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SUMMARY 

I. F1avodoxins have been purified from Clostridium pasteurianum and Clostri- 
dium MP and their properties examined. Clostridium MP flavodoxin, like flavodoxins 
from C. pasteurianum and Peptostreptococcus elsdenii, has a molecular weight of 
about 14 ooo, it contains I molecule of FMN, and it replaces ferredoxin as an electron 
carrier in the phosphoroclastic oxidation of pyruvate.  The two clostridial proteins 
have different amino acid compositions. 

2. The absorption spectra of flavodoxins from Clostridium MP and C. paste~- 
rianum are very similar. Both proteins are reduced by irradiation with visible light 
in the presence of EDTA, NADPH in the presence of ferredoxin-NADP -~ reductase 
(EC 1.6.99.4), hydrogen in the presence of hydrogenase (EC I . I2 . I . I ) ,  and Na~Se04. 
At half reduction, high yields of the blue neutral flavin semiquinone are obtained. 
Clostridium MP flavodoxin, like P. elsdenii flavodoxin, is completely reduced by 
I mole of NazS204. C. pasteurianum flavodoxin is initially reduced by a small 
excess of Na2S~O4, but the reduced protein slowly reoxidizes to give a mixture of 
semiquinone and fully reduced flavodoxin. The extent of this reoxidation depends 
on the Na~S204 concentration and on pH. Extinction coefficients for the three oxi- 
dation-reduction states of the flavodoxins have been determined. 

3 -The  oxidation-reduction potential (El) for the couple flavodoxin semi- 
quinone-fully reduced flavodoxin is --0.399 V and --o.419 V at pH 7 and 25 ° for 
Clostridium MP and C. pasteurianurn flavodoxins, resFectively. The oxidation- 
reduction potential (E2) for the couple oxidized flavodoxin-flavodoxin semiquinone 
is --0.092 V and --o.132 V at pH 7 and 25 ° for Clostridium MP and C. pasteurianum 
flavodoxins, respectively. The effects of pH on E 1 suggest that  an ionization occurs 
at about pH 6. 7 in the fully reduced forms of these proteins. Potentiometric titrations 
with P. elsdenii flavodoxin have confirmed earlier results which indicated that  this 
flavodoxin also is reduced in two i-electron oxidation-reduction steps. 

4. FMN is displaced from the flavodoxins by low concentrations of phenyl- 
mercuric acetate. The rate of this reaction increases with flavodoxins from C. pasteu- 
rianum, P. elsdenii and Clostridium MP, respectively, and a correlation is drawn 
between the observed rate and the cysteine content of the protein. 
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INTRODUCTION 

Flavodoxin was first discovered in extracts of Clostridium pasteurianum grown 
in iron-poor medium 1-3. More recently, similar proteins have been isolated from 
Desulfovibrio gigas 4 7, Desulfovibrio vulgaris 7 and Peptostreptococcus elsdenii s-l°. A 
protein which closely resembles flavodoxin in its catalytic and chemical properties 
has been isolated from Anacystis nidulans and termed phytoflavin n-13. All of these 
proteins have a molecular weight of about 15 000, they contain i molecule of FMN 
as prosthetic group, and they function as electron carriers in low potential oxidation- 
reduction reactions. 

This paper reports the isolation of a second clostridial flavodoxin and a com- 
parison of this protein with flavodoxin from C. pasteurianum. In some experiments 
the clostridial flavodoxins are also directly compared with flavodoxin from P. elsdenii. 
The species of the Clostridium from which this new flavodoxin has been isolated is 
not known; it is referred to in this paper as Clostridium MP. An X-ray crystallographic 
study on crystals of flavodoxin from Clostridium MP has been reportedl4,15. 

METHODS AND MATERIALS 

Growth of microorganisms 
Two clostridial strains were used in this work. One was C. pasteurianum strain 

W5 (ATCC 6o13) and was obtained directly from the American Type Culture Col- 
lection at the start of this investigation. The other strain was obtained indirectly 
from the ATCC in 1962 as C. pasteurianum strain W5 and had since been maintained 
through serial transfers by the author and by Dr. J. L. Peel of the A.R.C. Food 
Research Institute, Norwich, England. In the course of the present study it became 
clear that the flavodoxin from this strain differed significantly from that prepared 
from the current ATCC 6o13, and that there were also morphological differences 
between the two strains, the current ATCC 6o13 having larger cells. Pending a more 
detailed bacteriological examination, the strain obtained in I~62 will therefore be 
referred to in this paper by the trivial name, Clostridium MP. 

Clostridium MP was maintained on potato broth medium as described by 
DAINTY AND PEEL TM. Large cultures of up to 40 1 were grown on the synthetic medium 
of CARNAHAN AND CASTLE 17, modified to contain io g of glucose and 5 g of CaCO 3 
per 1 of culture. The iron concentration in the medium was also different from that 
used by CARNAHAN AND CASTLE 17. At an early stage in this work, cultures of Clostri- 
dium MP were grown in the presence of 12o #g iron per 1, but for reasons to be 
described later, more recent cultures have been grown with 55 #g of iron per 1. Iron 
was added to the medium as an 0.22 % solution of FeSO 4-7H2 O in 0.05 M H2SO ~. 

