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I. GENERAL CONSIDERATION

Ferredoxin, a non-heme iron-containing protein is
the nane‘given by Mortenson, Valentine, and Carnahan (1).
They first isolated this protein from a non-photosynthetic

anaerobic bacterium, Clostridium pééfeﬁfiaﬁuﬁ in 1962 (1).

This proteln functioned as an electron carrier in the
phosphoroclastic reaction. Tagawa and Arnon (2) in 1962

crystallized C.-pésteufiéhum ferredoxin and demonstrated

that this ferredoxin could be replaced by a chloroplast
protein, known as methohemoglobin-reducing factor (3),
TPN-reducing factor (L), or photosynthetic pyridine
nucleotide reductase (5) in a system of photoredﬁctidn

of NADP+ by spinach chloroplast. They renamed the chloro-
plast protein chloroplast ferredoxin and proposed that the
term ferredoxin extended to include other non-heme iron
proteins with low oxidation—reduction potentials. Since
then, ferredoxins have subsequently been found in many
organisms,anaerobic'bacteria, aerobic bacteria, photo-
synthetic organisms,‘and animals. With the increase of
information about bioiogical.activity (6), chemical structure
(7), biosynthesis (8), immunochemical property (9), and
evolutionary 1mpllcatlon (10) of ferredoxins, our under-
standing of blologlcal role and molecular properties of
ferredoxins has grown rapidly.

)

Physical ‘and chemical studies have established that

(1)




the active centers of various ferredoxins consist of iron
and sulfur clusters which capable of exchanging electron
during the biological reaction. Depending on the number
of iron and sulfur per molecule ferredoxins are classified
as 2Fe-2S, LFe-US, andb8Fe—8S ferredoxins.
Chloroplast-type ferredoxins are found in all oxyéenic
photosynthetic organisms from blue-green algae to higher °
plants. They contain 2Fe-2S atoms and have a moleculef'
weight of about 12,000. Bacterial ferredoxins are a very
diverse group. They contain 2Fe-25, LFe-4S, and 8Fe-83
atoms and have a molecular weight of ranging from 6,000
to 1l,000, Study of the primary structure of these fer-
redoxins is one of moet aetive field of investigation of
ferredoxins. The first amino acld sequence of ferredoxin

from C. pasteurianum was reported by Tanaka et al. (11)

in 1964; .It appeared that the clostridial ferredoxin wes
composed of two homologous halves, each containing 28 ahd
27 amino acid_residues. The first sequence of plant
ferredoxin was determined by Matsubara gt al. in 1967‘(12),
and it was found .that the structure was different from
those of clostridial ferredoxihs, but some similarities
were found between those proteins of different origins
(13), and it was suggested that these two different fer-
redoxins were derived from a common ancestor which appeared
in an early evolutionary era. Since then, many sequences
have been established for other ferredoxins from anaerobic

bacteria, photosynthetic bacteria, aerobic bacteria,

(2)




plants, and algae.

Ferredoxins with interesting and uniqgue properties
have recently been isolated from various organisms and
many efforts in structural studies are required in obtaining
a better understanding of their structure and function

relationship as well as their evolutionary relationship.

For eiample, an extreme halophilic bacterium. Halobacterium
halobium has 2Fe-2S ferredoxin which is considered fo be
similar to chloroplast-type ferredoxin from optical measur-
ments (1L). A group of ferredoxins represented by

Azotobactor vinelandii ferredoxin (15, 16) completely

différent from clostridial and photosynthetic bacterial
ferredoxins are found in a wide range of bacteria. 1In

order to clarify the relationship among these ferredoxin,

I felt that it is necessary to purify ferredoxin from various
organisms and to determine their complete amino acid
sequehces to relate them to the three dimensional structures
of representative ferredoxins some of which are alréady

availéble in our hand as shown later..




1T, PURIFICATION OF FERREDOXINS

1. Introduction

Ferredoxins are a group of low molecular weight,
strongly acidic proteins containing both non-heme iron and
inorganic sulfur. They are now known to be present in a
wide variety of organisms, non-photosynthetic anaerobic
bacteria, aerobié bacteria, photosynthetic bacteria, algae
including blué—green algae, mosses, ferns, higher plants

and animals. PFerredoxin was first isolated from Clostridium

pasteurianum by Mortenson et al. (1) in 1962. Since then,

different procedures for the purification éf ferredoxin
have been described (17, 18). Most of the procedures are
based on several unique properties of ferredoxin; it is
relatively stable in acetone-water mixture (19), strongly
adsorbed on DEAE-cellulose due to its acidic nature,
adsorbed on DEAE-cellulose or Sepharose équilibrated with
60 - 70 % ammonium sulfate (20, 21), and soluble in highly
concentrated solution of ammonium sulfate., In this chapter,
I describe the procedures for isolation of ferredoxins

from three organisms; a blue~green alga: Aphanothece sacrum,

a horsetail: Equisetum arvense, and an extreme halophilic

bacterium: Haiobacterium halobium. The procedures of the

purification of ferredoxins include the following steps,

(1) preparation of a cell extract

(L)
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(2) adosorption of crude ferredoxin on a DEAE-cellulose
(3) fractionation by ammonium sulfate
(1) chromatography on a DEAE-cellulose column

(5) gel filtration on a Sephadex G-75 column

2., Materials and Methods

Tris-HCL buffer, pH 7.5 containing NaCl: Two stock

solutions, 1 M Tris-HCl buffer, pH 7.5, and 5 M NaCl, were

mixed and diluted to make an appropriate concentration
necessary. All buffers used for preparation of ferredoxins
were made up in this manner unless otherwise specified.

Concentration of Ferredoxin: A dilute ferredoxin

solution was concentrated on a DEAE-cellulose column as
follows. The ferredoxin solution after chromatography was
saturated at 70 % with solid ammonium sulfate and passed
through a small DEAE-cellulose column equilibrated with

70 % ammonium sulfate without dialysis or dilution according
to the method of Mayhew (20). The 70 % saturated ammonium
sulfate solution was prepared By adding L72 g of sblid
ammonium sulfate toone liter of 0.01 M Tris-HCl buffer,

pH 7.5. The ferredoxin was eluted with 0.1 M buffer con-
taining 0.7 M NaCl to a small volume.

Aphanotheoe sacrum Ferredoxins: The Aphanothece sacrum

cells were collected from a river bed on Amagi, Fukuoka and

purchased from Endo Kanagawa-Do.

(5)



Step 1. About 18 kg of frozen algal cells were thawd
and allowed ‘to stand overnight in a cold room. The pH of
the supernatant of the cell suspension was kept 7 - 8 with
addlng Tris powder. |

Step 2. The supernatant was filtrated through a fine
mesh of cloth and DEAE-cellulose (about one liter of thick

suspension). equilibrated with 0.05 M buffer was added to

it. The suspension with DEAE-cellulose, whose color changed

to violet due to the adcsorption of phycobiliproteins
together with ferredoxin, was collected and packed into a
column. The dark fluorecent, violet solution was eluted
with O, 1 M buffer contalnlng 0.7 M NaCl.

S ep 3 Solid ammonium sulfate was added to the
eluate to give a final concentration of 70 % saturation.
The solution was centrifuged  for 20 min at 9,000 rpm and
the supernatant wasvdirectly applied to a DEAE-cellulose
column equilibrated with 70 % ammonium sulfate. Crude
ferredoxin was eluted with 0.1 M buffer~containing 0.7 M

NaCl and the eluate was dialyzed against 0.1 M buffer.

Step L. The dialysate was applied to a DEAEfcelldlcse_'

- column (306'x 35 em) equilibrated with 0.1 M buffer. Fer-
redoxin was eluted with 0.05 M buffer containing 0.35 M
NaCl. The ferredoxin was separated into two bands on‘the
column and the fractions containing ferredoxin in majoérity
corresponding to each band were pooled and concentrated

S ep 5. Each of the two ferredoxins was separately

chromatographed on a Sephadex G-75 column (4 x 75 cm)

(6)




equilibrated with 0.05 M buffer containing 0.35 M NaCl and
eluted with the same buffer. The two ferredoxins were
highly purified by these procedures.

Equisetum arvense Ferredoxins: Horsetail leaves

(about 0 kg) were collected on our campus in spring and
stored in a deep freezer(fér several days before preparation,

éféﬁ-i. One Kg portions of frozen leaves were blended
with 2 liters of wafer and 2 g of Tris powder. The pH of
the homogenate was kept between 7 and 8.

S£ép é. The blend was filtered through a fine mesh
of cloth and DEAE-cellulose equilibrated with 0.05 M buffer
was added to the green juice, The mixture was allowed to
stand for a few houré with occasionally stirfing, the super-
natant was decanted off, and the DEAE-cellulose was washed
with water three times and packed into column. The dark
green solution eluted wifh 0.07 M buffer containing O.44 M
NaCl was diluted wifh 5 volumes of water and readosorbed on
a DEAE-cellulose column. Ferredoxin was eluted with 0.05 M
buffer containing 0.35 M NaCl. This procedufe was repeated
twice.

Steplﬁ.éFerredoxin solution was fractionated with
70 % ammonium sulfate and the supernatant after centri-
fugation for 20 min at 9,000 rpm was concentrated on a
DEAE-cellulose column equilibrated with 70 % ammonium
sulfate. The crudé ferredoxin obtained from 4O Kg of
leaves was combined and_dialyzed against 0.1 M buffer,

Step li. The crude ferredoxin was further purified by

(7)
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chromatography on a DEAE-cellulose column (2.5 x 35 cm)
equilibrated with O.i M buffer. Elution was performed with
0.05 M buffer containing 0.3 M NaCl. Two ferredoxins |
separated on this column were concentrated.

étép~5. The two ferredoxins were separately chromato;
graphed on a Sephadex G-75 column as described in A;‘gééfﬁﬁ
ferredoxin., At final step, each was rechromatographed on

the same colum.

grown;;t37o in a medium composed of 10 g peptone, 250 g~
NaCl, 2d g MgSOu7H20, 2 g KC1, and 3 g trisodium citrate
per one liter adjusted to pH 7.0 with 3 N NaOH (22).

After 1 week of shaking, the bacterial cells were harvested
by centrifugation.

Step 1. The packed bacteria (150 g) were suspended
in 1;5 liters of 0,01 M buffér containing 5 mM Mg012 and
stirred with adding 2 mg of DNase until a homogeneoﬁs
suspension was obtained.

Step 2. Solid ammonium sulfate was addéd to the
suspension to give a final concentration of 50 % saturation.
The solution was allowed to stand Qvernight with stirring.
After removal of the pfecipitate_PyMpentrifugation for
20 min at 9,000 rpm, solid ammonium sulfate was further
added to a ooncentration‘of 70 %. After stirring for 30
min thée supernatant was collected by centrifugation a8
described above. |

Step'B. The supernatant was applied to a DEAE-cellulose

(8)




column equilibrated with 70 % ammonium sulfate. After the
column was washed Fhe game solution, ferredoxin was eluted
with 0.1 M buffer éontaining 0.7 M NaCl. This procedure was
repeated‘twice and the crude ferredoxin was dlalyzed against
0.1 M buffer.

Step L. The dialysate was applied to a DEAE-cellulose
column (2.5 x 35 cm) equilibrated with 0.1 M buffer and
ferredoxin was eluted a linear gradient system in 0.1 M
buffer increasing the content of NaCl from 0.1 to oO.hL M
(one liter in each reservoir). The ferredoxin solution
obtained was concentrated as described above. |

Step 5. The ferredoxin was further purified by
gel-filtration on a Sephadex G-75 as described in A. s acrum

ferredoxin.

Activity of Ferredoxins: The activity of ferredoxins

was determined by the photoreduction of NADP" by spinach,

Rumek sp.s or Phytolacca americané chloroplasts according

to the method of Buchanan and Arnon (17). - Spinach leaves
were from a local market and other leaves were collected

in our campus. Broken chloroplasts Were prepared essen-
tially by the procedure described by Whatley and Arnon
(23). . The reaction mixture (3 ml) contained broken
chloroplasts (about 50 pg chlorophyll), 300 umoles of
Tris-HC1 buffer, pH 7.5; 1 pmole of NADP', 0.2 mmole of
2,6—dichlorophenolindophenoi, 20 umoles of sodiﬁm ascorbate,
and 1OQ -200 pg of ferredoxin. The reaction was initiated

in 3 ml cuvetfes with 1cm light pass by illumination with

(9)



a projector lamp. The exogeneous ferredoxin was omitted in
the blank cuvette. ‘RedﬁcedNADP+ was determined by the
increase in absorbance at 3uo'nm.

Amino Aéid Cbmpositions and Terminal Sequences:

These analytical procedures were all the same as described

in the next chapter,

3; Results and Discussion

Two Ferredoxins from A, sacrum: Wada éﬁ al. (24)

first isolated a ferredoxin from A;”sééfﬁm and described
some chemical and structurdl properties of the ferredoxin;
During the course of our study of ferredoxin from the same
organism, two components of ferredoxin were detected.

They were separated on a DEAE-cellulose column developed
with 0.05 M Tris-HCl buffer, pH 7.5 containing 0.35 M NaCl.
The elution pattern of these ferredoxins from the column

is shown in Fig. 1. The minor component,.which was eluted
faster was designated as ferredoxin II and the major one

as ferredoxin I. After successive chromatographies of
these components on a Sephadex G-75 column, highly purified
ferredoxins were obtained. Ferredoxin I showed the same
chemical and physical properties as those previously .
reported (2l). Ferredoxin II showed several properties

different from those of ferredoxin I. The absorbance ratio,

R=Au22/A275 of ferredoxin II was 0.54, but that of fer-

(10)




redoxin I was 0,525, The absorption spectra of these two

o o o
(8] H (4]
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Fig. 1. Elution pattern of two ferredoxin components of
A. sacrum cells from a DEAE;oellulose column. The
celumn (3.6 x 35 cm) was developed with 0.05 M Tris-
HC1 buffer, pH 7.5 containing 0.35 M NaCl. Collection
of 10 ml fractions was started just before the elution

of ferredoxin II.

ferredoxins are shown in Fig. 2. It 1s evident that the
ferredoxin II has a shoulder at around 290 nm and a minimum
at around 302nm, which suggests the presence of tryptophan,
as will be shown later. The molar extinction coefficient
of ferredoxin II at 422 nm was 10.9 x 1O3 based on the
amino acid composition, which gave a molecular weight of
10,649. The coefficient of ferredoxin T was 10.h x 103
(ah).

Ferredoxin II was always obtainable from cells collected
at different seasons, Feburuary, April, and October in this
case, and always corresponded to about 20 % of the total

ferredoxin extracted, as shown in Table 1.

(11)
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Fig. 2. The absorption spectra of -two conponents.
The Aphanothece ferredoxins were dissolved in 0.I M
Tris-HC1 buffer, pH 7.5 Ferredoxin I, - - - 3

Ferredoxin II .

Table 1. Yields of two ferredoxin components isolated
from Aphanothece cells collected in different seasons.
The preparation of ferredoxins was carried out on

18 Kg cells collected in Pebruary, April, and October.
The yield is expressed as mg based on the molar

extinction coeffient of each ferredoxin, as described

in the text.

Ferredoxin (mg)

Pebruary Aprill cells October-
cells ~ ’ cells
Perredoxin I 14 10 8 8
Ferredoxin II 95 56 55 41

welt DL

Table 2 shows the amino acid composition of ferredoxin II
together with that of ferredoxin I (24). It is clear from

‘the table that the two compositions are quite different

(12)




and it isparticularly interesting to note that ferredoxin IT
has one tryptophan and two methionine residues. Other
remarkable differences include the contents of lysine,

proline, and tyrosine residues. The low content of lysine

Table 2., Amino acid composition of Aghanotheée

ferredoxins I and II.

Average values Composition
4 obtained after Nearest of the fer-
Amino acid hydrolysis for integer redoxin I

20 and 72 hr (24)

Lysine 1.95 2

Histidine 0.96 1 1
Arginine 0.98 1 : 1
Aspartic acid 13.2 13 14
Threonine 8.06% 8 7
Serine 5.172 6
Glutamic acid 14.3 14 12
Proline 3.32 3 6
Glycine 8.49 8 1
Alanine 13.0 13 9
Cysteine 4.08b 4 -5 4
Valine ’ 5.97 ) 6
Methionine 2.11 2 0
Isoleucine 5.40 5 5
Leuciﬁe 9.03 9 8
Tyrosine 1.89 2 6
Phenylalanine 0.96 1 1
Tryptophan 0.88° 1 0
Total residues 98 - 99 97

& Values extrapolated to zero time of hydrolysis.
Cysteine was determined with a performic acid-
oxidiged sample. ¢ Based on spectrophotometric

analysis and acid hydrolysis with 4 % thioglycolic acid.

(13)




and the high content of acidic amino acid residues in
ferredoxin II should mean that it will have a more acidic
nature than ferredoxin I, but ferredoxin II showed actually
a less acidic natrue than ferredoxin I on a DEAE-cellulose
column, as shown Fig. 1. This suggests a high contenfs
of amide derivatives of the acidic residues in ferreddoin IT.
The N-terminal sequence of ferredoxin Il was determined -
by the Edman degradation procedure on a trichloroacetic acid-
treated sample to be Ala-Thr-Tyr-. That of ferredoxin I
is Ala~Ser-Tyr- (24). Determination of the C-terminal
sequence of ferredoxin IT was performed by carboxypeptidase
A digestion, which gave the sequence -Glu-Val-Leu, as shown
in Table 3. This sequence is completely different from

that of ferredoxin I, -Glu-Ala-Leu-Tyr (24).

