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Intramolecular Electron Transfer in Chlorobium thiosulfatophilum 
Flavocytochrome cy 

Gordon Tollin,* Terrance E. Meyer, and Michael A. Cusanovich 

ABSTRACT: The electron-transfer reactions of photoproduced 
lumiflavin semiquinone and fully reduced lumiflavin with 
oxidized Chlorobium thiosulfatophilum flavocytochrome c 
have been studied by using laser flash photolysis. The Chlo- 
robium flavocytochrome c contains one heme and one flavin 
per M, 50000, and thus the possibility exists for intramolecular 
electron transfer. We find a complex kinetic pattern which 
is consistent with the transient formation of a spectrally 
perturbed protein-bound flavin semiquinone which transfers 
an electron intramolecularly to the heme (k = 1 X 103-1.8 
X lo3 s-l for the neutral semiquinone, depending upon the pH). 
Evidence is presented that electron transfer from exogenous 
lumiflavin to the heme moiety occurs through the protein- 
bound flavin. We have also performed redox titrations which 

I n  a recent publication (Cusanovich & Tollin, 1980) kinetic 
studies of electron transfer from fully reduced lumiflavin 
(LFH-) and lumiflavin semiquinone radical (LFH.) generated 
by laser flash photolysis to Chromatium vinosum cytochrome 
c-552 (flavocytochrome c)  were reported. This cytochrome 
is representative of a class of low-potential flavin-containing 
heme proteins which have been isolated from four species of 
purple and green phototrophic bacteria (Bartsch, 1978). It 
was found that both the heme and flavin moieties of Chr. 
vinosum flavocytochrome c were reduced simultaneously on 
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determine the midpoint potentials of the heme and flavin 
prosthetic groups at various pH values and the pK values for 
the semiquinone (6.4) and fully reduced flavin (6.1). Thus, 
at pH 7, the semiquinone is predominantly in the anionic form 
at equilibrium. The reactions of Chlorobium flavocytochrome 
c with photoreduced lumiflavin are similar to those previously 
found with Chromatium vinosum flavocytochrome c [Cusa- 
novich, M. A., & Tollin, G. (1981) Biochemistry 19, 
3343-33471 in that a protein-bound flavin semiquinone is an 
intermediate in the pathway of reduction. However, the rate 
constants are substantially different. As a class, the flavo- 
cytochromes c appear to operate by analogous mechanisms 
involving rapid intramolecular transfer between the heme and 
flavin moieties. 

a millisecond time scale, with the transient formation of a 
protein-bound flavin anion radical. Further, studies on the 
redox process following photolysis of the CO-ferrocytochrome 
complex in which the flavin was partly oxidized established 
that intramolecular electron transfer from ferrous heme to 
oxidized flavin occurred with a first-order rate constant of 
greater than 1.4 X lo6 s-l. 

Cytochrome c-553 from Chlorobium thiosulfatophilum is 
also a member of the low-potential flavin-containing cyto- 
chrome class discussed above. However, this protein contains 
one heme and one flavin per Mr 50000, as opposed to two 
hemes and one flavin for the Chr. vinosum flavocytochrome 
(Bartsch et al., 1978). In addition, the midpoint oxidation- 
reduction potential of the Chlorobium flavocytochrome is 
approximately 100 mV compared to 35 mV for the Chro- 
matium protein (Bartsch et al., 1978; Meyer et al., 1968; 
Vorkink, 1972). Recent studies (Kusai & Yamanaka, 1973; 
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Fukumori & Yamanaka, 1979 have suggested that both the 
Chromatium and Chlorobium flavocytochromes can function 
as sulfide dehydrogenases. 

In order to extend our previous studies (Cusanovich & 
Tollin, 1980) and to obtain additional information on intra- 
molecular electron transfer in this class of enzymes, we have 
investigated the reduction of Chlorobium flavocytochrome c 
by photoreduced lumiflavin (both fully reduced and semi- 
quinone). As will be demonstrated below these studies have 
allowed us to directly measure intramolecular electron transfer 
from the flavin to the heme moiety of this protein. 