The procedure for growth of Clostridium MP was as follows. Tubes of synthetic 
medium were inoculated with about 5 % (v/v) of a vigorously growing culture on 
potato broth. The tubes were plugged with pyrogallol and incubated for 1-2 days 
at 3 o°. Two such tube cultures were used to inoculate 3 1 of synthetic medium in a 
5-1 conical flask which was fitted with an attachment for flushing with gas. The flask 
was flushed with nitrogen for IO rain before inoculation, and for a further IO rain 
after inoculation. It  was then incubated at 3 °° for 2 days. This culture was used as 
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the inoculum for 37 1 of synthetic medium in a I2-gal bottle. 4o-1 cultures were 
incubated at 3 °° for 3-4 days, or until gas production ceased. 

C. pasteurianum (ATCC 6o13) was grown in 4o-1 cultures as described for 
Clostridium MP. This organism was grown with (NHa)2SO 4 as nitrogen source on 
the medium of CARNAHAN AND CASTLE 17, modified to contain only 120 #g of Fe 2+ 
per 1. C. pasteurianum grew more rapidly on this medium than Clostridium MP. 
The total growth was also higher; the yield of dry cells of C. pasteurianum was 
approximately i g/1 of culture. 

P. elsdenii (strain LC i) was grown in iron-poor medium when flavodoxin was 
required, and in iron-rich medium when ferredoxin-free extracts were to be prepared 9. 

Cultures of all three organisms were harvested with a Sharples super centrifuge. 
The harvested cells were dried in a vacuum over H~SO a at room temperature, ground 
to a fine powder, and stored at --20 °. 

Flavodoxin assay 
Flavodoxins were assayed by using the phosphoroclastic system of P. elsdenii 9. 

Flavodoxin stimulates the oxidation of pyruvate to acetyl phosphate, H 2 and C Q  
by ferredoxin-free extracts of P. elsdenii. In this assay, the acetyl phosphate formed 
in IO min at 3 °0 is measured by reaction with neutral hydroxylamine followed by 
acid FeC13 reagentg, is. A unit of flavodoxin is defined as the amount to cause an 
absorption change of I.O at 54 ° nm, and is equivalent to the formation of approx. 
6 #moles of acid hydroxamate 19. 

Purification of flavodoxins 
The procedures used to purify and crystallize flavodoxins from Clostridium MP 

and C. pasteurianum were very similar to those previously described in detail for the 
purification of P. elsdenii flavodoxin 9. Both organisms provided approx. 0. 5 mg of 
crystalline product per g of dried cells. The shape of the crystals of C. pasteurianum 
flavodoxin was as described by KNIGHT AND HARDY 2. Flavodoxin from Clostridium 
MP crystallized as long prisms 14. 

Enzyme preparations 
Flavodoxin and a crude preparation of hydrogenase (EC I . I2.I . I )  were made 

from dried cells of P. elsdenii as described previously°, 1°. Ferredoxin-NADP~ 
reductase (EC 1.6.99.4) was purified from spinach leaves by a procedure similar to 
that of SHIN et al. 2°. 

Anaerobic titrations with Na2S20 a or NADPH were performed under a nitrogen 
atmosphere in an all-glass apparatus as described elsewhere ~1. The experimental 
procedure of FOUST et al. ~1 was modified as follows. The side arm on the cuvette in 
the apparatus contained 0.2 ml of I .  lO -3 M indigo disulfonate, and when NADPH 
was the titrant, 20 #1 of I - IO 5 M ferredoxin-NADP+ reductase. After making the 
apparatus anaerobic, the dye in the side arm was reduced by addition of sufficient 
titrant to remove the blue color. The apparatus was then gently shaken for approx. 
IO min before making the first addition of titrant to the main compartment of the 
cuvette. This modified procedure gave greater confidence that the gas phase in the 
apparatus was free of oxygen contamination before a titration was begun, and also 
that anaerobic conditions were maintained during a titration; even low levels of 
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oxygen caused a rapid reoxidation of the yellow reduced dye to the blue oxidized 
form. 

For potentiometric titrations, the spectrophotometer cuvette on this apparatus 
was modified to contain two platinum sheet electrodes sealed into glass tubes, a salt 
bridge of saturated KCI in 3% agar ~2, and a magnetic stirring bar. The platinum 
electrodes were selected on the basis of their performance during potentiometric 
titrations of indigo disulfonate with sodium dithionite. The glass tube (5 mm internal 
diameter) containing the salt bridge was drawn out to give a tip (approx. I.O mm 
internal diameter) which dipped into the solution in the cuvette. This narrow tip 
prevented the KCl-agar mixture from being drawn into the cuvette by the vacuum 
applied when the apparatus was made anaerobic. The salt bridge was connected to 
a saturated calomel electrode (Radiometer Type K 4o18) by a flexible tube which 
contained a saturated solution of KC1. Measurements of potential were made with a 
pH meter (Radiometer Type TTT IC). The spectrophotometer cuvette and calomel 
electrode were thermostated at 25 °. 