Table 3. The digestion profile of carboxylkterminal
residues of the ferredoxin II with carboxypeptidase A.
About 1 mg of trichloroacetic acid-treated ferredoxin II
was digested with 0.04 mg of enzyme in 0.1 M fris-HC1
buffer, pH 8.0. The amount of amino acid released was

calculated as a molar ratio to the protein used.

Molar ratio of the amino acid

Amino acid released to protein digested

released Digestion time
' 1h 3h 16 h
Leucine 1.00 1.00 l.OOE
Valine 0.50 0.86 0.91
Glutamic acid trace 0.24 0.61

(14)




The biological activity of ferredoxin II was compared
with that of spinach ferredoxin and ferredoxin I in the
catalytic system of NADP+—photoreduction by spinach and
Bgm§§ chloroplasts. Figure 3 compares these three ferredoxin
activities  in a system of spinach chloroplast. Ferredoxin
II had a lower activity than the others. Similar results

were also abserved with a system using Rumék chloroplasts.

o
T
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ABSORBANCE (340 am)
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o
n
T

L] 1
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Fig. 3. Comparison of ferredoxin activities. The
complete reaction mixture (3 ml) contained spinack
chloroplasts with about 50 p g chlorophyll, 300 pmoles
of Tris-HC1 buffer, pH 7.5, 1 pmole of NADP, 0.2 pmole
of 2,6-dichlorophenol-indophenol, 20 pmole of sodium
‘ascorbate, and 200 pg of ferredoxin. spinach
ferredoxin, @ 3 Aphanothece ferredoxin I, QO 3

Aphanothece: ferredoxin II, @ .

Two Ferredoxins from E. arvense: The purification of

ferredoxin from E. arvense was rather difficult because of

its low content and interference from polyphenolic compounds

(15)




(25). In this study, adsorption of ferredoxin on successive
beds of DEAE—cellulose.and elution with various concentrations
of Tris-HCl buffer containing NaCl gave a good result to
remove a dark brown material from ferredoxin solution as
described by Keresztes-Nagy and Margoliash (26). Two
ferredoxins were separated by chromatography on a DEAE-
cellulose column., The faster moving ferredoxin was designated
as ferredoxin II and the slower one ferredoxin I. The

yields of ferredoxin I and II were approximately Ll mg and

26 mg per LO Kg of leaves, respectively. The absorption

spectra of these two -ferredoxins are shown in Fig. L.

1.0

A _
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L |
| VAN | | |
I \\ - _‘?

I L P
300 400 500 600
WAVELENGTH (nm)

ABSORBANCE
°
o

o
L3

Z
0.01

Fig. 4. Absorption spectra of E. arvense ferredoxin I
and II. Ferredoxins were dissolved in 0.05 M Tris-HCl

buffer, pH 7.5, containing 0.35 M NaCl. »

(16)




These spectra are typical of chloroplast-type ferredoxins

and similar to those of E. telmateia ferredoxins (27, 28).

A shoqlder - more like a bulge - is noted at around 300 -
310’nﬁ, which was not described in other ferredoxins. The
absorbance ratios, Au22/A276’ were 0.79 for ferredoxin I

and 0,81 for II. The amino acid compositions of the two
ferredoxins are given in Table L. The amino acid composition
of ferredoxin I is similar to that of ferredoxin from

E. telmateia reported previously (27).

Table 4. Amino acid compositions of the two ferredoxins from E. arvense

[

Ferredoxin 1 Ferredoxin II
From acid From sequence - From acid From sequence

hydrolysate? study hydrolysate? study
Lysine 4.02 4 4.85 B
Histidine 1.01 1 1.08 1
Arginine 0.99 1 0.98 1
Cm-Cysteine 3.22 4 3.38 4
Aspartic acid 7.95 7v 10.5 100
Threonine 7.00 7 6.52 7
Serine 8.39 9 ©6.37 7
Glutamic acid 13.9 14b 13.8 14b
Proline 4.2 4 4.40 4
Glycine 8.97 9 8.28 8
Alanine 6.47 7 5.34 5
Valine 7.22 7 6.76 7
Methionine 0.99 1 0.00 0
Isoleucine 4.56 4 8.03 8
Leucine 8.96 9 8.10 8
Tyrosine 1.88 2 1.79 2
Phenylalanine 4.90 5 2.05 2

Total residues

N=d
w
Nel
w

Zpcid hydrolyses were carried out on native ferredoxins for 24 and
72 h and on Cm-ferredoxins for 24 h. The values of threonine and
serine were obtained by extrapolations to zero timeé of hydrolysis.

Values of valine and isoleucine were of 72 hr-hydrolysates. b Sum
of acid and amide forms. S

(17)



Ferredoxin from H. halobium: The method of purification

described above is simple and rapid it compared to that of
Kersher gg al. (14). Ammonium sulfate fractionation was
very effective to remove many impurities such as red
particles which were trapped on the DEAE-cellulose column
and disturbed the chromatography of ferredoxin. After
successive chromatography on a DEAE-cellulose and a Sephadex
G-75 column, highly purified ferredoxin was obtained. The
yield was about 60 mg from 150 g cell paste. The ferredoxin
obtained by this procedure gave an AAZE/A27S ratio of 0.31
which showed a high degree of purity i1t compared to 0.25

for the same protein obtained by Kersher QE al. (1), The

absorption spectrum of H. halobium ferredoxin i1s shown in

Fig. 5. Absorption maﬁima are at 275, 330, L22, and L65 nm.
The shape of the absorption spectrum is the same as those of
plants and algal ferredoxin.

Table 5 shows the amino acid composition of this

ferredoxin tbgether with that deduced from the sequence
studies of the ferredoxin prepared by Kérsher et al.(1l)
as shown later. N- and C-termianl sequences of this fer-
redoxin are Pro-Thr—Val-Giu— and -Val-Ile, respectively.
From the amino acid composition and terminal sequences,
our ferredoxin is identical with that of Kersher gi gl.
(1L). .

Despite of the structual similarity to chloroplast-

type ferredoxins, H. halobium ferredoxin was unable to pe

substituted for chloroplast-type ferredoxin in the catalytic

(18)
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Fig. 5. Absorption spectrum of H. héibbium ferredoxin.
Ferredoxin was dissolved in 0.05 M Tris-HCL buffer

containing 0.35 M NaCl.

system of NADP+-photoreduction by chloroplasts as shown in

Fig. 6. Werber et al. (29) have reported that Halobacterium

ferredoxin could be reduced by illuminated chloroplasts
and that its failure to serve as cofactor in the phot-
reduction of NADP' could be due to the fact that it is

not recognized by the plant ferredoxin:NADP oxidoreductase.

(19)
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Fig. 6. Photoreduction of NADP® by P. americana

chloroplésts. The complete reaction mixture (3 ml)
contained P. americang chloroplasts with about 50 pe
chlorophyll, 300 pmoles of Tris-HCl buffer, pH 7;5,
1 pmole of NADP', 0.2 umole of 2,6-dichlorophenol-

indophenol, 20 pmole of sodium ascorbate, and

180 pg of A. sacrum ferredoxin of 140 pg of

H. halobium ferredoxin.

(20)




Table 5. Amino acid ccmposition of H. halobium

ferredoxin.

Lysine 5.00 5
Histidine l.l7 1
Arginine 2.90 3
Cm—cysteine 4.06 4
Aspartic acid 20.5 21
Threonine 4.11 4
Serine 3.90
Glutamic acid 21.0 21
Proline 2.90
- Glycine 9.16
Alanine - 13.4 14
Valine 7.75 8
Methionine 3.78 4
Isoleucine 6.45 7
Leucine Q.11 9
Tyrosine 6.74 7
Phenylalanine 2.08 2
Tryptophan N. D. 2

% pcid hydrolysis were cerried out on Cm~ferredoxin
for 24 1. P See the text in chapter III. ° Sum of

acid and amide forms.

(21)




III. AMINO ACID SEQUENCE DETERMINATION OF FERREDOXINS

1. Introduction

Since Sanger and his coworkers established the amino
acid sequences of two chains of insulin in the early.
1950s (30, 31), the number of proteins sequenced has in-
creased explosively. The amino acid sequences of proteins
have been used for élucidation of structure-function
relationship of proteins which are involved in many important
biological functions, for the description on genetic basis
of protein biosynthesis which is a reslut of the translation
of a particular gene, and for the reconstruction of evo-
lutionary history of proteins and organisms. Because of
such multifarious information contained in primary structure
of protein, many efférts were poured in establishing the
rapid, sccurate and microscale procedures for completing
the sequence.

The first ferredoxins of different.types sequenced

were from a bacterium, C. pasteurianum, and a plant, spinach,

which were reported by Tanaka et al. (11, 32) and Matsubara
et al. (12, 33, 3L), respectively. The characteristic
features of their structures acted as a stimulus to further

investigations of various ferredoxins. In these sequence

studies, a large quantities of sample (about 140 wmol for

C. pasteurianum ferredoxin and about 50 umol for spinach
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ferredoxin) were used. But it is considerably difficult
to obtain such quantities of ferredoxins from bacterial and
plant sources except for a Special case., For example,

to purify 50 umol of ferredoxin from E. arvenéé, about

SQO Kg of itslleaves would be needed.

Today the strategies for completing amino acid -
sequence of only a small amount of sample have been well
developed,‘although the principle employed in £he sequence
studies is almost the same as that of Sanger, that is,
fragmentation of protein, separation of peptides, sequence
determination of peptides, and reconstruction of primary'
structure by overlapping fragments. In this study; only
several umol of ferredoxins were available and I chose the
foilowing methods aé a routine procedure: (1) fragmentation
of protein; peptidé bond hydrolysis was performed with
enzymes having very high specificities such as trypsin and
staphylococcal protease. Since the basic amino acid residues
occurred only in‘a small number in ferredoxins, large poly-
peptides fragmenté were obtainable by trypsin digestion,
(2) separation of peptides; gel filtration was mainly used
which was useful for separatiﬁg few large peptides derived
from the fragmentation described above, (3) sequence
determination; sequence analysis was performed using Edman
‘ degradation'and carboxypeptidase digestions. PTH-derivatives
obtained on successive Steps of degradation were_directly
enalyzed with a thin layer chromatography, and (L) recon-’

struction of primary structure; not only overlapping
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peptides obtained from different methods of fragmentation,

but also alignment of peptides by homology could give an

_useful information in constructing whole protein chain.

In this chapter, I describe the amino acid sequence

determination of ferredoxins from 13 organisms, blue-green

algae: Aphanothece sacrum; Nostoc muscorum, Mastigooladué

laminosus,; a red alga: Cyanidium caldarium, horsetails:

Equisetum telmateia, E. arvense, a green alga: Dunaliéilé

sorlina, and various bacteria: Halobacterium halobium,

Bacillus sfearothermophilus, Pseudomonas ovaris, Myco-

bacterium smegmafié, Chlorobium thiosulfatophiluﬁ Tassajara,

Chromatium vinosum.

V. Materials and General Methods

Chemicals and Enzymes: Chemicals were analytical or
sequanal grade purchased from Wako Pure Chemical Industries,
Japan and Nakarai Chemical Co., Japan. Enzymes used in
these experiments were obtained as described below. TPCK-
trypsin, chymotrypsin, and carboxypeptidase A, carboxy-
peptidase B, and leucine aminopeptidase treated with DFP
were purchased from Worthington Biochemical Corp., U.S.A.
and carboxypeptidase Y from Oriéntal Yeast Co. Led., gapan.
Thermolysin and_staphylococcal protease were gifts from. |
Dr. S. Endo (Daiwa Kasei Co., Led., Japan) and Dr. R. P.

Ambler (Depertment of Molecular Biology, University of

(2h)
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Edinburgh, U.K.), respectively.

Ferredoxiné: A. sacrum ferredoxin I and II, E;“éfﬁéﬁéé
ferredoxirs I and II were isolated according to the methods

described in previous chapter. Other ferredoxins were

provided as follows: N. muscorum ferredoxin I and E. telmateia

ferredoxirs I and II were from Dr. K. Wada (University of

Osaka, Japan), M, laminosus ferredoxin, D. sorlina ferredoxins

I and II, (. Caldariﬁm.ferredoxin, H, halobium ferredoxin,

and B. stearothermophilus ferredoxin were from Dr. K. K. -

Rao (University of London Kings College,U,Ko) and his
coworkers, P. ovalis ferredoxin from Dr. Ohmori (Univefsity

of Juntendo, Japan), M. smegmatis ferredoxin from Dr. Tobari

(University of Rikkyo, Japan), and C. thiosulfatophilum ferredoxin

and C. vinosum ferredoxin from Dr. M. C. W. Evans (University

College London, U.K.)

Trichloroacetic Acid Treatment: I? order to remove
iron and inorganic Sulfur, native ferfedoxin was treated with
trichloroacetic acid according to the method of Matsubara
ot al. (3L). |

Cm—ferredoxin and Oxidized Ferredoxin: The apo-fer-

redoxin after TCA treatment was reduced with 2-mercapto- -
ethanol and carboxymethylated with iodoacetic acid according
to the method of Crestfield et al. (35). Performic acid
oxidized ferredoxin was prepared as in ref.. (3l).

Enzymic Diéestion of Perredoxin Derivatives: The

detailed conditions for digéstions_are presented in each

case of sequence studies of various ferredoxins. Brief
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conditions with respect to enzyme to substrate ratios,
temperature, time of digestion, and buffers are as follows,
Trypsin, chymotrypsin, and staphylococcal protease were
usually employed at the level of 1 to S % by weight of
substrate in Tris-HC1l buffer, pH 8.0 at MOO for 2 h to
overnight., Thermolysin digestion was carried out in Tris-
Hcl buffer, pH 8.0 containing 2 mM CaClz. Hydrolysis was
terminated by adding several drops of 30 % acetic acid or
by freezing.

Pﬁrificéfibh of Peptideéi Peptides were separated

by ion exchange chromatography, gel filtration, paper
chromatography, and paper electrophoresis. Ion exchange
. chrmatography was carried out using two anion exchange
resins, Dowex 1 (Bio-Rad AG 1 x 2) and DEAE—oeliuiose
(Whatman DE-52). Buffers used for elution were pyridine-
acetate and ammonium bicarbonate for Dowex 1 and DEAE-
cellulose, respectively. Gel filtration was carried out on
a Bio-Gel column (Bio-Gel P-2, P-l, P-6, aﬁd P-10)
developed by 0.2 M ammonium bioarbonate,va 9.0, or 0,05 M
triethylamine-acetate buffer, pH 8.5. Peptide fractions
from column effluent were monitored by the ninhydrin method
(36) without alkaline hydrolysis or measuring absorbance
at 220, 230, and 280 nm.

Preparativevpaper electrophoresis and chromatoggaphy
were also employed for fractionation of peptide mixtufes.
Paper electrophoresis was carried out at pH 3.6 (pyridine/

acetic acid/water, 1:10:189, v/v) or at pH 6.5 (pyridine/

(26)




acetic acid/wéter, 10:0.4:180, v/v). Paper chromatography
was carried out with n-butanol/pyridine/acetic acid/water
(15:10:3:12, v/v, BPAW) or pyridine/3-methyl-l-butanol/

0.1 M NHuOH (6:3:5, v/v, PIN). Location of peptides
separated on paper‘waskdeteoted by the ninhydrin method

(365 and fluorescamine method (37) followed by specific
staining for tryptophan (38), histidine (39), tyrosine (39),
and arginine (4O). Peptides were eluted from paper with
0.5 N NE) OH.

Aﬁino Acid Analysis: Amino acid compositions of

protein and peptides were determined with an amino acid
analyzer (Beckman model 120 B) according to the method of
Spackmaléi él. (hl). The sample was hydrolyzed in an
evacuated, Séaled tube for 20-2lL h or 72 h at 110° with

6 N HCl containing a small amount of thioglycolic acid.
Tryptophan was anaylzed after hydrolysis with 6 N HC1
containing . % thioglycolic acid (42) or 3 N mercapto-
.ethangéﬁlphonicacid (.3). The basis for the calculation
of the content of eaéh amind. acids was the average value
obtained from the stable amino acids in the peptides.

Sequehcé Analysis: A manual Edman degradation

procedure (ll}) was applied to the Cm-ferredoxin and peptides
to determine their N—termianl sequences, The amount of
sample for degradation was usually about 0.1 pmol. Phenyl-
thiohydantoin derivétives (PTH) were identifiéd by TLC on
‘Mercksilica—gel plaﬁes using mainly two solvent systems,

II; methanol/chloroform (10:90, v/v) (45) and V; n-propanol/
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ethylene-dichloride/propionid acid (58:25:17, v/v) (L5).
PTH-histidine and PTH-arginine were identified by paper
electrophoresis at pH 6.5 (L6). Some tryptic peptides
containing a lysine residue at the C-terminus were coupled
to aminopolystyrene or aminopropylglass using p-phenylene-
diisothiocyanate (DITC) (47) and sequenced with a solid
phase Edman degradation procedure (48) using an LKB L020
Solid—PhaseASequencer, Sweden.

The -C-terminal sequnces of the protein and peptides
were determined by digestion them with carboxypeptidase
A, B, and/or Y (49, 50). The sample was dissolved in 0.1 M
Tris-HC1l or borate buffer, pH 8.0, or in 0.1 M Na-acetate
buffer, pH 5.5, for carboxypéptidase A, in O,l M borate
buffer, pH 8.0 for carboxypeptidase B, and ih 0.1 M pyridine-
acetate buffer, pH 5.5 for caboxypeptidase Y. After the
reaction, aliquots were inactivated by the addition of
Na-citrate-EC1l buffer, pH 2.2 and subjected to amin§ acid
analysis,

Nomenclature of Peptides: Peptides obtained from

tryptic, chymotryptic, thermolysin, and staphylococcal
prbtease digests were referred to T-, C-, Th-, and S-,
respectively and peptides obtained from CNBr treatment
were referred to CN-, and all peptides were numbered
consecutively according to their positions in the poly-
peptide chain from N-terminus.