Experimental Procedures 

Chlorobium thiosulfatophilum strain Tassajara cytochrome 
12-553 (flavocytochrome c) was prepared as described by Meyer 
et al. (1968). The cytochrome used had a flavin/heme ab- 
sorbance ratio, A,,5/A525nm = 1.50, typical of the native 
protein (Meyer & Bartsch, 1976). All experiments were 
conducted anaerobically in cuvettes sealed with serum stoppers 
which were deaerated by bubbling with water-saturated argon 
gas. The buffer used for the experiments was 20 mM po- 
tassium phosphate, 10 mM ethylenediaminetetraacetic acid 
(EDTA), and 20 pM lumiflavin, pH 7.0, and the temperature 
was 25 "C. Laser photoexcitation was carried out with a 
nitrogen laser-pumped dye solution [2,5-bis[2-(5-tert-butyl- 
benzoxazolyl)] thiophene, A- 436 nm], as described previously 
(Cusanovich & Tollin, 1980). The detection apparatus was 
also as described previously (Tollin et al., 1979; Cusanovich 
& Tollin, 1980). The relevant redox and protonation reactions 
(Holmstrom, 1964; Vaish & Tollin, 1970, 1971) for free lu- 
miflavin are as follows: 

LF 

EDTA 
h v l  (pho to reduc t i on )  

Ht 
* LF + LFH- LFH. 

LFH- 

radical  
(d i sp ropor t i ona t ion )  fully reduced (anion) 

4 1  

T O L L I N ,  M E Y E R ,  A N D  C U S A N O V I C H  

I l l  I l l  I l l 1  I /  

H ~ ( ~ K ,  = 6 . 2 )  I- 
LF-. LFH2 

anion rad ica l  fu l ly  r e d u c e d  ( n e u t r a l )  

The generation of LFH. by the laser pulse occurs in <1 ps, 
whereas the half-time for the disproportionation reaction is 
several hundred microseconds (depending upon conditions). 
Thus, electron transfers from LFH. and LFH- to the flavo- 
cytochrome are well separated in time and can be followed 
independently (Ahmad et al., 1981). For the experimental 
conditions used, the time resolution of the apparatus was 1 .O 
ps (limited by scattering and fluorescence artifacts), and 
typically eight flashes were averaged in each experiment. 
Oxidation-reduction titrations were carried out anaerobically 
by using the FeEDTA couple as described previously (Meyer, 
1970). 

Results 
Figure 1 presents the reduced minus oxidized difference 

spectrum for Chlorobium flavocytochrome c (solid line). As 
can be seen, at wavelengths above 500 nm the difference 
spectrum is typical of C-type cytochromes. However, below 
500 nm a loss of absorbance is observed due in large part to 
reduction of the flavin moiety. When a solution containing 

.,+ i 
480 190 500 510 52C 530 540 5M 560 570 584 590 

A h )  

FIGURE 1 : Flavocytochrome c, reduced minus oxidized spectra. (Solid 
line) R e d u d  minus oxidized spectra; (open circles) total absorbance 
change following flash (absorbance at t = infinity minus absorbance 
prior to flash); (filled circles) absorbance change just after flash minus 
absorbance prior to flash. Buffer: 20 mM potassium phosphate, 10 
mM EDTA, 20 pM lumiflavin, pH 7.0, 25 OC. The difference 
spectrum was normalized to the total absorbance change observed 
at 567 nm. 

I E 
i - 

FIGURE 2: Reduction of flavocytochrome c by photoreduced lumiflavin. 
The signals were in volts and are presented on the same scale. Except 
for curve 3 in part A, the average of eight flashes is given. The buffer 
was 20 mM potassium phosphate , 10 mM EDTA, 20 pM lumiflavin, 
pH 7.0. Flavocytochrome c, 1 1  p M ,  25 OC. (A) Kinetics at 600 nm. 
(Curve 1) Time increment 0.59 ms/division; (curve 2) time increment 
5.9 ms/division; (curve 3) time increment 0.59 ms/division, no 
flavocytochrome, 16 flashes. (B) Kinetics at 553 nm. (Curve 1) Time 
increment 5.9 ms/division; (curve 2) lumiflavin omitted. 

