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I. GENERAL CONSIDERAT10N

Ferredoxin, a non―heme iron― containing protein is

the narrle given by MOrtenson, Va■ entiie, and carnahan (■ ).

They first iSO■ ated thiS prOtein fr61n a non― photosynthetic

anaerobic bacterium, C■ ostriditlm pasteuriantlm in ■962 (■ ),

This protein functiOned as an e■ ectron carrier in the

phOsphoroc■ astic reactiono  Tagawa and Arnon (2)in ■962

crysta■■ized Co pasteurianum ferrё dOXin and dernonstrated

that thiS ferredoxin cou■ d be rep■ aced by a Ch■ Orop■ ast

protein, known as rllethohemog■ 9bin_reducing factor (3),

TPN― reducing factor (4), Or phOtOSynthetic pyridine

nuc■ eotide reductase (5)in a syS19rl1 0f phot9reduction

Of NADP+ by spinach ch■ OrOplasto  They renarned the ch■ oro―

p■ ast prote■ n ch■ orop■ ast FerredoX■n and propoSed that the

terrn ferredoxin extended to inc■ ude other non― herne iron

proteins with ■ow oxidatlo五―reductiOn potentia■ so  Since

theh, ferredoxins have subsequent■ y been found in rnany

organ.sms,anaerobiC baCteria, aerObiC bacter■ a, photO―

synthetic orga■ i Srrls, and anirna■ se  With the increase of

inforrnation about biO■ ogica■  actiVity (6), cherni c a■  struCture

(7), biOSynthesiS (8), irlmllnO cherrli c a■  property (9), and

evo■utiOnary ilrrlp■ ication (■ 0)Of ferredoxins, our under―

standing of bio■ ogica■  ro■ e and rl10■ ecu■ ar properties of

ferredoxinS has grown rapid■ y.                    )

Physica■ and cherlli c a■  stユ dies have estab■ iShed that

0
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the active centers of various fercedoxins consist of iron

and sulfun clusters which capable of exctranging electron

during the biological reaction' Dependlng on the number

of iron and sulfur per molecule ferredoxj-ns are classified'

as ZI:e-25, Iff'e-l+Sr. and BFe-BS ferred'oxins'

Chloroplast-typeferred.orinsarefound.ina]loxygenic

photosyntheticorganismsfromblue-greenalgaetohighei."

plants. They contaj-n 2Fe-2S atoms and have a molecular"

weight of about 12rOOO. Bacterial ferredoxins are a very

diverse group. fhey eontaj-n 2Fe-25, Iff'e-4S' and Bpe-BS

atoms and have a molecular weight of ranging from 5'OOO

to 14'OOO" Study of the primary structure of these fer-

red.oxins is one of most active field of investigation of

ferred.oxi-ns. fLre first amino acid sequence of ferredoxin

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

infg64"Itappeared.thattheclostridialferredoxi-nwas

composed of two homologous halves, each containing 28 and

27 amino acid. residues. The first sequence of plant

ferredoxin was determined. by Matsubara et al. in 1967 (L2) t

and it was found that the strrrcture was different from

those of clostnidial ferredoxins, but some similarities

were found between those proteins of diffenent origins

(13),anditwassuggestedthatthesetwodifferentfer-

redoxlns were d.erived from a common ancestor which appeared

in an earrly evolutionary 'erao since. then, many sequences

have been established for othe:: ferredoxi-ns from anaerobic

bacteri.a, pLrotosynthetic bacteri.a, aerobic bacteria'

0
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plants, and a1gae.

Ferredoxins with interesting and unique properties

have necently been isolated from various organisms and

many efforts j-n structural- studj-es are required in obtaini-ng

a better understanding of their structure and function

relationship as well as their evolutionary relatlonship.

For example, an extreme halophilic bacteri-um. Halobacterium

halobium has 2Fe-2S fenredoxin which is considered to be

sirnil-ar to chloroplast-type ferredoxin from optical measur-

ments (f4). A group of ferredoxins represented by

Azotobactor vinelandii ferredoxin (I5, 16) completely

different from cl-ostnidial and photosynthetic bacterial

ferredoxins are found i-n a wide range of bacteria. In

order to clarify the relationship arnong these ferredoxin,

T felt that it is necessary to purify femedoxi-n from various

organi-sms and to determine their complete amino acid

sequences to relate them to the three dimensional- structures

of representative ferred.oxj-ns some of whi-ch are already

available i-n our hand as shrown 1ater.,

じ
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IIo PURIFICAT10N OF FERREDOXINS

1. Introduction

Ferredoxj-ns are a group of low molecular weight,

strongly acidic proteins containi-ng both non-heme iron and

inorganic sulfur. Threy are now known to be present in a

wide variety of organisms, non-photosynthetic anaerobic

bacteria, aerobic bacteria, photosynthetic bacteria, algae

including blue-green algaer rnosses, ferns, higher p1-ants

and animals. Ferredoxi-n was first isolated. from Clostridium

'oasteurianum by Mortenson et a1. (1) Ln A962" Since then,

different procedures fon the purification of feruedoxi-n

have been described (17, tB). Most of ttre procedures are

based. on several unique properties of femedoxin; it i

relatively stable in acetone-water mi-xture (f9), strongly

adsorbed on DEAE-ce11ulose due to its acidic.nature,

adsorbed on DEAE-cellulose or Sepharose equilibrated with

60 - 70 % ammonium sulfate (20, 2A), and soluble in highly

concentrated solution of ammoni.um sulfate. fn this chapter,

I describe the procedures for isolation of ferredoxlns

from three o::ganismsl a blue-green alga: Aphanothece sacrtrm,

a horsetail: Equisetum arvense, and an extreme halophilic
bacterium: Halobacterium halobium,. Ttte procedures of ltfr"

purificatj-on of ferredoxins include the following steps,

(1) prepanation of a cell extract

じ

0
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(2) ad.osorption of crude ferredoxi-n on

( 3) fractionation by ammoni-um sulf ate

(4) chromatography on a DEAE-cellulose

( 6) Eel filtration on a Sephadex G-75
t 

\/t o--

a DEAE― ce■■u■ ose

column

col-umn

じ

2. Materials and Methods

Tris-HCl buffer, pH 7.5 containing NeCl: T\nro stock

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

mixed and diluted to make an appropri-ate concentration

necessary. Al-1 buffers used for preparation of ferredoxins

were mad.e up in this manner unfess otherwise specified.

Concentration of Ferredoxi4: A dilute fercedoxin

solution was concentrated on a DEAE-ce11ulose column as

follows. The f ei'redoxj-n solution af ter chromatography was

saturated at 70 % wr-Lh solid ammoni-um sulfate and passed

through a small DEAE-cellulose column equilibrated with

7O % ammonj-um sulfate without dialysis or dilution according

to the method of Mayhew (eO). The 70 % saturated ammonium

sulfale solution was prepared by adding J1/2 g of solid"

ammonium sulfate to one liter of O.01 M Tris-HC] buffer,

pH 7.5. 11he ferredoxj-n was eluted with 0.1 M buffer con-

taining 0.7 M NaCl to a sma1l volume.

Aphanothece sacrrrm Ferred.oxins : Thre Aphanothece sacrum

cell-s were collected from a river bed. on Amagi, Fukuoka and

purchased. from Endo Kanagawa-Do.

0
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Step l. About 18 kg of frozen a1ga1 cells were thawd

and allowed to stand overni-ght in a cold room. The pH of

the supernatant of the cell suspension was kept 7 B with

adding Tris Powder.I

E!sp-3. The supernatant was fil-trated through a fine

mesh of cloth and DEAE-cellulose (about one liter of thick

suspension). equil-ibrated with 0.0.5 M buffer was add"ed to

it. Thre suspension with DEAE-cel1u1ose, whose color changed

to vj-olet due to the adosorption of phycobiliproteins

together with ferredoxin, was collected and packed into a

column. The dark fluorecent, vlolet solution was eluted

with 0.1 M buffer eontaining 0.7 M NaCl.

Step 3. Solid ammonium sulfate was added to the

el-uate to give a final concentration of 70 % saturation.

f,hre solution was centrifuged.for 2O min at 9'OOO rpm and

the supernatant was directly applied to a DEAE-cellulose

column equilibrated" with 70 % ammonium sulfate. Crude

ferred.oxin was elrrted with 0.1 M buffer containing 0.7 M

NaCl and the eluate was dialyzed against 0.1 M buffer.

Step J+. The dialysate was applied to a DEAE-ce1h'ilose

column (3.6 x 35 cm) equilibnated with 0.1 M buffer'. Fer-

redoxin was eluted. with O.O5 M buffer iontaining 0.35 tut

NaCl. The ferredoxi-n was separated into two bands on the

columir and the fr.acti.ons containing ferredoxin in majOrity

coruesponding to each. band were pooled. and concentrated.

Step 5. Each of the two ferred.oxins was separately

chromatognaphed on a Sephadex G'75 column (Lr x 75 c'rrr)

●
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equilibrated with 0.05 M buffer containi-ng 0.35 M NaCl and

eluted with the sarne buffer. The two ferredoxins were

highly purified by these procedures.

nquiset"* arvense eer : Horsetail leaves

( about [O t<g) were collected on our canpus in spring and

stored. j-n a d.eep freezer for several d.ays before preparation.

Ste'p 1. One Kg portions of frozen leaves were blended

with 2 liters of water and 2 g of Tris powder. The pH of

the homogenate was kept between 7 and B.

Step 2. The blend was f il-tered through a fine mesh

of cloth and DEAE-gellulose equilibrated with 0.05 M buffer

was added to the green juice, The mixture was allowed to

stand for a few hours with occasionally stirri-ng, the super-

natant was decanted off, and the DEAE-cellulose was washed

wlth water three times and packed. into column. The. dark

green solution eluted with O.O7 M buffer containing 0.lfh lt

NaCl was diluted with 5 volumes of water and readosorbed on

a DEAE-cellulose column. Ferredoxin was eluted with 0.05 M

buffer contaj-ning O "35 M waCf . This procedure was repeated

twice.

Step 3. .Ferredoxin solution was fractj.onated with

70 % ammonium sulfate and the supernatant after centrj--

fugation for 20 min at 91000 rpm was concentrated on a

DEAE-cellulose column equillbrated with 70 % ammonium

sulfate. The crude ferredoxin obtained from [O Kg of

leaves was combi-ned and dialyzed against 0"1 M buffer"

Step h" The crrrde ferredoxin was further purified by

●
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chromatography on a DEAE-ce11u1ose column (2.5 x 35 cm)

equilibrated with 0.1 M buffer. Eluti-on was performed with

O.O5 M buffer containi-ng 0.3 M NaCl. T\^ro ferredoxi-ns

separaled. on this column were concentrated.

●
Step 5. The two ferredoxins were separately chromato=

G-75 column as d.escribed in A" sacrum

step, each was rechromatographed on

む

graphed on a SePhadex

fenredoxin. At final

the sarne colum.

Ha■obacterium ha■ obium Ferredoxin: Ho ha■ obium was

^-ogrown at )( l-n a medlum composed of 1O g peptone, 25O I

NaCl, 20 g MgSOLTH|O, 2 g KC1' ald 3 e trisodium eitrate

per one liter ad justed. to pH 7.0 with 3 N NaOH (ZZ).

After I week of shaking, the bacterial cells were harvested

by centrifugation.
Step 1. Tkre packed bacteria (150 g) were suspended

in 1 .5 Liters of O.OL M buffer containi-ng 5 mM MgCl, and

sti-rned with adding 2 mg of DNase until a Lromogeneous

suspension was obtai.ned.

StSp_3" Solid ammonium sulfate was added to the
I

suspension to give a final- concentrati-on of 50 % saturation.

Ttre solution was allowed to stand overnight witfr stirring.

After removal- of the precipltate ,P,y. q"tttrifugation for
. 20 min at 9roo0 rpflr solid- arnmonium sulfate was further

ad.ded. to a concentration of 70 %. After stirring for 30

min the supernatant was collected by centrifugation aB

descnlbed above.

Step.3. Tlre supernatant was applied to a DEAE-cellulose

●
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colrilu1 equilibrated with 70 % axmoni-um sulfate. After the

col-r-unn was washed ln" same solution, ferredoxin was eJuted

with 0.1 M buffer containing 0.7 M NaCl. This procedure was

repeated twi-ce and the crude ferredoxin was dialyzed against

0.1 M buffe::.

[!-*_4. The dialysate was applied to a DEAE-celJulose

colunin (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 0.4 M

(one liter in each reservoir). The ferredoxin solutj-on

obtained. was concentrated- as d-escribed' above'

Step 5. The ferredoxin was further purified by

gel-filtration on a Sephad ex G-75 as described in A. sacrum

ferredoxin.
Activity of Ferredoxi-ns: The activity of femedoxins

was determined by the photoreduction of NADP+ by spinach,

@g:! sp., or Phytolacca americana chloroplasts according

to the method of Buchanan and Arnon (f7). Spinach l-eaves

were from a l-ocal market and other leaves were col-lected

in our campus. Broken chloroplasts were prepared eSSen-

tia11y by the procedure described by h]tratley and Arnon

(23). The reaction mixture (3 mI) contained bnoken

chloroplasts (about 5o pg chlorophyll), 300 pmoles of

Tris-HCl buffer, pH 7.5, I pmole of NADP+ , O.2 pmole of

2r6-dichlorophenol.indophenol , 20 pmoles of sodium ascorbate,

and 1OO -2OO pg of ferredoxin. The reaction was initiated

in 3 ml cuvettes with 1cm light pass by i1l-umination with

●
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a projector lamp. The exogeneous ferredoxin was omitted in

the blank cuvette. ReducedNADP+ was determined by the

increase in absorbance at 3lro nm.

Amino Acid Composi-tions and Terminal Sequences:

a- These analytical procedures were all the salne as described

in the next chaPter"

3. Results and Discussion

T\,ro Ferredoxins from A" sacrum: Wada et al. Q\l

first isolated a ferredoxin from A. s"""U. and described.

Some chemical and structuralproperties of the ferredoxin.

Thrr.-irro ther..r^rrlrse of our study of ferred.oxin from the samevqt LLL6 vrrv

organism, two components of ferredoxin were d"etected.

ltrey were separated. on a DEAE-cell-ulose column developed

with o.o5 M Tris-HCl buffer, pH 7.5 containing O "35 yr Nacl.

Tlee elutj-on pattern of these ferredoxins from the column

is shor^ne i-n Fig. 1. The minor component, which was eluted

faster was designated as ferredoxin II and the major one

as ferredoxj-n f . After successive chromatographies of

these components on a Sephadex G-75 column, highly purified

ferredoxins were obtained". Ferredoxin f showed the sarne

chemical and physical properties as those previously 
r

reported (el+). Femedoxi-n II showed several properties

different from those of ferredoxin I. The absorbance ratio,

R=Ar. nn/Annr of ferredoxin If was o.5L, but that of fer-+.1 .t 2

●

●
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redoxi-n I was 0.525" The absorption spectra of these two
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Fig. 1. El-ution pattern of two ferred-oxin cornponents of
A.-sacrugr cells from a DEA-B-celluLose column. The

cclumn (:.6 x:5 cm) was developed with 0.05 M Tris-
HCI bufferr pH'l.J containing 0.15 M NaCl. Collection
of 10 m] fractions was started .iust befo-re the elution
of ferred-oxin ff .

ferredoxi-ns are shown in Fig. 2. It is evident that the

ferred.oxin II has a shouLder at around 290 nm and a minimum

at around )O2rm, which suggests the presence of tryptophant

as will be shor^rn 1ater. The mol-ar extincti-on coefficient

of ferredoxin II aL 1+22 nm was 10.9 x tO3 based on the

amino acid. composition, which gave a molecular weight of

ir0,649. Ttre coefficient of ferred.oxin T was 10.[ x 103

(24) .