All values are expressed in-moies per mole of peptide

or protein.

(28)
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3., Amino Acid Sequence of Halobacterium halobium Ferredoxin 

3.1. Experimental

Enzymic Hydrolysis of Cm-Fefredokih: One umol of

Cm-ferredoxin was digested with 0.36 mg of trypéin in 1 ml
of 0.05 M Tris-HC1 buffer, pH 8.0, at AOO for 3 h. Each
0.7 mmol of Cm-ferredoxin was digested with 0.3 mg of
stapﬁylococcal protease in 1 ml of Tris-HCl buffer, pH 8.0,
and with 0.25 mg ofchymotrypsin in 0.5 ml of Tris-HCl
buffer, pH 8.0, at 1,0° for 3 h, respectively.

Purification of Peptides: Tryptic and staphyloctccal

protease digests were separately fractionated by gel
filtration on a Bio-Gel P-L column (1.6 x 190 cm) developed
by 0.2 M ammonium bicarbonate.. Bach fraction (2.2 ml) was
monitored in terms of the absorbance at 220 or 230 nmm and
at 280 nm. Pooled fractions were lyophilized and subjected
to analyses or further purifioations by paper electrophoresis
at pH 3.6 or pH 6.5 and paper chromatography with PIN or
BPAW. The peptides eluted at the void voulume of the Bio-
Gel column were further separated by ion exchange chromato-
graphy on a DEAE-cellulose column (1.2 x 24 cm) using a
gradient system from 0.1 M to 1 M ammonium bicarbonate,
pH 8.0, 200 ml each, and each eluate fraction (2.2 ml)
was monitored as menfionéd above.

Chymotryptic digest was_sepafated by paper electro-

phoresis at pH 3.6 and chrmatography with BPAW.
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Identification of N€ - Acetyllysine: An unusual amino

acid was present at residue 118 and in order to identify

it four authentic lysine derivatives were compared with

this residue. They were Ne-mono—,.di—, and tri-methyllysine
and N€¢ -acetyllysine. N®-acetyllysine was semi-synthesized
as follows. About 1 umol of a peptide, CM-C-10 (34)
isolated from spiﬁachvferfedoxin, which contained a lysine
residue, was acetylated with 3 pl of acetic anhydride in

0.2 M sodium bicarbonate at 0° for 20 min. The acetylated
peptide was digested with staphjlococcal protease and a

peptide, Thr—His—%ys—GluéGlu—Glu, was purified by paper
Ac ‘

chromatography using the BPAW system. The amino acid
compositipnof this peptide was Thrl, Hisl, Lysl, and Glu3
after acid hydrolysis. However, an amino-peptidase M
digest of this peptide did not give free lysine at all

and instead gave a peak between proliné and glycine on the
analyzer. This component was assumed to be Ne-acetyllysihe.
Thrée steps of Edman degradation of this peptide gave PTH-

Thr, PTH-His, and PTH-Lys, respectively, and PTH-Lys moved
(N {
' Ac Ac

with thin-layer chromatography between PTH-Gln (Rf=o.2h) and

PTH-Tyr (Rf=O.SO), at R.=0.38, using solvent system II

f
(45), but did not move at all using system V (45). It
was easily extracted into the ethylacetate under acidic

conditions,

To confirm the presence of the acetyl group further
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both the spinach and halobacterial peptides were subjected
to hydrazinolysis and the acetylhydrazide produced was
identified as a dansyl derivative by two-dimensional silica

gel chromatography (51).

3,2, Results and Discussion

Amino Acid Composition and Terminal Sequences of

Cm-Ferredoxin: The amino acid composition of Cm-ferredoxin

of H. halobium-is shown in Table 1. This ferredoxin contained

a large number of acidic amino acids, as commonly observed
in ferredoxins from other organisms. Only four cysteine
residues were obtained and they ﬁust fulfill the minimum
cysteine requirement for chelating two iron atoms to

construct the active center of this protein, The total

number of residues was 128, which agreed well with that
deduced from the sequence study, as shown later.

A manual Edman degradation of 90 nmol of Cm-ferredoxin
revealed the N-terminal sequence up to 15 residues without
any ambiguous identificaﬁion to be as follows: Pro-Thr-
Val-Glu- Tyr-Leu-Asn-Tyr-Glu-Thr-Leu-Asp-Asp-Gln-Cly-.
Carboxypeptidase A (0.02 mg) released two major amino
acids, valine (0.71) and isoleucine (0.72), at 1 h from -
Cm-ferredoxin (35 nmol): the order of these residues
could not be decided, but as shown later the C-terminal

sequence was found to be-Val-Ile.

, (31)
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Table 1. Amino acid composition of Cm-

. a
ferredoxin.

S LI T T

Amino acid Analysis Sequence |
Lysine 4.93 5
Histidine 0.87 1
Arginine . 2.78 3
Cm-cysteine 4.19 4
Aspartic acid 20.6 21
Threonine 4.06 4
Serine 4.05 4
Glutamic acid 20.6 21
Proline 2.77 3
Glycine 9.44 9
Alanine 14.0 14
Valine 6.77 8
Methionine 3.70 4
Isoleucine 5.96 7
Leucine 8.95 9
Tyrosine 6.71 7
Phenylalanine 1.86 2
Tryptophan N.Db.p 2

Total 128

2 Values are giver as moles of residue per mole of Cm-
ferredoxin for 24 h hydrolysate. ® N.D., not determined.

Tryptic Peptides: The tryptic digest was first

fractionated by gel filtration on a Bio-Gel P-l column
(Fig. la) and the peptides eluted in the first peak were
further separated on a DEAE-cellulose column (Fig. 1b).
Peptides thus fractionated were further purified on paper.
The amino acid compositions and characteristics of the
isolated peptides are given in Table 2 and amino acid
sequence data for the tf&ptic peptidéé are summarized En

Teble 3. The sequences of Peptides T-3, T-5, T-6, T-7,

T-8, and T-9 were completely elucidated by Edman degradation.
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Mg. 1 (a) Elution pattern of tryptic peptides of Cm--
ferredoxin. Peptides were chromatographed on a Bio-
Gel P-4 column with 0.2 M NH4H003, pH 8. The fraction
(2.2 ml each) were monitored by following the absorbances
at 220 nm (— ) and 280 nm (---). (b) Elution pattern
of the first peak eluted from the Bio-Gel column shown
in Fig. la. Peptides were chromatographed on a DEAE-~
cellulose (DE-52) column using a gradient system from
0.1 M to 1M NH4HCO3, pH 8, 200 ml eack. Each fraction
(2.2 ml) was monitored by following the absorbances at
230 nm (—) and 280 nm (---).

Peptide T-9 must be the C-terminal peptide, Val-Ile, and
this was consistent with the results obtained by carboxy-

peptidase A digestion of Cm-ferredoxin as described above.

Partial sequences of Peptides T-1, T-2, and T-li were

A gave the

determined by Edman degradation. Peptide T-2 was probably
derived from an unspecific cleavage by trypsin;- Tyrosine

was present at the C-terminus of this peptide as identified
by carboxypeptidase A digestion. Digestion of Peptide T—u

by carboxypeptidase B for 1.5 h foilowed by carboxypeptidase

following results:

(33)
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Table 2. Amino acid compositions of tryptic peptides of Cm-:
ferredoxin. . Values are from 20-24 h hydrolysate withopt

corrections for incomplete hydrolysis or destruction.

Amino acid T-1 T-2 T-3 T-4 T-5 T-6 T-7 T-8 T-9
Lysine 0.92(1) 0.97(1) 1.16(1) 1.06(1) L11(1)
Histidine 0.94(1)
Arginine 0.83(1) 1.03(1) 0.74(1)
Cm-cysteine 1.09(1) 2.15(2) 1.10(1)

Aspartic acid 8.20(8) 3.87(3)r 1.00(1) 1.02(1) 3.34(3) 0.99(1) 1.02(1) 3.33(3)

Threonine 1.83(2) 0.94(1) 0.85(1)

Serine 1.28(1) 0.85(1) 1.05(1) 0.88(1)

Glutamic acid  3.89(4) 6.85(7) 7.56(8) 0.98(1) 0.99(1)

Proline 0.96(1) 0.79(1) 1.13(1)

Glycine 1.15(1) 4.91(5) 1.08(1) 1.24(1) 1.09 (1)

Alanine 0.21 6.55(7) 3.51(4) 0.28 2.03(2) 1.10(1)

Valine 1.02(1) o8 0.69(1) 1.16(1) 0.98(1) 0.97(1) 0.45(1)* 0.97(1)

Methionine 1.05(1)  0.89(1) 1.76(2)

Isoleucine 0.92(1) 0.68(1) 2.02(2) 0.83(1) 0.52(1) 1.03(1)

Leucine 3.00(3) 2.02(2) . 1.04(1) 0.85(1) 2.17(2)

Tyrosine 1.82(2) .2.56(3) 1.81(2)

Phenylalanine  0.93(1) 1.01(1)

Tryptophan +(1)= +(I)sa

Total residues 26 3t 7 12 20 3 13 14 2

Yield (%) 17 16 10 53 79 39 77 19 17

Color reaction® P,E P E P

Bio-Gel P-4 I 1 v i I VI i v 11

DE-52 fractions I I 1

Purificatione  PIN PIN PE, PE, BPAW PE, PE. BPAW
(Rf-gﬁ g%) (R/-gﬁ ég) (T 1. 6) (n—1 2. 5) (5/29) (n—1 4) (xi 3) ((lf./sz)

SFrom the séqence studies. bP, Pauly reaction positive (39);

E; Ehrlich reaction positive (38). CPIN, paper chromatography
in pyridine/}—methyl—l—butanol/O.1 M NHB' BPAW, paper chromato-—
graphy in butan-1l-ol/pyridine/acetic acid/water. PE1 and PE2,
paper electrophoresis at pH 3.6 and pH 6.5, respectively.

Rf; mobility on paper chromatography in the sqlvent system

used for purification. m, mobility in cm from the origin

toward the anode (+) or cathode (-) after electrophoresis f{or

1h at 43 V/cm.
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Table 3. Amino acid sequences of the tryptic peptides of

Cm—Fferredoxin.

Peptide Residues Sequence
gig-_cﬂ.x—:l‘_r_g—gﬁg(l\iet ,Asp,Asp,Asp, Asp,Leu,Phe, Glu,Lys)
¢ a2 2107 AleMshspalg-Gly-ley-Mep-ly-Clydep i Oly T
_qL/g~A_lg(Gln ,Gly) .T‘XE
t-3 5864 hspirprproPhesSer-Cyghig
4 esee AlaGiyiaGys-dlehen-ore-Mg-SerDecfal-lie
T-4-Th-l 65-68 (Ala,Gly,Ala,Cys)
T-4-Th-2 69-71 (Ala,Asn,Cys)
T-4-Th-3 72-73 (Ala,Ser)
T-4-Th-4 74-76 Ile-Val-Lys
. w5 7796 GluGlyGly-Tle-hspiieb-hep-let-GlySiyhieriey i
T-6 97-99 Asp-Val-Arg
27 20002 LeyThroysIle-Sly-Ser-PrgAlaMgrepEliue R
5{2
-9 127-128 ggi—llé
The arrow (—») denotes a degradation step by the Edman procedure
and (s~ ) carboxypeptidase digestién. A dotted arrow indicates
uncertain identification.
®

Table 4. Amino acid compositions of thermolysin peptides of
Peptide T-4

T-4-Th-4

Amino acid T-4-Th-1 T-4-Th-2 T-4-Th-3

e ——

Lysine

1.00 (1)
0.94 (1) 0.87 (1)

0.83 (1)

Cm-cysteine
Aspartic acid

I Serine
Glycine
Alanine
Valine

Isoleucine

Total

1.17 (1)
1.80 (2)

S M A S PY 7  T

1.29 (1)

0.9t (1)

1.09 (1)
0.59 (1)




Lys Cme Ser lAla Val Ile
30 min  0.77 |
2.0 h .N.D. 0.45 0.48
h.5h 0.77 0.24 0.27 0.20 0.63 0.6k

N.D.: not determined

The results showed that lysine was present at the C—terminus;
and valine and isoleucine were near the C-terminus. Peptide
-l (0.2h pmol) was further digested with thermolysin

(0.01 mg) in 0.1 M Tris- -HC1 buffer, pH 8.0, containing

10 mM CaCl,. Four peptides, T-L4-Th-1 to T—ufTh—u, were
purified bty paper electrophoresis at pH 3,6 and their amino
acid compositions are. shown in Table L. Three steps of
Edman degradation of Peptlde T-lj-Th-l} were performed.
Although no sequence study of other thermolysin peptldes

was carried out, the complete amino acid sequence’ of, Peptide

T-l, was thus established.

étéphyibcbééél Pfoteasé.Pepfides: The result of

exclusion chromatography of the staphylococcal protease ‘_n
digest on a Bio-Gel P-li column is shown in Fig. 2a. The
first fraction was further devided into several peptides

by ion - exchange chromatography on.a DEAE-cellulose column

as shown in Fig. 2b. The peptides thus fractionated were
purified by paper chromatography as described above. ,Tablé

5 and 6 give the characteristics of the isolated peptides

and their sequence déta, respectively. Complete sequenceé

of all peptides except for Peptide S-3 and S-l were determined

(36)
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Fig. 2. (a) Elution pattern of staphylococcal protease peptides
of Cm-ferredoxin. Peptides were chromatographed on a Bio-Gel

P-4 column and fractions were monitored as described in Pig. la.
(b) Elution pattern of the first fraction eluted from the Bio-Gel
column shown in Fig. 2a. Peptides were chromatographed on a
DEAE-cellulose column using a gradient system and fractions

were monitored as described in Fig. 1b.

by Edman degradations. After 10 steps of degradatibn on
Peptide S-3, carboxypeptidase Y digestion of the residue
at pH 5.5 was performed, releasing glutamic acid (0.23),
leucine (0.31), and phenylalanine (0.22) at 1-h. Glutamic
acid must be at the C-terminus of Peptide S-3 from the
protease specificity.

Chymotryptic Peptides: The chymotryptic digest was

subjected to paper electrophoresis and chromatography as
described in "Experimentall! Five peptides were recove;ed,
and their comﬁositions and.seQuencé data are shown in
Table 7 and 8, respectively, Tryptophan residues were

present in Peptide C-1, C-2, and C-l} as detected by the
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Table 5. Amino acid compositions of staphyloccccal protease peptides

”Qf'Cm—ferredoxin. Abbreviation are as in Table 2.

S-1 S-2 S-3 S-4 S-5 S-6 S-7
Lysine 0.92 (1)
Cm-cysteine 0.17
Aspartic acid 1.02 (1) 6.71 (7) 3.06 (3)
Threonine 0.83 (1) 0.90 (1) 0.89 (1)
Serine 0.33
Glutamic acid L13 () 109 () 218 (2 230 (2 1Ol (1) 212  1.03 (1)
Proline 0.89 (1)
Glycine 1.09 (1) 3.07 (3) 0.94 (1)
Alanine 3.14 (3) 1.03 (1) 1.97 (2)
Valine 113 (D 0.97 (1)
Methionine 1.03 (1) 0.99 (D)
Isoleucine 101 (I
Leucine 1.01 (1) 2.01 (2) 0.94 (1) 0.98 (1;
Tyrosine 1.88 (2) 0.91 (1) 0.94 (1)
Phenylalanine 0.94 (1)
Tryptophan + (e
Total residues 4 5 16 ‘ 16 3 6 ) 3
Yield (24) 65 67 28 28 70 75 73
Color reactionb P E P [
Bio-Gel P-4 fraction m v I I v I v
DE-52 fraction v m
Purificatione . PE,(T5) PE(T,) BPAW PE(T5)  PE(T,)  PE(T)  PE(T,)
e BPAW BPAW
(R; 0.35) (Ry 0.24)
S-8 S-9 S-10 S-11 S-12 S-13 S-14
Lysine 0.98 (1) 0.89 (1) 1.80 (2)
Histidine 0.99 (1)
Arginine 1.03 (1) 0.93 (1) 0.92 (1)
Cm-cysteine 3.24 (3) .12 (1)
Aspartic acid 2,36 (2) 1.96 (2) 3.12 (3) 1.97 (2) 2.03 (2) 1.05 (1)
Threonine 0.93 (1)
Serine 1.91 (2) 0.88 (1) 0.96 (1) 0.40
Glutamic acid 1.68 (2) 1.16 (1) 5.24 (5) 2.02 (2) 1.01 (1) 0.50 1.08 (1)
Proline 1.09 (1) 1.00 (1)
Glycine 2,15 (2) 1.12 (1) 1.09 (1) .12 (1)
Alanine 5.15 (5) 0.31 2.07 (2) 1.00 (1)
Valine . 0.81 (1) 0.42 0.97 (1) 1.Oo1 (1) 1.34 ()= 0.91 (1)
Methionine 0.88 (1) 1.37 (2)»
Isoleucine 0.72 (1) 0.89 (1) 1.73 (2) 1.03 (1) 0.72 (1) 0.82 (1)
Leucine 0.24 0.96 (1) 0.99 (1) L13 (1) . 104 (1)
Tyrosine 0.81 (1) 0.95 (1) 0.90 (1)
Phenylalanine 0.95 (1)
Tryptophan + (D=
Total residues 24 6 15 3 15 11 7
Yield (¢4) 23 21 21 14 47 23 18
Color reaction? P.E . P P
Bio-Gel P-4 fraction I I I i I ng v
DE-52 fraction il m 1
Purificationt (7 0.3 PE(Tos) PE(Tg) PE(T ) PET,) PE(T;)  PE(T)
BPAW BPAW

(R 0.19) (Ry 0.28)




Table 6. Amino acid sequence of the staphylococcal protease

peptides of Cm-ferredoxin.