lumiflavin, EDTA, and the flavocytochrome is subjected to 
laser flash photolysis to produce lumiflavin semiquinone rad- 
ical, complex kinetics are observed. Typical kinetic traces at 
pH 7.0 are presented in Figure 2 for the reaction monitored 
at two different wavelengths. At 600 nm, a species is formed 
during the flash (initial fast rise) which rapidly decays (Figure 
2A, curve 1). This would be expected for the formation and 
disproportionation of the lumiflavin neutral semiquinone 
radical (2LFH. - LF + LFH- + H+) (Vaish & Toilin, 1971). 
Also, as would be expected if LFH- reduction of flavo- 
cytochrome c were occurring (Ahmad et al., 1981), at later 
times a small net decrease in absorbance is observed (Figure 
2A, curve 2) due to heme reduction (see Figure 1). However, 
laser flash photolysis of an identical solution but in the absence 
of flavocytochrome c yields a positive transient signal of smaller 
size and with a much slower decay (Figure 2A, curve 3) which 
does not terminate below the base line (note that the signal 
displayed in curve 3 of Figure 2A was obtained with twice as 
many flashes as that in curve 1; see below). Moreover, the 
decay observed in the absence of cytochrome is second order, 
consistent with disproportionation, whereas the decay observed 
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FIGURE 3: Kinetics a t  600 nm. (A) Plot of In A.4 vs. time. (0) Data in Figure 2A, curve 1; (X) data  in Figure 2A, curve 3.  (B) Plot of . .  
l/AA vs. time. Symbols a s  in part A. 

in the presence of cytochrome is first order. These differences 
are shown in Figure 3 where the data from curves 1 and 3 from 
Figure 2A are plotted for both pseudo-first-order (Figure 3A) 
and second-order (Figure 3B) kinetic processes. It is apparent 
therefore that the rapidly decaying transient species which is 
generated by the laser flash (as observed at 600 nm) has a 
larger signal amplitude and altered decay kinetics compared 
with those of the lumiflavin semiquinone formed in the absence 
of flavocytochrome c. The size of the 600-nm transient is 
dependent upon the amount of heme reduced prior to the flash, 
Le., the more heme reduction, the smaller the signal. By 
measuring the amount of signal produced by successive laser 
flash experiments on the same sample, and at the same time 
spectrophotometrically measuring the amount of heme re- 
duction which occurred, we can obtain a value for the signal 
size at zero heme reduction by extrapolation. Correcting this 
for the decrease in the amplitude of the lumiflavin semiquinone 
signal caused by absorption of laser exciting light by the fla- 
vocytochrome (this was determined to be approximately 50% 
by attentuating the laser beam with an 11 pM solution of the 
flavocytochrome), we estimate that the size of the 600-nm 
transient signal is 5-6 times larger than that due solely to 
lumiflavin semiquinone. Since the concentration of this species 
cannot be larger than that of LFH. [and, in fact, must be 
smaller since sufficient free LFH. exists to allow dispropor- 
tionation to form LFH- to be a significant pathway (see 
Discussion)], its extinction coefficient must be at least 5-6 
times larger than that of LFH.. 

The fast decay observed at 600 nm has a first-order rate 
constant which is independent of flavocytochrome c concen- 
tration (1 1-50 pM). This demonstrates that the reaction 
leading to the disappearance of this species is truly first order, 
as opposed to pseudo first order as a consequence of an excess 
of cytochrome. This is consistent with an intramolecular 
process. Moreover, the rate constant shows only a slight pH 
dependence over the pH range 5-9.0. These results are sum- 
marized in Table I. The magnitude of the signal due to the 
600-nm fast transient was pH dependent. Expressed as the 
ratio of AA at 600 nm to that at 553 nm to correct for ex- 
perimental variations, the values varied from 0.32 at pH 7.7 
to 2.07 at pH 5.0 (1.87 at pH 6.0 and 0.95 at pH 7.0). The 
behavior above pH 8 will be described below. These data, 

Table I: Rate Constants for the Reduction of Chlorobium 
thiosulfatophilum Flavocytochrome c by Photoreduced Lumiflavin 

fast componenta slow componenta 
PH (s-*) x 10-3 (M-I s-l) X 

5 .O 1.9 3.7 
6.0 1 . 7  5.4 

7.7 1 . 1  12.0 
9.0 1.2= 1 3 . 3  

7.0 1.2 ( l . l )b  8.0 (8.0)b 

a Buffer: 20 mM potassium phosphate (20 mM sodium acetate 
a t  pH 5.0), 10 mM EDTA, 20 pM lumiflavin. Given are average 
values for different samples and the same sample at different wave- 
lengths (usually 600 and 553 nm). Estimated error +lo%. Val- 
ues in parentheses: same buffer as in footnote a. but  also 10 mM 
in sodium sulfite. In this case the same rate constant was 
observed but  with only 10% of the signal remaining. Moreover, 
the reaction was still biphasic at 553 nm, indicating that both the 
fast (first order) and slow (second order) processes were occurring. 
Estimated error *lo%. 
nent. 

