress. 
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SAMENVATTING 

Dit proefschrift beschrijft enige eigenschappen van flavines, die door absorptie van 

licht in een hogere aangeslagen toestand zijn gebracht. Met snelle spectroscopische ap-

paratuur is onderzocht hoe en waardoor deze eigenschappen kunnen worden beinvloed. De 

verkregen resultaten zijn gepubliceerd in vier artikelen, die in dit proefschrift zijn 

opgenomen. 

Het eerste artikel beschrijft de toepassing van de laserphotolyse techniek op het flavine-

derivaat 3-methyllumiflavine. Direct na de laserpuls ontstaan drie species, die zich on-

derscheiden in hun optisch en kinetisch gedrag en in hun afhankelijkheid van de pH van 

de oplossing. De spectra van twee ervan kunnen worden toegekend aan de absorptiespectra 

van het flavine in de eerste aangeslagen singlet- en triplet-toestand. Argumenten worden 

aangevoerd om de derde species toe te schrijven aan een "photodimeer" van twee flavines, 

dat slechts in de aangeslagen toestand stabiel is. 

De tweede publicatie beschrijft de uitkomsten van een ander pulsexperiment. De vrije nu-

cleotiden FMN en FAD zijn bestraald met een gepulsde lichtbron, waarna de fluorescentie 

als functie van tijd en golflengte is bepaald. De intramoleculaire wisselwerking tussen 

het adenine- en isoalloxazine-gedeelte van FAD maakt het in theorie mogelijk, dat min-

stens twee conformaties, de open en de gesloten vorm, kunnen bijdragen aan de totale 

fluorescentie. Uit de analyse van de fluorescentie-afvalcurven van FMN en FAD in twee 

exponentiele termen, blijkt eenduidig dat alleen de meer geopende conformatie van FAD 

fluorescent is. De snelheidsconstante voor "complexvorming" in de aangeslagen toestand 

van FAD is bij verschillende temperaturen bepaald en hieruit is de activeringsenergie be-

rekend; deze bedraagt 5.5 kcal mol 

Een derde artikel bevat informatie, verkregen uit fluorescentie-experimenten, over de lo-

calisatie van het FAD en een andere fluorophoor, tryptophaan, in het flavoproteine lipo-

amide dehydrogenase. Er kunnen twee verschillende apoenzymen worden bereid, die zich on-

derscheiden in hun eiwitfluorescenties. In het holoenzym zijn metingen verricht aan stra-

lingsloze energie-overdracht van tryptophaanmoleculen naar het flavine. Op grond van een 

model kan worden vastgesteld, dat niet alle tryptophanen binnen het eiwitmolecuul hun 

excitatie-energie afstaan aan het flavine. Uit de experimentele gegevens is de afstand 

tussen een tryptophaan-flavine paar bepaald; deze bedraagt 13-16 A. 

De vierde publicatie beschrijft een onderzoek naar de tijdsafhankelijkheid van de fluores

centie van de tryptophaan- en flavineresiduen in lipoamide dehydrogenase. De waargenomen 

fluorescentie-afvalcurven zijn geanalyseerd in twee exponentiele bijdragen. Uit de analyse 

van de tryptophaan- en gesensibiliseerde flavinefluorescentie blijkt dat niet alle tryp

tophaanmoleculen bij de energie-overdracht naar het flavine zijn betrokken, zoals ook in 

het vorige artikel is aangetoond. De afstand tussen een tryptophaan-flavine paar, die uit 

deze experimenten is bepaald, bedraagt 15 A. Een nauwkeurige analyse van de fluorescentie-
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afvalcurven van de flavines, verkregen na directe aanslag, wijst uit dat de beide flavines 

niet-equivalente posities in het eiwit innemen. Een vergelijking met de levensduren van de 

FAD- en FMN-fluorescenties leert, dat bij 4 C een van de FAD's in een meer geopende vorm 

moet voorkomen (langste levensduur), terwijl de andere meer gevouwen is (kortste levens-

duur). 

Aanvullende experimenten zijn in een algemene discussie-sectie vermeld. De resultaten geven 

aanwijzingen dat electronen binnen de eiwitketen worden getransporteerd, mogelijkerwijze 

van het ene FAD- naar het andere FAD-molecuul. Dit zou consistent zijn met een verschil-

lende "input- en output-site" voor het enzym. 
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