Measurements of oxidation-reduction potential 
The methods used to measure the oxidation-reduction potentials of flavodoxin 

have been described in detail elsewhere in work on the oxidation-reduction potentials 
of P. elsdenii flavodoxin 1°. The oxidation-reduction potential (El)* for the couple, 
flavodoxin semiquinone-fully reduced flavodoxin was determined from equilibrium 
measurements with either hydrogen in the presence of hydrogenase, or NADPH 
and a catalytic amount of ferredoxin-NADP+ reduetase. For calculations based on 
the latter type of experiment, the oxidation-reduction potential of NADP + at pH 9.1 
was assumed to be --0.372 V. This value was calculated from the data of RODKEY 
AND DONOVAN 23 with the assumption that AEm, 9.1/Zlt is --o.oo13, a value determined 
for NAD + at pH 7 (ref. 24). The oxidation-reduction potential (E2) for the couple 
oxidized flavodoxin-flavodoxin semiquinone was determined from equilibrium re- 
actions with mixtures of flavodoxin and indigo disulfonate. Reducing equivalents 
were introduced into this system in two ways. First, experiments were performed in 
the anaerobic titration apparatus described above, adding increments of NADPH 
in the presence of a catalytic amount of ferredoxin-NADP+ reductase. At equilibrium 
after each addition of NADPH, the percentage reduction of flavodoxin and dye was 
determined. Second, experiments were performed on similar mixtures of flavodoxin 
and indigo disulfonate in I ml anaerobic cuvettes in the presence of 0.03 M EDTA 25. 
This mixture was exposed to visible light at 25 ° for short intervals of time (approx. 
IO min). After each period of illumination, the system was allowed to equilibrate in 
darkness at 25 °, and at equilibrium, the percentage reduction of flavodoxin and dye 
was determined. Similar results were obtained by both methods. 

In the case of P. elsdenii flavodoxin, values for E 1 and E 2 were also determined 
from potentiometric titrations in the apparatus described above. The cuvette con- 
tained in a total volume of 5 ml: 7-9" lO-5 M flavodoxin; 3" IO 6 M methyl viologen; 
3"1o-6 M indigo disulfonate and 0.08 M sodium pyrophosphate buffer (pH 8.2). 

The notation used is that recommended by CLARK a3. E2, the midpoint potential for the 
couple oxidized flavodoxin-flavodoxin semiquinone; E I the midpoint potential for the couple 
flavodoxin semiquinone-fully reduced flavodoxin; EmT, the midpoint potential at pH 7; Eh, the 
potential with reference to the standard hydrogen electrode. 
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Indigo disulfonate and methyl viologen were added as mediators lbr the interaction 
of flavodoxin with the platinum electrodes; in the absence of these dyes, the measured 
potentials were erratic. Both oxidative and reductive titrations were performed. 
Oxidized flavodoxin was titrated with 3" IO-~ M Na2S204, and the reduced protein 
was back-titrated with approx. 3" lO-3 M diehlorophenolindophenol. Values for E 1 
and E 2 were determined from the measured potentials at 75 % and 25 % reduction, 
respectively, and a value of 0.244 V for the saturated calomel electrode. 

Materials 
NADPH was from P-L  Biochemicals; Na2S20 a was from Eastman Kodak; 

indigo disulfonate was from K and K Laboratories ; phenylmercuric acetate was from 
Hopkins and Williams, Essex, England. FMN was prepared by enzymic hydrolysis 
of FAD (from Sigma) followed by column chromatography on DEAE-cellulose26, 27. 
An extinction coefficient of ~2 500 M -1" cm -1 at 445 nm was used for FMN at pH 7 
(ref. 28). Nitrogen and hydrogen were purified by treatment in a column of copper 
turnings at 420 ° . 

RESULTS AND DISCUSSION 

Effects of iron on Clostridium M P  
CARNAHAN AND CASTLE 17 showed that the rate and extent of growth of C. 

pasteurianum are limited by the iron concentration in the growth medium. More 
recently, KNIGHT AND HARDY 2 found that when this organism is grown in iron-poor 
medium flavodoxin is synthesized instead of the iron-sulfur protein ferredoxin. 
Similar effects of iron were found with the rumen organism P. elsdenii9; cells grown 
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Fig. i. Effect of iron on growth of Clostridium MP. 
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in iron-poor medium contained flavodoxin, but not ferredoxin. Iron also affects 
growth and flavodoxin production by Clostridium MP. 

Fig. I shows the effect of iron on the total growth of Clostridium MP. Cell 
growth which occurred in the absence of added iron was probably due to iron con- 
tamination in the constituents of the medium. It  was found that when the iron added 
to the medium was greater than 15o/~g/1, little if any flavodoxin was obtained; at 
iron concentrations of IiO #g/1 or less, ferredoxin could not be detected. On the basis 
of these experiments, an iron concentration of 12o #g/1 was chosen as the optimum 
for flavodoxin production with useful cell growth. However, as already mentioned in 
METHODS AND MATERIALS, the iron concentration in the medium has recently been 
lowered to 55/2g/l, because more extensive growth with less flavodoxin production 
occurred at the higher iron concentration. Recent cultures grown at the lower iron 
concentration provide cells which contain flavodoxin in amounts similar to those 
pleviously grown at an iron concentration of 12o/~g/1. Flavodoxin from these cultures 
is identical with flavodoxin obtained from cells grown earlier. The reason for this 
apparent change in the iron requirement of Clostridium MP is not known; it is 
possible that there has been an increase of iron contamination in the water supply 
or the media constituents. 