See text for discussion of this compo- 

although not extensive, are consistent with a pK of approxi- 
mately 6.8, taking the limiting ratio at high pH to be 0.25 
(based on the LFH. and heme extinction coefficients). It 
should be noted that this pK is somewhat higher than that 
obtained by redox titration (see below) for the ionization of 
the protein-bound flavin semiquinone. However since this 
measurement refers to a transient species, whereas the latter 
refers to an equilibrium species, a different pK is not unrea- 
sons ble (see below). 

The kinetics observed at 553 nm on laser flash photolysis 
are shown in Figure 2B and also complex. An initial fast 
decaying transient is produced which has the same rate con- 
stant as the species seen at 600 nm. This kinetic process is 
followed by a relatively slow increase in absorbance at 553 nm, 
consistent with the reduction of the heme moiety. This second 
slow process is pseudo first order (Figure 4A) and dependent 
on cytochrome concentration (Figure 4B) as expected for a 
second-order reaction. Similar behavior was observed at all 
wavelengths and over the pH range 5-9.0. However, the 
second-order rate constant is clearly pH dependent (Table I). 

In Figure 5 are shown kinetic data obtained at 553 nm at 
several pH values. At pH 5.0, the shape of the laser-induced 
absorbance change (Figure 5, curve 1) is similar to that ob- 
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FIGURE 4: Heme reduction by photoreduced lumiflavin. Reactions were monitored at 553 nm. Conditions are as in the caption of Figure 
2 except that the pH is 7.7. (A) Plot of In AA vs. time. Flavocytochrome c concentration: (a) 11 pM, (b) 22 pM, and (c) 33 pM. (B) Plots 
of observed rate constants (/cow) from part A as a function of flavocytochrorne c concentration. 

tained at  pH 7.0 (Figure 2B, curve 1). However, at  pH 7.7 
(Figure 5B, curve 2) the initial transient is no longer clearly 
evident. Rather, a flattening of the trace in this region is 
observed, suggesting a cancellation effect. Presumably, the 
magnitude of the initial transient signal is small enough at this 
pH so that the absorbance change due to its decay, as well 
as the decay of the free lumiflavin semiquinone, is cancelled 
by the rise in absorbance due to the fast phase of heme re- 
duction. The fast transient can, however, be clearly seen at 
563 nm, which is an isosbestic point for heme reduction. 
Unexpectedly, at  pH values above 8, the initial transient re- 
appears (Figure 5, curve 3 and 4) and its kinetic behavior is 
very much like that seen at pH values 17.0. This will be 
discussed further below. 

By extrapolating the In b! vs. time plots for the slow species 
(at 1 1  pM flavocytochrome) to zero time and measuring the 
total heme reduction at infinite time, we can estimate that 
70-8096 of the heme is reduced in the second slow process, with 
20-30% of the heme reduced during the decay of the fast 
transient. This is the case over the entire pH range studied 
(cf. Figure 5 ) .  We attribute the second slow process, as we 
have previously (Cusanovich & Tollin, 1980; Ahmad et al., 
1981), to the reduction of the heme by fully reduced lumiflavin 
generated by the semiquinone disproportionation. The more 
rapid heme reduction must then be due to an intramolecular 
electron transfer from the fast decaying transient to the heme. 

One further point relative to the 6Wnm intermediate needs 
to be commented upon. We observe that the species is present 
immediately following the laser flash, with no measurable lag 
time in its formation (<1 ps). This indicates that it must be 
generated within a preexisting lumiflavin-protein complex, 
rather than as a consequence of a second-order reaction be- 
tween lumiflavin semiquinone and the flavocytochrome (at the 
concentrations involved, this would have to have an unrea- 
sonably large rate constant). Furthermore, the fact that only 
20-3096 of the heme is reduced during the rapid initial phase 
of the reaction suggests that this is a reflection of the amount 
of such a preexisting complex. It follows then from mass action 
considerations that the relative contribution of the fast phase 
should decrease with increasing flavocytochrome inasmuch as 
the amount of free flavocytochrome increases more rapidly 
than the complex under weak binding conditions. Although 

