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The Amino Acid Sequence of Ferredoxin I1 from 
Chlorobium limicola, a Photosynthetic Green Bacterium? 

Masaru Tanaka. Mitsuru Haniu, Kerry T. Yasunobu,* M. C 
Krishna K. Rao 

ABSTRACT: The amino acid sequence of ferredoxin 11 from 
the photosynthetic green sulfur-reducing bacterium, Chlo- 
robium limicola, was deduced cto be: Ala-His-Arg-Ile-Thr- 
Glu-Glu-Cys-Thr-Tyr-Cys-Ala-Ala-Cys-Glu-Pro-Glu-Cys- 
Pro-Val-Asn-Ala-Ile-Ser-Ala-Gly-Asp-Glu-Ile-Tyr-Ile- 
Val-Asp-Glu-Ser-Val-Cys-Thr-Asp-Cys-Glu-Gly-Tyr-Tyr- 
Asp-Glu-Pro-Ala-Cys-Val-Ala-Val-Cys-Pro-Val-Asp-Cys- 
Ile-Ile-Lys-Val. The ferredoxin was shown to consist of 61 

T h e  amino acid sequence of ferredoxin I, one of the two 
types of ferredoxin present in the photosynthetic green sul- 
fur-reducing bacterium, Chlorobium limicola, has been de- 
termined (Tanaka et al., 1974). The amino acid sequence of 
ferredoxin from a photosynthetic, but purple sulfur-reduc- 
ing bacterium, Chromatium, has also been reported by 
Matsubara et al. (1970). From the comparison of the amino 
acid sequences of the Chlorobium limicola ferredoxin I and 
the Chromatium ferredoxin, it was pointed out that both 
ferredoxins show great sequence homology although the lat- 
ter contains 21 additional amino acids a t  the C-terminal 
end of the protein. 

Both of these ferredoxins are of the 8 Fe, 8 S2--type in 
which the iron is probably chelated to 8 cysteine residues to 
form two iron-sulfur clusters which contain 4 Fe and 4 S2- 
each (Adman et al., 1973). 
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amino acids in a single polypeptide chain. The presence of 8 
g-atoms of Fe and 8 mol of sulfide led to a calculated mo- 
lecular weight of 7289. In contrast to the ferredoxin I from 
C. limicola, ferredoxin I1 contains basic amino acids in po- 
sitions 2 and 3 and 60 from the "2-terminal end of the 
protein. The sequences of all the various ferredoxins from 
photosynthetic bacteria reported to date are compared with 
one another. 

Now the amino acid sequence of ferredoxin 11, the other 
ferredoxin in the photosynthetic green bacterium, Chloro- 
bium limicola, has been determined. The present report 
gives the details of the research which has led to the eluci- 
dation of the primary structure of the Chlorobium limicola 
ferredoxin 11. 

Materials and Methods 
Chlorobium limicola Ferredoxin II. The preparation of 

ferredoxin from a pure culture of C. limicola and the proce- 
dures for the isolation and purification of the CM' deriva- 
tive of C. limicola ferredoxin I1 have already been de- 
scribed (Tanaka et al., 1974). The C. limicola CM-ferre- 
doxin I1 was then further purified by column rechromato- 
graphy on Dowex 1-X2 and was used in  the present se- 
quence studies. 

Chymotrypsin was obtained from the Worthington Bio- 
chemical Corp. as a three-times crystallized preparation. 
~-(l-Tosylamido-2-lysyl)ethyl chloromethyl ketone was 
purchased from Cyclo Chemical. 

' Abbreviations used are: CM,  carboxymethyl; PTH, phenylthi- 
ohydantoin. 
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Sequanal grade protein sequenator reagents and solvents 
(including 5% phenyl isothiocyanate in heptane, 1.0 M 
Quadrol-trifluoroacetic acid buffer (pH 9.0), anhydrous 
n-heptafluorobutyric acid, benzene, ethyl acetate, and 1- 
chlorobutane) were purchased from the Pierce Chemical 
c o .  