Ferredoxin II was always obtainable from cells collected

at different seasons, Feburuary, Apri1, and October in this

case, and always corresponded to about 20 % of the total

ferredoxin extracted, as shome in Table l-.
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Fig. 2. The absorptiOn spectra of two components.

The Aphanothece ferredox■ ns were dissolved in O.IM

Tris―HCl buffer, pH 7.)3  Ferredoxin I, ― … … ;

Ferredoxin II― ――――  .

Table 1. Yield.s of two femedoxin components isolated-

from Aphanothece celfs colLected in d-ifferent seasons.

The preparation of feredoxins was carried. out on

18 Kg cells collected in Februaryr Aprile and" October.
rirha rrield 'is er.pressed as mg based on the molarL LLv .J

extinction coeffient of each ferred.oxi-n, as described.

in the text.

Feredoxin (mg)

Aprill cells

●

February
ce11s

October
ce11s

Ferredoxin
Ferredoxin 工

Ｉ

　

Ｉ

14

"

lo    8

56    55

８

　

１４

Table 2 shows

together with

the table that

the aFninO acid composition

that of ferredoxin I (24).

the two compositions are

of ferredoxin II
It is clean fnom

quite d.ifferent

340 380 420
WAVELENGTH`nm〕

●
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and it is particularly

has one tryptophan and

remarkable differences

proline, and tyrosine

interesting to note that ferred.oxin If
two methionine residues. Other

i-nclude the contents of lysine,
residues. The low content of, lysine
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Ly'sin e

Histidine
Anmi ni na41 6rrrrrrv

A qngr*i n rci rl

Threonine

Serine

Glutamic acld"

Plol-ine
Glycine

Al"anine

Cysteine

Valine
Methionine

Is oleucin e

Ireucine
flrmnq i nc

Phenylalanine
Tryptophan
Total resid.ues

Tabl-e 2. Amino acid composition of Aphanothece

ferred.oxins I and. TI.

Average values
obtained. after

Am'inn rnid hrrdrnlrr<iq fnr

20 and 12 hr

Composition
Nearest  of the fer―
integer  redoxin I

(24)

2

1

1

13

8

5

14

3

8

13

-5

6

2

5

9

2

1

1

98 _ 99
t* Values extrapolated. to zero time of hyd-rolysis.
h" Cysteine was d.etermined. with a performic acid-
oxidized sample. " 3r="d. on spectrophotometric
analysis and acid hydrolysis with 4 /" fh:-oglycolic acid.
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and the high content of acidic amj-no acid residues in

ferredoxin II should mean that it will have a more acidic

nature than fernedoxin I, but ferredoxin If showed actually

a less acidic natrrre than ferredoxin I on a DEAE-cellulose

column, as shornnr Fig. l. This suggests a high contents

of amide derivatives of the acidic residues i-n ferueddoin II.

The N-terminal sequence of fercedoxin II was determined.

by the Edman degradation procedure on atrichloroacetic acid-

treated sample to be Ala-Thr-Tyr-. That of ferredoxin I

is Al-a-Ser-Tyr- (e[). Determi-nation of the C-terminal

a sequence of ferredoxln II was performed by carboxypeptidase

A digestion, which gave the sequence -G1u-Va1-Leu, as shoinm

in Table l. Tlhis sequence is completely different from

that of feruedoxin I, -Glu-Ala-Leu-Tyr (Zh).

TabLe 3. The digestion prof ile of carboryl-terminal-
resid.ues of the ferred.oxin II with ca.rboxypeptid.ase A.
About 1 mg of trichl-oroacetic acid-treated. ferredoxin II
was digested with O.O4 mg of enzpe in 0.1 M qnis-HC1
trrrffer- nTI R A The amount Of amino acid. released. wasvu!rvr t },u v.v.

calcuLated. as a molar ratio to the nrotei-n used".

Amino acid.
released.

Molar rati-o of the amino acid.
released. to protein d.igested.

Diqestion time
lh    3h l.0n

む

Leucine

Val-ine

Glutamic acid

1 .00

0.50
trace

1.00

0.86

0.24

1.00

0.91

0. 61

●
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fhe biological activity of ferredoxin II was compared

with that of spinach femedoxin and ferredoxin I in the

catalytic system of NADP+-photoreduction by spinach and

Rumex chloroplasts. Fi-gure I compares these three ferredoxin

activi-ti.es' in a system of spinach chloroplast. Femedoxin

II had a lower activity than the others. Similar results

were aLso abserved with a system using Rumex chloroplasts.
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Fig; 3. Comparison of ferred.oxj-n actj-vities. The

complete reaction mixture (l mf) contained spinach

chloroplasts with about 50 p e chlorophyll, 300 prmoles

of Tris-HCl'buffert pH 7.5t 1 pmole of NADPI 0.2 pmole

of 2r6-dichlorophenol-indophenolr 20 pmole of sodium

ascorbate, and 2OO plg of ferred.oxin. spinach

ferredoxint ll; Aphanothece ferredoxin Tr O i
Aphanothece: ferredoxin II, O .

T\nlo Fernedoxins from E. arvense:

fenredoxi-n from E. arvense was rathen

its low content and intenference from

The purification of

difficult because of

polyphenolic compounds

●
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(25). In this study, adsorption of ferredoxin on success]ve

beds of DEAE-cellulose and elution with various concentrations

of Tris-HCl buffer containing Nacl gave a good result to

remove a d.ark brornne material from ferred.oxin sol-ution aS

described by Keresztes-Nagy and Margoliash (261 . T\,,ro

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

yield.s of ferredoxin I and fI were approximately [i; mg and

26 mg per l1O Kg of leaves, respectively. The absorption

spectna of these two ferredoxins are sh-or^m in Fig" h.

Fig. 4. Absorption spectra of E. arvense ferredoxin f

and II. Ferredoxins were dissolved in 0.ol M Tris-HCl

buffer, pH 7.5, containing 0.35 M NaCl' I
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These spectra are typical of chloroplast-type ferredoxins

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

A shoulder - more like a bulge is noted at around 30O

310 nm, which was not described in other ferredoxins. The

absorbance rati-os, A+22/A276' were 0.79 for ferredoxin I

and O.B1 for II. The amino acid compositions of the two

ferredoxj-ns are given i-n Table 4. The amino acid composition

of feruedoxin I is simi-lar to that of fercedoxin from

_8. telmateia reported previously (27).

Table 4. Amino acid compositions the two ferredoxlns from E. arvenseOf

●

Ferredoxin I Ferredoxin II

From acid
hydrolysatea

From sequence
study

From acid Fronr sequence
hydrolysatea study

●

Lysine

Histidine

Arginine

Cm-Cysteine

Aspartic acid

Threonine

Serine

Glutamic acid

Proline

Glycine

Alanine

Valine

Methionine

Isoleucine

Leucine

Tyrosine

Phenl lalanine

4.02

0. 99

3.22

7.95

7.00

8. 39

13. 9

^11

8.97

6.47

7.22

0.99

4.56

8. 96

r. 88

4.90

I

I

I
A

7b

9

l4b
A

9

7

7

t

^

9

2

5

4. 85

1.08

0.98

3. 38

10. 5

6.52

o. J/

r3.8

4.40

8.28

5.34

6.76

0.00

8.03

8. t0

1.'19

2.05

5

I
I

l0b

7

l4b

8

5

7

0

8

8

2

Total residues

"A"id. hyd.rolyses were carried out on native ferredoxins for 2/, and-

'12 h and, on Crn-ferredbxins f or 2Q Tt. The vafues of threonine and

serine were obtained. by extrapolations I,o zero tind of hyd.rolysis.
Values of valine and. isoleucine rvere of l2 hr-hydrolysates. o 

Srr*

of acid and amid.e forms.
a

(17 )
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Ferredoxin from H. h4l-obium: The method of purification

described. above is simple and rapid it compared to that of

Kerstrer et al. (fJ+). Ammonium sulfate fractionation was

very effective to remove many impuri-ties such. as red

parti-cles which were trapped on the DEAE-cellulose column

and disturbed the chromatography of femedoxin. After

successive chromatography on a DEAE-ce1]ul-ose and a sephad'ex

G-75 column, highly purified fe*edoxj-n was obtained. The

yield was about 6O mg from 150 g ce11 paste " Trhe ferredoxin

obtained by this procedure gave an A4rr/AZl5 ratio of 0'31

which showed a high degree of purity it compared to O.25

for the sa-rne protein obtained by Kersher et .a1. (f4). The

absorption spectrum of H. haloblum ferredoxin is shoi^ne j-n

:

Fig. 5" Absorption maxima are aL 275, 33O, \22, and lL65 nm.

The shape of the absorption spectrum is the salne as those of

plants and a1ga1 ferred-oxin.

Table 5 shows th.e amino acld composi-tion of this

ferredoxin together with that deduced from the sequence

I studies of the feryedoxin prepared by Kersher 9! at" (1[)

as shown later. N- and C-termianl sequences of this fer-

redoxin are Pro-Thr-Val-G1u- and -Va1-I1e, respecti-vely.

From the amino acid. composition and terminal soQuoncesr

our ferredoxln is identical- with that of Kersher et a1.

(1[). r

Despite of the strrrctual similarity to chloroplast-

type ferred.oxins, H. halobium ferredoxin was unable to be

substituted for chloroplast-type ferredoxin ln the catalytie

●

●
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0.8

H. hqtobium Ferredoxin

0.6

0.0
500 600300 400

WAVELENOTH(nm)

Fig. 5. AbSOrption spectrum of H◆  halobiu■ ferredoxin.

Ferredoxirt was dissolved in O。 05 M TriS― HCl buffer

containing O.35 M Nacl・

system of NADP--photoreduction by chloroplasts as shor^rn in

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

ferred.oxincould 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 necognized by tLre plant ferredoxin:NADP oxidoreductase.
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0。 4

0.6

0.0

4      6

MINUTES

Fig. 6. Photoreduction of NA-DP+ by P. ame:ricana

chloroplasts. The complete reaction mixture (3 mf)

contained P'. ame:rica,na chloroplasts with about 50 Pg

chlorophy1l, 300 pmoles of Tris-HCl buff et, pH 'l'J2

1 pmole of NADP+, O.2 umole of 2r6-C-ichl-orophenol-

ind.ophenol, 20 pmole of sodium ascorbate2 and

1BO pg of l. =""""t ferred'oxin of 140 p8 of

H. halobium ferredoxin.

●

●
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●
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Table 5。  Amino

ferredox■ n。

acid CCmpositiOn Of H. halobiμ m

●
Amino acid From acid

hyd-rolysate
FTOm s:ll:1::b

●

Lysine

Histidine
Arginine
Cm-cysteine

Aspartic acid.

Threonine

Serine
Glutamic acid
Proline
Glyiine
Alanine
Valine
Methionine

f soLeucine

Ireucine

Tyrosine
Phenylalanine
Tryptophan

5・ 00

1.17

2。 90

4・ 06

20.5

4.■ 1

3。 90

21.0

2。 90

9.■ 6

■3.4

7075

3。 78

6。 45

90ii

6。 74

2.08

N.D.

5

1

3

4

21_

4

4

21

3

9

14

8

4

7

9

7

2

2
●

t A"id hyd-rolysis l'Iere carried out on
h

for 24 h. ' S"e the text in chaPter

acid and. amide forms.

(2■ )

Cm-ferredoxin

III. c Sum of
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IIIo AMINO ACID SEQuENCE DETERMINAT10N OF FERREDOXINS

1. Introductlon

Since Sanger and his coworkers established the amino

acid sequences of two chains of insuli-n in the early.

1g5os (30, l1)r the number of protei-ns sequenced has in-

creased explosi-ve1y. Tkte amino acid Sequences of protej-ns

have been used for elucidation of structure-function

rel_ationship of proteins which are involved in many important

biologlcal functions, for the description on genetic basis

of protein biosynthesis whlch is a reslut of the translation

of a particular gene, and for the reconstruction of evo-

luti_onary history of proteins and organisms. Because of

such multifarious inforrnatj.on contaj-ned in pri-mary structure

of protein, many efforts were poured in establishing the

rapid, accurate and microscal-e proeedures for completing

the sequence.

The first ferredoxins of different types sequeneed

Were from a bacterium, C. pasteurianumr and. a pIant, spi-nacht

which were reported by Tanaka et a1. (t1, 32) and Matsubara

et al. (I2, 33, 3l+) ' respectively. Ttte characteristic

features of their structures acted as a stimulus to further

investlgations of various feruedoxins. In these ""nrut""
stud.i-es, a large quantities of sample (about lj1O pmol for

C. pasteurianum ferred.oxin and. about 50 pmol for spinach

●

●

●
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feryedoxin) were used. But it is considerably difficult

to obtain such quantities of feruedoxins fnom bacterial and

plant Sources except for a special case. For exalnplet

to purify 50 pmol of feruedoxj-n from E. arvense, about

5OO Kg of its leaves wou1d be needed.

Todaythestrategiesforcompletingaminoacid

sequence of only a small amount of sample have been well

d.eveloped,althoughtheprincip.leemployed.inthesequence

studies is almost the salne as that of Sanger, that ist

fragmentation of protein, separation of peptidesr sequence

determination of peptides, and reconstruction of pri-mary

stnrcture by overlapping fragments" In this study, only

several pmol of ferredoxins were avail.able and I chose the

following methods as a routine procedure: (1) fragmentation

of protein; peptide bond hydrolysi-s was performed with

enzJrmes having very high speciflcities sucLr as trypsin and'

staphylococcal protease. Since the basic amino acid residues

occurred. only in a small- number in ferred.oxins, lar"ge poly-

peptides fragments were obtai-nabIe by trypsin digestion,

(Z) separation of peptides; gel flltration was mainly used

which was useful for separati-ng few lange peptides derived

fnom the fr"agmentatj-on described above, (3) sequence

determination; sequence analysis was perfortned using Edman

d.egradation and carboxypeptidase dig'estions. PTH-derivatives

obtaj-ned on successive steps of degradation were d'irectly

analyz.ed with a thin layer ctr.romatography, and (4) recon-

strrrction of primary stnrcture; not only overlapping

●

●

●
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peptides obtained frorrl different methods of fragmentation,

but a■ so a■ igrlment of peptides by hOmo■ ogy cou■d give an

usefu■ information in constructing who■ e protein chain.

In this chapter, I descr■ be the arn■ nO ac■ d Sequence

deterrrlination of ferredoxins frOm ■3 0rganisms, b■ ue― green

a■gae8 Aphanothece sacrwn, NoStOc musc6rum, Mastigoc■ adus

■田 inosusぅ a red a■ ga:Cvaniditlm ca■ daritlm,horsetai■ S8

Equisetlm te■ttateia, E. arvenSe, a green a■ ga: Duna■ ie■■a

sor■ ina, and var■ ous bacter■ a: Ha■ obacteriurrl ha■ obium′

Baci■■us stearotherrnophi■ us, PSeudornonas oVaris, Myco―

bacterium smegmatiS, Ch■ Orobium thioSu■ fat9⊇ h■■um Tassajara,

Chromatium vinosum"

2*- l4ater:ials and General Methods

Cherrli c a■ s and EnzymQ旦 : Chemica■ s were ana■ ytica■ or

sequana■  grade purchased from Wako Pure Chernica■  Industries,

●      」apan and Nakarai Chemical C00, Japan.  Enzymes used in

these exper■ Inents were obta■ ned as descr■ bed be■ owo  TPCK―

trypsin, chymo trypsin, and carboxypeptidase A, carboxy―

peptidase B, and ■eucine arrlinopeptidase treated with DFP

‐  were ptrChaSed from WorthingtOn BiOChemica■  Corp。 , UoSoA.

and carboxypeptidase Y from Orienta■  Yeast Coo Led。 , 」apan.