3 

H \ 

FIGURE 5: pH dependence of kinetics of reduction of flavocytochrome 
c by photoreduced lumiflavin. Conditions as in Figure 2 except where 
noted. Observation wavelength 553 nm; 11 pM flavocytochrome c. 
(1) pH 5.0; 20 mM acetate buffer; 5.9 ms/division; ( 2 )  pH 7.7; 20 
mM phosphate buffer; 1.2 ms/division; (3) pH 9.0; 20 rnM borate 
buffer; 2.9 ms/division; (4) pH 9.0; 20 rnM borate buffer; 0.59 
ms/division. 

it is difficult to accurately quantitate the fraction of the fast 
phase, we do find that it decreases in relative contribution from 
30% at 1 1  pM protein to 23% at 44 pM protein. This decrease 
is consistent with a binding constant of (3.2 f 0.6) X lo4 M-' 
(pH 7.7) for lumiflavin. Inasmuch as we only have four data 
points over a rather narrow concentration range (technical 
considerations limit the accessible range), the binding constant 
given here can only be considered an estimate. Nevertheless, 
the trend is clear and provides support for the presence of a 
weak lumiflavin-protein complex. 
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Table 11: Redox Properties of Chlorobium thiosulfarophilum Flavocytochrome c 

Emheme E,flavin % neutral semi- % total semi- 
PH (mV) (mV) Kf Es-R (mV) E0-s (mV) quinone,,, quinone,,, 

5 a  117 0.79 120 114 29.6 30.8 
6 98 64 0.81 69 61 22.2 31.0 
6.75 98 34 1.39 30 38 11.4 37.0 
7.00 98 28 2.13 18 38 8.5 42.2 
7.76b 93  

I 1 I I I I I I I 

All values in this row were calculated assuming no protein-linked ionizations affected the flavin potentials. For the calculations, the 
following equations were used: Eo-s =E,O-S + 0.026 ~n ([H+] + K ~ ) ,  K~ = 4 x 10-7 M,E,O-S = 0.412 mV;ES-R = E , S - ~  + 0.026 In 
[ [H+] (KR t [H+]) ] / (Ks  t [H+]) ,  K R  = 8.6 X lO-'M, E,S-R = 0.418 mV [preceding equations derived on the basis of discussion given by 
Clark (1960)] ; E ,  = (h'0-s + Es-R)/2 and Kf = exp[-(ES-R -E,)]/0.013 [preceding equations modified from Michaelis (1951)l .  At 
pH 7.76, the flavin parameters were not measured since the potential of the flavin was too much lower than that of the heme; the redox 
couple used (iron-EDTA) was inadequate. 

I 

In Figure 1 the open circles represent the total AA observed 
(absorbance at infinite time minus the absorbance prior to the 
flash) which accurately follows the reduced minus oxidized 
difference spectrum above 510 nm. A smaller absorbance 
change than expected is observed below 510 nm. However, 
the data presented were taken on samples for which the extent 
of heme reduction was small (20-40%), and thus no appre- 
ciable net flavin reduction was expected on themodynamic 
grounds (see below). The filled circles represent the AA ob- 
served approximately 1 I.LS after the flash. The data reported 
were taken on samples which were 20-40% reduced prior to 
the flash. Hence, the magnitude of the fast transient (filled 
circles) is somewhat less than its maximum value (extrapolated 
to zero heme reduction). As can be seen, a broad absorbance 
change is found between 515 and 600 nm similar to that 
expected for a neutral flavin semiquinone radical. However, 
this result is not consistent with oxidation-reduction titrations 
at pH 7 where no absorbance was observed (500-700 nm), 
which could be attributed to such a neutral semiquinone radical 
(see below; Meyer, 1970). 

For further investigation of the nature of the fast kinetic 
component (i.e., Figure 1, solid circles), the effect of pH on 
the oxidation-reduction potentials of both the flavin and heme 
moieties of flavocytochrome c was studied. The apparent 
midpoint potential of the heme was found to be essentially 
independent of pH between 6 and 7.7 (Table 11). However, 
analysis of the redox titration in the region of flavin absorbance 
indicated a more complex situation in that the apparent 
midpoint potential was pH dependent (Table 11) and the slopes 
of the Nernst plots were not integral, that is, they fit neither 
n = 1 nor n = 2 processes (Figure 6). Such a situation can 
occur if a semiquinone intermediate exists and if the equilib- 
rium formation constant for the generation of the semiquinone 
from fully reduced and fully oxidized flavin species (Kf) falls 
between approximately 0.1 and 16, as described by Michaelis 
(1951). As shown in Table 11, this is indeed the case for 
flavocytochrome c [both the values of Kr and the corresponding 
potentials for the oxidized to semiquinone (E&s) and the 
semiquinone to the fully reduced (EsR) conversions are given]. 
The potentials for both one-electron steps vary as a function 
of pH and allow calculation of the apparent pK values for each 
transition. This analysis yields a pK value of 6.4 for the 
semiquinone (p&) and 6.1 for the fully reduced species (pKR).l 
Thus, an anion radical is expected to predominate at equi- 
librium as proposed for Chromatium flavocytochrome c 
(Cusanovich & Tollin, 1980). This is consistent with recent 
studies of 8a-substituted flavins and flavoproteins (Edmondson 

