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Abstract. 3-methyl dihydroflavin (3-me-FlredH2) and ethylenediaminetetra- 
acetic acid (EDTA) aggregate spontaneously in aqueous solution to form 
clusters in a cooperative manner (Hill coefficient nat = 2.0), exhibiting a 
typical critical micelle concentration (cmc). These clusters can be detected 
either by Rayleigh-scattering, or by a newly formed broad absorption band 
extending beyond 1,700 nm. Based on measurements of the temperature 
dependency, the free energy of cluster formation was determined to be as 
low as AG = -48  KJ �9 mo1-1, suggesting the presence of 5 -10  hydrogen 
bonds per cluster. The aggregation requires pH's below 6.5, which is 
assumed to reflect the NI-pK of 6.5 of free flavins: the anionic form of 
dihydroflavin prevents clustering. In addition, cluster formation is observed 
only, if a hydrophobic (methyl-)group is bound to the N3 of the flavin 
nucleus. This feature has not been observed previously and - as a model 
reaction - might bear some significance for the coenzyme-apoprotein 
interaction in flavoprotein catalysis in general. 
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Introduction 

Oxidized flavin, i.e., flavoquinone, is the best known redox state of flavins, 
irrespective of its limited biological relevance compared to other flavin redox 
states. However, almost all known biological functions of flavin involve the fully 
reduced species, i.e., 1,5 dihydroflavin (flavohydroquinone), shuttling between 
Flred and F1 ~ or between Flred and Flox (Hemmerich 1976; Bruice 1976). 

The roughly 100 flavoproteins known today are mainly concerned with three 
important areas of oxidative metabolism: (i) dehydrogenation, (ii) O2-activation 
and (iii) single electron transfer (Massey and Hemmerich 1980). Some of them 
contain FMN (flavinmononucleotide), but most FAD (flavinadenindinucleo- 
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tide) as a highly anisotropic, tightly bound prosthetic group (k d < 10 -s M). 
Steric restrictions, as imposed by the apoprotein, are able to control the specifc 
interactions with the flavin redox partners, giving rise to the various enzyme 
activities (e.g., Blankenhorn 1978; Watenpaugh et al. 1973). 

Consequently, the study of the specific flavoenzyme (red0x-) mechanisms 
demands a more detailed knowledge of fiavin/protein interaction. Under this 
aspect, the "cluster effect" described below provides a valuable piece of 
information. 

Materials and Methods 

Chemicals 

Lumiflavins and lumifiavin-3-acetic acid were kind gifts from Dr. P. Hemmerich, 
Konstanz. 

Flavin mononucleotide (FMN) and 3-methyl-lumiflavin were obtained from 
Hoffmann La Roche. Flavin adenine dinucleotide (FAD, 24544 and D20 
(8514169) were obtained from Merck, Darmstadt. 3-methyl-lumiflavin was 
recrystallized from acetic acid/water (9 : 1), dried over KOH at 100 ~ C, 1.3 Pa. 
The purity of all flavins was tested by TLC (2-butanone/chloroform/methanol 
= 3/4/6), and by determination of the extinction coefficient in water (e450 = 
12,200 M -1- cm-1). Nitrilotriacetic acid (NTA, NI 068) was obtained from 
Schuchardt, Mfinchen, ethylenediaminetetraacetic acid (EDTA) from Merck, 
Darmstadt, either solubilized (0.1 M Titriplex III, 8431) or in solid form 
(Titriplex III, 4818). Sodium oxalate (2579058) was purchased as well from 
Merck. pH's were adjusted as follows (0.01 M): pH 2/3, sulfate; pH 4/5, acetate; 
pH 6/7/8, phosphate; pH 9/10/11, borate; pH 12, phosphate. These suspension 
media are photochemically inert. Except as indicated otherwise, the experi- 
ments were performed at 20 + 0.5 ~ C. 