Thermo■ysュn and Staphy■ ococca■ protease were giftS from

Dro So Endo (Daiwa Kasei Co。 , Led。 , 」apan)and Dr. Ro P.

Amb■ er (Depertment of Mo■ ecu■ ar Bio■ Ogy, University of

●

●
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Edinburgh, U"K. ), respectively.

Ferredoxins: A. sacrr+m ferred.oxin I and. lT, E. ;;;;;;"

ferredoxirs I and II were isolated according to the methods

d.escribed. in previ-ous chapter. Other ferredoxins were

provided as foll-ows: [:.-JIIE-g-9,.8]!L ferredoxin I and E. telmateia

ferred.oxirs I and II were fr:om Dr. K. Wada (University of

Osaka, Japan), M" lam,inosus ferredoxin, D. sorlina ferued.oxins

I and II, C. cald.arium ferredoxin, H. halobium femecloxin,

and. B. stearothertnophilus ferred.oxin were from Dr. K" K.

Rao (University of London Kinds CO■ ■egq U.K。 )and his

coworkers, Po ova■ is ferredoxin frolll D‐r。 Ohmori (University

・     of 」untendo, Japan), Mo srnettatis ferreooxin frOm Dro Tobari

(University of Rikkyo, 」ap an), and C. thioSu■ fatophi■■lrn ferredoxin

and C. vinosum ferredox■ n frorn Dro Mo Co Wo Evans (University

College London, UoK. ) '

Trichloroacetic Acid Treatment: fn order to remove

iron and inOrganic su■ fur, native ferredoxin was treated with

tr■ ch■ oroacetic ac■ d according to the rrlethod of Matsubara

et a■。 (34).

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

redoxin after TCA treatment was reduced with 2.mercapto-

ethanol and carbo4rynethylated with iodoacetic aci-d according

to the method of CrestiietO et al. (35). Performi-c acicL

oxidized ferredoxin was pnepared as j-n r.of. (3h).

Enzvmic DiEestion of Ferred.oxin oerivatives: The

detailed. condltions for" digesti-ons are presented. i-n eactr

case of sequence studies of varj-ous ferred.oxlns. Brief

(25)
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conditions with respect to enz)rme to substrate ratios,

temperature, time of digestion, and buffers are as fol-lows.

Trypsin, chymotrypsin, and staphylococcal- protease were

usually employed at the level of l- to 5 % Uy weight of

substrate in Tris-HCl buffen, pH B.O at [oo for 2 h to

overnight. Thermolysin digestion was carrj-ed out in Tris-

Hn'l lrrrffer"- nH B.O containing 2 mM CaCIr. Hydrolysis wasrrv!

teyminated by adding several drops of 30 % acetic acid or

by freezing.

Purification of Peptides: Peptides were separated

by ion exchange chnomatography, gel filtration, paper

chromatography, and paper electrophoresis. Ion exchange

chrmatography was caruied out uslng two anion exchange

resins, Dowex 1 (eio-naa AG 1 x 2) and DEAE-cellulose

(Whatman DE.-52). Buffers used for elution were pyridine-

acetate and ammoniurn biearhonate for Dowex I and DEAE-

Ce11u1ose, respeetively. Gel filtration was caruied out on

a Bio― Ge■  co■ tLm  (BiO― Ge■  P-2, P=4, P-6, and P― ■0)

developed by 0.2 M ammonium bi-carbonate, PH 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 on measuring absorbance

at 22O, 23O, and 2BO nm.

P'enqr"qtive paper electrophoresis and chromatography--o .

were also employed for fractionation of peptide mixtures.

Paper electrophonesis was carried out at pH J.6 (pyridine/

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

●

●

●
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acetic acid/water, 1030。年:■ 8o, v/v).  Papё r chrornatography

was carried out with n‐ butano■/pyridine/acetic acid/water

(■ 5:■ 0838■ 2, v/v, BPAW)or pyridine/3-rnethy■ ―■―butano■ /

0。 ■ M NH40H (68335, v/v, PIN).  Location of peptideS

separated on paper was detected by the ninhydrin method

(36)and f■ uOrescarrline rnethod (37)fO■ ■oWed by specific

staining for tryptophan (38), histidine (39), tyroSine (39),

and arginine (40).  PeptideS Were e■ uted from paper with

O.5 N NH40H・

Arnino Acid Ana■ysis: Amino acid compositions of

prote■n and peptides were determ■ ned w■ th an arn■ no ac■d

ana■yzer (Beckman mode■  ■20 B)according to the method of

Spac]に■met a■ 。 (年■)e  llhe s arrlp■ e was hydro■ yzed in an

evacuated, sea■ ed tube for 20-24 h or 72 h at ■■0° with

6 N HC■ containing a srrla■ ■ arrlount of thiog■ yco■ ic acid.

Tryptophan was anay■ zed after hydro■ ysis with 6 N Hc■

containing 4% thiOg■ yco■ic acid (42)or 3 N mercapto―
ζ:

ethanesu■phonic acid (43).  勁e baSiS for the ca■ cu■ ation

of the content of each allninO.acids was the average va■ ue

obtained frorll the stab■ e arrlino acids in the peptides.

Sequence Ana■vSis: A manua■  Edman degradation

procedure (44)waS app■ ied to the Cm― ferredoxin and peptides

to deteHrline their N― terrll■ an■ sequences.  Ilhe arnount of

s ttmp■ e for degradation was usua■ ■y about O。 ■ μmo■ 。  Pheny■ ―

thiohydantoin derivatives (PTH)were identified by ttC on

Merck Sユ■ica― ge■  p■ ates using main■ y tWO so■ vent ,ystems,

I13 methano■ /chiorO forrll(■ 0890, V/v) (年 5)and v; n― propano■ /

●
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ethylene-dlchloride,/propionic acid (58:25217, v/v) (45).

PTH-histi-dine and PTH-arginine were identified by paper

electrophoresis at pH 6.5 (46). Some tryptic peptides

contai-ning a lysine residue at the C-terminus were coupled

to aminopolystyrene or aminopropylglass using p-phenylene-

diisothiocyanate (orrc) ([7) and sequenced with a solid

phase Edman degradatlon procedure (48) using an LKB [OeO

Sol-id-Phase Sequencerr Sweden.

The,c-terminal'sequncos of the protein and peptides

were determined by digestion them with carboxypepiidase

A, B, and,/or Y Q+g, 5O). The sample was dissolved in 0.1 M

Tris-HCl or borate bufferr'pfl 8.0, or in 0.1 M Na-acetate

buffer, pT7 5.5, for earboxypeptidase A, j-n 0.1 M borate

buffer, pH B.O for carboxypeptidase B, and in 0.1 M pyridine-

acetate buffer, pH 5.5 for caboxypeptidase Y. After the

reactj-on, aliquots were inactivated by the addition of

Na-citrate-HCl buffer, pH 2,2 and subjected to amino acid.

analysis.

Nomenclature of Peptides: Peptides obtained from

tryptic, chymotryptic, thermolysln, and staphylococcal

protease digests were referred to T-' C-' Th-, and S-,

respectively and peptj-des obtained from CNBr treatment

were r.eferred to CN-, and all peptides were numbered

consecutively according to their positions in the poly-

peptide chain from N-terminus.

A1] values are expressed in moles per mole of peptide

or protei-n.

●
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3。  Amino Ac■ d Sequence Of tta■ ObaCter■ ■lm ha■ Obiutt FerredOX■
n_

3.■ O Experimenta■

●         Enzymic ttdro■ysis of Cm―Ferredoxin3 0ne 脚 0■ of

Crrl―ferredoXin was digested with O。 36 rng of trypsin in ■ rn■

of Oe05 M TriS― HC■  buffer, pH 8。 o, at 年0° fOr 3 ho  Each

O.7 ‖mO■ of Cm― ferredoxin was digested with O.3 mg Of

staphy■ococca■ proteaSe in ■ m■ Of TriS― HC■  buffer, pH 8。 o,

and with Oe25 rrlg Ofchymotrypsin in O.5 rll■  Of Tris― HC■

buffer, pH 8。 o, at 40° for 3 h, respective■ y.

●           Purification of Peptides: Tryptic and staphylocOcca■

protease digests were separate■ y fractionated by ge■

fi■ tration on a Bio― Ge■ P-4 cO■umn (■ .6 x ■90 crn) deve■ Oped

by O。 2 M arlmonium bicarbonate..Each fractiOn (2。 2 rll■ )was

rrlon■ tOred in teェ■ns of the absorbance at 220 or 230 Hrl and

at 28o nlno  PoO■ёd fractions were ■yophl■ iZed and subjected

to ana■ yses or further puriFicatiOns by paper e■ ectrophoresis

e     at pH 3。 6 or pH 6:5 and paper chromatography with PIN or

BPA 「ヽ。  The peptides e■uted at the vOid Vou■ urne of the Bio―

Ge■ co■umn were rurther separated by ion exchange chromato―

graphy pn , DEAE― ce■■i■ oSe co■umn (■ 。2 x 2年 crll)using a

gradient system from O。■ M tO ■ M arlmoniulrn bic arbonate,

pH 8。 o, 200 m■  each, a,d each e■ uate fractiOn (2。 2 rn■ )

was rrlonitored as mentioned abOVe.

chymotryptic digeSt Was separated by paper e■ ectro―

phoresis at pH 3。 6 and chrmatOgraphy with BPA 「ヽ.

●
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.Identification of N€ - Acetyllysine: An unusual amino

acid was present at resi-due 118 and in order to identify

it four authentic lysine derivatives were compared with

this residue. Tl:ey were Ne -mono-, di-, and tri-methyllysine

and Ne -acetyllysine. Ne aacetyllysi-ne was semi-s;mthesi-zed

as follows. About I pmol of a peptide, CM-C-10 (3[)

isolated from spinach fenredoxi.n, which contained a lysine

residue, was acetylated with 3 p1 of acetic anhydride in

0.2 M sodium bicarbonate at Oo for 20 min. The acetylated

peptide was digested with staphylococca1. protease and' a

peptide, Thr-His-Lys-G1u-G1u-G1u, was purified by paper
n"

chromatography using the BPAW system. The ami-no acid

compositionof this peptid.e was fr*', Hislr LysL, and G1u,

after acid hydrolysis" However, an ami-no-peptidase M

digest o'f this peptide did not give free lysine at all

and instead gave a peak between proline and glycine on the

anal..yzer, ThiS component was assumed to be N€-acetyllysine.

Three steps of Edman degnadation of this peptide gave PTH-

Thr, PTH-HIs, and PTH-lOt' respectively, and PTH-Lys moved

Ac Ac

'with thin-1ayer chromatog::aphlr between PTH-Gln (Rr=o.211) and

PTH-Tyr (Rf=Q.5o), at Rr=0.38, using solvent system rr

Q+5), but d.id not move at all using system V (45) " It

was easily extracted i-nto the ethylacetate under acidic

condi tions 
"

To confirm the presence of the acetyl group further

(30)
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both the spinach and halobacterial peptid.es 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

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

of H. halobium is shorrrn in Table 1. This ferredoxin contained'

a large number of acid-ic amino acid.s, &s commonly observed

j_n f effedoxi-ns from other organisms. only four cysteine

::esidues were obtained and they must fu]fil] the minimum

cysteine requirement for chelating two ir:on atoms to

construct the active center of this protein' fhe total

number o? residues *as I2B, whlch agreed well with that

deduced from the sequence study, as shown later.

A manual Edman degradation of 90 nmol of Cm-fenredoxin

revealed the N-terminal sequence up to 15 residues without

any ambiguous identification to be as follows: Pro-Thr-

Val- Glu- Tlr-Leu-Asn- Tyr- G1u- Tkrr-Leu-Asp-Asp- Gln- GlV- .

Canboxypeptidase A (O.Oe mg) released two major amino

acj_ds, valine (0.71) and isoleuci-ne (o.72), at 1 Lr from

Cm-ferredoxin (35 nmol): the ord'er of these residues

could. not be decided, but as shovrn late:: the C-terminal

sequence was found. to beiVal--Ile.

●
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Table 1.. Amino acid
I erreCtox:_n.

composition of Cm-

―‐=¬

Anrino acid Analysis Sequence I

●

Lysine

Histidine

Arginine

Cnr-cysteine

Aspartic acid

Threonine

Serine

Glutamic acid

Proline

Glycine

Alanine

Valine

Methionine

Isoleucine

Leucine

Tyrosine

Phenylalanine

Tryptophan

4.93

0.87

2 78

4.19

20 6

4.06

4.05

20.6

2.77

9 44

14.0

6.77

3.70

5。 96

8.95

6.71

1_86

N.D`b

5

1

3

4

21

4

4

21

3

9

14

8

4

7

9

7

2

2

●

●

Total 128

a Values are given as moles of residue per mole of Cm-
ferredoxin for 24h hydrolysate, I N.D., not determined.

Trypti-c Peptides: The tryptic digest was first
fracti-onated by ge1 filtration on a Bio-Gel p-l+ column
(Fig. la) and the peptid.es eluted in the finst peak were

further separated. on a DEAE-cellulose colunu.r (Fig. lb).
Peptides thus fractionated were fu:rther purified on paper.
The amino acid compositions and characteristics of the
iso]ated peptides are given in Table z and. amino acid
sequence data fon the tryptic peptides are summarizea !n
Table 3. The sequences of peptides T_3, T_5, T_6, I_7,
T-8, and r-9 wene completely eluci-dated by Edman degradation.

●
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l'ig. f (*) Elutiorr pa'ctern of tryptic peptides of Cm-

ferred.oxin. Peptides 'n'ere chromatographed. on a Bio-
Gel P-4 coLumn with 0.2 M NH4HC0rr lH B. The fraction
(Z.Z nt each) were monitored. by following the absorbances

aL 22o nm (- ) and 2BO nm (---). (l) nrut:.on pattern
of the first peak eluted. from the Bio-Gel- column shown

in Fig. la. Peptid.es were chromatographed- on a DEAE-

celLulose (le-52) column using a gradient system from

0.1 M to I M NH4HC03r pH B, 2OO ml each. Each fraction
(Z.Z nt) was monitored. by foLlowing the absorbances at
23o nm (_; and 2Bo nm (___).

Peptide T-9 must be the C-terminal peptide, Va1-I1e, and

this was consistent with thp results obtained by carboxy-

peptidase A digestion of Cm-fenredoxin as described above.

Partial sequences of Peptides T-1, !-2, and T-[ were

determined. by Edman degradati.on. Peptide T-2 was probably

derived from an unspecific cleavage by tnypsin. Fyroslne

was present at the C-terminus of this peptide as identified

by carboxypeptldase A digestion. Digestion of Peptide f-l+

by carboxypeptidase B for I.5 h followed by carboxypeptidase

A gave the fol-lowing results:
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Table 2. Amino acid compositions of tryptic peptid-es of Cm-

ferred.oxin. Values are from 20-24 h hydrolysate witho$t
corrections for incomplete hyd.rolysis or destruction.