It should be noted that the pKs value for free lumiflavin semiquinone 
is 8.4 (vaish & Tollin, 1971), whereas the pK, for free FMNHl is 6.7 
(Lowe & Clark, 1956). 

I I I I I I I I I 1 
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the percent of total semiquinone formed (based on the increase 
in absorbance at 613 nm) are plotted against the percent heme 
reduced. Assuming a difference extinction coefficient of 5 
mM-' cm-' for the neutral flavin radical (typical for such 
species), we obtain a maximum of 25% conversion, as com- 
pared to 30% calculated from the pK value for semiquinone 
ionization and the formation constant. Thus, there can be no 
doubt that a protein-bound neutral flavin radical with apparent 
normal spectral properties exists, but only at pH values below 
pH 7. It should be pointed out that the 600-nm transient, as 
observed at pH 5.0, in addition to exhibiting an anomalously 
high pK, is also spectrally perturbed, at least insofar as its 
extinction coefficient is appreciably larger than that expected 
for a flavin neutral semiquinone (see below). 

Kinetic experiments were conducted in the presence of 10 
mM sodium sulfite in order to determine the role of the bound 
flavin moiety in electron transfer to the heme. Under these 
conditions, the flavin moiety of flavocytochrome c reacts with 
sulfite to form a charge-transfer complex in which the flavin 
absorbance is bleached (Meyer & Bartsch, 1976). If the 
protein-bound flavin is an obligatory intermediate in the re- 
duction of heme by both species of reduced lumiflavin, the 
formation of this sulfite adduct would be expected to block 
electron transfer. Typical results for the experiments just 
described are summarized in Table 111. As can be seen, 10 
mM sulfite has, within experimental error, no effect on the 
absorbance change due to the free lumiflavin semiquinone 
produced by the laser flash in the absence of flavocytochrome. 
However, in the presence of the flavocytochrome, sulfite 
suppresses approximately 80% of the expected heme reduction 
and decreases the magnitude of the fast transient observed at 
600 nm near the level expected for free lumiflavin. Thus, it 
can be concluded that at least the bulk of the expected heme 

20 5 
0 z 
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Table 111: Effect of Sodium Sulfite on the Reduction of 
Chlorobium thiosulfatophilum Flavocytochrome c a 

sample AA Isoherne Gootransient 

20 p M  lumiflavin 
20 pM lumiflavin + 10 mM 

1.15 x 10-3 
1.24 x 10-3 

sodium sulfite 
20 uM lumiflavin + 11 UM 2.0 X 10.' 1.89 X 

flavocyt. c 
20 uM lumiflavin + 11 uM 0.37 X 10.' 1.35 X 

flavocyt. c + 10 mM 
sodium sulfite 

a pH 7.0, 25 "C; buffer: 20 mM potassium phosphate, 10 mM 
EDTA. Numbers represent averages of two to four experiments 
and typically show a variation of t15%. 

reduction requires the presence of uncomplexed protein-bound 
flavin and that reduction of the heme moiety by both lumi- 
flavin semiquinone and fully reduced lumiflavin must occur 
through the endogenous flavin moiety. 

Discussion and Conclusions 
The results presented above establish that both lumiflavin 

semiquinone and fully reduced lumiflavin are capable of re- 
ducing Chlorobium flavocytochrome c and that an unmodified 
protein-bound flavin is an obligatory participant in the process. 
We have also shown that a protein-bound intermediate is 
produced during the course of the reaction and that the decay 
of this species results in heme reduction, presumably by an 
intramolecular electron transfer. We propose that this tran- 
sient intermediate is the semiquinone radical of the flavin 
prosthetic group of flavocytochrome c. Thus, we suppose that 
an electron is transferred from either LFH. or LFH- to the 
protein-bound flavin and that this is followed by an intra- 
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molecular reduction of the protein-bound oxidized heme (see 
below for detailed reaction scheme). The justification for this 
proposal follows. 