The sources of the other reagents used in the present in- 
vestigation have been described in previous reports from our 
laboratory (Tanaka et al., 1973). 

Amino Acid Analyses. Purified samples of the protein 
and peptides were hydrolyzed in 6 N HC1 a t  1 I O 0  for 24, 
48, or 72 hr in sealed, evacuated Pyrex glass tubes. The 
amino acid composition of the protein and peptides were de- 
termined on their 6 N HCI hydrolysates in a Beckman- 
Spinco Model 120 C automatic amino acid analyzer as de- 
scribed by Spackman et al. (1958). The instrument was 
equipped with high sensitivity cuvets and a 4-5 mV full 
scale range card. 

Amino Acid Sequence Determinations. The NH2-termi- 
rial sequences of the CM-ferredoxin were determined by the 
Beckman-Spinco Model 890 protein/peptide sequencer util- 
izing the protein double cleavage program. Prior to the se- 
quencer analysis, peptide CT-5 was reacted with 4-sulfo- 
phenyl isothiocyanate (Braunitzer et al., 1970). The se- 
quencer run was carried out on both the 4-sulfophenylthio- 
carbamyl derivative of the peptide CT-5 and the underiva- 
tized peptide CT-5. The "2-terminal sequences of all the 
other peptides were obtained by the usual manual Edman 
degradation method (Edman and Sjoquist, 1956). Amounts 
of material used in sequence studies for both the sequencer 
run and the manual Edman reaction varied from 170 to 250 
nmol. The phenylthiohydantoins of the amino acids were 
identified by gas chromatography in a Beckman GC-45 gas 
chromatograph as described by Pisano and Bronzert 
(1969), or by thin-layer chromatography as described by 
Edman and Begg (1 967), or by amino acid analyses of the 6 
N HCl hydrolysates of the amino acid phenylthiohydan- 
toins (Van Orden and Carpenter, 1964). In the present se- 
quence studies, the quantitative determination and identifi- 
cation methods for PTH-amino acids were selected as fol- 
lows. (1 )  A combination of gas chromatography and amino 
acid analysis of the 6 N HCl hydrolysates was used for the 
identification of PTH-alanine, PTH-valine, PTH-proline, 
PTH-isoleucine, and PTH-leucine. (2) A combination of 
gas chromatography and thin-layer chromatography was 
carried out for the identification of PTH-carboxymethyl- 
cysteine, PTH-serine, and PTH-threonine. (3) Both amino 
acid analyses of 6 N HCl hydrolysates and thin-layer chro- 
matography were used for the identification of PTH-aspar- 
tic acid, PTH-asparagine, PTH-glutamic acid, and PTH- 
glutamine. (4) Only amino acid analysis of acid hydrolys- 
ates was used for the identification of PTH-lysine, PTH- 
histidine, and PTH-arginine. (5) All three methods were 
used for identifying PTH-glycine and PTH-tyrosine. Prior 
to the sequence studies, amounts of the protein and peptides 
to be sequenced were quantitatively determined by amino 
acid analyses of their 6 N HC1 hydrolysates and theoretical 
yields were calculated in order to measure the recovery of 
PTH-amino acids in both the sequencer run and the manual 
Edman reaction. The average repetitive yields in the Edman 
reaction are shown in each experimental table. In the pres- 
ent investigation, carryover of PTH-amino acids was below 
5% a t  each step. No problems of assignment were observed 
throughout the sequence determinations. The COOH-ter- 
minal amino acids of the protein and peptides were deter- 

Table I :  Amino Acid Compositions of Chlorobium limicola 
Ferredoxins, I and 11. 