Amino aCid   T‐l    T‐2    T‐ 3    T‐4    T‐ 5    T‐ 6    T‐7    T‐ 8    T‐ 9

Lysine       O.92(1)               0,97(1) 1.16(1)        1.06(1) 1。 11(1)

0.94(1)

・  Ш讐    Q“①    Ш   α7o
Cm‐cysteinc               l.09(1) 2.15(2)              1.10(1)

Aspartic acid    8.20(8)  3.87(3)'  1.00(1)   1・ 02(1)   3.34(3)  0.99(1)   1・ 02(1)   3.33(3)

Threonine    l.83(2) 0.94(1)                            0・ 85(1)

Scrinc                              l.28(1)  0.85(1)   1.05(1)            0.88(1)

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

Prolinc         O.96(1)            0.79(1)                              1・ 13(1)

Glycine      l.15(1) 4.91(5)        1.08(1) 1.24(1)        1.09(1)

Alanine     O.21   6.55(7)       3.51(4) 0.28         2.03(2) 1.10(1)
Valine          1 02(1)   1.08(1)            0.69(1)   1.16(1)  0.98(1)   0.97(1)  0.45(1)●   0.97(1)

Mcthionine    l.05(1)  0.89(1)                  1・ 76(2)

Isolcucine                O.92(1)            0.68(1)  2.02(2)            0.83(1)  0.52(1)   1.03(1)

●       Leudne    ,.00(3) 2.02(2)           1.04(1)      0.85(1) 2.17(2)
Tyrosine      l.82(2)  2.56(3)                                        1・ 81(2)

Phenylalanine   O.93(1)           1.01(1)

Tryptophan    +(1)a        十 (1)こ

TOtal residues    26       31        7       12       20        3       13       14        2

Yたld(%)   17   16   10   53   79   39   77   19   17
Color rcactionb  P,E      P       E                                           P

H滅ぷζ  I  I  V  Ⅲ  I  Ⅵ  Ⅱ  Ⅳ  ■`
DE‐ 52 fractions  I     Ⅱ                    I

PuriflcationC  PIN     PIN     PEI    PEュ             BPAW  PEl     PE2     3PAヽV

ばt&鋤 ば仁&勁 憚lJに2J  ぼちの ぼ⇒ にJ はtJ

I 
tp"o* the seqence stud.ies. or, Pauly reaction positive (lg);
E, Ehrlich reaction positive (38). oPIN, paper chromatography

in pyridine/3-nethyl-1-butanot/O.1 M NH?. BPAI'I, paper chromato-

graphy in butan-L-oJ-fpytndtnef acetic aciafwater. FE, and PE2t

pa"oer electrophoresis at pH 3.6 and" pH 5.5, respectively.
Rf, mobility on paper chromatography in the solvent system

used. for purification. m, mobility in cm from the origin
toward the anode (*) or cathode (-) after electrophoresis {or
I h at 43 V/cn.

●
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Table 3. Amino acid sequences

Cm-ferredoxin.

of the trYPtic PePtid-es of

Peptide Residues Sequence

●

T_■        1-26

T-2      27‐ 57

T-3       58-64

T-4       65-76

T-4-Th― ■ 65‐ 68

T-4-Th-2 69-71

T-4-Th-3 72-73

T-4-Th-4 74-76

T-5      77-96

≡―ここ
=(と=苫
葛
=k■
驚驚

喜導番茎ζ墓導菫墓尊諄菫墓
禦―輩(Gln′ Gり寧
野 り 撃 聖 訂撃 撃 撃

奪
―
野
~与~鱒~聾~り

琴
~琴~撃
彗 q苺ケ彗

(Ala′ G■y,Ala′ CyS)

(Al a′ Asn′ CyS)

(Ala′ Ser)

輩

~彎

諄

撃
~野
野 輩
~零~撃~零~町彎 ‐卑

~聾~零~彗

リ
ー
彎 野 整夕S撃彎 琴

墓尊等専尊≫喜喜尊墓喜墓喜
導

Val― ■le

●

T-6

T-7

T-8

T-9

97-99

■oo-112

113-126

127-■ 28

The arrow ("-) denotes a degradation

and (=- ) carboxypeptidase digestion'

uncertain id-entifi cati on'

step by the Ed-man Procedure

A dotted arrow indicates

●

acid comPositions of thermolYsin PePtid-es of
Tab■ e 40

Peptide

Amino
MAL-t+

T‐ 4‐Th‐ 1 T‐ 4‐Th‐ 2 T‐4‐Th‐ 3

Amino acid
1.00 (1)

Lysine

Cm-cysteine

Aspartic acid

Serine

Glycine

Alanine

Valine

tsoleucine

o.94 (1)

1.17(1)

1.80 (2)

0.87 (1)

0.83(1)

1.29 (1)

0.91(1)

1.09 (1)

0.59 (1)

0.59 (1)

●

Total
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?O min
)v

2.O Tr

[.5 rt

N.D.:

O .l+5 o .l+B

o.20 o.63 0.64

The results showed that lysine was present at the c-terrninust

and valine and isoleucine were near the C-terminus' Peptide

T-l+ (0.24 imo]-) was furth'er digested' with thermolysin

(O.Ot mg) in 0.1 M Tris-IICI- buffer' pH B'O' containing

lomMCaCL,.Fourpeptid.es,T-I|-Th-ltoT-[-Th-[,were
purifi-ed by paper electnophoresis at pH 3'6 and' their amino

acidcompositionsareshornrninTableJ+.Threestepsof

Edman degradation of Peptid'e T-l+-fh-l+ were performed''

Arthough no sequence study of ottrer thennolysin peptid'es

blascaryied.out,thecomp1-etearnino.acid.seql.lenee,of,Peptid.e

T-Il was thus established'

Staphyloeoccal Protease Peptid'es: The result of

exc]-usionchromatographyofthestaphylococca]protease

d.igestonaBio-GelP-lpcolumnisshorrnlnFig.2a.The
first fraction was further devided into several peptid'es

byionexchrangechromatographyonaDEAE-cellulosecolumn

aSstror^rninFig.2b.Thepeptidest}rusfractionatedwere
purified'bypape::chromatograptryasd.escribed.above..Table

5 arrd 6 give the charactenistics of the isolated peptides

and their sequence data, respectively' Complete sequences

of all. peptides except for Peptid'e S-3 and S-lp were d'eterTnined

Lys Cmc Ser

^ --v. [ {

.N.D.

0.77 O "21+ O.27

not d.etermined

Ala VaI Ile

(36)
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Fig. 2. (a) Ufution pattern of staphylococcal protease peptides
of Cm-ferred.orin. Peptid-es were chromatographed. on a Bio-Gel_

P-{ column and fractions were monitored as d.escribed. in Fig. la.
(f) nfution pattern of the first fraction eluted. from the Bio-GeL
column shown in Fig. 2a. Peptid_es were chromatographed. on a
DEAE-ce1Iul-ose column using a grad_ient system and. fractions
were monitored. as d-escribed. in Fig. 1b.

by Edman degrad.ations. After 10 steps of degradation on

Peptide s-3, carboxypeptidape Y d.igestion of the residue

at pH 5"5 was performed, releasing glutamic acid (O.23),

leucine ( O. 31) , and phenylalanine (O.22) at t h. Gl-utamic

acid must be at the C-terminus of peptide S-3 from the
protease specificity.

Chlnnotryptic Peptides: The chymotryptic digest was

subjected to paper electrophoresis and chromatography as

described. in ttExperimental-tl Five peptides were r"covu'""d,
and their compositions and sequence data are shome in
Table / and B, respecti-vely. Tryptophan nesidues were

present in Peptide C-1, C-2, and C-[ as detected by the

●

●
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Table l. Amino acid- cornpositions of
of Cm-femedoxin. Abbreviation are

staphyloccccal protease peptid.es

as in Table 2.

S‐ 7S‐ 5S‐ 3S‐2

●

Lysine

Cn-r-cysteine

Aspartic acid

Threonine

Serine

Clutanric acid

Proline

Glycine

Alanine

Valine

Methionine

Isoleucine

Leucine

Tyrosine

Phenylalanine

Tryptophan

1.02 (1)

0.83(1)

1.13 (1)    1.09 (1)

0.89 (1)

1.13(1)

1.01(1)

1.88 (2)

0.92 (1)

0.17

6.71(7)   3.06 (3)

0.90 (1)   0.89 (1)

0.33

2.18 (2)   2.30 (2)    1 01 (1)   2.12 (2)

0.94 (!)

1.03 (1)

1.97 (2)

1.09 (1)   3.07 (3)

3.14 (3)   1.03 (1)

0.97 (1)

1 03 (l)   0.99 (1)

2.01 (2)   0.94 (1)

0.91(1)

0.94 (1)

十 (1)a

101(1,

0.98 (1,

0 94 (1)

● Total residues

Yield (%)

Color reactionb

Bio-Gel P-4 fraction

DE-52 fraction

Pr.rrification c

4           5

65         67

P

Ⅲ      Ⅳ

鴫偉J鴫偉劫

16       16

28        28

E        P

I        I

Ⅳ      Ⅲ

器Wo PL問
、

”
‐
り
　

３５

ｍ
十
Ｗ
Ｏ
．

嗣「
ＢＰＡ的

6

75

P

Ⅱ

3

73

Ⅳ

Pらに∂ PLに→
BPAW
(R′  0.24)

S‐ 14S‐ 13S‐ 12S‐ 10 S‐ 11

●

Lysine

Histidine

Arginine

Cm-cysteine

Aspartic acid

Threonine

Serine

Glutamic acid

Proline

Glycine

Alanine

Valine

Methionine

Isoleucine

Leucine

Tyrosine

Phenytalanine

Tryptophan

0.98 (1)

1.03 (1)

3.24 (3)

2.36 (2)   1.96 (2)

1.91(2)

1.68 (2)    1.16 (1)

1.09 (1)

2.15 (2)    1.12 (1)

5.15 (5)

0.81(1)

0.88 (1)

0.72 (1)   0.89 (1)

0.24

0.81(1)

0.95 (1)

+ (1)a

3.12(3)

0.88(1)

5.24 (5) 2.02 (2)

1.09 (1)

0.31

0.42        o.97 (1)

1.37 (2)a

l.73 (2)

0.96 (1)

0,72 (1)   0.82 (1)

1.13(1)_1.04(1)

0.95 (1)   0.90 (1)

0.89 (1)   1.80 (2)

0.99 (1)

0.93 (1)               o.92 (1)

1.12(1)

1.97 (2)    2.03 (2)    1.o5 (1)

0.93 (1)

0.96 (1)   0.40

1.01 (1)    0.50        1.08 (1)

1.00 (1)

1.12(1)

2.07 (2)    1.00 (1)

1・ 01 (1)    1.34 (2)a   O.91 (1)

1.03 (1)

0.99 (1)

Total residues

Yield (%)

Color reactionb

Bio-Cel P-4 fraction

DE-52 fraction

Purificationc

24

23

P,E

I

Π

BPAW
(R′  0.33)

3

14

Π

鴫に95)
BPAW
(R′  0.28)

II       I

皿

諦 J鴫に∂
(R′ 019)

15           11            7

47         23         18

P        P

I      Ⅲ     v
I

PE2(T4)  PE2(■ 3)  PE2(15)

6

21

15

21

●



Table 6. Amino acid. sequence of the staphylococcal protease
peptid"es of Cm-ferred-oxin.

Peptide Residues Sequence

.           s-1      1-4       Pro―
Thr― Val―Glu

S-2      5-9       1又
二
~Leu― Asn―

町 毀

S-3 ■0-25  Thr―Le昇撃 零 ‐町 輩 ~り黎 ~町電 (Asp′ As」
Asp―ミ9」
~Phe~Glu

S-4  26-41  彎 ―Ala「A彗ッ 彎 野 ―雲 r電―撃 ‐勢 ~零~町~

聾
~町~Met_Glu

S-5     42-44      Val― ‐ a―
彎

S-6 45-50  輩 ―彎 町 彎 り 甥
s-7     51-53      Al昇 ―Ala― Glu

S-8   54-77   Ala― Gl野G与―ェ巧
―As襲雪_r3~P聖

「

Phe_se=堂 s― A撃―A■ a―

●           `撃 琴
~等 は a′ Asn′

"s′

Al～ Serttle′ VaL Lys′ G10

S-9  78-83  螢ヶッ 琴 ―り 峰 ~聟
S-10 78-92  卑 ―彎 撃 零 ~けり 峰 ~撃勢 ~彎り 野

As3-Glu― Glu

S-11     93-95       Va■ ―Glu― Glu
ヤ
ー
ヤ

S-12 96-110 琴 ≒ ~けり 零 ~町鯵 ~琴~ツ撃 ~り彎 ~
Ala―As2-Glu

S-13 11■-121 踏 毀 ―聖 ―摯 等 り 奪 ~詳―噂 ‐り 摯
S-14    122-128      ExニーLe」

「
£ニユ
ー塾旦翼r全1多

~y塁
ユ
ーIle

●

Herlich reaction on paper. ftre C-termi-nal residue of
Peptide C-2 was tryptophan, which was the sole residue

reLeased by.carboxypeptidase A. The compositions and

seqences of Peptides C-l, C-2, and C-3 suggested that.tn"

latter two peptides were deni.ved from peptide C-l by cleavage

with chymotrypsin at the tryptophan ::esidue. Six steps of

Edman degnadation on Peptide C-l wene carried out and

carboxypeptidase A released l-eucine (0.f5) and phenylalanine
●
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Table l. Amino acid compositions of chymotryptic peptid.es of
Cm-ferredoxin. MeaninEs of abbrevia'tions are as in Table 2.

Amino aCid         C‐ l       C‐2       C‐ 3       C‐■       C‐ 5       C‐ 5*

●

Lysine

Histidine

0.96 (1)

0 90 (1)     0・ 91 (1)

AspartiC acid         6.90(7)    1.92(2)   5.21(5)    0.90(1)    1・ 95(2)    1.00(1)

ThreOninc            O.98(1)    0.80(1)

Serine 0.18          0.28

Glutanric acid 2. l0 (2) 2.08 (2)

Proline

1.20 (1)      1.13 (1)

0.25

N,-AcetYllYsine

Asparagtne

Glycine

Alanine

Methiolline        O.93(1)

Leucine

Tyrosine

1.82 (2)     0.88 (1)     0.94 (1)

0.25

111(1)

0.93 (1)

0.96 (1)      1.00 (1)

+ (1)a

0.91(1)

0.77 (1)

1.02 (1)     1.08 (1)

1.35 (1)      1.30 (1)

0.83 (1)     0.95 (1)●

Phcnylalaninc           O。 92 (1)

Tryptophan + (1)a   + (1)a

●

Total residucs             16            8            8            4            7

Yield(%)         9      13      31      19      51
Color rcactionb         E        E                  E         P

hH“面∞ C i釉

∴ J::1敬 越 →

Pず 4J[:1‖

1占

Pく150

* Aminopeptid,ase M d.igest of Peptid.e C-5. The col-or value of

N€-acetyllysine was the average of those of other amino acids.

Table B. Amino acid sequences of the chymotryptic peptides of

Cm-ferredoxin.

Peptide Residues Sequence

c‐ 1       9-24       Glu― E堕 r-1髪 u―壁 p―全ュュ(Gln′ Gly′ Trp′
Asp′ Met,ASp′ AsP′

Asp′ AsP′ Leu′ Phe)

C-2   9-16  (G■ u′ Thr:Leu′ Asp′ Asp′ Gln,Gly)聾

C-3  ■7-24  町 野 理
=野
野 零
~響
聾

C-4    58-64     As,(Trp′ Pr。′Phe)

C‐ 5     ■16-■ 22      Asn‐ 1113‐
ll:〕

lHiS'Le ur Asp.Tyrう

●
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(O.96) from this peptide. Tktus, the sequence of Peptide

C-J was'completely determined and the partiaJ- sequences

of Peptid.e T-1 and S-l 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, eighthr and third steps of

Edman degradation of Peptides T-8, S-13, and C-4, respectively.

This derivative was easily extracted into. ethylac.etate

irnder acidic conditions. f t movedbetween PTH-glutamine

and PTH-tyrosine with solvent II and did not move with

solvent V, as descrived in ttE*perimetalll Such behavior

on chromatography was completely identical with that of

PTH-1d€ -acetyllysine seme-synthesized as described in
rr- - ll"-Hixoerl-mental- .

