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Time-Resolved Tryptophan Fluorescence in Flavodoxins 
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The time-resolved fluorescence characteristics of tryptophan in flavodoxins isolated from the bac- 
teria Desulfovibrio gigas, Desulfovibrio vulgaris, Clostridium beijerinckii, and Megasphaera els- 
denii were examined. The fluorescence decays were recorded using pulsed synchrotron radiation 
as the excitation source and time-correlated single-photon counting in detection. The results were 
analyzed as lifetime distributions using the maximum entropy method. Comparison of the fluores- 
cence decays of normal and flavin mononucleotide-depleted flavodoxins demonstrates that radia- 
tionless energy transfer from tryptophan to flavin occurs in all flavodoxins investigated. On 
comparing the lifetime distribution patterns of apo- and holoflavodoxins, it was noticed that a 
certain amount of apoprotein is present in all holoflavodoxin samples. The three-dimensional struc- 
ture of two flavodoxins allowed us to compare experimental with theoretical transfer rates and the 
results were in fair agreement. 

KEY WORDS: Flavodoxin; tryptophan fluorescence; resonance energy transfer; maximum entropy method; 
synchrotron radiation. 

INTRODUCTION 

Flavodoxins are relatively small proteins (14-23 
kDa) which promote the transfer of electrons between 
two redox proteins as part of photosynthetic, nitrogen- 
reducing, sulfate-reducing, or hydrogen-evolving sys- 
tems (see Ref. 1 for a review). The redox-active group 
is flavin mononucleotide (FMN) and the physiologically 
active redox states are the semiquinone and hydroqui- 
none forms of bound FMN. Flavodoxins are found in 
several aerobic and anaerobic bacteria and in some al- 
gae. The three-dimensional structure, in different oxi- 
dation states, has been determined for several flavodox- 
ins using X-ray crystallography and nuclear magnetic 
resonance [2-9]. From these structures rate constants of 
F6rster-type energy transfer between tryptophan residues 
and flavin can be calculated and compared with the val- 
ues experimentally determined from time-resolved tryp- 
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tophan fluorescence. This approach is possible for the 
flavodoxins from Desulfovibrio vulgaris containing two 
tryptophan residues [10] and from Clostridium beyer- 
inckii possessing three tryptophans [11]. In this paper 
time-resolved tryptophan fluorescence is examined for 
four flavodoxins. These flavodoxins all contain two to 
four tryptophans. A fluorescence decay analysis into dis- 
crete exponential components would be far too compli- 
cated to interpret the data. Because of this we analyzed 
the time-resolved tryptophan fluorescence data using the 
maximum-entropy method (MEM) [12,13]. In this way 
we could describe the results qualitatively and investi- 
gate common properties of different classes of flavodox- 
ins. 

MATERIALS AND METHODS 

Preparation of Flavodoxins 

Flavodoxins from Desulfovibrio gigas, Desulfovi- 
brio vulgaris, Clostridium beijerinckii, and Megas- 
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phaera elsdenii were purified as described earlier [14- 
18]. The flavodoxins were dissolved in 0.1 M KPi, pH 
7.0, at protein concentrations of 10 gM. Apoflavodoxins 
were prepared as described by Wassink and Mayhew 
[19]. Measurements were performed at temperatures be- 
tween 4 and 30~ 

Time-Resolved Tryptophan Fluorescence 
Measurements 

Fluorescence decay measurements were performed 
at beamline 32 of the MAX synchrotron in Lund, Swe- 
den [20]. The instrumental response function amounted 
to 95 ps at full width of half-maximum. Apo- and hol- 
oflavodoxins were excited at 300 nm, and the fluores- 
cence was detected using KV337 cutoff and OG330 
ban@ass filters (Schott, Mainz, Germany). The fluores- 
cence decay was analyzed in terms of continuous life- 
time distributions by means of the MEM [12,13,21]. 
This method has been shown to resolve nearby expo- 
nentials in mixtures o f  two compounds (either real 
mixtures or simulated cases) [22]. 