Spectroscopy 

Absorption spectra extending up to 1,700 nm (upper limit of the monochro- 
mator) were measured with a Cary 14; all other spectra (at room- and liquid 
nitrogen temperature) with a homemade, computerized single beam spectro- 
photometer (available wavelength range from 320 to 1,000 nm), and stored on 
magnetic tape (Schmidt 1982b). Rayleigh-scattering was measured with a JY3CI 
fluorimeter (Jobin Yvon), on-line with a Hewlett Packard 9825 A desk-top 
computer (Schmidt 1981): the excitation wavelength was set to 350 nm, emission 
was monitored from 330 to 370 nm, and the peak height was taken as scattering 
amplitude (cf. Fig. 3). The flavin was progressively photoreduced in the 
presence of EDTA (cf. Schmidt and Hemmerich 1981), NTA or oxalate, and its 
redox state assayed by the 450 nm absorbance (Fig. 1). The experiments were 
performed under anaerobic conditions, which were achieved by extensive 
deaeration of the sample with argon. If mechanical reproducibility was essential 
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as for the measurement shown in Fig. 1, the sample was kept in the thermostated 
cuvette holder, and irradiated successively by means of a light fiber (KL 1512, 
Schott and Gen, Mainz; caution was taken not to touch the cuvette; simply 
removing the cuvette and placing it back into the cuvette holder causes small 
offsets in optical density). This, in turn, was connected to a Prado Leitz projector 
(250 W, 24 V) with a water filter for heat absorption and a broad band blue glass 
filter in between, yielding a light intensity of 180 W.  m -2. 

Results 

While studying the photoredoxreaction of vesicle-bound flavins (Schmidt and 
Hemmerich 1981), we observed a peculiar effect not reported before: At a 
relatively low concentration of 3-me-LF1 (3.8 x 10 -5 M) and EDTA (! 0.3 M) 
the usual absorption spectra of flavoquinone and flavohydroquinone are 
observed, with virtually no absorption above 520 nm (Fig. 1A). However, at 
[3-me-LF1] = 10 -4 M, [EDTA] = 5 x 10 .2 M and pH -- 2. we observed the 
development of a broad, weak absorption band upon successive photoreduction, 
which was reversible upon oxygen admission (Fig. 1B). With the spectroscopic 
equipment available to us (Cary 14) we found still half the absorption of this 
band at 1,700 nm (e = 1,200) left, compared to the absorption at 540 nm 
(e = 2,460) (Fig. 2). A clearcut isosbestic point at 491 nm suggests that this 
newly developed extinction is essentially due to absorption rather than 
scattering. This is further supported both by the employed "end-on" photo- 
multiplier arrangement (collecting 1,000 times more scattered light than with 
common double beam instruments; Schmidt and Hemmerich 198t; Schmidt 
1982 b), and the liquid nitrogen temperature spectrum (Fig. 1C). At this 
temperature (the sample is not glassy but highly turbid) the extinction is largely 
due to scattering. However, after subtraction of the baseline (generated by the 
same volume of frozen buffer) the isosbestic point remains (even if hyposo- 
chromically shifted, as expected), as well as the absorption band. 

Nevertheless, the development of this broad-banded absorption upon 
successive photoreduction is accompanied by increasing scattering capability, 
which again is reversible upon reoxidation (Fig. 3). This is taken to reflect 
aggregation of single molecules to larger particles ("clusters"). However, it 
proved impossible to determine the particle size simply by scattering data, since 
the well-known formula requires knowledge of the particle concentration (which 
must be determined by another procedure). 

In the presence of a fixed concentration of EDTA (2 x 10 .2 M, pH = 5), 
increasing the concentration of 3-me-LF1 gives rise to increasing scattering 
capability (Fig. 4; due to the large effect, scattering is plotted as logarithm of the 
ratio of the scattering signals of the reduced/oxidized systems; the scattering of 
the oxidized form is low and largely independent of the flavin or EDTA 
concentration, and can therefore be used as the basis for normalization). A 
relatively strong isotope elect is observed in D20 (Fig. 4, marked point, A G is 
3% smaller than in H20). 
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Fig. 1A-C. Absorption spectra of 3-me-lumiflavin in the presence of EDTA at various levels of 
anaerobic photoreduction. A [3-me-LF1] = 38 x 10 .6 M; [EDTA] = 10 .3  M;  20 ~ C,  pH = 8; lowest 
curve: fully reduced species. B [3-me-LF1] = 10 .4 M; [EDTA] = 5 x 10 .2 M; 20 ~ C, pH = 2; lowest 
curve at 450 nm: fully reduced form. Dashed line: spectrum after reoxidation by admittance of air. C 
Same condition as in (B), except T = 196 ~ C. After partial anaerobic photoreduction the sample was 
frozen to liquid nitrogen temperature thereby becoming highly turpid (due to handling, part of the 
flavin was reoxidized prior to reaching -196 ~ C, lower curve at 450 nm) 