The acid" hydrolysates of Peptid"es T-8, S-13r and C-5

gave one, two, and one lysine residues, respectively, as

shown in Table 2, 5, and 7. Onl-y Peptide C-5 was chosen

for a detailed compositional study. When Peptide C-5 was

hydrolyzed with aminopeptidase M overnight' the composi-tion

was the sarne as that obtained after acid hydrolysis except

for the lysine, which 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 Nt-acetyllysi-ne

derived from spinach ferredoxin gave the sarne elution

●

●

●
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pattern as that observed for the Peptide C-! digest on the

analyzer" The composition of the aminopeptidase digest

of Peptide C-5 is included in Table 7. Ne-mono=, di-, and

tri- methyllysine were compa::ed with Ne-acetyllysine on

the analyzer and by thin-1ayer chromatography after

conversion to PTH-derivatives, and they behaved differently

from Ne-acetyllysine. Hydrazinolysis of Peptide C-5 yield

acethydrazi-de whi-ch was identified as a dansyl derivative

by a silica ge1 chromatography using an authentic derivative

of acethydrazide for comparison (51). These studies strongly

indicated that the lysine residue was acetylated.

Complete Amino Acid Sequence: The complete amino acid

sequence of Cm-ferred,oxi-n of H. halobium is shown in Fig. l.
Eclman degradation of the o::iginal protein allowed the

alignment of Peptid,e T-1, S-1, S-2, and S-1. Peptides

-lT-9 and S-1[ were the C-terminal peptides of the protein

judging from their C-terrninal sequence, Val--11e. Other

peptides derived by tryptic and staphylococcal protease

di-gestions overlapped each other and confirmed the alignments.

Peptide C-l gave the sequence of unknown regions of Pepti-des

T-1 and S-1. The positions of tryptophan resj-dues were

confirmed by sb.tdies-of Peptides C-2 and C-l;. Thus, the

complete amino acid sequence of this ferredoxin was established;

the total number of residues was l-2B including one Ne-acetyl-

lysine residue. Th.e molecular weight was calculated to

be 1l+r330 excluding iron and sulfur atoms.

Comment on Sequence Study: A cluster of aspartic acid

(42)

●

●

●
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■                                  ■0                                      20
P ro― Thr―Va■―G■ u― TY r―■eu―Asn― TYr― C■ u― Th r― Leu―Asp― Asp― Gln― Gly― Trp― Asp― Met― Asp― Asp― Asp― Asp―■eu― phe― Glu‐

30                                           40                                            50
Lys― Ala― Ala―Asp― Ala― Gly―■eu‐Asp― G■y― Glu― Asp― TYr― Cly―Thr―Met― Glu― Val― A■ a― G■●―Gly― c■ u― Tyr=工 le― Le u― Glu―

A1 a-Al a-G 1u-A1 a-GIn-Gly-fy r-Asp-11n-p to-Phe-Se r-Cys-Arg-A1 a-c ly-Al a-Cys -AI a-Asn- Cys -A1 a-Se r- I 1e-VaI-

80 90 loo
I,ys- Glu- Gly-G1 u-I le-Asp -Met-Asp-l{et-Gln- cln- f le- !e u-S e r-Asp- cl u-G1 u-VaI- c1 u- cI u- Lys -Asp- Val -Ar9- Le u-

: 110 120
Th!-Cys-IIe-Gly-Se r-Pro-A1a-ALa-Asp-GIu-Val-!ys-I 1e-va1-Ty r-Asn-Ala-Lys-Hi s-I€ u-Asp-Tyr-I€ u-c1n-Asn-

i"
),28

Arg-Val-l1e

Fig. 3. Complete amino acid sequence of H. halobium ferred-oxin

residues at around residue 20 prevented. further progress of

Edman degradation on Cm-ferredoxin. Chymotryptic peptide'

C-2 made it possible to complete the sequence of this reglon.

Few other difficultj-eo were encountered during sequence

studies. Staphlylococcal protease (52) was very useful in

the sequ.ence study of H. halobium ferredoxin, because tiri-s

'proteasehydro1yzeSspecifica11yapeptidebondattheo
C-terminal- side of glutamic acid and aspartic acid, making

Edman degradation easy and givi-ng complete overlaps of
f.r.rrn.|-.i n nonl-.'i deS.vr JlJ vrv

Ttre amino acid composition of H. halobiurn ferredoxj-n

c.alcu.lated frorn.the arnino acid sequence agreed well with

that obtained from Cm-ferred.oxin except for the values'of

valine and isoleucine, as shown in Table l. Ttrese residues

were consecutively aligned at residues 7L+ and 75, 113 and

11[, and L27 and 128, and hydrolysis for 214 h was not

●
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sufficient to hydrolyze these bonds completely.

The presence of Ne-acetyllysine in H. halobium fer-

redoxin is the first reported occurrence of this amino acid

in an iron-sulfur protein, although other proteins such as

hj-stone f2.a]-. $3) have been shown to contain this derivatj-ve.

This ferredoxj-n contained five lysine residues at positions

26, 76, 96, M, and l1B. Comparatively high yields of
peptides contaj-ning N€-acetyllysine (f-9, I+ %, S-13; 11 %,

C-5; 5I %) suggested that only lysine 118 was completely

acetylated, because the mod.ified'lysine coutd not be detected

during sequence studies of any other peptide, and i-n addition

the other four lysine residues were identified as PTH-lysine

by thin-layer chromatogr:aphy. The finding that this specific
site of H. halobium ferredoxin was acetylated suggests the

pres"t""lltTolating e,'zo-e and. raises questions as

to the possible biological significance of acetylation

for ferredoxin activity.

[. Sequence Studies of Other 111 Ferredoxins

Ttre amino acid sequence detertninations of other

ferredoxins are descrj-bed only in brief on account of

limited space. Summari-es of sequnce studies of each

ferredoxins are shown in following figures.
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Fig. 4. Summary of the scquence studies of E. telmateia ferredoxin I. T- and C- refer to peptides derived by
ryptic digestion of Cm-ferredoxin and chymotryptic digestion of tryptic peptides, respectively. Arrows, (--7)
and (S--), below the sequence show, respectively, Edman degradation by use of a sequence analyzer, which was
previously reported(z!) and carboxypeptidase A digestion of Cm-ferredoxin. Arrows, (----z) and (s-), below
the peptide fragments show, respectively, manual Edman degradation and carboxypeptidase A or B digestion.
Arrow, (----z), shows the direct identification of amino acids on the analyzer after completion of Edman degradation.
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IVe STRUCIIIURAL CHARACTERISTICS OF FERREDOXINS

1. Introduction

From the content of iron and sulfur, it seems likely

that most of ferred"oxins so far characterized faI] into

three groups, those with 2Fe-2S, [fe-[S, and Bf'e-BS. Fer-

redoxins wlth 2Fe-2S have a blnuclear iron cluster with

two bridging inorgani-c sulfurs and coordinated with I cysteine

residues in protei-n and fercedoxins wj-th 4Fe-4S or BFe-BS

have one or two tetranuclear iron clusters with l1 Uriaging

inorganic sulfurs and coordinated with 4 cysteine residues

in nr"ntain es shown in FiE. 1. At present, 24 amino acidrrr yr

sArilrcnnes of chloroplast-type ferredoxins from various- -t t'

planta and a1gae, 2 amino acid sequences of ij;i;b;t;;;

ferredoxins, and 16 amino acid sequences of various bacterial

ferredoxins are available. Tablu i fi-"i, the various fu"-

redoxins which have been sequenced. Chloroplast-type and

Hal-obacterium ferredoxins contain 2Fe-2S, Desulfovibrio

gigas and Bacillgs s!Sg""tit"*"pnif* ferredoxins [pe-4S,

and othen bacterial ferredoxins BFe-BS. From the comparison

of sequences of these ferredoxins, various interesting

characteristics are reeogni-zed" fn this chapter, I describe

the btnrctural characteristic" 9f. the ferredoxins whoee

sequences are determined in chaper fIT.

(6■ )
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Table 1. The ferredoxins whose sequences are being d_etermined..

●

2Fe-2S

Angiosperms spinach (12, 33r 34), tttatfa (J{), Koa (>S),
Taro (56), P. americana (I, II) (>l)
P. esculenta (r, II) (58)

Feitt           G. japonica (59)

Horsetails      ■, 191mateia (工 , II)(6o), II. arvense (I, II) (61)

Green algae     se quadricauda (62), D. sorlina (I, II) (63)

Red algae      P, umbilicalis (64), Co Caldarium (65)

Blue―green      So maxima (66), so platensis (67, 68)
algae        A. sacrum (I, II) (69, 70), 

憂L生型壁翌墜≦≧≧二um_(65)

M. laminosu"s ('/2 )

Halophilic     耳・ ha10bium  (73, 74), HO The Dead Sea(75)        .
bacter■ a

4Fe-4S

●

Sulfate reducing D. gigas (76)
bacteria

Aerobic bacteria B. stearothermophilus (lJ)
●

8re_8s

Anaerobic C. 'pasteurianum (ff , 32), C. butyricurn (ZB),
bacte::ia /P. aerogenes (lg), C. acid.i-urichi (BO),

C. tartarivorum (Bf), M. elsdenii (Bz),
C. thermosaccharolyticum (83), c. M-E (84)

Photos;mthetic C. vinosum (B!, 86), c. timicota. (I, II) (87, BB)bacteria ilTilIJrrtoonir,r,o (Bt

Aerobic t -""-* -, 
wi. smegmatis (p1)

bacteria

●
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2Fe-2S

O Fe

O S (inors.)

OS(Cガ

Fig. 1. Active centers of 2Fe-2S and 4Fe-4S

2. 2Fe-2S Ferredoxins

2.I. Distribution of Amino Acid Residues of Chloroplast-

Type Ferredoxi-ns

Twenty four amino acid sequences of chloroplast-

type ferred.oxins are shown in Fig. 2,together with I

2 sequences of Halobactenium ferredoxins. Several gaps

are placed to make all sequences maximally homologous. The

amino acid compositions of these ferredoxins are also

●

●
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Fig。  2。 Amino acid sequences of 24 Ch10roplast― type and 2 Halo―

bacterium femed.oxins. The references for the sequences are
as in Table 1.

ferred-oxin and

llha nrrmlraninn

therefore, the
ferred.oxin II should- be counted- as

are inserted. to make the seouence

starts frorn the N-terminus of spina,ch

first resid"ue of P. americana

-1. Several gaps shown by -
homologous alignments.

●
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Table Z. The amino acid compositions of chlorop'last-type ferredoxins
a

(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   5

His   l

Arg   2

Asp  ll

Asn  O

Thr   4

Ser   7

Gl u 12

Gl n  4

Pro   5

Gl y  7

Al a   6

Cys 5

Va1   6

Met   0

11e  4

Le u  10

Tyr 3

Phe   3

Trp   l

45543445454543344224・ 44253

1211111111111112211211111
1111111311111121111111133
11  8 10 12  6 10  8 11  7 10  7 10 12 10 10 10 11 12 12 11 10 12 10 17 21
2100201000000100221121346
86612121312677771078861210887842
788686959797813107768665645
913971078912101310676128881110881614
4364242324144564745443554
43444444・ 44444332322336333
6797777897987676677667898
99681391297675107117910109109131411
5555555444446556566455544
791098885777758565338676811
00001011101012010000002144
4444242548483246588575577
86666669989877781077788999
4443444222224556566566278
2223222552523222211311122
1110101000000000000000122

（い
０
）

Tota1   96  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

a The numbers in parentheses represent femedoxins as described in Fig" 2o
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presented in Table 2.

Cys teine residues : Chl-oroplas t- type f erredoxins

contain,a cluster with two iron and two inorgani-c sulfur

^ atoms and sulfhydryl groups of 4 cysteine resi-duesa
chelating two iron atoms as shornrn in Fig. 1. It is i-mportant

to establish the location of the cysteine residues in the

protein to form a 2Fe-2S eluster. There is a total of

4 to 6 cysteine resj-dues in the vanious ferredoxi-ns so far

studied. From the comparison of 24 sequences of chloro-

plast-type ferred.oxins, I types of cysteine distribution
qFA r^und as shome i-n Table 3. All types of ferredoxinsa

have substantiaLly similar spectroscopic proper-ti-es and

the cornmon 4 cysteine residues are considered to be involved.

in the formation of the cluster.

Table 3. The d.istribution of cystein residues of chloroplast-
ttzra f arraA nvi n

'-- -*-,'-',S

Trrna number of cysteine position of cysteine
''r Y- resid.ues resid,ues a

●

20, 41, 46, 49, 79, 87

2o, 41, 46, 49, 79

41, 46, 49, 79, 87

41, 46, 49, 79

aThe 
numberinr" of errsteine residues is that used- for S. platensis4 &rrF vr v.y v vvrrrv

f erred.oxin

S. platensis feruedoxin is representative of type 1, spinach

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

Ferred.oxins having only [ "y"teine residues ( type 4) have

６

５

５

４

１

　

２

　

３
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been completely sequenced for the first tj-me in this study,

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

N. muscorrm (71) and the l+ cysteine resj-dues are located

at posi-tj-ons 4t, 46, t+9, and 79. 0n several occasi-ons,

the lf cysteine resi-dues required to chelate two iron
atoms were suggested to be located at the sarne positions

as descrj-bed above (24, 25, 27, TI, 92). This proposal

has been recently confirmed by an X-ray crystallognaphyic

ana■ yses of So p■ atensis ferredoxin and Ae Sacrum ferredoxin I

showing that the clusters of both ferredoxins are located

near the molecular surface (93, gU) and that the sulfur
atoms of Cys hl and. Cys l+6 are coordinated to an iron atom

and those of Cys Lfg and Cys 79 to the othen in S. platensis
ferredoxin (95). Thenefore, it is concluded that the

distributi-on of cystei-ne nesidues required for the

formation of a 2Fe-25 cluster j-n chloroplast-type fer-
redoxins are those in a -Cys-X-X-X-X-Cys-X-X-Cys- segment

in the middle of molecule ahd a -Cys- far fr"om this segment.

Invari-ant and Semi-invariant nesidues : In comparison

of 2)4 available sequences of chloroplast-type ferred.oxins,

there ard 2J4 invariant residues and 22 semi-i-nvaniant

residues. fhese residues are considened to occupy structur-
a1ly and functionally essential portions of the molecule.

is shown in Fig. 3, resj-dues, G1y 11, Asp 28, Lou )Jr'
Pro 38, sen lpO, cys 41, A1a 43, Gty 4[, Cys 46, Ser l+7,

Cys )+9, cly 51 , ffiy 56, phe 65, Leu 66, Gtn 70, GIy 74,

Ttrr 78, Cys 79, Ala 81, r1e Bg, Thr g1, His gzt and G1u 94

●

●

●
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Fig. 3. Distribution of various amino acids in
type ferred.oxins as shown in Fig. 2 except for

O ferred.oxins. - represents d.eLetions.

the chloroplast-
Halobacterium

●
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are invari-ant and those, Tyr or Phe 3, Val, Leu, or Phe 7,

Asn, Ser, or Ttrr 9, Val, I1e, Leu, or Phe 18, Val, Tle, or

Leu- 26, I1e or Leu 2f , Gly or A1a 30, Asp or Glu 32, Gly

or A1 a 1+, Sen or ALa 45, Thr or Ser [8, Va1, I1e, or

Lou 53, Asp or Glu 62, Ser or A1a 6[, Asp or Glu 67, Asp

or Glu 68, T!rr, Phe, or Trp 75, Val or Ile 76, Met or

Lou 77, I1e, Tyr, or Phe 82, Ser or Gly 85, and Val, I1e,

or Leu 97 are semi-invari-ant (or consevative). fhe resi-due

numbers comespond to those of S. platensis ferredoxin

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

The three dimensj-onal structure of S. platensis

ferredoxin has been elucidated recently (95). The molecule

has approximate d,imensions [O x 35 x z5 L and the center

of the 2Fe-2S cluster is about B A from the molecular

surface. Folding of the main chain represented by cr-carbons

is shoune in Fig. 4, a1-though the fj-ne structures of si-de

chains are.not avallable. It is of lnterest to trace the

locations of the invariant and semi-invariant residues on

the three dimensional strrrcture of S. 'platensis ferredoxj-n.