Catalytic activity, molecular weight and chemical composition 
The general properties of flavodoxins from Clostridium MP and C. pasteurianum 

are summarized in Table I which also includes data on P. elsdenii flavodoxin. The 
two clostridial flavodoxins replace P. elsdenii flavodoxin as electron carriers for the 
phosphoroclastic oxidation of pyruvate catalysed by extracts of P. elsdenii °. In this 
assay the three flavodoxins have the same activity. All three proteins have similar 
molecular weights and each contains one molecule of FMN as prosthetic group. 
However, the clostridial flavodoxins differ in their amino acid compositions. Prelimi- 
nary amino acid analyses of flavodoxin from Clostridium MP (kindly performed by 
Dr. C. H. Williams, Jr. and Mr. L. D. Arscott) have shown for example that this 
protein contains approx. 6, 7 and 15 residues of alanine, serine and isoleucine; C. 

T A B L E  I 

P R O P E R T I E S  O F  F L A V O D O X I N S  

Source off lavodomn 

Clostrzdzum C. pasteurmnum P.  elsdemz 
M P  (refs. 9, *o) 

C a t a l y t i c  a c t i v i t y *  I I i 
M o l e c u l a r  w e i g h t  13 8oo** 14 6 o o  (ref. 2) 14 6 o o - 1 5  6oo  
P r o s t h e t i c  g r o u p  F M N  F M N  F M N  
C y s t e i n e  r e s i d u e s  3 I 2 
E l e c t r o n s  a c c e p t e d  2 2 2 
E 1 (V)*** - - 0 . 3 9 9  o . 4 1 9  - - 0 . 3 7 2  
E a (V)*** - - 0 . 0 9 2  - - o . 1 3 2  - - O . l l  5 

* A s s a y e d  in  t h e  p y r u v a t e  o x i d a t i o n  s y s t e m  o f  P. elsdeniiL V a l u e s  g i v e n  a r e  r e l a t i v e  
v a l u e s  b a s e d  o n  a m o l a r  a c t i v i t y  o f  I f o r  P. elsdenit f l a v o d o x i n .  

** D e t e r m i n e d  w i t h  a c o l u m n  o f  S e p h a d e x  G - i o o  c a l i b r a t e d  a s  d e s c r i b e d  in  ref .  9. 
*** V a l u e s  g i v e n  f o r  p H  7 a n d  25 °. 
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T A B L E  I I  

EXTINCTION COEFFICIENTS AND ISOSBESTIC POINTS OF FLAVODOXINS 

E x t i n c t i o n  coefficients for oxidized f lavodoxins  were de t e rmined  by  q u a n t i t a t i v e  ex t r ac t i on  of 
FMN wi th  cold t r lch loroace t ic  acid 9, and  by  t r e a t i n g  pure  FMN wi th  excess apoprotein~L Other  
va lues  and  the  isosbest lc  poin ts  were de t e rmined  from t i t ra txons  of f lavodoxin  wi th  sod ium 
d i th ion i t e  a t  p H  8. 3. 

,~ Extznct~on coe~c~ents ( 3 I  -1. cm -1) Isosbest~c poznts (rim) 
(,m) 

Ox. Sem,quz- Red. Ox. to Semiquznone 
none semiquinone to red. 

C l o s t r i d i u m M P  272 46 8oo 
f l avodoxm 35 ° 84oo 

376 9 IOO 485 ° 
445 IO 400 2400 175o 
575 o 4620 o 

489; 357 4 3 1 ; 3 7 1 ; 3 3  ° 

C. pasteurmnurn 272 45 8oo 
f lavodoxin  35 ° 766o 486; 355 4 3 o ; 3 8 7 ; 3 8 o ,  

374 8 47 ° 465 ° 371 ;328  
443 io  400 2080 16oo 
575 o 4550 o 

pasteurianum flavodoxin has 14, 14 and 5 residues, respectively, of each of these 
amino acids 3. Furthermore, Clostridium MP flavodoxin contains 3 residues of cysteine, 
while C. pasteurianum flavodoxin has only one residue of this amino acid. 

Absorption spectra and extinction coefficients 
The visible absorption spectrum of flavodoxin from Clostridium MP has ab- 

sorption maxima at 445 nm and 376 nm (Fig. I, Table II). As reported by KNIGHT 
AND HARDY 2, these maxima are each shifted about 2 nm towards shorter wavelengths 
in C. pasteuriamtm flavodoxin. The extinction coefficients determined at the ab- 
sorption maxima were very similar for both proteins (Table II), and are also similar 
to the extinction coefficients of P. elsdenii flavodoxin 9. The values determined for 
C. pasteurianum flavodoxin are somewhat higher than the extinction coefficients 
previously reported for this protein by KNIGHT AND HARDY 2, although the relative 
intensities of the absorption maxima are similar to those determined by KNIGHT 
AND HARDY 2. 