A similar dependency  of the scattering signal was de t e rmined  as a funct ion  of 
the E D T A - c o n c e n t r a t i o n ,  keeping  the 3-me LF1 concen t ra t ion  fixed at 7 x 10 -5 
M, p H  -- 5 (Fig. 5). E v e n  at vanishing E D T A - c o n c e n t r a t i o n s ,  in the reduced  
form of flavin there  remains  some excess scat ter ing over  the oxidized form. 
Plot t ing these data  in a Hill-plot reveals a Hill coefficient as high as n/_/= 2.0, 
reflecting significant cooperat ivi ty.  This is in good ag reemen t  (i) with the replot  
of the scat ter ing data  of Fig. 3 (Fig. 6 B),  and  (ii) with the absorp t ion  data  at 540 
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Fig. 2. Absorption spectrum of (3.8 x 10 -5 M) 3-me-lumiflavin in the presence of EDTA (1.5 x 10 -2 
M) at various levels o f  anaerobic photoreduction; pH 5,  20 ~ C, as measured with a Cary 14 
spectrophotometer up to 1,700 nm (highest wavelength available) 
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Fig. 3. Rayleigh scattering of a sample containing 5 x 10 -5 M 3-me-LFl and 1.5 x 10 -2 M EDTA, pH 
= 5, at various degrees of (anaerobic) photoreduction (for details see materials and methods). After 
reoxidation of the sample by admission of air the scattering attains nearly the original level (dashed 
line) 

nm as in Fig. 1 (Fig. 6 A), as a function of the redox state of the ravin: In case of 
a non-cooperative cluster formation linear dependencies would result, as 
indicated by the dashed lines in Fig. 6. However, the actual data clearly reflect 
what can be termed "critical micelle concentration" (cmc), in a reversible 
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Fig. 4. Dependence of scattering (at 350 nm) of the reduced 3-me-LF1/EDTA system on (3-me-LF1) 
in H20; pH = 5, (EDTA) = 2 x 10 -2 M. A relatively strong isotope effect is observed in D20 (fat 
point). Due to the large effect, scattering is presented as logarithm of the ratio of the scattering 
amplitudes of reduced/oxidized forms. At  highest Rayleigh scattering (factor 315 of red/ox) the 
sample still looks completely clear to the naked eye 

1.5 

1M N o % J  

05 " "/21eLFL 
~" - " ............................... "'"'"" '~NTA LF[.,~ I 

0 I l i i ~ , i Jl r , , , i , ~ ~ I 

10-3 10 -2 10 -1 
EDTA [H] 

Fig. 5. Dependence of scattering (at 350 nm) of the reduced 3-me-LFI/EDTA system on EDTA ( t ) ,  
NTA (~)  and oxalate (I~), pH = 5. Lumiflavin-3-acetic acid, FMN and (3 H-) lumiflavin results in no 
clustering effect [(F1) = 7 x 10 -5 M]. 1 M NaC1 ( I )  has no effect on the scattering amplitude of the 
3-me-LF1/EDTA-System. A Hill plot of these data exhibits a Hill coefficient of nH= 2., representing 
significant cooperativity. Even in the absence of EDTA (or any other constituent electron donor) 
there remains excess scattering of the reduced over the oxidized system by a factor of 1.4, reflecting 
some aggregation of dihydroflavin by itself (cf. Massey and Palmer 1962) 
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Fig. 6. A Absorbancy, B Rayleigh 
scattering (%) of the 3-me-LFI/EDTA 
complex as a function of the flavin redox 
state (%), (11), adjusted by successive 
photoreduction, pH = 5, 8 x 10 -5 M 
flavin, 1.4 x 10 -2 M EDTA. After 
reoxidation by air the marked points (Q) 
are obtained, cmc: "critical micelle 
concentration". The dashed lines indicate 
the linear dependency expected for a 
non-cooperative aggregation mechanism 

manner.  Flavins bearing a hydrogen atom (LF1, FMN, FAD;  5 x 10 -5 M) or a 
hydrophilic group at positon N3 (LF1-3-acetic acid) do not exhibit significant 
excess scattering in the reduced form. Similarly, N TA  or oxalate (both relatively 
good electron donors for flavin triplets as is E D T A )  have no effect. On the other 
hand, the cluster formation of 3-me-LF1 and E D T A  appears to be non-ionic, 
since it is completely independent of the ionic strength (1.M NaC1 has no 
influence, Fig. 5). 