Invari-ant residues are marked in the three dimensi-onal

str,rrcure as shor^rn in Fig. 5. Four cysteine resi-dues,

Cys [1, Cys 46, Cys 49, and Cys 79, binding the two iron

atoms ar,e, of course, invariant and all located at the top

of the figure. Seven invariant residues, Pro 38, Ser"[0,

Al-a l+3r Gly U+, Ser 47, Thr JB, and Ala 81 and 3 semi-

invariant residues, Ser or Ala l+5, Ser or Thr [8, and Ser

or Ala 6L surround the cluster. It is clear that these

●

●

●
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Fig. 4. Ihree d.imensioaal structure
Amino acid. sequence of this protein

of S. platensis ferred-oxin.
is as foLl-ows (61),
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87 (95).

S (Cys)

39 - Arg 42, and Thr 84-

o Fe,os(inorganic),

The cl-uster is l-ocated. at the top of the molecuLe and only the
chain from the Cys {1 to Cys {6 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 noo(-helix and. the strucure 6f 3,^ turn is found; Asn ! -. l-v
Glu 121 I1e I{ - Thr 1'l, Asp 19 - Asp 22, LIa 30 - A1a 337 Tyr

い
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OIY Lt,

GlY1r,

56 Gly

Fig. 5. The d.istribution of invariarf and variant resid.ues on

the three d-imensional- structure of q: pl"t""* fenedoxin.I

residues must play important roles to fortn the cluster

cavity and make it stable. Moreover, 9 invari-ant and semi-

invariant resi-dues having large hydrophobic side chains,

such as Leu 37, Phe e'5, Leu 65, Va1, Leu, or Phe 7. TVrt

Phe, or Trp 75, Val or Ile 76, Met or Leu 77" I1e, Tyr, or

Phe 82, and Va1, I1e, or Leu 97 are located arround the

cluster region. Trp 73 in spinach ferredoxin which corre-

Invqriont Residues

Voriont Residues

●

●
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sponds to Tyr 75 in So p■ atensis ferredoxin was suggested     _

to be near the c■ uster from the f■uorescence rrleasurrnents (96)

and if the side cha■ n of tryptophah points to the c■ uoter

region, the quenching effect of the c■ uster to tryptophan

f■uorescence might be reasonab■ y exp■ aned by the c■ ose

distance of these two chromophores revealed by X― ray。

母roM thesc obServations, it is suggested that the cluster

cavity is surrounded mainly by invariant or serlli― invariant

res■ dues and that these evo■ utionary conserved res■ dues

make a common environrrlent for 2Fe… 2S c■ usters of various

ferredoxins with cornp■ ete■y different arnino acid sequences.

Other ■nvar■ ant or sem■ ―■nvar■ ant res■ dues are ■ocated

apart froFn the C■ uster region.  Some spec■ a■ features are

further foundo  Four g■ yc■ne res■ dues at pos■ tions 13,

5■ , 56, and 74 are inVariant and may be necessary for the

peptide chain fo■ ding.  There is a unique portion where

severa■ hydrophobic residues, I■ e 89, va■ , I■ e, Leu′  or

Phe ■8, cys or Va■  20, Val, I■ e, or Leu 26, and Va■ , I■ e,

or Leu 27 0CCur c■ose together on the three dirllensiona■

structure.  It has been reported that Cys 20 in spinach

and So p■ atensi_s ferredoxins were not reacted with modification

reagent in native forrn, and but reacted with thern in the

presence Of denaturant (92, 97)。   These hydrophobic residues

are considered to be buried in the interior of the mo■ ecu■ e

to a■ d in constructing an stab■ e env■ rornent For the c■ uster。

Hydrophi■ ic residues, Asp 28, His 92, G■ u 9年 , and Asp or G■ u

at positions 32, 62, 67, and 68 are ■ocated at the exterior

●

●
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Of the rllo■ ecu■ e.  In contrast to the residues forrning the

ё■uster cavity there is no specia■  feature on the surface

such as charged side chains conserved, even though s9rne

of these residues might be invo■ ved in a specific inter―

action  with ferredoxin ■inked enzymese

Var■ ant Res■ dueS3 Var■ ant res■ dues are defined as

positiois in which More than 6 different arnino acid residues°

are found in this case and ■年 poSitiOns, ■5 (8 residues),

■6 (■O reSidues), 26 (7 residues), 33 (8 residues), 54

(7 residues), 55 (6 residues), 57 (7 residues), 72 (7

residues), 73 (7 residues), 84 (6 residues), 87 (6 residues),

9o (8 residues), 96 (7 residues), and 98 (7 residues) are

foundo  lIThe ntlmbering Of positions correspond to that for

S. p■ atens■ s ferredox■ no  The diStr■ bution of these res■ dues

in the prirnary strtlcture does not giVe any specia■  feature

except fOr the fact that they are not fOund near the

functionar, irnpOrta nt cysteine residueS.  But it iS obvious

frorrl the three dimensiona■  stmcture as shoWn ■n Fig。  5

that var■ ant res■ dues occur at the ■ower and Surface region

of the mo■ ecu■ e and that a rernarkab■ e compartmentation

between var■ ant and invar■ ant res■ due are recogn■ zed.  It

is possib■ e to exc■ude these variant re`idues fron the

region thought to participate ■n the ox■ dation― reduction

mechan■ sm of ferredox■ n.                             ・

●
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2. 2. Halobacterium
.:f'erreooxl-n

Ferredoxin- A New Chloroplast-Type

The 2Fe-2S ferredoxins were i-soLated from H. halobium

( this study and ref` ■年)and Ho The Dead Sea (2■ ). Bo th

ferredoxins are composed of 128 amino acid nesidues in-

cluding only four cysteine residues. These two sequences

are compared to chloroplast-type ferredoxins as shown

in Fig. 2 and in Fig. 6.

慰iⅢ

Fig. 6. Comparison of Halobacterium femedoxins and

N. muscorum. ferred.oxin f . Among (A): H. halobium
ferred-oxin, (B): H. The Dead. Sea ferred.oxin, and
(C): N. muscorurn ferred.oxin I, 38 identical residues

and, 16 similar resid.ues are found".
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Halobacterium ferredoxins are 22 resj-due longer than

chloroplast-type ferredoxins at the N-terminal region.

Ttrere are only 4 cysteine residues in these two Halobacteni-um

ferredoxi-ns, which should be involved in the binding of

the two i-ron atoms at the active center. The relative
positions of these I cysteine residues at posi-tions 63,

68, 7I, and 102, are the sane as those in chlonoplast-

type fenredoxins. Out of 128 resi-d.ues of Halobacterium

ferredoxins about 50 residues are identj-cal with one of

tho.se of other chloroplast-type ferredoxins in the alignment

as shown in Fig. 2. T'l:ese residues are mainly distributed

in a region from r"esidue 4O to r.esidue 110, which contains

the functi-onary important cystelne residues. fn additlon

to the sequence.homology, similarities have been observed

in the optical properties between Halobacteri-um and chloro-

plast-type fenredoxins, o. g. absorption spectra (as shor,m

.i- Er.i^ ( ;- ^1^^^+^- TT\ (r-rr r''r-g. 2 Lrt chapter II), ORD and CD spectra (f[). These

results show that polypeptide chaih strrrctures surround.lng

the 2Fe-2S cluster, must be very simil-ar in both ferredoxins.
Despite of this strr-i.ctura1 similaries, Ilalobactenium

feruedoxins were functionally aiff"*"rrt from chloroplast-
type ferred.oxins.,Halobacterlum ferredoxins were unable

to be substituted for plant fennedoxins either in the photo-

reductj.on system of NADP+ (pig. 6 in chapte:: II, 14) l

or in reduction system of cytochrome c by NADPH in the

presence of ferred.oxi-n:NADP+ neductase (VB; . Recently,

it has been found that H. halobium ferredoxin functions as

(75)
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the physiologi-cal. electron acceptor i-n the oxi-dation of

a-ketoacids in this organism catalyzed by a-ketoacj-d

femedoxin oxidoreductases (99) and that H. The Dead Sea

ferredoxin serves as an electron donor for nitrite reduction

by ni tri te red.uc tas e ( 100 ) . Ttres e two func t j-ons have been

reported for the chloroplast-type ferredoxins (fOf, 102).

fhus, Halobacterium ferredoxins are not only structurally
but in some aspects functionally similar to chloroplast-
type ferredoxins, and therefore, they r"epresent a new el-ass

of chloroplast-type ferredoxins.

. In general halophilic proteins require high concen-

tration of sal-t for their stabllity (tO3;. Tn fact the

ferredoxin from H. hal-obium is not precipitated in saturated

ammonium sulfate solution and relatively stable even at
n

70" when 4 M NaCl is present. One of remarkable

natune of halophilic proteins is that they contain rather

high contant of acidic amino aeid resj-dues than non-

halophilic ones (tO3;. In fact Halobacterium ferredoxins

have more acidic r"esidues than other chloroplast-type

ferredoxins as shornrn in Table 2, and especially the long

extra N-terminal regi-ons contain )+O % of acidic residues

and no basi-c resj-dues, which must be the result of adaptati-on

of these bacteria to survive on concentr:ated salt soluti-ons.

●
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3. [fe-l,LS ana BPe-BS Ferredoxins

Contrary to chloroplast-type feruedoxins, bacterial
ferredoxins are considered to be very diverse group.

From the nature of (4Fe-LS)-, . cluster(s) and the amino
S 

I.Z

acid sequences, 16 bacteri-al ferr:edoxins with knorrn

sequences are classified into I groups as shown be]-ow.

Their amino acid sequences and amino acid compositions

are shor,rn in Fi-g. f and Table [, respectively.

CfoslriAiurn ferredoxins: The complete amino acid

sequences of 8Fe-8S ferredox■ ns from  8 anaerobic bacter■ a

have been deterrnined.  Elhese ferrecoxinS are from p. pas…

teurianum (■ ■, 32), Co butyricurn(78), c. acidi― urichi (8o),

Co M_E (84), PentocoCcus aerogenes (79), Co tartarivorLm

(8■ ), co therrl10s acchar9■ yticum (83), and Megasphera e■ sdenii

(82).  lThey cOnsist of 5年  T 55 arnino acid residues, 8 0f

which are cysteine residues, and are homo■ Ogus each other

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

■n a■■ c■ostr■ dia■―type ferredox■ns are found in ■9 pOS■ tions

in the sequences and the variant residues in ■3 positions

which has rrlore than 5 residues in a positiono  TheSe

sequences show a characteristic strlュ cture: io ee a high

s■m■■ar■ ty is found between the first half of the sequences

and the second, each containing 4 invariant cysteine residues

distributed symmetrica■ ■y (■■), which suggests the  present―

day c■ ostr■ dia■―type Ferredoメュns tO be ar■ sed by gene

dup■ ication (■ 04).

●
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1         10       20      30          40              5o
(A) A― YKエーーADSCVS CG― ―ACASECPVNAISQGDSIFVI― ―――DADTCI― DC――――――――――cNCANVCPVGAPVQE
(B) A― Fヽ彊――NDSCVS CG――ACACECPVSAITQGDTQFVI――――DADTCI― DC――――――――――GNCANVCPVGAPNQE
(C) A― YVI――NEACISCG― ―ACDPECPVDAISQGDS RYVI― ―――DADTCI― DC――――――――――GACAGVCPVDAPVQA
(D) A― YKI――TDGCINCC――ACEPE CPヽノ電AISES DAVRVI― ―――DADK CI― DC――――――――――GACANTCPVDAIVEC

(E) A― YVI――N DSCIACC― ―ACKPECPVN― 工QQC―SIYAエ ーーーーDADS CI― DC――――――――――GSCAS VcP vGAPNPE D

(F) AHエ ー1-― TDE CIS CG― ―ACAAECPVEAIHECTGKYQV― ―――DADTC■―DC――――――――――GACQAVcPTGAVKAE

(G) AHエ ー1-― TDECISCC― ―ACAAECPVEAIHEGTGKYEV― ―――DADTCI― DC――――――――――GACEAVCPTcAVKAE

(H) MH― VI――S DECVKCC――ACASTCPTGAIEEGETKYW― ――――TDSCI― DC――――――――――GACEAVcPTcAISAE

40 50 601        10 20 30
(I) ALY― ■――TEECTYCC― ―ACEPECPVTAISAGDD■

'VE―

―――DANTCN― EC――ACLDEQ―――ACVAVCPAECIVQG

(」 ) AH― RI――TEECTYCA― ―ACEPECPVNAISACDEIYIV― ――‐DES VCT― DC――EGYY DEP― ―ACVAVCPVDCIIKV

(K) ALY-1-―TEECTYCC― ―ACEPECPTNAISAGSEIYヽ 唖=―――DAACCr― EC――VGFADAP――ACAAVCPAECI VQG

(L) ALM-1-― TDQCINCN― ―VCQPECPNGAISQGDETYVI― ―――EPSLCT―EC――VGHYE TS――QCVEVCPVDCIIKDPSHEETEDELRAKYERITCEC

1        lo 20      30          40 50 co 70
(M)  T― FVV― ―TDNCIKCKYTDCVEVCPVDCFYEGPNFLVI― ―――HP DECI― DC――――ニーーーA――LCEPECPAQAIFSEDEVPSGMENFIELNAELAEIW
PN1lERKDALPDAEEWDGKPCKIADLER

(N) T― YVI――AEPCVDVKDKACIEECPVDCIYECARMLYI=― ――HP DECV― DC――――――――G――ACEPVCPVEAIYYEDDVPDQWSSYAQANADFFAEL
CSPCCASKVGQTDNDPQAIKDLPPQGED

2o

")iKYTIVDKttIACC―

―ACGT「 DIY― Ⅸ DTINWLDTGIⅦ
"D―
IrDM―
TAFE88電

SIKm一
ず

PFDGDPN冨

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

The referencett f6r the sequences are as in Table l.

(.t), C. pasteurianum. (B): C. butyricumr (C): C. acidi-urici
(D): C. M―E,(E):P. aerogenes,(F)8 C. tartarivoFu興 ,(G)8 C.

thermosaccharo■yticum, (H): Mo elsdenii,(I)8 C. limicola :,

(」 )8 C. limicola II,(K)8 Ce thiOSulfatophilum,(L): C. vinosum,

(M)8 P. OVOliS,(N)8 Mo Smegmatis,(0)8 D◆  gigas, (P)8 Bo Stearo―

thermophilus.
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Tab■ e 4. The aminO acid COmpositiOns of bacterial ferredoxins

a (A)(B)(C)(D)(E)(F)(G)(H)(1)(」 )(K)(L)(M)(N)(0)(P)

Lys  1  0
His 0 0
Arg  0  0
Asp 5 5
Asn  3 4
Thr 1  3
Ser  5  3
Gl u 2 2
Gl n 2 3
Pro  3  3
Gly 4 5
Al a 8 7
Cys  8 8
Va1  6  6
Met  0  0
11e 5 4
Leu 0  0
Tyr  1  0
Phe  1  2
Trp  0  0

Tota1 55 55 55 55 54 55 55 54 60 61 61 82 1061065681

t Th" alphabet in parentheses represents feruedoxins

as described- in Fig. 7.