Ferredoxin I1  

From From 
Analysis Sequence Ferredoxin 

Amino Acid Dataa Studies Ib 

Lysine 1.01 (1) 1 0 
Histidine 0.95 (1) 1 0 
Arginine 0.94 (1) 1 0 
Aspartic acid 6.02 (6) 6c 6d 
Threonine 3.02 (3) 3 4 
Serine 1.76 (2 )  2 1 
Glutamic acid 8.05 (8) 8e 9f 
Proline 3.92 (4) 4 3 
Glycine 2.08 (2) 2 4 
Alanine 6.97 (7) 7 9 
Cysteineg 8.82 (9) 9 9 
Valine 7.02 (7) 7 5 
Isoleucine 5.84 (6) 6 5 
Leucine ( 0)  0 2 
Tyrosine 4.00 (4) 4 3 
To tal residues 61 61 60 
Molecular weighth 7289 6919 

a Acid hydrolyses were performed on CM-ferredoxin for 24, 48, 
and 72 hr at 110" with 6 N HC1. The amino acid residues were 
calculated on the basis of a tyrosine content of 4.00 mol/mol of 
protein. Extrapolations were made for threonine and serine. Values 
for valine, isoleucine, and leucine were taken from 72-hr hydro- 
lysates. Values in parentheses indicate values rounded off to nearest 
whole number. bTaken from reference of Tanaka et  al. (1974). 
CSum of five aspartic acid and one asparagine. dSum of four 
aspartic acid and two asparagine. eNo  glutamine exists. fSum of 
seven glutamic acid and two glutamine. gDetermined as CM-cys. 
teine. hIntact  protein including 8 iron and 8 sulfide. 

mined by hydrazinolysis (Bradbury, 1958). 
Chymotrypsin Digestion, Chromatography of the Digest, 

and Further Purification of the Peptides. About 2.5 pmol 
of CM-ferredoxin I1 was digested with chymotrypsin (en- 
zyme to substrate was 1:30, w/w) at  p H  8.0 in a total vol- 
ume of 1.0 ml. Chymotrypsin used in this study was ob- 
tained from the Worthington Biochemical Corp. as a three 
times crystallized preparation. Prior to the use, chymotryp- 
sin was treated with L-( 1-tosylamido-2-1ysyl)ethyl chloro- 
methyl ketone (Mares-Guia and Shaw, 1963). Additional 
chymotrypsin was added a t  6 hr and the digestion was car- 
ried out a t  28O for 20 hr. The Nz-dried chymotryptic digest 
of CM-ferredoxin was applied to a Dowex 1-X2 column 
(1.0 X 20 cm). The digestion mixture on the column was 
eluted by a linear gradient elution technique by mixing 200 
ml of water in the mixing chamber and 200 ml of 6.0 M 
acetic acid in the reservoir. The flow rate was 60 ml/hr. 
Fractions of 4.5 ml were collected and an aliquot of each 
fraction was assayed by alkaline ninhydrin procedure 
(Crestfield et al., 1963). The peptides, after column chro- 
matography, were further purified by paper electrophoresis 
in a pyridine-acetic acid-water buffer (the p H  of 10% pyri- 
dine solution was adjusted to 6.50 with glacial acetic acid) 
or by paper chromatography (1 -butanol-pyridine-acetic 
acid-water; 60:40: 12:48, v/v), or by rechromatography on 
Dowex 1-X2. 

Peptide Nomenclature. Peptides obtained from the chy- 
motryptic hydrolysis of the CM-ferredoxin I1 are  designat- 
ed by the symbol CT. 