The extent of scattering signal decreases sharply at pH's  higher than 6.5 (7 x 
10 -5 M 3-me-LF1, 2 x 10 .2 M EDTA;  data not shown). Most likely this reflects 
the involvement of the NI-pK of 6.5 of dihydroflavin in the aggregation process 
(cf. Schmidt 1980). 

Finally, the measured free energy of cluster formation of AG = -48 .  
KJ �9 mo1-1 is equivalent to only 5 - 1 0  hydrogen bonds per cluster (Arrhenius 
plot not shown) . . . .  

Undoubtedly,  light in the presence of E D T A  as electron donor - under the 
exclusion of oxygen - is the cleanest procedure to reduce flavoquinone. In order 
to test for the possibility whether photoreduction is a prerequisite for the 
clustering process to occur, 3-me-LF1 was reduced anaerobically with stoichio- 
metric amounts of dithionite prior to the addition of E D T A  in the "dark" (red 
safe light). Obviously, the aggregation of E D T A  and 3-me-LF1 took place, as 
well (results are not shown). 
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Discussion 

It has been known for some decades that dihydroflavin is considerably less 
soluble in aqueous solution than flavoquinone (cf. Beinert 1960). This very 
characteristic of the "leuco form" has been utilized for the selective precipitation 
of riboflavin in the industrial production (Hickey 1946). 

Dihydroflavin is by no means colorless (Beinert 1960), as usually implied. 
Concentrated solutions exhibit absorbance up to 560 nm, and arl isosbestic point 
near 520 nm with flavoquinone (Massey and Palmer 1962) which gives them a 
reddish, color. However, this is only observed below p H -  6, i.e., with the 
neutral form of the molecule, not with the anion (quite similar to the clustering 
phenomenon described in this paper). Massey and Palmer (1962) and Gibson et 
al. (1962), explained this coloration of FMNH2 in H20 with the formation of 
sandwich polymers. However, since Dudley et al. (1964) observed a similar 
"endabsorption" in chloroform, this explanation appeared to be at least 
incomplete (Dudley et al. 1964). 

However, we hesitate to adopt these concepts concerning the clustering 
phenomenon described here. The absorption of the 3-me-lumiflavin/EDTA 
clusters extends far beyond the hitherto known endabsorption of dihydroflavin 
(> 560 nm); moreover, EDTA as a binary component is indispensable for 
clustering. Nevertheless, particle size and long wavelength absorption appear to 
be concomitant (Fig. 6), i.e., the absorption is due to intermolecular interaction 
of flavin and EDTA, rather than a property intrinsic to flavin. In addition, the 
structure of EDTA appears to be essential, since NTA (having a very similar 
structure) shows no effect. The methyl group at N3 of the flavin appears to be 
essential, as well: Seeming inconsistent with these findings, flavins with a methyl 
group at N3 are generally more soluble in water (Hemmerich, personal 
communication). 

Classical charge transfer (as known to occur between semiquinone and 
dihydroflavin or between dihydroflavin and flavoquinone as described earlier; 
cf. Gibson et al. 1962) also appears not to be a plausible explanation: The effect 
described here is maximal at the fully reduced state of flavin (not in the 
halfreduced state), and the presence of EDTA is prerequisite. What is the 
electron donor? What the acceptor? Why does only dihydroflavin exhibit such a 
strong clustering effect rather than the more electron-deficient oxidized form? 
Finally, the cluster contains more than two individual molecules, as required for 
a charge transfer complex. 

At present we have no unequivocal explanation of this problem, but a 
clearcut effect remains, and surely reflects a structural (and mechanistic?) 
feature of a biologically important coenzyme: flavin. 

There is overwhelming evidence that the ubiquitous bluelight photoreceptor 
responsible for many physiological light responses is a membrane-bound flavin 
(cf. Schmidt 1982a). Recently Hertel et al. (1980) demonstrated that riboflavin 
and a still unknown flavin termed "FX" is specifically bound to membranes 
derived from plasmalemma and endoplasmatic reticulum, especially in their 
reduced forms. On this basis they hypothesize that this redoxdependent 
interaction might be essential for the Primary photoprocess. This feature and the 
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clustering effect described here might well reflect different aspects of the same 
phenomenon. 
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Note added in proof 
Most recently S. Ghisla in this laboratory obtained the final proof by in vitro synthesis that FX is 
identical with 5'-malonic acid riboflavin ester (Ghisla, personal communication) 
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