Reduction of flavodoxins 
Both of these clostridial flavodoxins are reduced by Na2SzO 4, irradiation with 

visible light in the presence of EDTA 25, NADPH in the presence of a catalytic 
amount of ferredoxin-NADP + reductase, and hydrogen in the presence of hydro- 
genase. Under suitable conditions, reduction by these methods gives a blue-colored 
intermediate which has an absorption spectrum characteristic of the neutral form of 
flavin semiquinone 25,~9. The absorption spectra of the semiquinone intermediates of 
Clostridium MP and C. pasteurianum flavodoxins differ in detail. In general, the 
absorption maxima of the semiquinone, and also the isosbestic points between the 
semiquinone and oxidized forms of the protein, are found at somewhat shorter wave- 
lengths in C. pasteurianum flavodoxin (Table II). 
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Electron paramagnetic resonance (EPR) spectra of solutions of the semiquinone 
forms of flavodoxins from C. pasteurianum and Clostridium MP have not been 
measured. However, as previously reported14,15, crystals of Clostridium MP flavo- 
doxin, which form from blue solutions of the semiquinone, do show a free radical 
which can be detected by  EPR.  These crystals are red in color while crystals of the 
semiquinone forms of C. pasteurianum and P. elsdenii flavodoxins are blue. In con- 
trast  to the E P R  spectra of solutions of flavoprotein semiquinone which show no 
fine structure 25, the E P R  spectrum of a single crystal of Clostridium MP flavodoxin 
semiquinone is structured, and the fine structure depends on the orientation of the 
crystal. I t  was not possible to determine the line widths of such spectra, and hence 
the crystal could not be related to either the 'red'  or 'blue' class of flavoprotein semi- 
quinone 25. However, when a slurry of these crystals was made to cancel out any 
effects due to crystal orientation, the line width of the E P R  spectrum was more 
readily determined. The line width found (21 gauss) showed that  although the crystals 
are red in color, the E P R  spectrum is more closely related to the E P R  spectrum of 
the 'blue' class of flavoprotein semiquinone. These experiments were done by Dr. 
G. Palmer. 

Anaerobic titration of flavodoxin from Clostridium MP with Na2S204 showed 
that  I mole of protein is reduced by I mole of Na2S204; approx. 0. 5 mole of Na2S204 
generates maximum semiquinone (Fig. 2). Similar results were obtained with P. 
elsdenii flavodoxin 10. This simple stoichiometry was not observed with flavodoxin 
from C. pasteurianum. In anaerobic Na2S204 titrations with this flavodoxin, semi- 
quinone was formed linearly with the Na2S~O 4 added up to 0.5 mole of Na2S204 per 
mole of protein. Changes observed upon further additions of Na2S204 depended upon 
the pH of the titration. At pH 8.3, a linear reduction of the:semiquinone to fully 
reduced fiavodoxin occurred initially, but  the titration curve at 575 nm then deviated 
from a straight line (Fig. 3). When an addition of dithionite was[made to this flavo- 
doxin in the non-linear region of a titration, the absorption at 575~nm first decreased, 

O4 

g 
,~o2 

~ .  ' I , I , i [ 

~- ~ _ 

Y~ -%, " ' - - - .  -/ - -  

: ::: .......... , / . ,  ,,., 

WAVELENGTH (nm) 

Fig. 2. Anaerob ic  t i t r a t i o n  of f l avodoxin  from Clos t r id ium MP wi th  Na~SeO 4. F lavodox in ,  
4.28- IO -~ M, in 2.34 ml  of o.o 7 M sod ium p y r o p h o s p h a t e  buffer (pH 8 3) was  t i t r a t e d  a t  25 ° w i t h  
1.73'  lO -3 M Na~S20 a dissolved in o .oi  M sod ium p y r o p h o s p h a t e  buffer (pH 8.3). Absorp t ion  
spec t ra  are  not  correc ted  for d i lu t ion.  Arrows ind ica te  isosbest ic  points .  Curve I, u n t r e a t e d  flavo- 
dox in ;  Curves 2-6, a f te r  add i t i on  of o.2o, o.42, o.63, o.96 and  1. 4 moles  of Na2S204 per  mole of 
f l avodoxin  The inse t  shows a p lo t  of the  observed  ex t inc t ion  coefficients a t  445 nm and  575 nm 
versus the  2qa~S204 added.  E x p e r i m e n t a l  po in t s  in th i s  p lo t  are corrected for di lut ion.  
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showing that  semiquinone had been rapidly reduced. The absorption then slowly 
increased to a value which was lower than the absorption before this addition of 
Na~S~O 4 had been made. At pH 7, similar effects were observed, but at this pH much 
larger amounts of semiquinone were formed during the slow reoxidation (Fig. 3)- 
A titration done in o.I M glycine-NaOH buffer at pH 9.1 gave a t i tration curve very 
similar to that  at pH 8.3. The explanation for these effects is not known. I t  appears 
that  this flavodoxin either is reacting chemically with an excess of Na2S20 ~ or it is 
catalysing the decomposition of Na2S204 to a compound with a more positive redox 
potential. One of the breakdown products of Na2S204 is SOa 2- (ref. 3o). An a t tempt  
was made to shift the equilibrium in the experiment of Fig. 3 by performing a 
Na2S204 titration of C. pasteurainum flavodoxin in the presence of 0.09 M Na2SO 3 
at pH 8. 3. However, the titration curve obtained was the same as that  in Fig. 3. 