Peptide Residues Sequence .

s-1 1-4 Pro-Thr-val-Glu
_— — —> —>

S=-2 5-9 Tyr-Leu~-Asn-Tyr-Glu

s-3 10-25 Thr-Leu—Asg—AsB—Gln-GlX-Trp— p-Met-Asp (Asp,Asp)
Asp-Leu~Phe-Glu
<= |[ET w7 g

S-4 26-41 Lzs—Ala—Ala—}sg—Ala-Glx—Lequsg—Glg—Glu-Asg— r-

Glz—Thr—Met~Glu

S-5 42-44 Val-Ala-Glu
— = —=

5-6 45~50 Gly-Glu~Tyr-Ile-Leu-Glu
=1 — > >

S-7 51-53 Ala-Ala-Glu
— = =

S-8 54-77 Ala—Gln—Glz-gzr-Asp~g£g~Pro-Phe-Ser-Cy;—Arg-Ala—

Glx-Ala-gxs(Ala,Asn,Cys,Ala,Ser,Ile,Val,Lys,Glu)

S-9 78-83 Gl;-Glu-Ile—Asg-Met-AsB

S-10 78-92 Glz—Glu~Ile—AsB—Met—Asg-Met—Gln—Gln—Ile—Leu—Ser—

Asg-Glu—Glu
S-11 93-95 val-Glu-Glu
— =

s-12 96-110 Lys-Asp-Val-Arg-Leu~Thr-Cys~-Ile-Gly~Ser~Pro-ala-
Ala—AsB—Glu

S$-13 111-121 Val-Lys-Ile-Val-Tyr-Asn-Ala

s-Hls-Leu—Asg

-L
AcC
S-14 122~128 gzr—Leu—Gln-Asn—Arg-Val—I1e

Ehrlich reaction on paper. The C-terminal residue of

Peptide C-2 was tryptophan, which wasbthe sole residue
released by carboxypeptidase A. The compositions and
segences of Peptides C-1, C-2, and C-3 suggested that the ~
latter two peptides were derived from.peptide C~1 by ;1eavage
with chymotrypsin at the tryptophan residue. 8Six steps of

Edman degradation on Peptide C-3 were carried out and

carboxypeptidase A released leucine (0.15) and phenylalanine

(39)




Tgble 7. Amino acid compositions of chymotryptic peptides of

Cm—ferredoxin. Meanings of abbreviations are as in Table 2.

Amino acid C-1 C-2 C-3 C-4 C-5 C-5*
Lysine 0.96 (1)
Histidine 0.90 (1) 0.91 (1)
NeAcetyllysine 0.91 (1)
Asparagine ‘ 0.77 (1)
Aspartic acid 6.90 (7) 1.92 (2) 5.21 (5) 0.90 (1) 1.95 (2) 1.00 (1)
Threonine 0.98 (1) 0.80 (D)
Serine 0.18 0.28
Glutamic acid 2.10 (2) 2.08 (2)
Proline L1 (D
Glycine 1.20 (1) 1.13 ()
Alanine 0.25 1.02 (1) 1.08 (1)
Methionine 0.93 (1) 0.93 (1)
Leucine 1.82 (2) 0.88 (1) 0.94 (1) 1.35 (1) 1.30 (1)
Tyrosine 0.25 0.83 (1) 0.95 (1)
Phenylalanine 0.92 (1) 0.96 (1) 1.00 (1)
Tryptophan + (= 4+ (1) + ()=
Total residues ' 16 8 8 4 7
Yield (%%) 9 13 31 19 51
Color reaction® E E E P
Purificatione PE(?DJ> PE(T05> PE4T45) PE(T06> PE(TSJ>

BPA“%ggﬁ BPA“(géﬁ BPA“(ggJ

* Aminopeptidase M digest of Peptide C-5. The color value of

N¢—acetyllysine was the average of those of other amino acids.

Table 8. Amino acid sequences of the chymotryptic peptides of

Cm~ferredoxin.

Peptide Residues Sequence

c-1 9-24 Glu-Thr-leu-Asp~Asp(Gln,Gly,Trp,Asp,Met ,ASD,Asp,
Asp,Asp,Leu,Phe)
c-2 9-16 (Glu,Thr;Leu,Asp,Asp,Gln.Gly)ggg
c-3 17-24 Asp-Met~Asp-Asp-Asp-Asp-Leu-Phe
c-4 58~64 A_ig(Trp,Pro,Phe)
c-5 116-122 Asn-Ala-;?s(His.Leu,Asp,Tyr)
c

(LLo)
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(0.96) from this peptide. Thus, the sequence of Peptide -
C-3 wes completely determinéd and the partial sequences

of Peptide T-1 and S-3 were supplemented by these completed
sequences of C-3.

Detection of Ne¢~Acetyllysine: In the present studies

an unusual PTH-derivatives was identified on thin-layer
chromatography at the sixth, eighth, and third steps of
Edman degradation of Peptides T—8,TS—13, and C-4, respectively.
This derivative was easily extracted into.ethylécetate
under acidic conditions. It movedbetween PTH-glutamine
and PTH-tyrosine with solvent II and did not move with
solvent V, as descrived in "Experimetall Such behavior
on chromatography was completely identical with that of
PTH-N¢ —~acetyllysine seme-synthesized as described in
"Experimentall

The acid hydrolysates of Peptides T-8, S-13, and C;S
gave one, two, and one lysine residues, respectively, as
shown in Table 2, 5, and 7. Only Peptide C-5 was chosen
for a detailed compositidnal study; When Peptide C-5 was
hydrolyzed with aminopeptidase M overnight, the composition
was the same as that obtained after acid hydrolysis except
for the lysine, whiéh was missing, and a new component
which emerged between proline and glycine on the analyzer;
Also one out of two aspartic acids moved to the position
of asparagine., Analysis of the aminopeptidase M hydrolysate
of the semi-synthesized peptide containing N€-acetyllysine

derived from spinach ferredoxin gave the same elution .

(L1)




pattern as that observed for the Peptide C-5 digest on the
analyzer. The composition of the aminopeptidase digest

of Peptide C-5 is included in Table 7. N€-mono-~, di-, and
tri- methyllysine were compared with N€-acetyllysine on

the analyzer and by thin-layer chromatography after
conversion to PTH-derivatives, and they behaved differently
from Ne—acetyllysine. ‘Hydrazinolysis of Peptide C-5 yield
acethydrazide which was identified as a dansyl derivative

by a silica gel chromatography using an authentic derivative
of acethydrazidé for comparison (51)., These studies stroﬁgly
indicated that the lysine residue was acetylated.

éompieférAmino Acid Séquen&é: The complete amino acid

sequence of Cm-ferredoxin of H. halobium is shown in Fig. 3.

Edman degradation of the original protein allowed the
alignment of Peptide T-1, S-1, S-2, and S-3.. Peptides

T-9 and S-1l were the C-terminal peptides of the protein
judging from their C-terminal sequence, Val-Ile. Other
peptides derived by tryptic and staphylocdccal protease
digestions overlapped each other and confirmed the alignments.
Peptide C-3 gave the sequence of unkﬁown regions of Peptides
T-1 and S-3, The positions of tryptophan residues were
confirmed by studies-ofPeptides C~2 and C-lt. Thus, the
complete amino acid sequence of this ferredoxin was established;
the total number of residues was 128 including one N¢-acetyl-
lysine residue, The molecular weight was calculated to

be 11,330 excluding iron and sulfur atoms.

Comment on Sequence Study: A cluster of aspartic acid

(L42)




1 10 20
Pro~Thr-val-Glu-Tyr-leu~Asn-Tyr-Glu-Thr-Leu-Asp~Asp~Gln-Gly~Trp-Asp-Met-Asp-Asp-Asp~Asp-leu~Phe~Glu~

30 40 50
Lys-Ala-Ala-Asp-Ala-Gly~Leu-Asp-Gly-Glu~Asp-Tyr=-Gly-Thr~Met~Glu-Val-Ala-Glu-Gly-Glu-Tyr-Ile-Leu~Glu~

60 70
Ala~-Ala-Glu-Ala-Gln-Gly-Tyr-Asp-Trp-Pro-Phe-Ser-Cys-Arg-Ala~Gly~Ala-Cys-Ala-Asn-Cys-Ala-Ser-Ile~Val=-

80 90 100
Lys-Glu-Gly~Glu-Ile~Asp-Met-Asp-Met-Gln-Gln~Ile~Leu-Ser-Asp-Glu-Glu~-Val-Glu-Glu-Lys-Asp-Val-Arg-Leu~

: 110 120
Thr-Cys-Ile-Gly~Ser-Pro-Ala-Ala-Asp-Glu-Val-~Lys-Ile-Val-Tyr-Asn-Ala-Lys-His-Leu-Asp~Tyr-Leu~Gln~Asn=
]

Ac

128
Arg~Val-Ile

Fig. 3. Complete amino acid sequence of H. halobium ferredoxin

residues at around residue 20 prevented further progress of
Edman degradation on Cm-ferredoxin. Chymotryptic peptide-
C-2 made it possible to completé the sequence of this region.
Few other difficulties were encountered during sequence
studies. Staphlylococcal protease (52) was very useful in

the sequence study of H. héibbium ferredoxin, because this

proteasé hydrolyzes specifically a péptide bond at the
C-terminal side of glutamic acid and aspartic acid, making
Edman degradation easy and giving complete overlaps of
tryptic peptides.

The amino acid composition of H., halobium ferredoxin

calculated from.the amino acid sequence agreed well with

' L 3
that obtained from Cm-ferredoxin except for the values of
valine and isoleucine, as shown in Table 1. These residues

were consecutively aligned at residues 74 and 75, 113 and

11, and 127 and 128, and hydrolysis for 24 h was not

(43)




sufficient to hydrolyze these bonds completely.

The presence of N®-acetyllysine in H, halobium fer-

redoxin i1s the first reported occurrence of this amino acid
in an iron-sulfur protein, although other proteins such as
histone f2al (53) have been shown to contain this dérivative,
This ferredoxin confained five lysine residues at positions
26, 76, 96, 112, and 118.‘ Comparatively high yields of
peptides containing N€-acetyllysine (T-8; 14 %, S-13; 11 %,
C-5; 51 %) suggested that only lysine 118 was completely
acetylated, because the modified lysine could not be detected
during sequence studies of any other peptide, and in addition
the other four lysine residues were identified as PTH-lysine
by thin-layer chromatography. The finding that this specific

site of H. héiobiﬁﬁ ferredoxin was acetylated suggests the

presence of an acetylating enzyme and raises questions as
to the possible biological significance of acetylation

for ferredoxin activity.

li. Sequence Studies of Other 1L Ferredoxins

The amino acid sequence determinations of other
ferredoxins are described only in brief on account of
limited space. Summaries of sequnce studies of each

ferredoxins are shown in following figures.

(lily)




Figure ~ Ferredoxin

Fig. L. E. telmateia ferredoxin I

Fig. 5. E. telmateia ferredoxin II

Fig. 6. E. arvense ferredoxin I

Fig. 7. E. arvense ferredoxin II

Fig. 8. D. sorlina ferredoxin I

Fig. 9. D. sorlina ferredoxin IT

Fig. 10. C. caldarium férredoxin_

Fig. 11. A. sacrum ferredoxin T

Fig. 12, A, sacrum ferredoxin IT

Fig., 13. N, muscorum ferredoxin I

Fig. 1L, M. laminosus ferredoxin

Fig. 15. B. stearothermophilus ferredoxin
Fig., 16, C. thiosulfatophilum ferredoxin
Fig. 17. P. ovalis ferredoxin

Fig. 18. M. smegmatis ferredoxin

(L5)




1 10 20
Ala-Tyr-Lys-Thr- -Val-Leu-Lys —Thr -Pro- Ser—Gly -Glu- Phe Thr—Leu-Pso Val-Pro- Clu—Gly Thr-Thr~Ile~Leu-Asp-
T == I } T 2 T T-3 = —
' T-1" i - ’i———-————— T-3-C-1— e T-3-C-2 - 4
30 40 50
Ala-Ala-Glu-Glu-Ala-Gly-Tyr-Asp-Leu-Pro-Phe-Ser-Cmc- Arg -Ala-Gly-Ala-Cmc-Ser-Ser-Cmc~Leu-Gly-Lys- Val‘
T"'3 T 4 l
——— T=3-C~3 —= - ';'TS—C4——;—T3CS——4 i ” T i T T e
> »> > Ll bl e > - T T S s ”‘—-—‘
_ L
60 70
Val-Ser-Gly-Ser-Val-Asp-Gln-Ser-Glu-Gly-Ser-Phe- Leu Asp~Asp-Gly-Gln-Met-Glu-Glu-Gly~-Phe-Val-Leu-Thr-
>~ ad » > > » Lagl Cand e —‘""'TTSE Ll Loallenmeer ol amnas dilhasmns" Sl e o ras > ol ra Ll r >
p— . , .
T-6~C-1 — ;___Tcéz._.l].ﬁ
80 90 95
Cmc-Ile-Ala-Ile-Pro-Glu-Ser- Asp-Leu-Val-Ile-Glu-Thr-His-Lys=Glu-Glu-Glu-Leu-Phe
o ——
T-6 : - 1 e e ——
‘ T-6-C~3 = _— 7 7 4 7z

> > > L > > ”»

Fig. L. Summary of the sequence studies of E. relmateia ferredoxin I. T- and C- refer to peptides derived by
tryptic digestion of Cm-ferredoxin and chymotryp'tic digestion of tryptic peptides, respectively. Arrows, (—)
and (<), below the sequence show, respectively, Edman degradation by use of a sequence analyzer, which was
previously reported( 25) and carboxypeptidase A digestion of Cm-ferredoxin. Arrows, (—) and (<), below
the peptide fragments show, respectively, manual Edman degradation and carboxypeptidase A or B digestion.
Arrow, (—), shows the direct identification of amino acids on the analyzer after completion of Edman degradation.
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1 10 20 °
Ala-Tyr Val Thr-Leu-Lys-Thr-Pro-Asp-Gly-Asp-Ile-Thr-Phe~Asp-~Val- Glu-—Pro—Gl -Glu-Arg Leu-Ile-Asp-
e %‘y—lv ' T—_z > _l-—-’- —— E‘ ——l E‘ ——— —T 3——7‘ B }———,- ———e B
T > 7> Cal Cad el Ll > e il v, T = Fl > T e Lad Canl
30 40 50
Ile-Ala- Ser—Glu—Lys Ala-Asp-Leu-Pro-Leu-Ser-Cmc-Gln~ Ala—Gly-Ala-Cmc Ser—‘I‘hr-—Cmc-Leu—Gly-—Lys-Ile val-
—T-1= t - T-5 1
— e ras > coallianenr o - > - - —— e——
~ TZ5= T-5-TH-2 — } — -5~ ————
—— Th-1 — T mhe3T T T
60 70
Ser-Gly-Thr-Val-Asp-Gln-Ser-Glu-Gly-Ser-Phe~Leu~Asp~Asp-Glu-Gln-Ile-Glu-Gln-Gly-Tyr~Val-Leu-Thr-Cmc- ;
Caet Cal L r T > > Cat > ” T 6 Vool 7 T L It 7 > ol L4 > Caan Land > > ~~ ‘
oy - J U g ;
‘ — T 6 c l - ‘_]___chz {-———————_’ —— i
80 90 93 |
Ile-Ala-Ile-Pro-Glu~-Ser-Asp-Val-Val-Ile-Glu~Thr-His- ~Lys=Glu-Asp-Glu-Leu :
— -6 —
T-6-C-3 {

Fig. 5. Summary of the sequence studies of E. telmateia ferredoxin II. T-, C-, and Th- represent peptides derived
by tryptic digestion of Cm-ferredoxin, and chymotryptic and thermolysin digestion of tryptic peptides, respectively.

Various arrows show Edman degradations and carboxypeptidase A digestion as described in Fig. i. The arrow,
(----), indicates ambiguous identification by the sequence analyzer.




1 10 20
Ala-Tyr-Lys-Thr-Val-Leu-Lys- Thr Pro- Ser—Gly ~Glu~Phe~Thr-Leu-A sp-Val-Pro-Glu-Gly- ~Thr-Thr-Ile-Leu-Asp-
=T I—=" T-7 = ' ZT -3
b Tol'— 7 k——————'T—35C—l' ——— ~ - - Z T-3-C-7 —/————~
- e
30 40 50
Ala-Ala-Glu-Glu-Ala-Gly-Tyr-Asp-Leu-Pro-Phe-Ser-Cmc- Arg Ala~Gly-Ala-Cmc- Ser-Ser-Cmc—Leu—Gly—Lys -Val-
T-3 } T-4 }
— T-3-C-7 ~ = 3, ” T-3- ’ 7 . i -7 | —
— 7o3-c-3 — ol ——_ c=5 — —
60 70
Val-Ser-Gly-Ser-Val-Asp-Glu-Ser-Glu-Gly-Ser-Phe-~Leu-Asp-Asp-Gly~Gln-Met-Glu-Glu-Gly-Phe-Val-Leu-Thr-
T-5
po—— T-5-C-1 T 5-__%————
80 90 95
Cmc-Ile-Ala-Ile-Pro-Glu-Ser-Asp~Leu-Val- Ile Glu-Thr-His-Lys- -Glu-Glu-Glu-Leu-Phe
T-5 ——
— T-5-C-3 {

> > 1 > > - rl ralie B iy > - > Cad

Fig. 6. Summary of the sequence studies of E. arvense Cm-ferredoxin 1. T- and C- represent peptides produced
by tryptic digestion of Cm-ferredoxin and chymotryptic digestion of the tryptic peptides, respectively. Arrows,
(=) and («—"), show, respectively, manual Edman degradation and carboxypeptidase A digestion of Cm-ferredoxin
and peptide fragments. Cmc refers Carboxymethylcysteine,

(48)



1 10 20 1
Ala—zzr—Lys-Val—Thr-Leu—Lys—Thr—Pro—Asp—Gly-Asp-Ile—Thr—Phe~Asp—Val—Glu—Pro-Gly—Glu—Arg-Leu—Ile—Asp—
- > siab N 5 = - , \ .