RESULTS AND DISCUSSION 

As an example the fluorescence decays of Cl. bei- 
jerinckii, apo- and holoflavodoxin are presented in Fig. 
1. This flavodoxin contains three tryptophan residues 
rather close to FMN. It is obvious that the fluorescence 
of holoflavodoxin initially decays much faster than that 
of apoflavodoxin (note that the intensity scale is loga- 
rithmic). For D. vulgaris flavodoxin this behavior has 
been ascribed to energy transfer from the excited tryp- 
tophan to the flavin acceptor, leading to drastic short- 
ening of the decay [10]. It can also be seen in Fig. 1 
that a much slower decay is present in the holoprotein. 
This slower decay has been ascribed to an excited-state 

reaction [10] which was more pronounced at longer 
emission wavelengths. 

Because of the complexity of a multitryptophan 
protein system undergoing both energy transfer and ex- 
cited-state reaction, the fluorescence decay kinetics of 
the apo- and holoflavodoxins were analyzed with the 
MEM. This representation of decay data can be consid- 
ered as Laplace transform from the time domain to the 
lifetime domain. The patterns thus obtained allow for a 
qualitative description of the decay experiments taking 
into account only the information that is really contained 
in the data. The results of the MEM analyses are shown 
in Fig. 2. The MEM plots are shown both as amplitude 
(e 0 versus lifetime (,r) (Fig. 2A) and as orr versus -r (Fig. 
2B), the latter format representing fluorescence intensity 
versus -r. The fluorescence decays of holoflavodoxin 
contain one major distribution at a relatively short life- 
time and a few less intense components at longer life- 
times. The most pronounced feature in the decays of 
apoftavodoxin is the absence of the intense short-lifetime 
distributions compared to holoflavodoxin (the unresol- 
ved, small distribution at short lifetimes may be due to 
the presence of a small amount of holoflavodoxin es- 
caping the conversion into apoprotein). The barycenter 
of this intense lifetime distribution (Zot?r/Z~ i calculated 
over this distribution) in D. vuIgaris flavodoxin is po- 
sitioned at about 750 ps, which perfectly matches the 
lifetime calculated in the case of energy transfer from 
the 1L a state of the remote tryptophan donor (Trpl40) to 
the ravin acceptor [10] (see Fig. 3). In the Desulfovibrio 
holoflavodoxins there are also small contributions of 
shorter and longer lifetimes compared to the main dis- 
tribution. The shorter distribution, between 50 and 100 
ps, may arise from energy transfer from the proximal 
tryptophan to the flavin. We return to this point below. 
The two longer distributions observed in the holoprotein 
can be briefly explained as follows. The longest lifetime, 
about 6 ns, is present in all flavodoxins to a varying 
extent and it may be connected to an excited-state re- 
action alluded to previously [10]. The peak at a shorter 
time (2-3 ns) is at exactly the same position as for the 
apoprotein. It is therefore likely that this distribution is 
due to some apoflavodoxin present in the holoflavodoxin 
preparation. During isolation and purification of flavo- 
doxin, some FMN is dissociated, leading to apoprotein 
which is copurified. Estimates of the relative amount of 
apoprotein can be obtained from an analysis of the dis- 
tribution pattern. Results of these analyses indicated that 
3.9% of the Desulfovibrio flavodoxin preparations orig- 
inates from apoprotein. It is onr conviction that this de- 
tection method for the presence of apoprotein is unique, 
sensitive, and quantitative. 
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Fig. 2. Max imum entropy analyses of  apo- and holoflavodoxins (at 20~ (A) a versus T. (B) aT versus T. Dg, D. gigas flavodoxin; Dv, D. vulgaris 
flavodoxin; C1, C1. beij'erinckii flavodoxin; Me, M. eIsdenii flavodoxin. The quali ty of  the fits was exce l len t  1.00 < X 2 -< 1.07. The arrows in the 

l ifetime distribution of  holoflavodoxin correspond to the main distribution in apoflavodoxin. 

The intense distribution in Cl. beijerinch'i holofla- 
vodoxin is located at about 35 ps. Since this flavodoxin 
contains three tryptophan residues in close proximity to 
the flavin, more efficient energy transfer is expected. 
This results in a fluorescence lifetime which is shorter 
than in D. vulgaris flavodoxin. In the temperature range 
used (4-30~ the barycenter of the lifetime distribution 
is hardly influenced, which is in agreement with energy 
transfer as a temperature-independent decay process. 
Furthermore, it was found that a large change in relative 
viscosity of the holoflavodoxin samples did not influence 
the position or lifetime distribution of the short lifetime 
(data not shown), again indicating that the short fluores- 
cence lifetime originates from energy transfer. The life- 
time distribution pattern ofM. elsdenii flavodoxin shows 
a close similarity to that of Cl. beijerinckii flavodoxin. 
A comparison of the fluorescence decays of apo- and 
holoflavodoxins from the latter two sources indicates the 
presence of a certain amount of apoflavodoxin (4.2%) in 
the holoflavodoxin samples. 