When solutions of fully reduced flavodoxin from either Clostridium MP or 
C. pasteurianum are aerated, the semiquinone forms very rapidly. This slowly 

T" I " ~  I 
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4 0 0 0  

3 0 0 0  

m 
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Fig, 3. Anaerobic t i t ra t ion of flavodoxin from C. Dasteurmnum with Na2S20 ¢. The observed ex- 
t inction coefficient at  575 nm is plotted versus the NaiS20~ added. Conditions for the t i t rat ion at  
pH 8.3 were as described in Fig. 2. For the t i t rat ion at p H  7, the flavodoxin was dissolved in 
o.i M potass ium phospha te  buffer (pH 7). Exper imenta l  points are final points  obtained after the 
slow reoxidation described in the text. 

Ihg. 4. Anaerobic t i t ra t ion of f lavodoxms with N A D P H  in the presence of fe r redoxin-NADP+ 
reductase at  p H  9.1. Approx.  o i i  pmole of flavodoxin, 7" l°-7 M fe r redox in -NADP + reductase 
and 220/,moles of g lyc ine-NaOH buffer (pH 9.1) in 2. 5 ml was t i t ra ted wi th  9 '  lO .3 M N A D P H  
at  25 °. The observed extinction coefficient at  575 nm for Clostridium MP ( @ - - O )  and C. pasteu- 
rianum (0- - -0)  f lavodoxms and at 580 nm for P. elsdeni~ flavodoxin (A- A) is plotted versus 
the N A D P H  added. 

reoxidizes in a pseudo first order reaction, similar to that  observed wtih P. elsdenii 
flavodoxin 1°. The pseudo first order rate constants for the decay of semiquinone in 
air saturated solution at pH 8.3 and 2o ° were o.o34 min -1 and o.o92 min -1 for 
flavodoxin from Clostridium MP and C. pasleurianum, respectively. Under similar 
conditions the rate constant for the decay of the semiquinone of P. elsdenii flavo- 
doxin was approximately o.I min -~. In the case of this flavodoxin, it was found that  
the rate of oxidation increases as the pH is increased above pH 7 (see ref. IO). 
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Oxidation-reduction potentials 
When flavodoxins are t i t rated anaerobically with NADPH in the presence of 

a catalytic amount of ferrodoxin-NADP + reductase, a linear production of semi- 
quinone occurs during the addition of 0.5 mole of NADPH per mole of flavodoxin 
(Fig. 4). Further additions of NADPH, to about 4 ° moles/mole of flavodoxin, cause a 
non-linear reduction of semiquinone to fully reduced flavodoxin. The extent of re- 
duction in the second part  of the ti tration is different for each flavodoxin. Values for 
El, the oxidation-reduction potential for the couple flavodoxin semiquinone-fully 
reduced flavodoxin, were calculated at each experimental point in the second parts 
of the ti tration curves of Fig. 4 (see ref. io). The determined values for Ez at pH 9.1 
were --o.41o -t- 0.002 V for Clostridium MP flavodoxin, --0.433 ± 0.002 V for C. 
pasteurianum flavodoxin and --0.375 4- 0.002 V for P. elsdenii flavodoxin. 

The effects of pH on Ez, determined with hydrogen and hydrogenase, are 
shown in Fig. 5. The change in slope of the curves in Fig. 5 indicates an ionization in 
fully reduced flavodoxin. Values for the ionization constants describing these curves 

o: 
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2O ao 6o 80 ioo 
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Fig. 5. Effect of p H  on the oxidat ion reduction potentials  of flavodoxins. Values for E 1 and E~ 
were obtained at  25 ° as described in the text.  II, O - - Q ,  Clostridium MP flavodoxin; [~, ( D - - ~ ,  
C. pas teur ianum flavodoxin; E], © - - C ) ,  P.  elsdenii flavodoxin, R, r~, V1, E 1, determined with 
N A D P  + and f e r r edoxm-NADP+ reductase (Fig. 4) ; A,  values for P. elsden~ flavodoxin obta ined 
by  potent iometr ie  t i t ra t ion (Fig. 7); X, theoretical values for E 2 for P. elsdenii flavodoxin *°. 
The solid lines for E ,  show theoretical curves relating Ez to p H  for I-electron oxidat ion-reduct ion  
reactions in which the reduced species has a pK" = 5.8 (P. elsdenii flavodoxin) or a pK" ~ 6. 7 
(Clostridium MP and C. pas teur ,anum flavodoxins), and the unpro tona ted  form has as apparen t  
oxidat ion-reduct ion  potent ial  a t  p H  o of --o.375 V (P. elsdem~ flavodoxin), --o.4o 9 V (Clostri- 
d ium MP flavodoxin) and --0.430 V (C. pasteur~anum flavodoxin). 