—

— T-1 —f——— T-2 t —T-3_— 1 -
30 40 50
Ile—Gly—Ser—Glu—Lys—Ala—Asp—Leu-Pro—Leu—Ser—Cmc—Gln-Ala—Gly—Ala—Cmc-Ser—Thr—Cmc—Leu—Gly—Lys—Ile-Val—
- ! - !
- z 4 > > " > > rad 7 > = e 7 ras > o TP e ey WTT X7 ﬂ—"—'l——r B e ol

g g

60 | 70

Ser—Gly—Thr-Val—AspéGln—Ser—Glu—Gly—Ser—Phe~Leu—Asp~Asp—Glu-Gln-Ile—Glu-Gln~Gly—Tyr—Val—Leu—Thr—Cmc~
T-6 : :
- - - - - - =~ T-6-C-Y —— - - = - — y TTZ6-
-2 - =
80 90 93

Tle-Ala-Ile-Pro-Glu-Ser-Asp-Val-Val-Ile-Glu-Thr-His-Lys-Glu-Asp-Glu-Leu
T~6 ]
T-6-C-3 {

Fig. 7. Summary of the sequence studies of E. arvense Cm-ferredoxin 1I.  All notations are as mentioned'in Fig.
except that the dotted arrows, (<---), refer to the residues released by carboxypeptidase digestion which could not
decide the sequence and (===:) identification by hydrazinolysis.

(L9)
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(Ser)Tyr—Gln—Val-Thr—Leu—Lys-Thr—Pro—Ser—Gly—Glu—Gln—Lys-Val—Glu—Val—Ser—Pro-Asp—Ser-Tyr—Ile—Leu—Asp-
T-1 S T-2 S T-3
—_—— p—d ol > - o e g Lo — = - : - -

e -

<—— T-3-§-1 —>

- - P

30 40 ' 50
val
Ala—Ala—Glu—Glu—Ala—Gly—Lequsp—Leu—Pro—Tyr—Ser-Cys-Arg—Ala—Gly-Ser—Cys—Ser-Ser—Cys—Ala-Gly—Lys-val-
-3 - e z _Leu
<— T=-3-5-2 > i T-3-S-3 - g - g " - i - <
el - - el -~ - Ca - -
- 60 | 70
Glu—Ser—Gly—Thr—Val—Asp—Gln~Ser—Asp-Gln—Ser—Phe—Leu-AspFAsp—Asp—Gln—Met—Asp(Ser,Gly,Phe)Val—Leu-Thr—
) T-5
T—5-C-l >4T-5-C-2 ¢
ra > > L Cal Cad > > 7 > C gl > > —
80 90 ‘ a5
Cys—Val-Ala—Tyr—Ala—Thr—Ser—Asp—Cys-Thr-Ile—Val-Thr—His—Gln-Glu—Glu—Asn—Leu—Tyr
T-5 —
. ’ .
< T-6 >
— T=5-C 33— ,  T-5-C-4 - >
I Pl el - . ‘

Fig. 8. Summary of the sequence studies of Dunaliella Cm-ferredoxin I.

T, C, and S refer to tryptic, chymotryptic, and staphylococcal protease peptides, respectively,
and Cys refer to Cm-cysteine. Arrows, (—=) and («—), above the sequences represent

Edman degradation and carboxypeptidase A digestion on Cm-ferredoxin I, respectively.

Arrows, (—=) and (<—), below the sequence represent Edman degradation and carboxypeptidase Y
digestion on peptides.



ST : 10 ‘ | .20
. — ~ . pu— > _.A — . —— — ~ ;' . —
(ﬁi;)Tyr-ngLVal—Thr—Leu—Lys-Thr-Pro-Ser—Gly-Asp—Gln—Thr-Ile-Glu—Val—Ser—Pro-Asp—Ala—Tyr-Ile-Leu—Asp-

(51)

&« T-1 —>&——— T-2 >4 - _ T3
—r ) —— > > > > gl > > > > > Cal e > Lol > Cal > >
< T-1'- o - - , T-4
_— - > Ll > el > > > > > > 'r > 7 - > > A
30 | - : 40 B ' | = 50
Ala—Ala—Glu-Glu-Ala—Gly—Leu—Asp-Leu—Pro—Tyr-Ser—Cys-Arg—Ala—Gly-Alanys—Ser—Seg—Cys—Ala—Gly-Lys—Val—
T'-3. >’ T... ><
. < P-3-5-1 >
60 : | i 70 o
Glu—Ala—Gly—Thr-IlerAsp-Gln—Ser—Asp-Gln—SerrPhe-Leu—AsijspfAsp—Gln—Gln-Gly-Arg—Gly-Pheral—Leu-Thr4
T-6 — S
> > > > > Cal > > > > > > > ——n " ral > > — - rd e r >
. 80 . . 90 . . a5
Cys—-Val-Ala-Tyr-Ala-Thr-Ser-Asp-Cys~Thr-Ile-Ser-Thr-His-Gln-Glu-Glu-Ser~Leu-Tyr
. T-17 >
rd > el rd rd > > > > e > > > > > Ll > ’
. : Y - N ~

Fig. 9. Summary of thg sequence studies of Dunaliella Cm-ferredoxin II.
T and S refer to tryptic and staphylococcal protease peptides and Cys refers to Cm-cysteine.

Arrows ( ) and ( ), above the sequence represent Edman degradation and carboxypeptidase A
digestion on Cm-feredox1p II, respectively. Arrows ( )..and ( ), below the sequence
represent tdman degradation-and carboxypeptidase B or Y digestion on peptides.
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Ala-Ser-Tyr-Tvs-Ile-His-Leu-Val-Asn-Lys-Asp-Gln-Gly-Ile-Asp-Glu-Thr- Ile-Glu-Cys-Pro-Asp-Asp-Gln-Tyr-

Tl e d :i‘, ’T—Z = T e e o o o em—ow e meeoom eoDme TR T o
50
Ile-Leu-Asp-Ala-Ala-Glu-Glu-Gln-Gly=-Leu-Asp- Leu—Pro Tyr-Ser-Cys- Arg Ala-Gly-Ala-Cys-Ser- Thr Cys-Ala-
— -3 o Tome e S —7—7" — — —
< T-3-S5-1 75
Gly-Lys-Leu-Leu-Glu-Gly-Glu-Val-Asp-Gln=- Ser Asp-Gln-Ser-Phe-Leu-Asp-Asp-Asp-Gln-Val-Lys-Ala-Gly-Phe-
e T-5 S
Pl P — e Coad - = — Pl el T =

- 98
Val-Leu-Thr-Cys-Val-Ala-Tyr-Pro-Thr-Ser~-Asn-Ala-Thr- Ile Leu-Thr-His~-Gln-Glu-Glu-Ser-Leu- Tyr
T-6 ‘ >~
—_— > = = I = — — = = = = T = T T

Fig. 10.Summary of the secquence studies of Cvanidium ferredoxin. T- and S- refer, respectively, to peptides derived by tryptic
digestion of Cm-ferredoxin and staphylococcal protease digestion of peptide T-3. Arrows (——) above the sequence and below
the sequences of peptides show, respectively, Edman degradations for Cm-ferredoxin and peptides. Arrows (——) above and

below the sequence show, respectively, carboxypeptidase A digestion on Cm-ferredoxin and peptides. A dotted arrow indicates
an ambiguous identification.
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1 10 ‘ 20
Ala-Ser-Tyr-Lys- aI—Thr—Leu-Lys—Thr-Pro-Asp—Gly-Asp-Asn-Val—Ile—Thr—VaI-Pro-Asp—Asp-Glu—Tyr-I1e~Leu~

= C-1 t C-2 t C-3 +

- T T i e 7T TR T U TR TR Y T T L ST i e _.; -
p——mr—m—em C=3-Th-1 t bon el o e B 7Yy R italion et s
——  C-3-Th-2 ' ‘ C-3-Th=3 ——

T-1 f T=2 + T-3
—r T T2 —_— 7 — — -
Asp-Val-Ala—Glu—Glu-Glu—Gly-Leu—Asp—Leu—Pro—Tyr-Ser-Cys—Arg—XIEFET;?Ala-Cys-Ser-Thr-Cys-Ala*Gly-Lys—
c-4 — c-6
— — — - c-5 T } c-7
_— =7 . b anad

r— C-6-Th-1

— 7 —
C-6-Th-3————e— C~6-Th-4-—

t C-6~-Th-2
—_—— e 7 ey —~ 7y — —
T-3 ¢ T~4 |
— —p 7
60 70
Leu-Val-Ser-Gly-Pro-Ala-Pro-Asp-Glu-Asp-Gln-Ser-Phe-Leu-Asp-Asp-Asp-Gln-Ile-Gln-Ala-Gly-Tyr-Ile-Leu-
t c-9 t C-10 ———————
i i S A dh e A TSI T T T T ST T e e e
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Fig. 11, Summary of the amino acid sequence studies of Aphanothece sacrum ferredoxinl, Each step of
Edman degradation on ferredoxin, using a sequence analyzel(ZLL)v, is shown by an arrow (=) just above
the sequence. An arrow (<) just above the sequence represents carboxypeptidase A digestion of ferredoxin
(2l1) . C and T represent the peptides derived by chymotryptic and tryptic digestion of Cm-ferredoxin and
O-CT represents the peptides derived by the digestion of O-ferredoxin by chymotrypsin. Arrows (=), (=),
and (<) below the sequence show, respectively; manual Edman degradation, leucine aminopeptidase diges-

tion, and carboxypeptidase digestion of peptides. The dotted arrows indicate uncertain identification by
cach procedure.

(53)




1 10 20
Ala-Thf-Tyf-Lys-Val-Thi-LeG-I1&~-AsK~-GlU-Gl4-Glu-Gly-TI&-Asn-E& a—IIE-LeG—GIG—VETLKIE;ng;xgg;grg;ﬁgg
= - S-1 + S~2 +

“7—7—’——7—’7—’_7—,_?.—_,_7-7_’_——’-—,.-—7_’_”_*__7

30 40 50

IIe-Leu—Asp-Ala-Gly-GIu—GIu—Ala—Gly—Leu-Asp—Leu—Pro—Ser—Ser—Cys-Arg—Ala—Gly-Ser—Cys—Ser—Thr—Cys—Ala

S-3 : S-4
I o Cond P —— D e mea—
} S‘4"C‘l
' ‘ S-4-7-1 } S~-4-7-2
60 . 70
Gly-Lys-Leu—Val-Ser*Gly—Ala-Ala—Pro—Asn—Gln—Asp-Asp~Gln—Ala—Phe-Leu—Asp-Asp-Asp-Gln—Leu—Ala—Ala—Gly
: S-4 :
————
} - S—-4-7-3
——— — ——p— < e i e TS R O, L
t : §-4-T-3-C-1
—— = —d b e i e . T e w e e
80 90 ‘ 99
Trp-Val-Met—Thr—Cys-Val—Ala—Tyr-Pro~Thr—Gly~Asp~Cys-Thr-Ile-Met~Thr—His-Gln*Glu‘Ser-Glu*Val-Leu
5-4 — } S=~5 m——q
> —— >
p— S~4-C-2 } S-4-C-3 ——q
— ———— - —
S-4-7-3 —
———— .
— Fig. 12, Summary of the sequence studies of A. sacrum ferredoxin 11,  S- refers to peptides derived by staphylococeal

~ protease digestion of Cm-ferredoxin, and T- and C- to peptides derived by tryptic digestion of S- peptides and chymotryptic digestion

of either S- peptides or S-T- paptides, respectively.  Arrows (*=<» above the scquence and below the sequences of peptides show, respectively, Edman
degradation using a scquence analyzer for Cm-ferredoxin and manual Edman degradation of various peptide fragments. Arrows, (ST) and (<~-=), below
the peptide sequences show, respectively, carboxypeptidase A digestion with clear and with ambiguous identification.  Cys refers to carboxymethylcysteine.
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Fig. 13. Summary of the amino acid sequence studies of Nostoc muscorum ferredoxin. T-and C- represent
peptides obtained by tryptic digestion of Cm-ferredoxin and chymotryptic digestion of tryptic peptides,
respectively. Arrows, () and (), below the sequence show, respectively, manual Edman degradation
and carboxypeptidase digestion of peptides. Arrows, (T77), show the direct identification of amino acids
on the analyzer at the last step of Edman degradation. The dotted arrows indicate uncertain identification
by carboxypeptidase A digestion. Cys was identified as PTH-Cm-cysteine.
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Fig. 1k Summary of sequence studies of Mastigocladus ferredoxin. T and S refer to tryptic and staphylococcal
protease peptides, and Cys refers to Cm-cysteine. Arrows, (=) and (=), above the sequence represent Edman
degradation and carboxypeptidase A digestion on Cm-ferredoxin, respectively. Arrows, (=») and (=), below the
sequence repiesent Edman degradations and carboxypeptidase digestion on peptide fragments. Dotted arrows

indicate amino acids released by carboxypeptidase without decision of sequence.
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Fig. 1 5.  Summaryof the sequence study of B, stearothermophilus ferredoxin

<> and «= just below the sequence represent Edman degradation and carboxypeptidase digestion respectively. == représents hydrazinolysis and «- uncertain
identification by carboxypeptidase. T, S and CN represent peptides formed after treatment with trypsin, staphylococcal proteinase and CNBr respectively.
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Fig. 16, Summary of the results of amino acid sequence study of Cm-ferredoxin of C. thiosulfatophilum. S- refers
to the peptide fragments derived by staphylococcal protease digest. Cys represents Cm-cysteine.. Arrows (—)
above and below the sequence represent Edman degradation on Cm-ferredoxin and peptides.
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17 « Summary of the sequence studics of Ps. ovalis ferredoxin 1. The arrows (—) and (<) above the sequence indicate a
manual Edman degradation and carboxypeptidase B digestion, respectively, on Cm-ferredoxin. T- and S- represent the peptides
obtained by trypsin and staphylococcal protease digestion, respectively, of Cm-ferredoxin. Arrows, (—) and («—) below the
peptide sequences indicate Edman degradation and carboxypeptidase Y digestion, respectively. Dotted arrows indicate ambiguous
identifications.
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IV. STRUCTURAL CHARACTERISTICS OF FERREDOXINS

1., Introduction

From the content of iron and sulfur, it seems 1ikelyr
that most of ferredoxins so far characterized fall into
three groups, those with 2Fe-23, LFe-LS, and 8Fe-83. Fer-
redoxins with 2Fe-2S have a binuclear iron cluster with
two bridging inorganic sulfurs and coordinated with L cysteine
residues in protein and ferredoxins with LFe-LS or 8Fe-8S
have one or two tetranuclear iron clustefs with L bridging
inorganic sulfurs and coordinated with L cysteine rééidﬁes
in protein as shown in Fig. 1. At present, 2l amino‘acid
‘sequences of chloroplast-type ferredoxins from varipus

plants and algae, 2 amino acid sequences of‘Héldbadﬁerium

ferredoxins, and 16 amino acid sequences of various bacterial
ferredoxins are available. Table 1 lists the various fer-
redoxins which have been sequenced. Chloroplast-type and

ﬁéidbaétéfﬁﬁﬁ.ferredoxins contain 2Fe-23, Dééﬁlfovibrib

gigas and Bacillus sbearothormophilus ferredoxing LFe-Ls,

and other bacterial ferredoxins 8Fe-8S. From the comparison
of seqﬁences of these ferredoxins, various interesting
characteristics are recognized. In this chapter, I describe
the structural characteristics Qf:the ferredoxiné,whose'

sequences are determined in chaper III.
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Table 1. The ferredoxins whose sequences are being determined.

2Fe-23

Angiosperns

Eern
Horsetails
Green algae
Red algae

Blue-green
algae

Halophilic
bacteria

Spinach (12, 33, 34), Alfalfa (54), Koa (55),
Taro (56), P. americana (I, II) (57)

P.

esculenta (I, II) (58)

Jjaponica (59)

telmateia (I; 1I) (60), E. arvense (I, II) (61)

quadricauda (62), D. sorlina (I, II) (63)

umbilicalis (64), C. caldarium (65)

maximag (66), S. platensis (67, 68)
sacrun (I, II) (69, 70), N. muscorum (65)

laminosus (72)

halobium (73, 74), H. The Dead Sea (75)

4Pe-4S

Sulfate reducing D. gigas (76)

bacteria

Aerobic bacteria B. stearothermophilus (77)

8re-8S

Anaerobic
bacteria

Photosynthetic
bacteria

Aerobic
' bacteria

pasteurianum (11, 32), €. butyricum (78),

aerogenes (79), C. acidi-urichi (80),

tartarivorum (81), M. elsdenii (82),

thermosaccharolyticum (83), C. M-E (84)

vinosum (85, 86), C. limicola (I, II) (87, 88)

thiosulfatophilum (89)

ovalis (90), M. smegmatis (91)
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Fig. 1. Active centers of 2Fe-2S and 4Pe-4S

2. 2Fe-2S Ferredoxins

2.1. Distribution of Amino Acid Residues of Chloroplast-
Type Ferredoxins

Twenty four amino acid sequences of chloroplast-
type ferredoxins are shown in Fig. 2, together with

2 sequences of Halobacterium ferredoxins. Several gaps

are placed to make all sequences maximally homologous. The

amino acid compositions of these ferredoxins are also

(63)
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Fig., 2. Amino acid sequences of 24 chloroplagt-type and 2 Halo-

The references for the sequences are

bacterium ferredoxins.