On the basis of the tryptophan fluorescence decay 
characteristics, the four flavodoxins can be divided into 
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Table I. Fluorescence Lifetimes as a Result of Tryptophan-to-Flavin 
Energy Transfer Calculated for D. vulgaris and Cl. beijerinckii 

Flavodoxins 

Donor --> Acceptor "rer (ps) 

D. vulgaris Trp60 (~L~) FMN 0.32 
Trp60 (~Lb) FMN 6.4 
Trpl40 (aL~) FMN 750 
Trpl40 (1Lb) FMN 5300 

C1. beijerinckii Trp6 (IL,) FMN 15.6 
Trp6 (~Lb) FMN 400 
Trp90 (~L,) FMN 0.70 
Trp90 (~Lb) FMN 0.02 
Trp95 (ILa) FMN 15.4 
Trp95 (~Lb) FMN 101 

two groups: one group (called the rubrum class) consists 
of the two Desulfovibrio flavodoxins possessing a re- 
mote tryptophan residue about 20 A from the flavin 
(leading to a longer average lifetime), and the other 
(called the pasteurianum class) of the Cl. beijerinckii 
and M. elsdenii flavodoxins both having all tryptophan 
residues clustered together in the flavin active site (lead- 
ing to a much shorter fluorescence lifetime because of 
efficient energy transfer). This division is rather arbi- 
trary, but in accordance with division into main classes 
based on other properties of flavodoxins, such as spec- 
troscopic characteristics, redox potentials, molecular 
weights, intermolecular electron transfer, and ability to 
bind riboflavin instead of FMN (for a recent survey see 
Ref. 23). 

Finally, we wish to relate the F6rster rate of trans- 
fer, which can be derived from the geometric parameters 
(orientation factor and distance) for each tryptophan-fla- 
vin couple in flavodoxins of known three-dimensional 
structure, such as those from D. vulgaris and Cl. beijer- 
inckii, with the experimental rate as reflected by the 
short (reciprocal) lifetime distribution in the holoprotein. 
It is assumed that energy transfer can occur from both 
~La and 1L b states of tryptophan to the (second) absorp- 
tion transition moment of the flavin; in other words, 
rapid interconversion between both electronic excited 
states of tryptophan is not taken into account [24]. The 
other assumption is that intertryptophan energy transfer 
also does not take place. Furthermore, only F6rster trans- 
fer is considered, and not Dexter-type energy transfer or 
electron transfer, in Table I we summarize the expected 
fluorescence lifetime, %T, as a result of tryptophan-to- 
flavin energy transfer, for each tryptophan residue in 
both flavodoxins (these results have been evaluated in 
Refs. 10 and 11). For clarity the energy transfer life- 
times, "fEZ, presented in Table I are plotted together with 

the lifetime distributions of both flavodoxms in Fig. 3. 
Given the crude approximations, the correlation with ex- 
periment is reasonable. Femtosecond lifetimes are, of 
course, beyond the scope of these experiments, but the 
remaining lifetimes correspond fairly well with the life- 
time distributions measured. Therefore, we can infer that 
the observed lifetime barycenters do have a physical 
meaning. 

CONCLUSIONS 

As clearly demonstrated, the fluorescence of all hol- 
ofiavodoxins decays more rapidly than that of apofla- 
vodoxins. Maximum entropy analyses show that this 
difference is the result of a major short fluorescence life- 
time distribution which is detected only in holoftavo- 
doxins. Comparison with calculated results in flavodox- 
ins of known structure indicates that this distribution 
originates from efficient energy transfer from tryptophan 
to flavin. 

The fluorescence distribution found in the apofla- 
vodoxins is always present to some degree in the holo- 
flavodoxins. This can be explained by a small amount 
of copurified apoprotein in the holoflavodoxin samples. 

Based on the barycenters of the main fluorescence 
lifetime distribution of the flavodoxins, the division of 
flavodoxins into two main classes is confirmed. 
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