Results 
Amino Acid Composition and End Group Analysis. The 
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CT- I 
CT-2 

~ ~ 

Table 11: Amino Acid Compositiona and Properties of Chymotryptic Peptides of CM-ferredoxin. 
-___ ____ - __ ____ 

Total 
Amino Acid cpr-ic CT-2 CT-3 CT-4 CT-5d CT-6 CT-7 CT-8' Residue& 

~ 

Cysteinef 0.92 (1) 0.85 (1) 2.86 (3) 4.80 (5) 1.82 (2) 2.84 ( 3 )  1.86 (2)  9 
Aspartic acid 2.08 (2) 4.05 (4) 1.83 (2) 2.06 (2 )  0.97 ( 1 )  6 
Threonine 1.89 (2) 1.92 (2) 0.90 (1) 0.90 (1) 3 
Serine 0.83 (1) 0.85 (1) 0.81 (1) 2 
Glutamic acid 2.01 (2) 2.09 (2) 2.96 (3) 3.03 (3) 1.88 (2) 1.03 (1) 8 

Glycine 1.00 (1) 1.00 (1) 1.00 (1) 2 
Alanine 1.00 (1) 1.00 (1) 3.87 (4) 1.95 (2) 2.00 (2) 7 
Valine 0.93 (1)  5.85 (6) 1.86 (2) 3.88 (4) 2.84 (3)  7 
Isoleucine 0.96 (1) 0.97 (1 )  1.94 (2) 2.85 (3) 0.97 (1) 1.86 (2) 2.01 ( 2 )  6 
Tyrosine 0.95 (1) 0.98 (1) 1.00 (1) 2.00 (2) 1 .00 (1) 1.00 (1) 4 

His tidine 0.91 (1) 0.86 (1) 1 
Arginine 1.01 (1) 1.00 (1) 1 
Total residues 10 2 8 20 31 13 18 10 61 
Recovery (76) 32 27 29 66 44 35 29 10 
R.fg 0.31 0.26 0.41 0.45 0.55 0.31 0.45 0.52 
Color reaction Yellow to  

with ninhydrin Violet Violet Violet Violet Violet Violet Violet Violet 
Purification PAW PAW BPAW Dowex 1 Dowex 1 BPAW BPAW BPAW 

me tho dh and and and and 

Proline 2.01 (2) 1.92 (2) 1.86 (2) 0.84 (1)  4 

Lysine 0.96 (1 )  0.92 (1) 1.00(1J 1 

BPAW BPAW BPAW BPAW 
aResults from samples hydrolyzed for 24 and 48  hr in 5.7 N HCI. The numbers in parentheses refer to the assumed stoichiometric number 

of residues per molecule of pure peptide. bSum of the peptides, CT-1, CT-4, and CT-5. CSum of the peptides, CT-2 and CT-3. dSum of the 
peptides, CT-6 and CT-7. eUnusual chymotryptic peptide which was liberated by the cleavage of an Ala-Val linkage. fDetermined as Chl- 
cysteine. gPaper chromatography with 1-butanol-pyridine-acetic acid-water (60:40: 12:48,  v/v). hThe abbreviations used are: PAW. 
paper electrophoresis in the electrolyte system, pyridine-acetic acid-water (pH of a 10% pyridine solution was adjusted to 6.50 with 
glacial acetic acid); BPAW, paper chromatography in the solvent system, 1-butanol-pyridine-acetic acid-water (60:40:  12:48.  v/v);  and 
Dowex 1. rechromatoeraohv on a Dowex 1-X2 column. 

cT-4 
A 

CT-6 

HHH : 1 

0 IO 20 30 40 50 60 70 80 90 
TUBE NUMBER 

FIGURE 1: Dowex 1-X2 column chromatography of the chymotryptic 
peptides of CM-ferredoxin 11. See Experimental Section for details of 
experimental conditions used. Fractions under each peak which were 
pooled are indicated by solid bars. 

amino acid composition of the C. limicola ferredoxin I1 was 
obtained from 24-, 48- and 72-hr hydrolysates of the CM-  
ferredoxin. The results are summarized in Table I along 
with the amino acid composition data of C. limicola ferre- 
doxin 1 previously reported by us (Tanaka et al., 1974). The 
"2-terminal amino acid of the C. limicola ferredoxin I1 
was shown to be alanine from the sequencer analysis. The 
COOH-terminal amino acid of the ferredoxin I1 was deter- 
mined to be a valine (75% yield) by hydrazinolysis. 