The numbering starts from the N-terminus of spinach

as in Table 1.

ferredoxin and therefore, the first residue of P. americana

Several gaps shown by -

ferredoxin II should be counted as -1.

are inserted to make the sequence homologous alignments.
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The amino acid compositions of chloroplast-type ferredoxins

Table 2.

(1) (2) (3) (4) (5) (6) (7) (8) (9)(10)(11)(12)(13)(14)(15)(16)(17)(18)(19)(20)(21)(22)(23)(24)(25)(26)

Lys

His

Arg
Asp
Asn

17 21

10

710 12 10 10 10 11 12 12 11 10 12

10

1

11 8 10 12 6 10

11

6 12 10 8

8
7

6 12 12 13 12 6

6

Thr

8 13 10

6

7
10

Ser

10 8 8 16 14

N

7 8 9 12 10 13

10

12 9 13

Glu

Gln

Pro

Gly

9 16 10 9 10 9

7

11

10

12

13

Ala

Cys
Val

1

Met

Leu

Tyr

Phe
Trp

9 97 97 97 96 98 96 98 .95 95 93 95 93 96 95 95 98 98 98 98 98 98 96 99 128 128

Total

The numbers in parentheses represent ferredoxins as described in Fig. 2.

a



presented in Table 2.

Cysteine residues: Chloroplast-type ferredoxins

contain a cluster with two iron and two inOrgénic sulfur
atoms and sulfhydryl groups of lI cysteine residues

chelating two iron atoms as shown in Fig., 1, It is imporﬁant
to establish the location of the cysteine residues in the
protein to form a 2Fe-23 cluster. Thefe is a total of

i to 6 cysteine residues in the various ferredoxins so far
studied. From the comparison of 2l sequences of chloro-
plast-type ferredoxins, L types of cysteine distribution

are found as shown in Table 3. All types of ferredoxins
have substantially similar spectroscopic properties and

the éommon . cysteine residues are considered to be invoived

in the formation of the cluster.

Table 3. The distribution of cystein residues of chloroplast-

type ferredoxins

Type number of cysteine position Qf cysteine
regidues residues @

1 6 20, 41, 46, 49, 19, 87

2 5 20, 41, 46, 49, 79

3 5 41, 46, 49, 79, 87

4 4 41, 46, 49, 719

a S
The numbering of cysteine residues is that used for S. platensis

ferredoxin

S. platensis ferredoxin is representative of type 1, spinach

ferredoxin type 2, and A, sacrum ferredoxin I type 3.

Ferredoxins having only li cysteine residues (type L) have
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been completely sequenced for the first time in this study,

and they are from E., telmateia (60), E. arvense (61), and

N. muscorum (71) and the L cysteine residues are located

at positions 41, L6, L9, andb79. On several occasions,
the i cysteine residues required to chelate two iron
atoms were suggested to be located at the same positions
as described above (24, 25, 27, 71, 92). This proposal
has been recently confirmed by an X-ray crystallographyic

analyses of S. platensis ferredoxin and A, sacrum ferredoxin I

showing that the clusters of both ferredoxins are located
near the molecular surface (93, 94) and that the sulfur
atoms of Cys L1 and Cys li6 are coordinated to an iron atom

and those of Cys L9 and Cys 79 to the other in S. platensis

ferredoxin (95). Therefore, it is concluded that the
distribution of cysteine residues required for the

formation of a 2Fe-2S8 cluster in chloroplast~type fer-
redoxins are those in a -Cﬁs—X-X-X-X—Cys-X-X-Cyé- segmént
in the middle of molecule and a.-Cys- far from this segment.,

Invariant and Semi-invariant residues: In comparison

of 2l available seQuences of chloroplast-type ferredoxihs,'_
there are 2l invariant residues and 22 semi-invariant
residues. These residues are considered to occupy structur-
ally and functionally essential portions of the molecule.

is shown in Fig. 3, residues, Gly 13, Asp 28, Leu 37, "

Pro 38, Ser L0, Cys L1, Ala 43, Gly Lk, Cys L6, Ser L7,

Cys 49, Gly 51, Gly 56, Phe 65, Leu 66, Gln 70, Gly Th,

Thr 78, Cys 79, Ala 81, Ile 89, Thr 91, His 92, and Glu 9L
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Fig. 3. Distribution of variéus amino aoidé in the chloroﬁlast—
type ferredoxins as shown in Pig. 2 except for Halobacterium

- répresents deletions.

ferredoxins.
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are invariant and those, Tyr or Phe 3, Val, Leu, or Phe 7,
Asn, Ser, or Thr 9, Val, Ile, Leu, or Phe 18, Val, Ile, or
Leu 26, Ile or Leu 27, Gly or Ala 30, Asp or Glu 32, Gly
or Ala 3, Ser or Ala 45, Thr or Ser 48, Val, Ile, or
Leu 53, Asp or Glu 62, Ser or Ala 6l, Asp or Glu 67, Asp
or Glu 68, Tyr, Phe, or Trp 75, Val or Ile 76, Met or
Leu 77, Ile, Tyr, or Phe 82, Ser or Gly 85, and Val, Ile,
or Leu 97 are semi-invariant (or consevative). The residue

numbers correspond = to those of S;Aplafénéis ferredoxin

which have a deletion at position 59 as shown in Fig. 2.

The three dimensional structure of S. platensis

ferredoxin has been elucidated recently (95). The molecule
has approximate dimensions L0 x 35 x 25 A and the center

of the 2Fe-2S cluster is about 8 A from the molecular |
surface. Folding of the main chain represented by a-carbons
is shown in Fig. L, élthough the fine structures of side
chainé are - not available., It is of interest to trace the
locations of the invariant and semi-invariant residues on

the three dimensional structure of S. platensis ferredoxin.

Invariant residues are marked in the three dimensional
strucure as shown in Fig. 5. Four cysteine residues,

Cys L1, Cys L6, Cys L9, and Cys 79, binding the two iron
atoms are, of course, invariant and all located at the top
of the figure. Seven invariant residues, Pro 38, Ser*}0,
Ala L3, Gly Lk, Ser 47, Thr 78, and Ala 81 and 3 semi-
invariant residues, Ser or Ala 5, Ser or Thr 48, and Ser

or Ala 6l surround the cluster. It is clear that these
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S. platensis
Ferredoxin

Fig. 4. Three dimensional structure of S. platensis ferredoxin.

Amino acid sequence of this protein is as follows (67),

1. 5 10 15 20 25 30
ATYXVTLINEAEGINETIDCDDDTYILDAAEEA
35 4Q 45 50 55 60 65
GLDLPYSCRAGACSTCAGTITSGTIDQRSDASFL
10 [E] 80 85 90 95
DDDQIEAGYVLTCVAYPTSDCTIKTHQEEGLY

The cluster is located at the top of the molecule and only the
chain from the Cys 41 to Cys 46 covers the top-front side of the

cluster. The chain around the cluster folds relatively closely,
while that at lower part of the molecule fold loosely. There

is nod<helix and the strucure of 3 turn is found; Asn 9 -

. _ 10
Glu 12, Ile 14 — Thr 17, Asp 19 - Asp 22, Ala 30 - Ala 33, Tyr
39 - Arg 42, and Thr 84 - Cys 87 (95).

-

3 Fe,é%é's(inorganic), 623 S (Cys)
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‘ Invariant Residues

é%% Variant Residues

Fig. 5. The distribution of invariam and variant residues on

the three dimensional structure of S. platensis ferredoxin.

residues must play important roles to form the cluster
cavity and make it stable. Moreover, 9 invariant and semi-
invariant residues having large hydrophobic side chains,
such as Leu 37, Phe 65, Leu 66, Val, Leu, or Phe 7. Tyr,
Phe, or Trp 75, Vel or Ile 76, Met or Leu 77: Ile, Tyr, or
Phe 82, and Val, Ile, or Leu 97 are located arround the

cluster region. Trp 73 in spinach ferredoxin which corre-
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sponds to Tyr 75 in 3. platensis ferredoxin was suggested

to be near the cluster from the fluorescence measurments (96)

and if the side chain of tryptophah points to the cluster

region; the quenching effect of the cluster to tryptophan

fluorescence might be reasonably explaned by the close

distance of these two chromophores revealed by X-ray.

‘From these observations, it is suggested that the cluster.

cavity is surrounded mainly by invariant or semi-invariant

residues and that these evolutionary conserved residues

maké a common environment for 2Fe-28 clusters of various

ferredoxins with completely different amino acid sequences.
Other invariant or semi-invariant residues are located

apart from the cluster region. Some special features are

further found. Four glycine residues at positions 13,

51, 56, and 7l are invariant and may be necessary for the

peptide chain folding. There is a unique portion where

several hydrophobig residues, Ile 89, Val; Ile, Leu, or

Phe 18, Cys or Val 20, Val, Ile, or Leu 26, and Val, Ile,

or Leu 27 occur close together on the three dimensional

structure. It has been reported that Cys 20 in spinach

and S, platensis ferredoxins were not reacted with modification

reagent in native form, and but reacted with them in the
presence of denaturant (92, 97).. These hydrophobic residues
are considered to be buried in the interior of the molecule
to aid in constructing an stable enviroment for the cluster.
Hydr§philic residues, Asp 28, His 92, Glu 9L, and Asp or Glu

at positions 32, 62, 67, and 68 are located at the exterior
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of the molecule. In contrast to the residues forming the
cluster cavity there is no special feature on the surface
such as charged side chains conserved, even though Séme
of these residues might be involved in a specific inter-
action with ferfedoxin linked enzymes.

-

Variant Residues: Variant residues are defined as

positions in which more than 6 different amino acid residues’

are found in this case and 1l positions, 15 (8 residues),

16 (10 residues), 26 (7 residues), 33 (8 residues), 54

(7 residues), 55 (6.residues), 57 (7 residues), 72 (7
residues), 73 (7 residues), 8L (6 residues), 87 (6 residues),
90 (8 residues), 96 (7 residues), and 98 (7 residues) are
found. The numbering of positions correspond to that for

S. platensis ferredoxin. The distribution of these residues

in the primary structure does not give any special feature
except for the fact that they are not found near the
functionary important cysteine residues. But it is obvious
from the three dimensional structure as shown in Fig. 5

that variant residues occur at the iower and surface region
of the molecule and that a remarkable compartmentation
between variant aﬁd invariant residue are recognized. It

is possible to exclﬁde these variant residues from the
region thought to participate in the oxidation—reduction

mechanism of ferredoxin. .
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2. 2. Halobacterium Ferredoxin- A New Chloroplast-Type

Ferredoxin

The 2Fe-28 ferredoxins were isolated from H, halobium

( this study and ref. 1) and H. The Dead Sea (21). Both

ferredoxins are composed of 128 amino acid residues in-
cluding only four cysteine residues. These two sequences
are compared to chloroplast-type ferredoxins as shown

in Fig. 2 and in Fig. 6.

1 10 20
() PTVEYLNYETLDDQGWDMDDDDLFE
(8 PTVEYLNYEVVDDNGWDMYDDDVFG
(C) - === === === - B ATF
__ 30 40 } 50
(A) KAIAIDAGLDGEDY GT/ME V|ATE|G[E Y T LJE]
(B) EAISIDMDLDDEDYGSILIE VINEIGIE Y I L{E!
() KWVITILINEAEGTEKHELLIE ViPIDID|EY T L}iD!
60 70
(A) [AAEJAIQ[GY D[WiP FSCRAGA CJAN[CAISTIV
(B) |AAEJAIQ|GY DJWIP FSCRAGACIAIN|CAIAITIV
(c) [AAEJEIEIG Y DPLIP FSCRAGACISITICAGIKIL]
100
(A) K E[GIETTD]M D M[Q]QiTIL|S|D]E EIVIE]E K D{V|R]L
() L E|GDIND|M D M|Q|QIINL|{SDJE E{VIE|D L N|VIRIL
(c) vslejTvlojq s plo]SiFiLio(pD QiTiE|A 6 ¥ |v]-|L
o 110 5 120 __
(A) T CT GiS]P|ATAYD]E(VIK[T]V Y N A KH LD]¥Y LiQ N
(B) [T C[I GiS|P|DIAID|E|{VIK|I|VY NAKHL|D|Y LtQ N
(¢) Tchv AlY[pjTisIp|V|v|-]I]- Q THKEEDL Y- -
128
(A)  RVI
(B) RVI
c) ---

Fig. 6. Comparison of Halobacterium ferredoxins and

N. muscorum ferredoxin I. Among (A): H. halobium

ferredoxin, . (B): H. The Dead Sea ferredoxin, and

(C): N. muscorum ferredoxin I, 38 identical residues

and 16 similar residues are found.
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Halobacterium ferredoxins are 22 residue longer than

chloroplast-type ferredoxins at the N-terminal region.

There are only l. cysteine residues in these two Halobacterium

ferredoxins, which should be involved in the binding of
the two iron atoms at the active centér. The relative
positions of these !l cysteine residues at positions 63,
68, 71, and 102, are the same as those in chloroplast-

type ferredoxins. Out of 128 residues of Halobacterium

ferredoxins about 50 residues are identical with one of
thgse of other chloroplast-type ferredoxins in the alignment
as shown in Fig. 2., These residues are mainly distributed
in a region from residue LO to residue 110, which contains
the functionary important cysteine residues., In addition

to the sequence homology, similarities haVe been observed

in the optical properties between Halobacterium and chloro-

piast-type ferredoxins, e. g. absorption spectra (as shown
in Fig. 5 in chapter II), ORD and CD spectra (1l.). These
results show that polypeptide chain structures surrounding
the 2Fe-25 cluster must be very.similar in both ferredoxins.
Despite of’this structural similaries, Halobacterium

L]

ferredoxins were functionally different from chloroplast-

type ferredoxins., Halobacterium ferredoxins were unable

to be substituted for plant ferredoxins either in the photo-

reduction system of NADP'  (Fig. 6 in chapter II, 1lL) *
or in reduction system of cytochrome c by NADPH in the
presence of ferredoxin:NADPT reductase (98). Recently,

it has been found that H. halobium ferredoxin functions as
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the physiological electron acceptor in the oxidation of
a-ketoacids in this organism catalyzed by a-ketoacid

ferredoxin oxidoreductases (99) and that H. The Dead Seasa

ferredoxin serves as an electron donor for nitrite reduction
by nitrite reductase (100). These two functions have been
reported for the chloroplast-type ferredoxins (101, 102).

Thus, Halobacterium ferredoxins are not only structurally

but 1in some aspects functionally similar to chloroplast-
type ferredoxins, and therefore, they represent a new class
of chloropiast—type ferredoxins.

In general halophilic proteins require high concen-
tration of salt for their stability (103). In fact the

ferredoxin from H, halobium is not precipitated in saturated

ammonium sulfate‘solution and relatively stable even at
700 when I} M NaCl is present, B One of remarkable
nature of halophilic proteins is that they contain rafher
high contant of acidic amino acid residues than non-

halophilic ones (103). 1In fact Halobacterium ferredoxins

have more acidic residues than other chloroplast-type
ferredoxins as shown in Table 2, and especially the long
extra N-terminal regions contain LO % of acidic residues

and no basic residues, which must be the result of adaptation

of these bacteria to survive on concentrated salt solutions.
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3. UFe-liS and 8Fe-83 Ferredoxins

Contrary to chloroplast-type ferredoxins, bacterial
ferredoxins are considered to be very diverse group.
From the nature of (LLFe—LLS)l_2 cluster(s) and the amino
acid sequencesf 16 bacterial ferredoxins with known
sequences are classified into L groups as shown below.
Their amino acid sequences and amino acid compositions
are shown in Fig. 7 and Table l, respectively.

6ibsfridiﬁm ferredoxins: The complete amino acid

sequences of 8Fe-8S ferredoxins from 8 anaerobic bacteria
have been determined. These ferredoxins are from (. pas-

teurianum (11, 32), G. butyricum (78), C. acidi-urichi (80),

C. M-E (8l), Peptococcus aerogenes (79), C. tartarivorum

(81), C. thermosaccharolyticum (83), and Megasphera elsdenii

(82). They consist of 5L - 55 amino acid residues, 8 of
which ére cysteine residues, and are homologus each other

to high degree as shown in Fig. 7. The invariant residues

in all clostridial-type ferredoxins are found in 19 positions
in the sequences and the variant residues in 13 positions
which has more than 5 residues in a position. These
sequences show a charactefistic structure: i. e. a high
similarity is found between the first half of thé sequences
and the second, each containing L invariant cysteine residues
distributed symmetrically (11), which suggests the present-
day clostridial-type ferredoxins to be arised by gene

duplication (104).