The X-r.ay crystal structure of the protein from

P. aerogenes has been d.etermined. (105) as shown in Fi-g. B.

fhe iron-sulflr chromophore in this molecule exixts as

two almost identical cubical cluster, and I j.ron atoms in
each cluster linked to ll cysteine sulfun atoms of the

polypeptide ehain and 11 atoms of inorganic sulfur. ttre

h iron atoms of one of the clusters are coordinated with

cystei-nes at positions B, 11, 14, and ll5 and the I inon

atoms of the other cluster with cysteines at posi-tions

35, 38, l+A, and 18. Tkre invariant and vari-ant residues as

●

●
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P oerogenes

Ferredoxin
●

●

&

Fig. B. Three d-imensional structure of P. aerogenes ferredoxin.
Amino acid sequence of this protein is as folLows (79)t

●

5         ■0        ■5 25        30
A YVttNDS CIA CGA CKPE CPVNttQQGSIYAIDAD
35 40         45

2o

50
SCIDCGSCASVCPVGAPNPED

til)pet  髭多夕s(inorganicyz2)s(cyS).

●
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Invoriont Residues

39 Gty

Voriont Residues

33 Aq

Cys45

1l Cys

12 GtY

Fig. 7. The d.istribution of invariant and variant resid-ues
on the three d.irnensional structure of P. aerogenes femedoxin.

d.escribed above are marked on the three dimensional structure
as shornm i-n Fig. 9" Ttre clusters are suruounded by invariant
residues which give essentially a hydrophobic environment

(106 ) .

Photos:mthetic Bacterial (Chromatium, Chlorobiu-qr)

Ferredoxins: The amino acid sequences of BFe-Bs ferredoxins
t""- , t**synthetic bacteria, 2 green sulfur bacteria;
Chlorobium linicola (B7,BB), C. thiosulfe_lg.phf lgll (Bg),
and a purp■ e su■ fur bacterium3 chromatium v■ no stlm (85, 86)

●

ё

●

●

( 81)



●

have been deterrrl■ nede  These ferredox■ ns have larger

mo■ ecu■ ar s■ ze than c■ ostr■ dia■ …type Ferredox■ns.  Frorrl the

collrlparison with c■ ostridi a■ _type ferredoxins as shOwn in

Fig. 7, it iS noted that ch■ Orobitlm ferredoxins consist

of 6o-6■ arnino acid residues with an insertion of 5 - 6

residues between residues 39 and 40 in the Po aerOgenes

ferredox■n and that Chrorrlatium ferredox■ n cons■ sts of

82 arllino acid residues with two extra residues, one is

the same ■nsertion as descr■bed above and the other

2■ reSidues at the C― terrninus.  IIlhe corlmon insertion seems

to ■oop out of the rrlo■ ecu■ e, if the three dirrlens■ ona■

structure of this group of ferredoxin is essentia■ ■y the

sarne as that of P, aerOgenes ferredoxin (■ 0).  E■ even

■nvar■ ant res■ dues are found allnong a■ ■ c■ ostr■ dia■ and

phOtOsynthetic bacteria■  ferredoxinso  PhotosynthetiC

bacteria■  ferredoxins have 9 cysteine residues, 8 0f which

be■ong to the ■nvar■ ant res■ dues and these are asstLmed tO

be ■nvo■ved in ■ron che■ ation.

⊇eSu■ fOVibrio gigas and Baci■ ■us stearo therrnophi■ us

ferr9oOXユ ,S: D. gigas (■ 07)and Baci■■us stearothermoph曇

(■o8)ferredoxins contain a sing■ e (4Fe-4S)c■uster with

varying mo■ ecu■ ar sizeso   β. stearotherrnophi■us ferredoXin

consists of a tota■  of 8■ arnino acid residues with 4 ёysteine

residues (77)and Do gigas ferredoxin 56 residues with

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

these two ferredox■ ns show that the N― terrn■ na■ ha■ ves of

these ferredox■ ns reserrlb■ e c■ ose■ y to these  oF c■ ostr■ dia■ ―

●

●

●
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type and photOsynthetic bacteria■  FerredOxins as shOwn

in Fig。  7。   The most va■ uab■ e inforrrlatiOn deritted frOrn

the present sequence study of Bo stearotherrnophi■ us fer―

redoxin is the ■ocatiOn Of the 4 cysteine residues fOrrrling

a 4Fe-4S chrOmophOre.  They are ■ocated at positiOn ■■,

■年, ■7, and 6■ .  The isO■ ated cysteine residue at position

6■  is fO■■Owed by a pro■ ine, a sequence found a■ so ■n

c■ ostridia■―type and phOtOsynthetic bacteria■  ferredoxin.

llherefore, it is cOnc■uded that the requ■ rement Of fOrrnatiOn

of the ttFe-4S c■uster is the presence of a ―Cys― x“ x― Cys―

X… X― Cys― segment and a ―Cys― PrO_sequence at far distance

from the seglment in the mO■ ecu■ e in agreement with the

resu■ t Of the re■ ative positionsi of the cysteine residues

derived by the X― ray crysta■ ■ographic studies on a 8Fe-8s

ferredoxin having tw0 4Fe― 年S c■usters.(105)。  Not on■ y

by ana■ Ogy with abOve conc■usiOn, but by a■ igning the

sequence of D, gュ gao ferredOⅨユn in such a way that the

―Cys― Pro―  segment in the c_terrnina■  ha■ f Of rllo■ ecu■ e is

lnatched tti th the _cys― Pro― segrnent in the other ferredoxins

as shown in Fig. 7, it seems ■ike■y that the cysteine

res■ due at posュ tion 50 of D. 蒼igas f9rredOメユn ■s the 4th

cysteine residue inVO■ vё di in the 4Fe-4S c■ uster fO..は ation

and that the cysteine residue at positiOn 43 as anOther

candidate was suggested by Yasunobu and Tanaka (7)iS'not。

FerredOxin cOntaining a sing■ e 4Fe-4S c■ uster with

varying mo■ ecu■ ar s■ zes and arll■no ac■ d compos■ tiOns Occur

in many diverse species Of bacteria.  Bo pO■ymyxa Fer=

(83)

●

●

●



●

redoxins I and II (109), both have a molecular weight of

about 91000 and I cysteine residues and resemble the fer-

redoxin of B. stearothermophllus. A similar ferredoxi-n

was also purified from B. thermo'proteolytlcus Rokko (110).

Several [pe-l+S feruedoxins trave been purified. from D. de-

gulfuricans (fff ), Clostrid,ium thermoaceticunl (ff e;, and

C. perfrigens (ff3) and they have smaller moleeular weights

of 6rOOO - 710000 similar to that of D. gj-gas ferredoxin

(to7; . Rhodospiri-llum rubrum fer"redoxin 11 (fftr) and

Mycobacterium flavum ferredoxi-n II (115) have comparatively

larger molecular weights of 1[r5Oo and 13'5OO' respectively,

and show different EPR signal as shovrn below.

Pseudomonas ovalis and Mlrcobacterium smegnatis

Ferredoxins: Some baeteria contain BFe'BS ferredoxin with

two [Fe-l+S clusters of widely different rnidopoint potentials

(about 700 mV apart); e. g. Azotobacter vi-nelandii ferredoxin

T (16), R. rubmm f erredoxin fV (116), and M. flavum f er-

redoxin I (115). These ferredoxins have conrmon charac-

teristics of moleeular weight, amino acid composition,

absorption spectrum, and EPR signal. For example, A. vine-

landii fenredoxin I contained two4f'e-4S clusterso both of

which appeared to function between' the sarne pair of oxidation

states as the single 4f'e-4S cluster in Chromatium high-

potentiaL-iron-protein (117 ), but the midpoint reducti-on

potentials of two cLusters was 76a mV different; one

was with E- -l+ZO mV and the other with EO +350 mV.
o

Recently P. ovalis ferredoxin I (118) and M. smegnatis

●

●

●
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ferredoxin (ffg) have been isolated and shor^rn to belong

to the sarne class of these ferred.oxins. P. ovalis fer-
redoxi-n (90) is composed of 106 amino acid nesidues with
g cysteine residues and M. smegnatis ferredoxin (91) the

o
salne number of amino acid. resi-dues with B cysteine residuest

The molecules are much larger than those of cl-ostridial-type

ferredoxins, although a homologolls nature of sequences is

evident anong these ferred.oxins. Comparison of the two

ferredoxins from Po ova■ is and Mo srrlegmatis as shobrntin

Fig. 7. gives an-interesting.feature' 37 residues are

id.entica[ between the two sequences and most of these

resid.ues are located at the N-terminal half (55 % and 15 %

are identical in the N- and. C-terminaf halves, respeci.vely).

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

al-so interesting as shown in Fig. 10. Cysteine cluster.

regions at the N- and C-terminal segments of P. oval-is

ferredoxin f shows a close sirtrilarty to those at the

C- and N-terrninal segments of C. vinosum fenredoxi-n,

respectively. Especially the sequence of residues L6 ztJF

of P" ovalis ferredoxin I is oompletely identical with

that of residues )+g - 57 of C. vinosum ferredoxin. An

insertion after residues 12 in P. ovalis ferredoxin I is
also found in C. vi-nosum fe::nedoxin after residue [1,
although the Length of insertion is diffenent. t

Thre N-terminaL seou.ence of A" vinelandii...ferredoxin

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

feruedoxin 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-fj-xer and

P. ovalis an aerobic non-nitrogen-fixer, which was grown

on glucose to use in this experiment (tf8;. At present,

the implication of this anomalous similarity of the two

sequenees is unknown.

P. ovalis ferredoxin I has 9 cysteine resi'dues at

positi-ons B, 11, 161 2.o, 2\, 39, \2, )+5, and 49 and B

residues exclud'i-ng the resid'ue at position 2L+ are located

at the salne posi-tj-ons as those found in elostrldial-type

ferred.oxins aS shornne in Fig. 7. There i-s no substantial,

defference in cysteine d"istribution between P. ovali-s

ferredoxin f and other bacterial ferredoxins which have

two low potential 4Fe-4S clusters" lvi.^ smegrnatis ferredoxi-n,

however, has only B eysteine residues and notable change

in rlrrstcine rlistribution is found in compari-son withv.t e vvLtLv

P. ovalis ferred.oxin f . They are located at positions

B, l-6, 20,2\, 39r 42,45, and ll9, and the residue at

position 11 was substituted to valine in M. smesnatis

ferredoxin. Therefore, it is conclud.ed that the B cysteine

residues requi-red for the fortnation of two clusters are

at positions B, l-61 20, 2\, 39, \2, )+5, and 49 in both

the ferred.oxins from P. ovalis and M. smegmatis. It is

hard to speculate for thle present whi-ch l1 cysteine resi-dues

participate in the constitution of one cluster and the other'

although residues at positions 20, 39, \2, and, LrS are located

●

●
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(B) A― F― V―V― ――T― D―N― C―エーK‐ C―K D― C― V― E― V― C―P― V― D― C― F― Y―E― G―Pl:1-
YT

11020
tt n\a \ u/ a-r-M-r- - {-D-Q-c-r-N-c-N-v-c-Q-p-E-c-p-N-c-A-I-s-Q-c-D-E-

40 50/. \(A ) F-r-V- r-H-p-D-E -C -I- D-C-A-I -C-E-p-E -C-p -A-Q-A-I-F-S -E-D-g-

(B) F―L,V―エーlSl‐P―D―E― C―エーD― C―A―L{Rl

30 40 50 60
( c) T-y- v-r-E- p-s-L-c -T-E-c--iI e-c-v-E -v-0 -p-v-D-c -r-r-K-D-p-s-

":l-i:,60 To 80
( a ) v- p- s - c -M -E -N - F -r-E- r- N -A-E -r,-A-E:-r-lr- p-N-r- T-E -R- K -D-A- L -

70 Bo
( c ) H-E-E-T-E-D-E -rrR-A-K-y-E-R-r -T- c -E-c

go 100
(a) p-D-A-E-E-w-D-G-K-p-G-K-r- A-D-L-E -R

Fig. 10. Sequence comparison of ferred-oxins from (l) P. oval-is.
(B) R. vinelandii (tZo) and C. vinosum. f I in e. vinelandii
ferred-oxin were not yet unambiguously establishea (f2O).
Gaps and insertions are placed. into the sequences. in ord,er to
prod.uce a higher homolory

at the homologous position with those constituting one
a'l rrctan af DvruD us' vr. r. gerOgefies f ernedoxin. M. fl avum fenred.oxin rr
(115) with *n"teine resid.ues had only one Hrprr-typJ
cluster of midpoint potential at about -[20 mv. Therefore,
the sequence of this fe*edoxin may give some insights to
above discussion.
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Vo MOLECULAR EVOLUT10N OF FERREDOXINS

1 Tntroduction
a r'

Proteins are unique among the chemical components of

organisms because they are macromolecules containing

functional, genetic, and evoluti.onary j-nformation. The

mechanisms of protein biosynthesis appear to be common

to all- living organisms and amino acid sequences are
7: translated directly from genetic code involved in DNA.

A'1 '1!*{D nrl..rrganisms 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 protei.ns of organi-sms with

those of others, the evolutionary relationship of these

onganisms could be estimated., as exemplified by cytochrome c

/r ^r \ 1r ^- \(121) and hemoglobin ( 121) .

a 
Ferredoxinst afr ubiquitous group of proteins in ani-mals,

r plants, and bacteria, are suitable for studying protein

structure in terms of evolution. The amino acid sequences

of ferredoxins are now available for various plants, algae,

and.. bacteria and the evolutionary stability and variability

in their strrrcture 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 ferred.oxi-ns

and phylogenetic relationship of organisms having those
o ferredoxins.

(BB)
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2. Chloroplast-Type Feruedoxins

Chloroplast-type ferredoxins have been found in many

organisms ranging from photoslmthetic 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 in chapter fV.

This similarity cannot be attributed to convergent evolution

among these ferredoxi-ns. They must be derived from a

common ancestor. This suggests that the evolution of'

fercedoxi.ns in diverse organlsms can be quantitatively

traced by comparative studies of the amino acid sequences

of the chioroplast-type ferredoxins.

PhvloEenetic Tree of Chloroplast-tvpe Feruedo8irls:

A matrix method (tZ3) is used to construct a phylogenetic

tree of chloroplast-type ferredoxins. The calculati-ons

are based, on the number of Cifferences in amino acids at

coruesponding loci in the various ferredoxins shourn in

Fig. 2 in chapter IV. A deletion or insertion is counted.

as one difference. The calculated numbers of ami-no acid.

d.ifferences are shown in Table 1 and a phylogenetic tree

of chloroplast-type feruedoxins incl-uding Halobacterium

ferredoxins is shown in Fig. 1. From this tree, some

val-uabl-e information are obtainable for phylogenetic t'elation-

ships of each f ercedoxins as follows.