Isolation and Purification of Chymotryptic Peptides. 
The chymotryptic digest of CM-ferredoxin I1 was chroma- 
tographed on a column of Dowex 1-X2 as shown in Figure 
1 .  A total of six main peaks were detected by the ninhydrin 
assay method after alkaline hydrolysis. The first peak con- 
tained two peptides, CT- 1 and CT-2. Paper electrophoresis 
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of.peak 1 peptides in pyridine-acetic acid-water (pH 6.50) 
separated the acidic peptide CT-1 and the basic peptide 
CT-2. Both peptides were further purified by paper chro- 
matography in 1 -butanol-pyridine-acetic acid-water. The 
second peak also contained two peptides, CT-3 and CT-8, 
and both of the peptides were purified by paper chromatog- 
raphy in 1 -butanol-pyridine-acetic acid-water. The pep- 
tides present in the fourth (CT-5) and fifth (CT-4) peaks 
were first purified by rechromatography on columns of 
Dowex 1-X2 and were then further purified by paper chro- 
matography. The peptides in the third (CT-7) and sixth 
(CT-6) peaks also were purified by paper chromatography. 
The amino acid compositions and properties of these pep- 
tides are summarized in Table 11. 

Sequencer Results of CM-ferredoxin II. The sequence 
analyses of the C. limicola CM-ferredoxin I1 (250 nmol) 
were determined twice in the Beckman-Spinco protein se- 
quencer (protein double cleavage program was used). It was 
possible to determine the first 39 residues from the amino- 
terminal end of the protein. A typical result, which was ob- 
tained in one of the two separate sequencer runs of the 
CM-ferredoxin 11, is summarized in Table 111. 

Sequencer Analyses of Peptide CT-5 (Residues 31 -61). 
The sequence analyses of the peptide CT-5 were carried out 
on both the 4-sulfophenylthiocarbamyl derivative of the 
peptide (200 nmol) and the underivatized peptide (200 
nmol). I n  both cases, the conditions of the sequencer run 
were same as described above for the CM-ferredoxin except 
for use of 0.25 M Quadrol in place of 1.0 M Quadrol 
(Braunitzer et al., 1972). In the case of the sequencer run of 
the 4-sulfophenylthiocarbamyl derivative of peptide, the 4- 
sulfophenylthiohydantoin from the "2-terminal residue 
was not quantitatively extracted by the organic solvents be- 
cause of its strong acidic property and, therefore, the yield 
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Table 111: Amino-Terminal Amino Acid Sequence Analysis of the 
Chlorobium limicola Ferredoxin 11. 

Step Yieldb 
No. Sequencea (%) Identification MethodC 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
12 
13  
14 
15 
16 
17 
18  
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 

Alanine 
Histidine 
Arginine 
Isoleucine 
Threonine 
Glutamic acid 
Glutamic acid 
Cysteine 
Threonine 
Tyrosine 
Cysteine 
Alanine 
Alanine 
Cysteine 
Glutamic acid 
Proline 
Glutamic acid 
Cysteine 
Proline 
Valine 
Asparagine 
Alanine 
Isoleucine 
Serine 
Alanine 
Glycine 
Aspartic acid 
Glutamic acid 
Isoleucine 
Tyrosine 
Isoleucine 
Valine 
Aspartic acid 
Glutamic acid 
Serine 
Valine 
Cysteine 
Threonine 
Asxd 

98 
88 
30 
70 
5 2  
50  
46 
48 
40 
36 
37 
32 
28 
29 
25 
23 
22 
25 
21 
19 
20 
21 
19 
14 
18 
16 
17 
15 
15 
13  
15 
14 
14 
13 
10 
12 
11 
10 
7 

GC 
HYD 
HYD 
Gc 
GC 
HYD 
HYD 
GC 
Gc 
GC 
Gc 
GC 
Gc 
GC 
HYD 
Gc 
HYD 
GC 
GC 
Gc 
HYD 
GC 
Gc 
GC 
GC 
GC 
HYD 
HYD 
GC 
Gc 
GC 
GC 
HYD 
HYD 
GC 
Gc 
Gc 
Gc 
HYD 