Fig. 6. Oxidat ion-reduct ion  potent ial  (E2) for the couple oxidized f lavodoxin-flavodoxin semi- 
quinone. Approx.  4" lO-5 M flavodoxin, 2. lO -5 M indigo disulfonate, 2- lO -6 M fe r redox in -NADP + 
reductase and o.06 M sodium phospha te  pH 7 in a final volume of 2. 5 ml was t i t ra ted anaero- 
bically with I • lO .8 M N A D P H  at  25 °. , curve relating calculated values of Eh to the  experi-  
mental ly  determined percentage reduction of  indigo disulfonate after each addit ion of N A D P H  
to mixtures  containing either Clostridium MP flavodoxin (A), or C. pasteur*anum f lavodoxm (0). 
A,  plot  relating Eh to the percentage reduction of Clostridium MP flavodoxin; Q,  plot  relating 
Eh to the percentage reduction of C. pas teur ianum flavodoxin (for the f lavodoxms IOO % reduction 
in this plot  is m a x i m u m  semiqumone).  Solid lines drawn th rough  the experimental  points  are 
theoretmal curves for I-electron oxidat ion-reduct ion  reactions for which Em -- --o.o92 V and 
--o.132 V. 
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were determined at each of the experimental points by assuming that  the apparent  
oxidation-reduction potential at pH o of the unprotonated flavin is --0.430 V and 
--0.409 V for C. pasteurianum and Clostridium MP flavodoxins, respectively 1°. The 
average values for the ionization constants were 1.77-1°-7 ± 0.7" IO -v for Clostridium 
MP flavodoxin and 1 .85"1o-7±  0. 7 - I o  7 for C. pasteurianum flavodoxin. These 
values indicate an apparent pK of about 6. 7 for both flavodoxins. Fig. 5 shows 
theoretical curves for 1-electron oxidation-reduction reactions in which the reduced 
forms ionize with a pK' of 6. 7. The midpoint potentials at pH 7 from these theoretical 
curves are --o.419 V and --0.399 V for C. pasteurianum and Clostridium MP flavo- 
doxins, respectively. 

For comparison with these results, Fig. 5 also includes data obtained with P. 
elsdenii flavodoxin. Potentiometric titrations at pH 8.2 and a titration at pH 9.1 
with NADPH and ferredoxin-NADP~ reductase (Fig. 4) have extended and con- 
firmed the measurements made previously on this protein with the hydrogen- 
hydrogenase system 1°. The pK' in fully reduced P. elsdenii flavodoxin is about one 
pH unit lower than the p K '  in the clostridial flavodoxins. The pK' in the clostridial 
flavodoxins is the same as that  reported for free FMN al. 

Values for E 2, the oxidation-reduction potential for the couple oxidized 
flavodoxin-flavodoxin semiquinone, were obtained from equilibrium and spectro- 
photometric experiments with the dye indigo disulfonate (Fig. 6). The determined 
values for E,  at pH 7 and 25 ° were --0.092 V and --o.132 V for Clostridium MP and 
C. pasteurianum, respectively. 

Values for E 2 above pH 7 previously reported for P. elsde•ii flavodoxin were 
theoretical values based on the determined semiquinone formation constants for 
this protein and the assumption that  E 1 is pH independent above pH 8 (ref. IO). 
Fig. 7 shows the results of a direct determination of E 1 and E2 for P. elsdenii flavo- 
doxin by potentiometric titrations at pH 8.2. The potential referred to the standard 
hydrogen electrode and the absorption at 580 nm are plotted versus the percentage 
reduction of flavodoxin to the fully reduced form. The plot of absorption at 580 nm 
deviates from the straight lines near O~o and IOO~o reduction. These deviations were 
due to absorption by the dyes added as mediators; oxidized indigo disulfonate and 
reduced methyl viologen absorb at 580 nm. 

The data of Fig. 7 show clearly that  reduction of P. elsdenii flavodoxin occurs 
in two 1-electron steps. The midpoint potentials for these steps were determined at 
25 % and 75 ~o reduction from a number of reductive and oxidative titrations. The 
determined values for E 1 and E i from the experiment of Fig. 7 were --0.365 V and 
--o.175 V, respectively. These values are in reasonable agreement with theoretical 
values of --0.375 V and --o.187 V for E 1 and E 2, respectively at pH 8.2 l°. The 
potentiometric data  indicate a semiquinone formation constant 1° of 166o. The 
theoretical line for an oxidation-reduction system with this value for the semi- 
quinone formation constant is shown by the solid line in Fig. 7- 

Effect of suld'hhydryl reagents 
KNIGHT AND HARDY 3 reported that  FMN is slowly dissociated from C. pasteu- 

rianum flavodoxin by an excess of the mercurial reagent sodium mersalyl. Phenyl- 
mercuric acetate causes a similar displacement of flavin from flavodoxin. Fig. 8 
shows the effect of a 3-4-fold molar excess of phenylmercuric acetate on the flavin 
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Fig. 7. Potentiometric t i t ra t ion of flavodoxin from P. elsdenii at  pH 8.2. Experimental  conditions 
were as described in MATERIALS AND METHODS. Values for En and the absorption at  58o nm are 
shown plotted versus the percentage reduction of flavodoxin to the fully reduced protein. 0 ,  II, 
reductive t i t ra t ion with Na~S204 ; ©, A, back t i t ra t ion of the same solution of reduced flavodoxin 
with dichlorophenolindophenol. For clarity, some of the experimental points have been omitted 
from the plot of absorption. The solid line is a theoretical curve relating Eh to percent reduction 
for a 2-electron oxidat ion-reduction reaction in which semiquinone is formed with a semiquinone 
formation constant  of 166o and a midpoint  potential  of --0.270 V. 