1. The a1ga1 ferredoxins are evolutionally a very

diverse group (67, itd+). Among blue-green a1ga1 ferredoxins,

●

●

●
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1   12   13   14   15   16   17

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 0.51 0.40 0.40 0.49 0.62 0.99 0.96

0.28 0.26 0.38 0.38 0.35 0.38 0.49 0.60 0.65 0.60 0.66 0.41 0.47 0.49 0.51 0.51 0.45 0.42 0.42 0.42 0.47 0.51 0.98 1.04

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 0.51 0.56 1.03 1.05

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.ol l.o4

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 0.41 0.35 0.46 0.52 0.96 1.00

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

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

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

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

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 o.95

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 0.99 o.98

0.41 0.45 0.49 0.55 0.57 0.66 0.60 0.580.49 0.51 0.57 0.71 0.91 o.94

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.oo

0.24 0.21 0.44 0.40 0.29 0.29 0.38 0.30 0.41 0.51 0.96 1.00

0.19 0.51 0.45 0,39 0.39 0.42 0.37 0.44 0.53 0.97 1.04

0.47 0.42 0.35 0.35 0.44 0.37 0.43 0.55 0.93 0.98

0.39 0.39 0.37 0.53 0.44 0.58 0.61 0.93 0.96

0.35 0.34 0.40 0.35 0.45 0.50 0.89 0.90

0.04 0.31 0.19 0.41 0.40 0.95 0.96

0.31 0.21 0.40 0。 41 0。 95 0.98

0.t8 0.31 0.45 0.88 0.86
0.26 0.37 0。 92 0。 92

0.480.930,92

1.03 1.02

0.20

l. Koa

2. Spinach

3. Alfalfa
4. Taro

5. P. mrtcma I
6. P. wricqa 1l

7. P. esculenta I

o. f. ea&Lentd tt
a c ;^h; -^

10. E. teLnateia I
tt, E, EeLnateLA tt
12. E. mense I
13. E. etense 11

14. S. qwdricauda
tJ, u.60?LLnd L

to. u. ao?Llna IL
I I. E. WLLLCALLA

18. C, caldryim
79. S, platenai.s

20. S. nuina
21, N. nwqtm I
2?, u. Ladnosus

23. A. aaqw I
24, A. eacw ll

26. it. Dead sea

35   30   27   28

37   31   27   29   23

34 29 26 27  2 22
37   31   28   30   23    6   22

34   37   37   36   31   38   30   38

36   39   39   36   35   39   35   38   35

39   45   45   43  43   47   43   47   46   29

37   40   40   37   36   40   36   39   86    1    30

40   46   46   44   44   48   44   48   45   30    1   31

33   30   29   26   19   25   18   25   28   30   42   31   43

37   35   33   34   32   37   31   37   34   34   44   35   45   21

36   35   33   33   28   34   27   34   32   34   41   35   42   16   16

40   37   37   36   38   40   37   40   44   39   43   40   44   31   37   35

39   37   36   37   34   37   33   37   34   44   51   45   52   27   33   29   28

40   36   38   37   28   36   27   36   38   42   44   43   45   25   31   27   29   24

39   34   37   36   28   35   27   34   37   40   44   41   45   25   31   27   23   25    4

3234343632373136363840394123343336292121
31   31   32   32   29   36   28   35   33   36   39   37   40   24   30   28   31   25   15   16   13

36   34   37   38   32   35   31   36   35   42   41   42   42   30   34   31   41   33   32   31   27   25

47   40   45   46   42   48   41   49   42   50   56   51   55   40   41   41   45   38   31   31   34   29   37

91   94   96   94   96   95   95   95   93   87   96   87   97   92   95   91   9o   89   92   92   87   90   95   98

91   98  99   96   98  97   98   97   95   90   97   89   98   94   96   93  92   91   94  94   88   92   95   99   20

⌒
Ｏ
Ｑ
）

Table l. The matrix of mutation distance required. to intepelate pair
of chloroplast-type femed.oxins. Values in the l-ower left half of the
table show the amino acid. d-ifferences among ferred-oxins and. those in
the upper right half of the table show the minimum base d.ifferences per
cod-on among ferred-oxins. The calculatione are based. on the alig:rment of
sequences as shor^rn in Fig. Z. in chaper IV.
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Fig。  1。  Phylogenetic tree of chloroplast― type ferredoxins。

This tree is constructed from the a■ lino acid differences

shown in Table l by the matrix method (123)e  S。 lid

circles shOw the point at which gene dupliCatiOns OCCurred.
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Ac sacrtm ferredёxins l and II are fa_r frorrl other ferredoxins

■n accordance w■ th the■ r ce■■u■ ar organ■ zation3 A. s acrlm

in the chroococca■ es order be■ongs to a unice■ ■u■ ar group,

and Spiru■ ina and Nostoc ■n the Nostoca■es order and .

Mastigoc■ adus ■n the Stigonernata■ es order be■ong  to a

fi■ arnentouS group。

The ferredoxin of a red a■ ga, P. umbi■ ica■ is, is

diverged frorrl the b■ ue― green a■ ga■  ferredox■ n ■ine as shown

in Fig。  ■。  Po umbi■ ica■ is ferredoxin has two insertions

at positions ■O and ■4 and these inSertiOns are unique for

a■■ b■ue― green a■ ga■  ferredoxins except for

ferredoxin Io  ln terrns of the presence of these insertions,

Po umbi■ ica■ is seelns to be rllore c■ ose■ y re■ ated to b■ tl e―

green a■ gae than gr9en a■gaee  The presence of phycobi■ i―

proteins in both b■ ue― green and red a■ gae a■ so suggests

a c■ ose connection between the both a■ gae.

2e Cyaniditlm ca■ darium is a unice■ ■u■ ar eukaryotic

a■ gae of uncerta■ n c■ ass■ FicatiOn .n rrlorpho■ ogyo  But

from the tree, this a1gal ferredoxin shows closer similarity

to P. umbilicalis ferredoxin than other aIga1 feruedoxins.

In the sequence comparison as shorrrn in Fig. 2 in chapter IV,

unique amino acid resid.ues occupy several positj-ons in

Cyanidium and Ponphyr"a fer::edoxi-ns, such as Ile 5, His 6,

and Lys lO, which also support the elose relationship

between these two organisms. Ttrese data suggest C" caldarium

to be a member of red algae. However, more extensive

sequence study of red algal 'ferredoxins is requi-red to

(92)
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confirm that Cyanidium forms an evolutionary link between

the blue-green and red algae.

3. Halobacterium ferredoxj-ns are homologous to chloro-

plast-type ferred.oxins. From the tree, it seems that

Halobacterium ferredoxins and chloroplast-type ferredoxins

could have evolved independently from a common ancestral

form. Halobacteria are stric'L1y aerobic and they must

have evolved after the appearance of blue-green algae.

Recently, comparative studies of 16 S rRNA (l.25) have sho!,rn

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

from typical bacteria, ffElrbacterj-att, and that H. halobium is

rather a member of rrArchaebaete::iatt known to contain only

the methanogenic bacteria, which appear to be no more

related to bacteria than they are to eukaryotic cytoplasm

(1'26). And more recently the st11ctural compari-son of

5 S rRNA and ribosomal proteirs (tz7, l2B) suggests that

Egl-glgg-teglfrn is more related to eukaryotes than to

prokaryotes. Ttrese studies and our ferredoxin d.ata

strongly suggest that there must be close relations between

Halobacterium and eukaryotes which diverged 'i-n very o1d

evolutj-onary time.

Gene Drplications: T\nro molecular speci-es of ferredoxins

in one onganism in higher plants and algae are known.

A comparati.ve studies of these molecules may glve impontant

data about gene duplication of f erredoxins. Two f erued.oxins

have been reported to occur in the following organisms'

Ao sacrum (■29), No MAC (■ 30, ■3■ ), Ne muscortm (65),

●
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N. verrucosum (■ 32), S e rrtaxirrla (■ 33), and De SOr■ in a (63)in algae

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

(61), E. arvense (621, two Petunia species (136), and

Pisum satii44q (I37 ) in higher plants. rn every case

studied two rrlo■ ecu■ ar species of one organisrn showed ■arge

ntlmber of arrlino acid substitutions, 37 residues between

A. sacrum ferredox■ns l and II, ■6 res■ dues between ⊇L

por■ ina ferredox■ n l and II, 29 res■ dues between Ee te■mate■ a

ferredox■ns l and II, 3■  res■ dues between E. arvense fer―

redoxins l and II, 23 residues between Po arnericana fer―

redoxins l and II, and 22 residues between P. escu]eη  tn

ferredox■ns l and IIo  The S■ rn■■ar ■arge ntlmber of arllino aC■ d

substitutions are a■ so predictab■ e for ferredox■ ns of

No MAC (■ 3■ ), N. verrucosum (■ 32), and two Petunia opecieS

(■ 36)。  TheSe phenomena probab■ y ref■ ect gene dup■ ications

that occurred at ear■ y evё■utionary stages rather than

a■■e■ ic type ferredoxins that occur in the ferredoxins

from a sing■ e tree of Koa (55).

IIThe po■nts where gene dup■ icationS OCCurred are

shown in Fig。  ■。 In the cases of Equisetum, Do sor■ ina,

and Phyto■ acca, the dup■ ications of ferredox■ n genes have

occurred within each phy■ etic ■ines after diVergence from

other p■ ant phy■ a.  These phenornena are shown diagrammatica■ ■y

in Fig。  2。   Two Eqtiseturrl species, Eo te■ rnateia and L

arvense, and two Pttyto■ acca species, P. aFneriCana and

P. escu■enta, evo■ ved re■ atiVe■ y recent■ y from the ancestra■

speci-es with keeping two fercedoxi-n genes"

●
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Fig. 2. A diagram representing phyletic r"elations among ferredoxins

with special reference to gene duplication. The numbers show amino

aci-d diff erences o
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In the case of Ae sacrtlrn, the gene dup■ ication

pa■ ce w■ thin b■ ue― green and red a■ ga■ ■ine before 墨

toolA

sacrum

●

diverged from other a1gae. An i-nteresting feature in

comparison of the sequences of these a1gal ferredoxins is
o

that A. sacrLrm ferredoxin f as well as higher plants and

a1ga1 ferredoxins has no extra residues at positions

10 and lLL as shourn in Fig" 2. in chapter IV. fn terms

of the absence of these two residues, A. sacrum ferredoxin

T is similar to those of green-algal and higher plant

ferredoxj-ns. If this js diagramatically expressed as

i-ndividual genes (fig. 3), a ferredoxin gene corresponding

to A. sacntm ferredoxin I might be present in other blue-

green and red algae. fn fact, N-terminal sequences of

two feruedoxins from N. MAC have been reported (f3f ) and

ferredoxin II of N. MAQ without any gap corresponds to

ferced.oxin II of A. sacrum and feruedoxin I of Nr--IVIAC-

to fenredoxin I of A. sacrum. although only one gap at

position 10 is observed. and j-nstead an insertion between

positions 2 and 3 is reco.gnized. Therefore, Nostoc MAC

ferredoxin f seems to represent of a transient form between

A. sacrum ferredoxin II and eukaryotic ferredoxj-ns.

There is no clear evidence suggesting any f\mctionally

difference in the two ferredoxins in one organi-sm although

it has been suggested that they might be physiologically

differentiated in the organism (f3f, I32).

●
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Fig. 3. A d.iagram representing phyletic relations among alga1
ferred.oxins with special reference to gene d.uplication. The

broken bars (---; represent the genes correspond.ing to A. sac:'um

ferredoxin I and higher plant ferred.oxins, other broken bar (--1
thatc.orrespond.ing to N. i[AC ferred-oxin I, and the so]id. bars (-1
those correspond-ing to A. sacrum ferredoxin II and other blue-
green and red. a1ga1 femedoxins.

3. Bacterial Ferredoxins

Cont::any to chloroplast-type fernedoxins which are

very closely related each other, the bacterial ferredoxins

are a very diverse group. As shor,nr in Fig. 7 in chaper IV,

many gaps are pl-aced to align bacterial- ferredoxins. ftre

similarity of ami-no acid sequence of the two halves of

the clostridial-type ferredoxins (f041 have been ad.opted●
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for the strong ev■ dence of interna■  gene dup■ icatione  ln

other bacteria■  ferredoxins, there have been a■ so such

a simi■ arity of two ha■ ves (■ 38)。   TherefOre, it seems that

a■■ contempOrary bacteria■  ferredoxins come from dup■ ication

of an ancestra■  ferredoxin gene which was about a ha■f size

of c■ ostr■ dia■―type ferredOx■n and that var■ ation of

mo■ ecu■ ar s■ zo found in bacter■ a■ ferredox■ ns may be

attr■buted to ■nsertion, de■ etion, and recornbination  ■n

the ferredoxin geneso  A quite obvious insertinon is found

in corrlparison between severa■  c■ ostridia■ and three photo―

synthetic bacteria■  ferredoxins (85).  Long extra segnents

at the Crterrnina■  region are found in C. vinosum, Po ova■ is,

Mo srllegmatis, and Bo stearotherrrlophi■ us ferredoxins.

A phy■ ogenetic tree of bacter■ a■ ferredox■ ns are

constructed by using a matrix Frlethod (■ 23)as described

■n the prev■ ous section.  The rllatr■ x of arrl■ no ac■ d differences

based on the sequence a■ igrlment shown in Fig。  7 in chapter

IV iS ShoWn in Tab■ e 2 and a phy■ ogenetic tree in Fig. 4。

The divergent point of ferredoxins from the ancestra■

one is uncertain, and therefore, this is shown with dashed

■ines.  From the tree, 4 ■arge branches are Observed.

IIlhere is high homology arnOng ferredoxins frorn c■ OStridi■lm,

Megasphaera, and PeptococcuS: they are ■itt■ e change in

stn■ cture of these ferredox■ ns For a ■ong time, because

the trace oF gene dup■ ication is we■ ■ conservedo  Genera■ ■y,

anaerobic organisms such as c■ OStridium, which is on■ y

capab■ e to obta■ n energy frorn ferrnentation, are be■ iё ved

●
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60  87  82  ´5  70

61  86  82  55  71

57  86  81  55  67

57  85  84  55  68

6■   85  82  56  70

62  86  86  57  69

62  86  86  57  68

64  85  84  56  7■

5■   96  92  53  66

49  98  92  54  69

5■   97  93  56  67

×

14  16

19  23

■8  18

23  23

23  23

27  26

3■   35

37  40

33  38

60  61

87  86

82  82

55  55

70  7■

14  19

16  23

×

18  26

25  25

24  25

30  3■

28  30

34  35

3■   32

57  57

86  85

81  84

55  55

67  69

18  23

18  23

18  25

26  25

×

26   2

30  21

37  33

40  35

38  36

6■   62

85  86

82  86

56  57

70  68

23  27

23  26

24  30

25  31

26  30

2  2■

×
33  39

35  38

36  39

62  64

86  85

86  84

57  56

68  71

37  33

40  38

34  31

35  32

40  38

35  36

35  36

38  39

24  ■4

×
49  51

98  97

92  93

54  56

69  67

31

35

28

30

37

33

33

39

＼

24

14

51

96

92

53

66

（
い
０
）

Table 2. Amino acid. d.ifference among bacterial femedoxins as shown

Fig. J in chapter IV.
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FiS. {.Phylogenetic tree of bacterial ferued-oxins.

to be the oldest living form. Chromatium and Chlorobium,

photosynthetlc bacteria using HrS 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

feruedoxins such as horsetail ferredoxins I and IT. From

rlra *zoo n thiosulfatophilum ferredoxin is more resembleva

to C. limi.cola feruedoxin I than ferredoxin fI and the

●
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ferredoxi-n corresponding to C. limicola ferredoxin fI

may exist in C. thiosulfatphi-lum. The non-sulfur purple

bacteria of Rhodospirillum rubrum whose ferned.oxins are

considered to be quite different from those of Chromatium

and Chloroblum as described in chapter IVr may not closely

re■ ated with these photosynthetic bacteria.  Other ferredoxins

on the tree are divided intO tWo group; one inc■ udes D. gi gas

and B. stearotherrrlophi■us ferredoxins and the other P. ova■ is

and M. smegmatis ferredoxirls.  Be stearotherrnophi■us, 二.

ova■ is, and Mo srnegmatis are aerobic bacterュ a hav■ ng

respiratory chains and ⊃。 gigaS iS an anaerobic su■ fate
●

reducing bacteritlrn.  It is obvュ ous that these 4 ferredoXins

changed more rapid■ y than c■ oStridia■ ferredoxins, and

■t is ■rrlpo s s■ b■ e to conc■ ude whether su■ fate reduc■ ng

bacteF■ a Originate after or before the appearance of

A&S!44ieL and photslmthetie bacteria. It is interesting

to note that Mo smegmatis and Po ova■ is ferredoxins are

very simi■ ar to that of Ae Vine■ andii as shobrn in Fig。  ■0

in chapter IV, a■ though it is not c■ ear at present how

these bacteria■  ferredoxins re■ ate phy■ ogenetica■ ■y

to each other。
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