HYD 

HYD 
TLC 
TLC 
TLC 
TLC 
TLC 
HYD 
TLC 
HYD 
HYD 
TLC 
TLC 
HYD 
TLC 
TLC 
HYD 
HYD 
TLC 
HYD 
HYD 
TLC 
HYD 
HYD 
TLC 
TLC 
HYD 
HYD 
HYD 
HYD 
TLC 
TLC 
TLC 
HYD 
TLC 
TLC 

TLC 

TLC 

TLC 

- - 
aCM-ferredoxin was sequenced in the protein sequencer. See 

Methods for experimental details. bTheoretica1 yield determined 
by gas chromatography of PTH-amino acid except for PTH-histidine, 
-arginine, -glutamic acid, -asparagine, and -aspartic acid which were 
determined by amino acid analyses. The average repetitive yield was 
99.3%. CThe abbreviations used are: GC, gas chromatography of 
PTH-amino acid; TLC, thin-layer chromatography of PTH-amino 
acid; and HYD, 6 N HC1 hydrolysis of the PTH-amino acid to the 
free amino acid and subsequent amino acid analyses. d“Asx” 
means aspartic acid or asparagine. From the sequence analyses 
of the peptide CT-5, this position was determined to be aspartic. 
acid. 

of this amino acid was quantitated on the underivatized 
peptide (Tanaka et al., 1974). Sixteen residues from the 
“2-terminal end of the peptide were determined from the 
combined sequencer runs. The results of these analyses are 
summarized in Table IV. 

Manual Edman Degradation Results of Peptide CT-7 
(Residues 44-61). Twelve steps of the manual Edman deg- 
radation were carried out on this peptide (180 nmol). The 
results obtained are summarized in  Table V. 

Sequence Determination of Peptide CT-8 (Residues 
52-61). Nine steps of the manual Edman degradation es- 
tablished the sequence of the peptide (170 nmol). The re- 
sults of the sequence analyses are summarized in Table VI. 

Complete Sequence. The sequencer analysis of the C. 
limicola ferredoxin I1 showed that peptide CT-1 was “2- 
terminal and was followed by peptide CT-4 and then by 

Table IV: Automatic Sequenator Results of Peptide CT-5. 

Yield (%)b 

Step Run Run 
IC 2d Identification Methode KO. Sequencea -___ 

1 Isoleucine 100 54-f Gc HYD 
2 Valine 80 87 GC HYD 
3 Aspartic acid 64  7 3  HYD TLC 
4 Glutamicacid 55 65  HYD TLC 
5 Serine 43 55 GC TLC 
6 Valine 40  55 GC HYD 
7 Cysteine 32 49 GC TLC 
8 Threonine 22 33 GC TLC 
9 Asparticacid 18 30 HYD TLC 

1 0  Cysteine 12 25 GC TLC 
11 Glutamicacid 9 24 HYD TLC 
12 Glycine 6 17 GC HYD TLC 
1 3  Tyrosine 15 GC HYD TLC 
14 Tyrosine 13  GC HYD TLC 
15 Asx 9 HYD 
16 Glx 8 HYD 

aStep No. 15 and 16 in the sequence were determined to be 
aspartic acid and glutamic acid, respectively, from the sequence 
analyses of the peptide CT-7. bSee footnote b in Table 111. The 
average repetitive yields were calculated to be 77.4% for run 1 
and 84.5% for run 2. CResults obtained with underivatized pep- 
tide CT-5. dResults obtained with 4-sulfophenylthiocarbamyl 
derivative of peptide CT-5. eSee footnote c in Table 111. fCould 
not be quantitatively extracted by the organic solvent because 
of its strongly acidic property. 