Below pH 7.0, it is clear from both the ordinary redox 
titration behavior and the photochemical titration that a 
neutral protein-bound flavin semiquinone with apparently 
normal spectral properties is present whose pK is approxi- 
mately 2 pH units below that of free flavin. However, at pH 
7.0, where the anionic form would be expected to predominate, 
laser photolysis produces a rapidly decaying transient which 
has spectral properties (larger extinction coefficient and ap- 
preciable absorption in the 600-nm region) quite different from 
what would be anticipated for an anionic semiquinone (Yagi, 
1975). Furthermore, such a long wavelength absorbing in- 
termediate cannot be observed in an equilibrium experiment 
at pH 7.0. We suggest, therefore, that this transient species 
is indeed a protein-bound neutral flavin semiquinone which 
transfers an electron intramolecularly to the heme but that 
its absorption spectrum is significantly perturbed and its pK 
(as observed in a transient experiment) is raised by protein 
interaction, most likely involving the oxidized heme and 
possibly via a charge-transfer mechanism. In an equilibrium 
situation where the pK for the neutral to anion semiquinone 
conversion is 6.4 and where the heme is largely reduced be- 
cause of its higher redox potential (Table 11), the spectrum 
of this species would be that of a normal anionic flavin 
semiquinone, which has no appreciable absorption at 600 nm. 
Furthermore, this would make its observation considerably 
more difficult due to overlapping of the oxidized flavin and 
reduced heme spectra. Such an interpretation is consistent 
with the fact that the magnitude of the 600-nm transient 
decreases with the extent of heme reduction at pH 7.0. This 
type of unusual spectral behavior is not unprecedented for this 
protein, inasmuch as the sulfite adduct of the flavin moiety 
exhibits a unique long wavelength absorption which has been 
attributed to a charge-transfer interaction (Meyer & Bartsch, 
1976). According to this hypothesis, the pK value obtained 
in the flash experiments (6.8; see above) represents the neutral 
to anion semiquinone transformation under transient conditions 
in which the heme is largely oxidized. The fact that the 
magnitude of the 600-nm transient decreases as the pH is 
raised from 5.0 to 7.7 without any corresponding decrease in 
the amount of heme reduced during this initial fast phase of 
the reaction indicates that both the neutral and anionic 
semiquinone species are capable of transferring an electron 
to the heme. However, we are only able to measure the rate 
constant for the neutral semiquinone reaction. This is because 
at pH values above 8, where the anion radical should in 
principle predominate and where the kinetics of the fast phase 
of heme reduction should be measurable at 553 nm, we find 
an anomalous reappearance of a neutral semiquinone transient. 
This precludes any such direct observation of heme reduction. 
It should be pointed out that the presence of this semiquinone 
species is only observable at these pH values in a transient 
experiment; steady-state phototitration provides no evidence 
for the equilibrium formation of a neutral semiquinone (data 
not shown). The reason for this unusual behavior is not clear 
at present, but it suggests a pH-induced change in protein 
properties which decreases the rate of proton loss from the 
semiquinone intermediate, thereby transiently stabilizing the 
neutral form. This requires further investigation. 

We have presented evidence above for the existence of a 
weak lumiflavin-protein complex which participates in the 
photochemical reduction of the flavocytochrome heme via 
LFH.. Since only 20-30% of the heme reduction occurs via 
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this rapid route, a significant quantity of uncomplexed lu- 
miflavin semiquinone must also be present which can dis- 
proportionate and produce the fully reduced species. The 
domination of the observed 600-nm decay by the intramo- 
lecular process is evidently a consequence of the abnormally 
high extinction coefficient of the protein-bound semiquinone. 