(77)
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(A)
(B)
(C)
(D)
(E)
(F)
(G)
(H)

(1)
(J)
(K)
()

(1)

(N)

(0)
(P)

1 10 20 30 40 50

A-YKI--ADSCVSCG-~-ACASECPVNAISQGDSIFVI~~~~DADTCI-DC~-~—====m= GNCANVCPVGAPVQE
A-FVI-~NDSCVSCG--ACAGECPVSAITQGDTQFVI—~—~DADTCI=DCr======ean GNCANVCPVGAPNQE
A-YVI~-NEACISCG--ACDPECPVDAISQGDS RYVI~==~DADTCI~DC-=—==——o—- GACAGVCPVDAPVQA
A-YKI-~-TDGCINCG-~ACEPECPVEAISESDAVRVI----DADKCI-DC~-—=~—=~—— GACANTCPVDAIVEG
A-YVI--NDSCIACG~~ACKPECPVN-IQQG~SIYAI-~--DADSCI-DC—w=—=m—=m—— GSCASVCPVGAPNPED
AHI-I--TDECISCG--ACAAECPVEAIHEGTGKYQV--—-=DADTCI~DC-===m—=—== GACQAVCPTGAVKAE
AHI-I--TDECISCG~--ACAAECPVEATHEGTGKYEV-~~~DADTCI~DCmm~m=—mm=—m GACEAVCPTGAVKAE
MH-VI--SDECVKCG--ACASTCPTGAIEEGE TKY VV=—m- TDSCI-DC-==mm—mm—m GACEAVCPTGAISAE
1 10 20 - 30 40 50 60
ALY-I--TEECTYCG——ACEPECPVTAISAGDDIYVI-———DANTCN—EC——AGLDEQ—--ACVAVCPAECIVQG
AH—RI—-TEECTYCA—-ACEPECPVNAISAGDEIYIV———~DESVCT—DC~—EGYYDEP——ACVAVCPVD¢IIKV

ALY—I—-TEECTYCG—-ACEPECPTNAISAGSEIYVI‘—--DAAGCT—EC——VGFADAP--ACAAVCPAECIVQG
ALM-I——TDQCINCN—-VCQPECPNGAISQGDETYVI————EPSLCT—EC——VGHYETS——QCVEVCPVDCIIKDPSHEETEDELRAKYERITGEG

1 10 20 30 40 | 50 6 70

T-FVV~~TDNCIKCKYTDCVEVCPVDCFYEGPNFLVI~~--HPDECI-DC-——~—~-~— A~-~LCEPECPAQAIFSEDEVPSGMENFIELNAELAEIW
PNITERKDALPDAEEWDGKPGKIADLER

T-YVI--AEPCVDVKDKACIEECPVDCIYEGARMLYI~~-~HPDECV-DC-=-————= G-—-ACEPVCPVEAIYYEDDVPDQWSSYAQANADFFAEL
GSPGGASKVGQTDNDPQAIKDLPPQGED '

1 10 20 30 40 50
PI-QV---DNCMACQ--ACINECPVDVF-QMDEQGDKAVNI~—~——~~=— PNSNLDDQC-VEAIQSCPA~ALRS

PKYTI VDKETCIACG--ACGAAAP-DIY~DYDEDGIAYVTLDDNQGI VEVP D-ILIDDM-MDAFEGCP TES IKVA——~DEP FDGDPNKFD

1 10 20 30 40 50 60 70 80

Fig. 7. Amino acid sequences of 16 bacterial ferredoxins.

The references for the sequences are as in Table 1.

(A): C. pasteurianum, (B): C. butyricum, (C): C. acidi-urici,

(D): C. M-E, (E): P. aerogenes, (F): C. tartarivorum, (G): C.

thermosaccharolyticum, (H): M. elsdenii, (I): C. limicola I,

(7): ¢. limicola II, (K): C. thiosulfatophilum, (L): C. vinosum,

(M): P. ovalis, (N): M. smegmatis, (0): D. gigas, (P): B. stearo-

thermophilus.
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Table l., The amino acid compositions of bacterial ferredoxins

l

2 (A)(B)(C)(D)(E) (F)(6) (H) (1) () (K)(L) (M) (N) (0) (P)

Lys
His
Arg
Asp
Asn
Thr
Ser
Glu
GIn
Pro
Gly
Ala
Cys
Val
Met
Ile
Leu
Tyr
Phe
Trp

1

O—=— OO0 OOPRLLWNMNDUT— WO O~
ONOOPROOAONTTWWNWWPAPOIOOO
OONOUIONWOUPRARRPRNNINWAE—~N—a00
OO~ OO PWOUITINNNAA—OMN
OQOMNOOHACOCPRENPAPOINNDNOIOLWOIOO —
OO~ OO MODOUTNINOOI—ROMONN

2

2
0
4
0
4
1
7
0

2

(3]
E~

10 1

15 1
1
1

A WWOHTTIRARNLEDWaINNN

—~SNAWRHA =0~ NOUITOPRNNW——
COwWRANOMNOROONO~O—~PANOIOO M

]
2
0
5 .
4
2
5
1
9
4
8
9
7
1
8
6
2
5
2

OOWNUIONMWWOURWNN—PR_NPPOOO
OOPONONWONNPOONW—OT—~ —

Total 55 55 55 55 54 55 5

2
5
0
8
4
0
5
0
1
0
0
5

5

1
0
3
0
5
4
6
0
2
5
7
8
5
1
4
0
1
0
0
4

R | OO wwsy-—

60 61 61 82 106 106 56 81

& The alphabet in parentheses represents ferredoxins

as described in Fig. 7.

The X-ray crystal structure of the protein from

P, aerogenes has beem determined (105) as shown in Fig. 8.

The iron-sulfur chromophore in this molecule exixts as

two almost identical cubical cluster, and L. iron atoms in

each cluster linked to L cysteine sulfur atoms of the

polypeptide chain and li atoms of inorganic sulfur. The

i iron atoms of one of the clusters are coordinated with

cysteines at positions 8, 11, 1l, and 45 and the L iron

atoms of the other cluster with cysteines at positions

35, 38, 41, and 18, The invariant and variant residues as

(79)



P, gerogenes

Ferredoxin

Fig. 8. Three dimensional structure of P.

aerogenes ferredoxin.

Amino acid sequence of this protein is as follows (79),

10 15 20 25 30
AYVINDSCIACGACKPECPVNIQQ@GSIYAIDAD
40 50

5

35 45
SCIDCGSCASVCPVGAPNPED

1

1
1

- Fe, @ S(inorganic,@ S(Cys).

-~

7
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’ Invariant Residues

@ Variant Residues

12 Gly

Fig. 9. The distribution of invariant and variant residues

on the three dimensional structure of P. aerogenes ferredoxin.

described above are marked on the three dimensional structure
as shown in Fig. 9. The clusters are surrounded by invariant
residues which give essentially a hydrophobic environment

(106) .

Photosynthetic Bacterial (Chromatium, Chlorobium)

Ferredoxins: The amino acid sequences of 8Fe-8S ferredoxins

from 3 photosynthetic bacteria, 2 green sulfur bacteria;

Chlorobium limicola (87,88), ¢. thiosulfatophilum (89),

and a purple sulfur bacterium; Chromatium vinosum (85, 86)

(81)



have been determined. These ferredoxins have larger
molecular size than clostridial-type ferredoxins. From the
comparison with clostridial-type ferredoxins as shown in

Fig. 7, it is noted that Chlorobium ferredoxins consist

of 60-61 amino acid residues with an insertion of 5 - 6

residues between residues 39 and 40O in the P. aerogenes

ferredoxin and that Chromatium ferredoxin consists of

82 amino acid residues with two extra residues, one is

the same insertion as descfibed above and the other

21 residues at the C-terminus. The common insertion seems
to loop out of the molecule, if the three dimensional
structure of this group of ferredoxin is essentially the

same as that of P. aerogenes ferredoxin (10). Eleven

invariant residues are found among all clostridial and
photosynthetic bacterial ferredoxins. Photosynthetic
bacterial ferredoxins have 9 cysteine residues, 8 of which
belong to the invariant residues and these are assumed to
be involved in iron chelation.

Desulfovibrio gigas and Bacillus stearothermophilus

ferredoxins: D, gigas (107) and Bacillus stearothermophilus

(108) ferredoxins contain a single (4Fe-4S) cluster with

varying molecular sizes. B. stearothermophilus ferredbxin

consists of a total of 81 amino acid residues with L cysteine
residues (77) and D. gigas ferredoxin 56 residues with

6 cysteine residues (76). The amino acid sequences of

these two ferredoxins show that the N-terminal halves of

these ferredoxins resemble closely to these of clostridial-
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type and photosynthetic bacterial ferredoxins as shown
in Fig. 7. The most valuable information derived from

the present sequence study of B. stearothermophilus fer-

redoxin is the location of the l. cysteine residues forming
a LFe-4S chromophore. They are located at position 11,
1, 17, and 61. The isolated cysteine residue at position
61 is followed by a proline, a sequence found also in

clostridial-type and photosynthetic bacterial ferredoxin.

Therefore, it is concluded that the requirement of formation

of the LFe-LS cluster is the presence of a ~-Cys-X-X-Cys~-
X~-X-Cys- segment and a -Cys-Pro- sequence at far distancé
from the segment in the molecule.in agreement with the
result of the relative positions of the cysteine residues
derived by the X-ray crystallographic studies on a 8Fe-88
ferredoxin having two LFe-LS clusters.(105). Not only
by analogy with above conclusion, but by aligning the
sequehce of D. gigas ferredoxin in such a way that the
-Cys-Pro- segment in the C-terminal half of molecule is
matched with the -Cys-Pro- segment in thé othér ferredoxins
as shown in Fig. 7, it seems likely‘that the bysteine
residue at position 50 of D. gigas ferredoxin is the lth
cysteine residue involved”inzthe'uFe—uS cluster formation
and that the cysteine residue at position I3 as another
candidate was suggested by Yasunobu and Tanaka_(?).is‘not;
Ferredoxin containing a single lFe-l S cluster with
varying molecular sizes and amino acid compositions occur

in many diverse species of bacteria. B. polymyxa fer-

(83)
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redoxinsg I and II (109), both have a molecular weight of
about 9,000 and l} cysteine residues and resemble the fer-

redoxin of B, stearothermophilus. A similar ferredoxin

was also purified from B. thermoproteolyticus Rokko (110).

Several LFe-lS ferredoxins have been purified from D, de-

gulfuricans (111), Clostridium thermoaceticum (112), and

C. perfrigens (113) and they have smaller molecular weights

of 6,000 - 7,0000 similar to that of D. gigas ferredoxin

(107). Rhodospirillum rubrum ferredoxin II (11L) and

Mycobacterium flavum ferredoxin II (115) have comparatively

larger molecular weights of 14,500 and 13,500, respectively,
and show different EPR signal as shown below.

Pseudomonas ovalis and Mycobacterium smegmatis

Ferredoxiné; Some bacteria contain 8Fe-83 ferredoxin with

two uFe;hS clusters of widely different midopoint potentials

(about 700 mV apart); e. g. Azotobacter vinelandii ferredoxin
I (16), R. rubrum ferredoxin IV (116), and M. flavum fer-
redoxin I (115). These ferredoxins have common charac-
teristics of moleecular weight,vamino acid composition,
absorption spectrum, and EPR signal. For example, A. vine-
landii ferredoxin I contained twolLFe-LS clusters, both of
which appeared to function between the same pair of oxidation -
states as the“single uFe—uS cluster in Chromatium high-
potential-iron-protein (117), but the midpoint reduction
potentials of two clusters was 760 mV different; one

was with E, -L420 mV and the other with E, +350 mv,

Recently P. ovalis ferredoxin I (118) and M. smegmatis
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ferredoxin (119) have been isolated and shown to belong
to the same class of these ferredoxins. P. ovalis fer-
redoxin (90) is composed of 106 amino acid residues with

9 cysteine residues and M. smegmatis ferredoxin (91) the

same number of amino acid residues with 8 cysteine residues,
The molecules are much larger than those of clostridial-type
ferredoxins, although a homologous nature of séquences ié_
evident among these ferredoxins, Comparison of the'pwo

ferredoxins from P, ovalis and M. smegmatis as shown-'in

Fig. 7. gives an.interesting feature, 37 residues are
identical between the two sequences and most of these
residues are located at the N-terminal half (55 %.and 15 %
are i@entical in the N- and C-terminal halves, respecively).

The comparison of C. vinosum and P. ovalis ferredoxins is

also interesting as shown in Fig. 10. Cysteine cluster
regions at the N- and C-terminal segments of P. ovalis

ferredoxin I shows a close similarty to those at the

C- and N—terminaljsegments of C. vinosum ferredoxin,
respectiVely. Especially the sequence of residues 16‘-‘2h
of P, ovalis ferredoxin I is completely identical with

that of residues lj9 - 57 of C. vinosum ferredoxin. An

insertion after residues 12 in P, ovalis ferredoxin I is

also found in C. vinosum ferredoxin after residue L1,

although the length of insertion is different. - s

The N-terminal sequence of A, vinelandiimférredoxin"

I (120) is surprisingly similar to that of P. ovalis

ferredoxin I, Only the N-terminal residue is clearly
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different as shown in Fig. 10. The two bacteria seem to
be distantly related organisms based on their matabolic

systems; A, vinelandii is an aerobic nitrogen-fixer and

P. ovalis an aerobic non-nitrogen-fixer, which was grown
on glucosé to use in this experiment (118). At present,
the implication of this anomalous similarity of the two

éequenoes is unknown,

P. ovallis ferredoxin I has 9 cysteine residues at
positions 8, 11, 16, 20, 24, 39, L2, L5, and 49 and 8
residues excluding the residue at position 2l are located
at the same positions as those found in clostridial-type
ferredoxins as shown in Fig. 7. There is no substantial,
defference in cysteine distribution between P. ovalis
ferredoxin I and other bacterial ferredoxins which have

two low potential LFe-4S clusters. M. smegmatis ferredoxin,

however, has only 8 cysteine residues and notable change
in cysteine distribution is found in comparison with
P, ovalis ferredoxin I. They are located at positions

8, 16, 20, 2L, 39, L2, 45, and 49, and the residue at

position 11 was substituted to valine in M. smegmatis
ferredoxin. Therefore, it isbconcluded that the 8 cysteine
residues requifed'for the formation of two clusters are

at positions 8, 16, 20, o, 39, L2, IS, and L9 in both

the ferredoxins from P. ovalis and M. smegmatis., It is

hard to speculate for the present which /. cysteine residues
participate in the constitution of one cluster and the other,

although residues at positions 20, 39, 42, and L5 are located
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40 50
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' 70 80
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90 100
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Fig. 10. Sequence comparison of ferredoxins from (A) P. ovalis,

(B) A. vinelandii (120) and C. vinosum. {} in A. vinelandii

ferredoxin were not yet unambiguously established (120).

Gaps and insertions are placed into the sequences in order to

produce a higher homology.

at the homologous position with those constituting one

cluster of P. aerogenes ferredoxin. M. f1lavum ferredoxin II

(115) with 4 cysteine residues had only one HIPIP-type
cluster of midpoint potential at about -,20 mvV, Therefore,
the sequence of this ferredoxin may give some insights to

above discussion.
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V. MOLECULAR EVOLUTION\OF‘FERREDOXINS

1. Introduction

Proteins are unique among the chemical components of
organisms because they are macromolecules containing
functional, genetic, and evolutionary information. The
mechanisms of protein biosynthesis appear to be common
to all living organisms and amino acid sequences are
translated directly from genetic code involved in DNA,
All organisms that now live on earth seem to contain the
evolutionary history of a species in the structure of their
own proteins. Therefore, by comparing the amino acid
sequences of the homologous protein§ of orgénisms with
those of others, the evolutionary relationéhip of these
organisms could be estimated, as exemplified by cytochromevc
(121) and hemoglobin (121).

»Ferredoxins,-an ubiquitous group of prbteins in animals,
plants, and bacteria, are suitable for studying protein
structure in térms of evolution. The amino acid sequences
of ferredoxins are now available for vérious plants, algae,
and.bécteria and the evolutionary stability and variability
in their struéture give valuable insights to difine which
parts of the molecule are essential for function as described
in. chapter IV. In this chapter, I describe the molecular
evolution of chloroplast-type and bacterial-type ferredoxins
and phylogenetic relationship of organisms having those
ferredoxins.,
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2. Chloroplast-Type Ferredoxins

Chloroplast-type ferredoxins have been found in many
organisms ranging from photosynthetic eukaryotes to pro-

karyotes such as blue-green algae and an extreme halophile,

Halobacterium, The amino acid sequences of these ferredoxins
are quite similar to one another as discussed inAchapter 1v.
This similarity cannot be attributed to convergent evolution
among these ferredoxins., They must be derived from a

common ancestor. This suggests that the evolution of
ferredoxins in diverse organisms can be quantitatively

traced by comparative studies of the amino acid sequendes

of the chloroplast-type ferredoxins.

Phylogenetic Tree of Chloroplast-type Ferredoxins:

A matrix method (123) is used to construct a phylogenetic
tree of chloroplast-type ferredoxins. The calculations
are bésed on the number of differences in amino acids at
corresponding loci in the various ferredoxins shown in
Fig. 2 in chapter IV, A deletion or insertion is counted
as one difference. The calculated numbers of gmino acid
differences are shown in Table 1 and a phylogenetic tree

of chloroplast-type ferredoxins including Halobacterium

ferredoxins is shown in Fig. 1. From this tree, somé
valuable information are obtainable for phylogenetic relation-.
ships of each ferredoxins as follows.