Table V:  Manual Edman Degradation Results of Peptide CT-7. 

Step Y ielda 
No. Sequence (%) Identification Methodb 

1 Tyrosine 90  GC HYD TLC 
2 Aspartic acid 88 HYD TLC 
3 Glutamicacid 84 HYD TLC 
4 Proline 70 GC HYD 
5 Alanine 66 GC HYD 
6 Cysteine 56 Gc TLC 
7 Valine 45 GC HYD 
8 Alanine 43 GC HYD 
9 Valine 37 Gc HYD 

10 Cysteine 21 GC TLC 
11 Proline 16 GC HYD 
12 Valine 14 Gc HYD 

footnote b inTable 111. bSee footnote c in Table 111. 

Table VI: Sequence Determinationa of Peptide CT-8. 

Sequence 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Amino Acid 
Valine 
Cysteine 
Proline 
Valine 
Aspartic acid 
Cysteine 
I so leucine 
Isoleucine 
Lysine 
Valine 

Yieldb 
(%I 
100 

85 
72 
6 0  
44 
36 
31 
25 
20 
12 

Identification 
Methodc 

GC HYD 
Gc TLC 
GC HYD 
Gc HYD 
HYD TLC 
GC TLC 
GC HYD 
Gc HYD 
HYD 
Direct analysisd 

aManual Edman degradation established the sequence of this 
peptide. bSee footnote b in Table 111. CSee footnote c in Table 
111. dAfter the ninth step of Edman degradation, free valine was 
determined in the sample by the direct amino acid analysis with- 
out acid hydrolysis. 
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CT-1 

F?-i------ CT-3 __ 
-7- 

- 

1 5 10 15 20 
H,N-Ala-His-Arg-Ile-Thr-Glu-Glu-Cys-Thr-Tyr-Cys-Ala-Ala-Cys-G~u-Pro-Glu-Cys-Pro-Val-Asn- 

- - - - - - - - t - - L - - L - - - - - . L - - - - - L - - - - - - t - - t - - - t - - - - - t -  

CT-4 -------- 

=------------ ====l 
CT-8 --------- 

45 50 55 60 61 
Tyr-Tyr-Asp-Glu-Pro-Ala-Cys-Val-Ala-Val-Cys-Pro-Val-Asp-Cys-Ile-Ile-Lys-Val-COOH 

- - 
CT-5 1 

30 

30 

30 

30 

C.B.  Fd (2)iThr Gln PhelVal Ile Asp Ala 

C .L .  Fd(I1) (2) Glu Ile TyrlIle Val AspjGlu 

C .L .  Fd(1) (2) Asp Ile T y r  Val Ile Asp Ala 

T y r  Val Ile Glu P r o  

35  

35  
Asp T h r  Cys 

Asn T h r  Cys 
35  

Ser Val Cys 
35 

Ser  Leu Cys __ 

peptide CT-5 in that order. Peptide CT-5 is the COOH-ter- 
minal peptide based on the COOH-terminal analysis of the 
protein. The sequence data necessary to establish the total 
sequence which have been covered in the previous section 
and also additional sequence studies which were determined 
are summarized in Figure 2. 

Discussion 
In a previous report (Tanaka et al., 1974), our aims and 

goals for a sequence study of ferredoxins from various pho- 

tosynthetic bacteria were given. Thus far, the ferredoxins 
from Chromatiurn (Matsubara and Sugeno, 1969) and 
from Chlorobium limicola have been sequenced (Tanaka et 
al., 1974). The former bacterium is a photosynthetic purple 
bacterium while the latter is a photosynthetic green bacteri- 
um. In the case of C. limicola, two different types of ferre- 
doxin which have been designated as ferredoxins I and I1 
have been found. The amino acid sequence of ferredoxin I 
has been reported previously (Tanaka et al., 1974) and, in 
the present report, the details of the investigation which 
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Table VII: Comparison between the Amino Acid Sequences of 
Three Photosynthetic Bacterial Ferredoxins and Clostridium 
bu tyncum Ferred 0xin.a 

C.L. Fd ( I )  
C.L. Fd  (11) 
Chrom. F d  
C.B. Fd  
Between three 

photosynthetic 
ferredoxins 

all four 
ferredoxins 

Between 

Chrom. 
C.L. Fd  ( I )  C.L. F d  (11) Fd. C.B. Fd. 