This raises the possibility that the rapidly decaying species 
is actually a protein-bound lumifavin radical which is spec- 
trally perturbed and has its pK lowered by interaction with 
the oxidized heme. However, we observe that the formation 
of a protein flavin-sulfite adduct virtually eliminates heme 
reduction by both LFH. and LFH-. One would expect that, 
if the lumiflavin radical interacts strongly enough with the 
heme to have its spectrum and pK so drastically altered, it 
would still be able to transfer an electron even if the protein 
flavin were modified. One could, of course, argue that sulfite 
binding by the flavin disrupts the LFH- -heme interaction, 
thereby eliminating both the perturbations and the electron 
transfer. This would require that the protein-bound flavin is 
not involved at all in the pathway of electron transfer from 
LFH. to heme. In order to account for the suppression of 
LFH- reduction of heme by sulfite under this hypothesis, one 
would have to assume either that this reaction does occur via 
the endogenous flavin moiety, in contrast to the LFH. reaction, 
or that it proceeds via protein-bound oxidized lumiflavin as 
an intermediate electron carrier and is prevented for the same 
reason that LFH. reduction is eliminated. Although we cannot 
completely rule out this alternative interpretation, it seems 
rather unlikely. In a steady-state photoreduction experiment, 
the amount of oxidized lumiflavin present during the course 
of the reaction would be quite small, inasmuch as the rate- 
limiting step is the oxidation of LFH- by the protein. This 
would argue against a role for bound oxidized lumiflavin as 
an intermediate. It also is improbable that LFH. and LFH- 
reductions follow totally different pathways, Le., one trans- 
ferring directly to the heme and the other via the endogenous 
flavin. Finally, it is more reasonable to believe that the rather 
large spectral and pK effects that we observe are produced 
upon the specifically bound endogenous flavin rather than upon 
nonspecifically bound exogenous lumiflavin. We conclude, 
therefore, that the mechanism for the fast phase of the reaction 
either above (step 1) or below (step la )  the pK, value is as 
follows: 

-T b v ?  E D T A  

An/vyvvr 
L F  FOX H b x  LFH. ~b~ Hbx 

LF Fox %ED L F  F *----H ox L F  FH*---Ho, 

t I 

According to this scheme, a weakly bound lumiflavin radical 
rapidly transfers an electron to the protein-bound flavin (F) 
to generate an anionic or neutral semiquinone [interacting with 
the oxidized heme (H)], followed by heme reduction at the 
experimentally observed first-order rate. Thus, in this se- 
quence, reactions 2a and 2b are the rate-limiting steps. It is 
interesting that the rate constant for reaction 2b (Table IV) 
is at least 3 orders of magnitude slower than that observed for 
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Table IV: Cytochrome Reduction by Photoreduced Lumiflavina 

k (M-l s-l) for reductant app intra- 
molecular rate 

cytochrome LFH. LFH- constant (s-l) 

Chromatium -1.9 X lo* 1.4 X lo6 >1.4 X lo6 
flavocytochromeb 

flavocytochrome 

cytochrome ce 

Ch loro bium TFMC 8.0 x io6 1.2 x 

horse heart 6 . 2  x 107 2.9 x 107 

a pH 7.0,  25 "C. Cusanovich & Tollin (1980). Too fast to 
measure. 
quinone to  heme at pH 7 . 0 .  e Ahmad e t  al. (1981). 

intramolecular electron transfer with the Chromatium flavo- 
cytochrome (Cusanovich & Tollin, 1980). The structural basis 
for this large difference is obscure at present but when es- 
tablished should have interesting implications for the mech- 
anism of biological electron-transfer processes. 

At pH values above 8, it appears that the rate of proton loss 
in reaction 1 slows down sufficiently so that electron transfer 
again proceeds via the neutral semiquinone. 

The slow phase of the reaction (i.e., LFH- reduction) pro- 
ceeds via the disproportionation of free LFH. as follows 
(written for the sequence occurring above pK,): 

Rate constant for electron transfer from neutral semi- 

fast  
2LFH. - LF + LFH- 

r̂ r̂ 
Fox HRED 

Reduction of protein-bound flavin by LFH- is sufficiently slow 
so that no 600-nm intermediate can be observed in the flash 
experiment; i.e., reaction 1 is the rate-limiting step. 

Both second-order rate constants (Table IV) for the re- 
duction of the Chlorobium flavocytochrome are appreciably 
faster than for the Chromatium protein. Again, in the absence 
of structural information, this difference cannot be definitively 
rationalized, although it must ultimately reflect the specific 
environments of the redox cofactors, e.g., solvent exposure 
and/or the factors which result in a higher redox potential for 
the Chlorobium heme. It is also noteworthy that the rate 
constants for LFH- reduction of the flavocytochromes are 
appreciably smaller than for horse heart cytochrome c (Table 
IV), even though the LFH- rate constants are larger. This 
may relate to the nature of the electrical charge adjacent to 
the prosthetic group, since the horse heart protein is known 

to possess a positive charge cluster in this region (cf. Salemme, 
1977). 
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