1. The algal ferredoxins are evolutionally a very

diverse group (67, 12l). Among blue-green algal ferredoxins,



2 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 28 25 26

1. Koa 0.31 0.26 0.25 0.46 0.46 0.43 0.48 0.46 0.61 0.59 0.62 0.60 0.46 0.55 0.55 0.58 0.49 0.49 0.5} 0.40 0.40 0.49 0.62 0.99 0.96
2. Spinach 20 0.28 0.26 0.38 0.38 0.35 0.33 0.49 0.60 0.65 0.60 0.66 0.41 0.47 0.49 0.51 0.5] 0.45 0.42 0.42 0.42 0.47 0.5} 0.98 1.04
3. Alfalfa 23 19 0.21 0.36 0.35 0.35 0.36 0.48 0.59 0.61 0.60 0.62 0.42 0.47 0.49 0.52 0.47 0.46 0.45 0.41 0.44 0.57 0.56 1.03 1.05
4. Taro 20 18 16 0.40 0.38 0.38 0.39 0.47 0.58 0.65 0.59 0.66 0.38 0.47 0.48 0.52 0.52 0.49 0.48 0.47 0.44 0.56 0.61 1.01 1.04
5. P. americana 1 B 30 27 28 0.27 0.02 0.26 0.40 0.51 0.63 0.52 0.65 0.26 0.41 0.41 0.51 0.46 0.32 0.32 0.47 0.35 0.46 0.52 0.96 1.00
6. P. americana 11 37 31 27 29 23 0.25 0.06 0.43 0.56 0.67 0.57 0.67 0.35 0.58 0.48 0.56 0.49 0.43 0.42 0.47 0.44 0.47 0.58 0.97 1.02
7. P. esculenta 1 38 29 26 27 2 22 0.24 0.39 0.53 0.65 0.54 0.66 0.25 0.40 0.40 0.50 0.45 0.31 0.31 0.40 0.34 0.43 0.53 0.95 1.00
8. P. esculenta II 37 3 28 30 23 6 22 0.47 0.55 0.67 0.56 0.68 0.33 0.45 0.46 0.55 0.48 0.41 0.39 0.47 0.42 0.46 0.58 0.98 1.03
9. G. japonica 34 37 37 3% 3N 38 31 38 0.50 0.65 0.51 0.63 0.37 0.45 0.45 0.53 0.45 0,46 0.45 0.42 0.37 0.46 0.53 0.94 0.94
10. E. telmateia I 3 39 39 36 3B 39 35 38 35 0.39 0.01 0.40 0.44 0.52 0.53 0.56 0.65 0.59 0.57 0.48 0.49 0.59 0.68 0.91 0.95
1. E. telmateia 11 39 45 45 43 43 47 43 47 46 29 0.40 0.01 0.62 0.63 0.60 0.65 0.73 0.60 0.60 0.52 0.53 0.55 0.73 0.93 0.98
12. E. arvense 1 37 40 40 37 3 40 36 39 3B 130 0.41 0.45 0.49 0.55 0.57 0.66 0.60 0.58 0.49 0.51 0.57 0.71 0.91 0.94
13. E. arvense 11 40 46 46 44 44 48 44 48 45 3 T3 0.63 0.65 0.61 0.66 0.74 0.62 0.61 0.53 0.54 0.57 0.72 1.00 1.00
4. S. quadricauda 33 30 23 26 19 25 18 25 28 30 42 31 43 0.24 0.21 0.44 0.40 0.29 0.29 0.38 0.30 0.41 0.51 0.96 1.00
15, D. sorlina 1 37 3% 33 3 3R 37 3N 37 34 34 44 3B 45 21 0.19 0.51 0.45 0.39 0.39 0.42 0.37 0.44 0.53 0.97 1.04
16. D. sorlina 11 3% 35 33 33 28 34 27 34 32 3% 4 35 42 16 16 0.47 0.42 0.35 0.35 0.44 0.37 0.43 0.55 0.93 0.98
17. P. wnbilicalis 40 37 37 36 38 40 37 40 44 39 43 40 4 31 37 35 0.39 0.39 0.37 0.53 0.44 0.58 0.61 0.93 0,96
18. C. caldarium 39 37 36 37 34 37 33 37 34 4 5 4 52 27 33 29 28 0.35 0.34 0.40 0.35 0.45 0.50 0.89 0.90
19. S. platensis 40 36 38 37 28 36 27 36 38 4 44 43 45 25 31 27 29 24 0.04 0.31 0.19 0.41 0.40 0.95 0.96
20. S. maxima ¥ 34 37 36 28 3B 27 N 37 40 44 41 45 25 31 27 28 25 4 0.31 0.21 0.40 0.41 0.95 0.98
2V. N. muscorum 1 32 3% 3 36 32 37 31 3 36 38 40 39 41 28 34 33 36 29 21 21 0.18 0.31 0.45 0.88 0.86
22, M. laminosus 33N 32 32 29 3% 28 3B 33 3% 39 37 40 24 30 28 31 25 15 16 13 0.26 0.37 0.92 0.92
23. A. sacrum 1 36 34 37 38 32 3B 3N 3% 3 &2 41 42 42 30 34 31 41 33 3R N 27 25 0.48 0.93 0.92
24, A. sacrum 11 47 40 45 46 42 48 41 49 42 50 56 51 55 40 41 41 45 38 31 31 34 29 37 1.03 1.02
25. H. halobium 91 94 96 94 96 95 95 95 93 8? 9% 87 97 92 95 91 90 8 92 92 8 90 95 98 0.20
26. H. Dead Sea 91 98 99 9 98 97 98 97 95 90 97 8 98 94 96 93 ‘92 91 94 94 88 92 95 99 20

Table 1. The matrix of mutation distance required to interrelate pair

of chloroplast—type ferredoxins.

Values in the lower left half of the

table show the amino acid differences among ferredoxing and those in

the upper right half of the table show the minimum base differences per

codon among ferredoxins.

The calculations are based on the alignment of

sequences as shown in Fig. 2. in chaper IV.
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E. arvense 1l
E. telmateia 11

E. arvense I
E. telmateia 1l

G, japonica
Koa
Spinach
Alfalf
& alrta
Taro
P. esculenta 1
P. americana 1
-
P, esculenta 11
P. ameri II
N S. quadricauda crveana
o)
M .
o e o D. sorlina
: D. sorling 11
A. sacrum 1
P, unbilicalis
NN Y ¢ caldarium
S. maxima
NN
S. platensis
SN, mus corum
M. laminosus
A. saerum 1
H. haZobjlum
H. Dead Sea

*

Fig. 1. Phylogenetic tree of chloroplast-type ferredoxins.
This tree is constructed from the amino acid differences
shown in Table 1 by the matrix method (123). Solid

circles ‘show the point at which gene duplications occurred.
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A. sacrum ferredoxins I and II are far from other ferredoxins
in accordance with their cellular organization: A. sacrum

in the Chroococcales order belongs to a unicellular group,
and Spirulina and Nostoc in the Nostocales order and .

Mastigocladus in the Stigdnematales order belong to a

filamentous group.

The ferredoxin of a red alga, P. umbilicalis, is

diverged from the blue-green algal ferredoxin line as shown

in Fig. 1. P. umbilicalis ferredoxin has two insertions

at positions 10 and 1l and these insertions are unique for
all blue-green algal ferredoxins except for A. sacrum
ferredoxin I. In terms of the presence of these insertions,

P, umbilicalis seems to be more closely related to blue-

green algae than green algae. The presence of phycobili-
proteins in both blue-green and red algae also suggests
a close connection between the both algae.

2. Cyanidium caldarium is a unicellular eukaryotic

algae of uncertain classification in morphology. But
from the tree, this algal ferredoxin shows closer similarity

to P, umbilicalis ferredoxin than other algal ferredoxins.

In the sequence comparison as shown in Fig. 2 in chapter IV,
unique amino acid residues occupy several positions in
Cyanidium and Porphyra ferredoxins, such as Ile 5, His 6,

and Lys 10, which also support the close relationship

between these two organisms. " These data suggest C. caldarium
to be a member of red algae. However, more extensive

sequence study of red algal‘ferredbxins is requiréd to
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confirm that Cyanidium forms an evolutionary link between
the blue-green and red algae.

3, Halobacterium ferredoxins are homologous to chloro-

plast-type ferredoxins. From the tree, it seems that

Halobacterium ferredoxins and chloroplast-type ferredoxins

could have evolved independently from a common ancestral
form. Halobacteria are strictly aerobic and they must

have evolved after the appearance of blue-green algae.
Recently, comparative studies of 16 S rRNA (125) have shown

that H. halobium did not arise, as a halophilic adaptation

from typical bacteria, "Eubacteria", and that H. halobium is

rather a member of "Archaebacteria' known to contain only
the methanogenic bacteria, which appear to be no more .
related to bacteria than they are to eukaryotic cytoplésm
(126). And more recently the structural comparison of
5 S rRNA and ribosomal proteirs (127, 128) suggests that

Halobacterium is more related to eukaryotes than to

prokaryotes. These studies and our ferredoxin data
strongly suggest that there must be close relations between

Halobacterium and eukaryotes which diverged in very old

evolutionary time.

Gene Duplications: Two molecular species of ferredoxins

in one organism in higher plants and algae are known.

A comparative studies of these molecules may give important
data about gene duplication of ferredoxins. Two ferredoxins
have been reported to occur in the following organisms,

A. sacrum (129), N. MAC (130, 131), N. muscorum (65),
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N. verrucosum (132), S. maxima (133), and D. sorlina (63) in algae

and P. americana (134), P. esculenta (135), E. telmateia

(1), E. arvense (62), two Petunia species (136), and

Pisum sativum (137) in higher plants. In every case

studied two molecular species of one organism showed large
number of amino acid substitutions, 37 residues between

A, sacrum ferredoxins I and II, 16 residues between D.

sorlina ferredoxin I and II, 29 residues between E. telmateisa
ferredoxins I and II, 31 residues between E. arvense fer-

redoxins I and II,'23 residues between P, americana fer-

redoxins I and II, and 22 residues between P. esculenta
ferredoxins I and II. The similar large number of amino acid
substitutions are also predictable for ferredoxins of

N. MAC (131), N. verrucosum (132), and two Petunia species

(136). These phenomena probably reflect gene duplications
that occurred at early evolutionary stages rather than
allelic type'ferredoxins that-occur in the ferredoxins
from s single tree of Koa (55).

The points where gene duplications occurred are

shown in Fig. 1. In the cases of Equisetum, D. sorling,

and Phytolacca, the duplications of ferredoxin genes have

occurred within each phyletic lines after divergence from
other plant phyla. These phenomena are shown diagrammatically
in Fig. 2. Two Equisetum species, E. telmateia and E,

arvense, and two Phytolacca species, P. americana and

P. esculenta, evolved relatively recently from the ancestral

species with keeping two ferredoxin genes,
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Gene duplication

O

P americana |

P esculenfa |

P.amerrcana 11

P.esculenta 1l

Taro
Koa
Spinach
Alfalfa

E.arvense |
E.telmareia |
£E.arvense 1

E telmateio 1

Fig. 2. A diagram representing phyletic relations among ferredoxins

with special reference to gene duplication. The numbers show amino

acid differences.
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In the case of A. sacrum, the gene duplication tooX
palce within blue-green and red algal line before A. sacrum
diverged from other algae. An interesting feature in
comparison of the sequences of these algal ferredoxins is
that A. sacrum ferredoxin I as well as higher planté and
algal ferredoxins has no extra residues at positions
10 and 1l as shown in Fig. 2. in chapter IV. In terms
of the absence of these two residues, A. sacrum ferredoxin
I is similar to those of green-algal and higher plant
ferredoxins. If thisis diagramatically expressed as
individual genes (Fig. 3), a ferredoxin gene corresponding
to A. sacrum ferredoxin I might be present in other blue-
green and red algae. In fact, N-terminal sequences of
two ferredoxins from N. MAC have been reported (131) and
ferredoxin II of N. MAC without any gap corresponds to
ferredoxin II of A. sacrum and ferredoxin I of N. MAC
to ferredoxin I of A. sacrum, although only one gap at
position 10 is observed and instead an insertion between

positions 2 and 3 is recognized., Therefore, Nostoc MAC

ferredoxin I seems to represent of a transient form between
A, sacrum ferredoxin II and eukaryotic ferredoxins.

There is no clear evidence suggesti@gany functionally
difference in the two ferredoxins in one organism although
it has been suggested that they might be physiologically

differentiated in the organism (131, 132).
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Higher plants

Green algae

duplicatic A. sacrum

Nostoc

Other blue-—green algae
: , Red algae
Fig. 3. A diagram representing phyletic relations among algal

ferredoxing with special reference to gene duplication. The

broken bars (--——) represent the genes corresponding to A. sacrum
ferredoxin I and higher plant ferredoxins, other broken bar (—-—)

that corresponding to N, MAC ferredoxin I, and the solid bars(

)

those corresponding to A. sacrum ferredoxin II and other blue-

green and red algal ferredoxins.

3. Bacterial Ferredoxins

Contrary to chloroplast-type ferredoxins which are
very closely related each other, the bacterial ferredoxins
are a very diversé group. As shown in Fig. 7 in chapér Iv,
many gaps are placed to align bacterial ferredoxins. The
similarity of amino acid sequence ofvthe two halves of

the clostridial-type ferredoxins (10l4) have been adopted
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for the strong evidence of internal gene duplication. In
other bacterial ferredoxins, there have been also such

a similarity of two halves (138). Therefore, it seems that
all contemporary bacterial ferredoxins come from duplication
of an ancestral ferredoxin gene which was about a half size
of clostridial-type ferredoxin and that variation of
molecular size found in bacterial ferredoxins may be
attributed to insertion, deletion, and recombination in
the ferredoxin genes. A quite obvious insertinon is found
in comparison between several clostridial and three'photo—
synthetic bacterial ferredoxins (85). Long extra segments

at the C-terminal region are found in C. vinosum, P. ovalis,

M, smegmatis, and B. stearothermophilus ferredoxins.

A phylogenetic tree of bacterial ferredoxins are
constructed by using a matrix method (123) as described
in the previous section. The matrix of amino acid differences
based on the sequence alignment shown in Fig. 7 in chapter
IV is shown in Table 2 and a phylogenetic tree in Fig. L.
The divergent point of ferredoxins from the ancestral
one is uncertain, and therefore, this is shown with dashed
1ines. From the tree, L large branches are observed.

There is high homology among ferredoxins from Clostridium,

Megasphaera, and Peptococcus: they are little change in

structure of these ferredoxins for a long time, because
the trace of gene duplication is well conserved. Generally,

anaerobic organisms such as Clostridium, which is only

capable to obtain energy from fermentation, are believed
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
1. C. pasteurianum 9 14 19 18 23 23 27 31 37 33 60 87 82 55 70
2. C. butyricum 9 16 23 18 23 23 26 35 40 38 61 86 82 55 71
3. C. acid-urici 14 16 18 18 25 24 30 28 34 31 57 86 8l 55 67
4. C. M-E 19 23 18 26 25 25 31 30 35 32 57 85 84 55 68
5. P. aerogenes 18 18 18 26 26 26 30 37 40 38 61 85 82 56 70
6. C. tartarivorum 23 23 25 25 26 2 21 33 35 36 62 8 86 57 69
7. C. thermosaccharolyticum {23 23 24 25 26 2 19 33 35 36 62 86 86 57 68
8. M. elsdenii 27 26 30 31 30 21 19 39 38 39 64 85 .84 56 71
9. C. limicola 1 31 35 28 30 37 33 33 39 24 14 51 96 92 53 66
10. C. limicola 11 37 40 34 35 40 35 35 38 24 22 49 98 92 54 69
. ¢. thiosulfatophilum 33 38 31 32 38 36 36 39 14 22 51 97 93 56 67
12. ¢. vinosum 60 61 57 57 61 62 62 64 51 49 51 95 95 77 177
13. P. ovalis 87 86 86 85 85 86 86 85 96 98 97 95 69 103 112
14. M. smegmatis 82 82 8l 84 82 86 86 84 92 92 93 95 69 107 110
15. D. gigas 55 55 55 55 56 57 57 56 53 54 56 77 103 107 N\ 64
16. B. stearothermophilus 70 71 67 69 70 68 68 71 66 69 67 77 112 110 64

Table 2. Amino acid difference

Fig.

7 in chapter IV.

among bacterial ferredoxins as shown
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C. pasteuriaiwn

C. butyricum

C. acidi-urict

P. aerogenes
C. M-E

C. thermosaccharol ticum
C. tartarivorum

M. els denii

C. limeola |

/ C. thiosulfatophilum

C. limicola 11

C. vinoswn

B. stearcthermophilus

M. smegmatis

P. ovalis

Fig. 4, Phylogenetic tree of bacterial ferredoxins.

to be the oldest living form. Chromatium and Chlorobium,

photosynthetic bacteria using HZS as an  electron donor,

form another group of ferredoxins on the tree. C. limicola

ferredoxins I and II may be derived from a gene duplication,
which is a similar event as discussed in chloroplast-type
ferredoxins such as horsetail ferredoxing I and II. From

the tree, C., thiosulfatophilum ferredoxin is more resemble

to C. limicola ferredoxin I than ferredoxin II and the
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ferredoxin corresponding to C. limicola ferredoxin II

may exist in C. thiosulfatphilum. The non-sulfur purple

bacteria of Rhodospirillum rubrum whose ferredoxins are

considered to be quite different from those of Chromatium

and Chlorobium as described in chapter IV, may not closely

related with these photosynthetic bacteria. Other ferredoxins
on the tree are divided into two group; one includes D. gigas

and B. stearothermophilus ferredoxins and the other P. ovalis

and M. smegmatis ferredoxins. B. stearothermophilus, P.

ovalis, and M. smegmatis are aerobic bacteria having

respiratory chains and D. gigas is an asnaerobic sulfate
reducing bacterium. It is obvious that thewe L ferredoxins

changed more rapidly than Clostridial ferredoxins, and

it is impossible to conclude whether sulfate reducing
bacteria originate after or before the appearance of

Clostridial and photsynthetic bacteria. It is interesting

to note that M. smegmatis and P. ovalis ferredoxins are

very similar to that of A. vinelandii as shown in Fig. 10

in chapter IV, although it 1s not clear at present how
these bacterial ferredoxins relate phylogenetically

to each other.
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