38 31 27 
(62.2) 32 23 
(50.9) (52.5) 23 
(44.3) (37.7) (37.7) 

26 (42.6) 

18 (29.5) 

UIn the table, numbers not  in parentheses show number of identi- 
cal amino acids and values in parentheses show percentage of identi- 
cal amino acids in the total of 61 residues used for comparison. 

lead to the sequence determination of the C.  limicola ferre- 
doxin I1 are presented. 

The amino acid analyses of ferredoxin I1 disclosed a 
number of differences from the reported amino acid analy- 
ses of ferredoxin 1. Ferredoxin I1 contained the basic amino 
acid residues histidine, arginine, and lysine and none of 
these amino acids were present in ferredoxin I. Also, ferre- 
doxin I contained 2 leucine residues while ferredoxin I1 con- 
tained no leucine residues. However, rather than pointing 
out the differences between ferredoxins I and 11, one should 
note the great similarity in the sequence of these two ferre- 
doxins. Ferredoxin I1 contains one more amino acid residue 
than ferredoxin I and in our alignment, we have assumed 
that there has been a deletion of a residue after residue 46 
in ferredoxin I. Both proteins contain 60-61 amino acids, 9 
cysteine residues located at  positions 8, 11, 14, 18, 37, 40, 
49, 53, and 57, and most of these latter residues are in- 
volved in iron chelation and the two sequences show 62% 
homology. 

When a comparison of the sequences of the various ferre- 
doxins from photosynthetic bacteria is made, one notes cer- 
tain constant features. (1) They appear thus far to contain 9 
cysteine residues. (2) When their sequences are compared 
with clostridial ferredoxins, one notes an insertion of 5-6 
residues between residues 41 and 42 in the C.  butyricum 
ferredoxin (see Figure 3). In the Chromatium ferredoxin, 
an insertion of additional residues at  the C-terminal end of 
the protein has occurred and this section of the Chroma- 
tium ferredoxin was not included in the sequence compari- 
sons. (3) The sequences of the C. limicola ferredoxins are 
more similar to the Chromatium ferredoxin than the non- 
photosynthetic bacterial ferredoxin such as from C. butyri- 
cum as shown in Table VII. 

Sequence determination of the C.  limicola ferredoxin I1 
was done partly in the automated instrument as well as by 

manual Edman degradation on the isolated chymotryptic 
peptides. The automated instrument established the se- 
quence of the first 39 residues from the "2-terminal end 
of the protein. In addition, peptide CT-5 was also analyzed 
in the protein sequencer using the conditions described by 
Braunitzer et al. (1970, 1972), i.e., the protein program 
with 0.25 M Quadrol in place of 1.0 M Quadrol. The re- 
mainder of the peptides were sequenced by the manual 
Edman degradation. Provided that the yields of the phenyl- 
thiohydantoin of the amino acids were 10% or greater, it 
was possible to identify each amino acid during the Edman 
degradation. Yields of 10% made it possible to use at least 
two methods, e.g., amino acid analysis of the acid hydroly- 
zates of the PTH-amino acids plus either gas or thin-layer 
chromatography. Each of the three methods mentioned 
above require about 5 pmol of the PTH-amino acids. The 
only unusual observation made during the isolation and 
characterization of the chymotryptic peptides was the 
cleavage of an Ala-Val bond (residues 51-52) by chymo- 
trypsin. Although it was not reported in an earlier paper 
(Tanaka et al., 1974) this same peptide bond was cleaved in 
the C.  limicola ferredoxin I. 
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