Fig. 8. Effect of phenylmercuric acetate on the flavin fluorescence of flavodoxins. Phenylmercuric 
acetate was mixed with flavodoxin in 2 ml o.i M potassium phosphate buffer (pH 6.8) containing 
3-1o .4 M EDTA and o.14 M KC1 at  21 °. The changes in fluorescence were followed with an 
Aminco Bowman fluorimeter. Fluorescence excitation was a t  45 ° rim, and fluorescence emission 
was a t  53 ° rim. (2), 3.53"IO-6 M Clostridium MP flavodoxin plus 1.13 • lO -5 M phenylmercuric 
acetate. 0 ,  3.88" IO -e M P. elsdem, flavogloxin plus 1.49" lO -5 M phenylmercuric acetate. A,  4-83 . 
IO -6 M C. pasteurmnum flavodoxin plus 1.96" lO -5 M phenylmercurlc acetate. 

f l uo re scence  o f  f l a v o d o x i n s  f r o m  C l o s t r i d i u m  MP,  C. pasteurianum a n d  P. elsdenii. 
T h e  f l uo re scence  of  C l o s t r i d i u m  M P  a n d  P. elsdenii f l a v o d o x i n s  i n c r e a s e d  to  a v a l u e  

c o r r e s p o n d i n g  to  t h e  r e l ease  of  a l l  o f  t h e  F M N  ; in  t h e  case  o f  C. pasteurianum f l avo-  

d o x i n ,  t h e  c h a n g e s  we re  v e r y  s low a n d  t h e y  we re  n o t  fo l lowed  to  c o m p l e t i o n .  T h e  

r e a c t i v i t y  of  t h e s e  f l a v o d o x i n s  w i t h  p h e n y l m e r c u r i c  a c e t a t e  i n c r e a s e s  w i t h  t h e  n u m -  

b e r  o f  c y s t e i n e  r e s i d u e s  in  t h e  p r o t e i n .  T h u s  t h e  r e a c t i v i t y  i n c r e a s e d  f r o m  C. pasteu- 
r ianum t o  C l o s t r i d i u m  M P  f l a v o d o x i n  ( f l a v o d o x i n s  f r o m  C. pasteurianum, P.  elsdenii 
a n d  C l o s t r i d i u m  M P  c o n t a i n  I ,  2 a n d  3 r e s i d u e s  of  cys t e ine ,  r e s p e c t i v e l y ) .  

ELLMAN'S a2 r e a g e n t  ( 5 , 5 ' - d i t h i o b i s - ( 2 - n i t r o b e n z o i c  acid))  causes  s i m i l a r  in-  

c r eases  in  t h e  f l a v i n  f luo rescence  of  P.  elsdenii f l a v o d o x i n .  H o w e v e r ,  N - e t h y l -  

m a l e i m i d e  a n d  i o d o a c e t a t e  h a v e  n o  ef fec t  on  t h i s  f l a v o d o x i n ,  e v e n  w h e n  t h e s e  

r e a g e n t s  a re  p r e s e n t  in  a l a rge  m o l a r  excess .  I n  a d d i t i o n ,  w h e n  e i t h e r  P. elsdenii or 

C l o s t r i d i u m  M P  f l a v o d o x i n s  we re  r e a c t e d  w i t h  i s o t o p i c a l l y  l a b e l l e d  i o d o a c e t a t e  a t  

p H  7 for  3 h a t  0 ° a n d  t h e n  s e p a r a t e d  f r o m  s m a l l  m o l e c u l e s  on  a c o l u m n  o f  S e p h a d e x  

G-25,  n o n e  o f  t h e  r a d i o a c t i v i t y  w a s  a s s o c i a t e d  w i t h  t h e  p r o t e i n  b a n d  (M. L. LUDWIG 

AND M. LEQuESNE, p e r s o n a l  c o m m u n i c a t i o n ) .  T h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  sulf-  

h y d r y l  g r o u p s  in  t h e  n a t i v e  f o r m s  o f  t h e s e  f l a v o d o x i n s  a re  n o t  a v a i l a b l e  for  r e a c t i o n  

w i t h  i o d o a c e t a t e .  E x p e r i m e n t s  w i t h  t h e  a p o p r o t e i n s  f r o m  f l a v o d o x i n s  s u g g e s t  t h a t  

a t  l e a s t  one  s u l f h y d r y l  g r o u p  is i m p o r t a n t  for  f l a v i n  b i n d i n g .  T h e s e  e x p e r i m e n t s  a re  
d e s c r i b e d  in  t h e  a c c o m p a n y i n g  p a p e r  27. 
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