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The Use of Aromatic Residues to Probe · 

the Irori-Sulfur Clusters of Clostridium . .. . ·," 1------
acidi-urici and Clostridium pasteurianum Ferredoxins. 

ABSTRACT 
,1., 

· ... Elliot.L. Packer i ,··, .. 

The published x-ray st1-ucture of oxidized Peptococcus 'aerogenes 

£:erredoxi~, a dosti'idial.:type 'ferredoxin, reveals· thcit: (i) its 

iron and ino'rganic sulfur atoins are arranged into two cube-like iron-

sulfur, (Fe-S) clusters iri which each iron atom is coordinated to a 

cysteinyl sulfur atom; and (ii) its two aromatic amino 'acid· residues, 

that are in conserved positions in ail sequenced clostridia:'i-type 

ferredoxiris are physicaily cl'dse to ea~h Fe-S clJ.!,ster. 

With-, 13C-NMR and 1 H'-NMR techniques, the work reported here 

independently demonstrates thaf iri oxidized and reduced f· · acidi-urici 

and f.~ pasteurianum ferredox:l:ns: (A) the- aromatic r~sidues and certain 

aliphatic residues. are physicafly close to Fe...:s'dusters and may 

fonn weak chemical bonds with the Fe-S clusters; (B) the electron 

spin is delocalized over (or is rapidly exchanged ·with) all the Fe 

atoms in both Fe-S clusters; (C) each Fe-S cluster'is accessible to 

a reducing electron; (D) the midpoint redox potentials of each Fe-S 

cluster,· in each protein, differ by .::_ 10 mY; and (E) the midpoint 

redox potential of each protein differs by 47 ± 10 mY. 

Conclusions A, B, and C are based on the following observations. 

·For both. aromatic residues the 2', 6'- and 1'- ring carbon resonances 

in the oxidized protein and. all of the ring carbon resonances in 

the reduced protein are significantly shifted relative to the 

corresponding resonances of model polypeptides. (The magnitude of 
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the shi,ft is larger in th{'.reduced protein). Unpaired electron spins 

of the Fe-S cluster·s a~e ~xpected to ·shift 'the resonances of ·nuclei 

that.are physically close to ·the Fe-S clusters; This assumes that 

the electron spins are thennally unpaired in the oxidized protein 
. . 

a:nd that the·reducingelectron is assoCiated with the Fe atoms of 

the clusters. (The latter assumption was confinned by showing that 

the ESR resonances of reduced C. acidi-urici and C. pasteurianum· 

[
57Fe] ferredoxins were broader than the resonances of the corresponding 

[
56 Fe] f~rredoxinsJ. 

In the oxidized and reduced ferredoxins the magnitude of the 

ring proton·resonance shifts was·S-lO times smaller than that of 

the ring. carbon shifts of the corresponding (bonded) carbon atoms, and 

the proton and carbon resonance shift pattern was symmetric about the 

1', 4 1 -ring carbon axis. The large carbon:protbn shift ratio and 

symmetri~al shift pattern is characteristic of shifts produced by 

orbital overlap and suggests that a weak bond may fonn between the 

aromatic residues and the Fe-S Clusters. 

Large carbon:proton shift ratios exis't for tentatively assigned 

a-carbon and a-proton resonances of most of the isoleucyl residues 

and the ex-carbon and ex-proton resonances ·of at least three other 

carbon atoms. The a-carbon atoms of most of the isoleucyl residues 

may form weak chemical bonds with the Fe-S clusters. The above 

mentioned a-carbon resonances appear in a group of 7 or 8 signifi-

cantly shifted resonances and shift as a group upon reduction. This 

suggests that the reducing electron (spin) is distributed over all 

the iron atoms and if these resonances do not correspond to the 

.8 cysteinyl residues, then these carbon atoms may also form weak 
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chemical. bp,l}ds. 
. ·.· 

ConClusions D and E are based on: the.fact that: (i) the ring 

carbon shifts of the tyros-11' anl phenylalanyl residues can be dis~ 

. tingulshed- in ·f._ p~st~uri-~n~: and f.'·' a~idi~ur:ld. [Phe 2 ] -ferredoxin 

(a modified-. ferredo~iri in which one tyrosyl residue ha's been replaced 

by a phenylala'nyl residue); (ii) the aromatic residue shift parameters 

of· the· reduced protein is different' from that of 'the oxidized 

protein; .'and· (iii) the inagnltude of ·the ·.ring· carbon shifts is propor-

tiona! to the degree of protein reduction and Fe~s cluster reduction 

within each protein. 

In partially (methy1.viologen) reduced ferredoxin the shift.s 

are proportional to. the degree of protein reduction because the 

reducing electron is rapidly exchanging between the oxidized and 

reduced forms of the protein. The relative midpoint redox potential 

of each protein can be calculated from the 13 C-NMR spect~m of an 

equilibrium mixture of C. acidi-urici and C. pasteurianum ferredoxins 

because the protein m1dpoint redox potential is proportiqnal to the 

degree of protein reduction. Similarly one can calculate the relative 

Fe-S cluster midpoint redox potentials within each p.rotein. 
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PART I. GENERAL INTRODUCTION 

The name "ferredoxin" was coined by D. L. Wharton of the Dupont 

Company and ~as first applie'd to the "iron-redox protein" obtained 

from Clostridium pasteurianum (89). Since then; this name has been 

applied (115) to a number of iron-sulfur proteins that: 

(i) contain equal amo~ts ·of non-heme iron and inorganic sulfur 

atoms; 

(ii) are electron carriers of low redox potentials (E0 ' =- 240 to 

-490 rn.V, referenced to the H
2 
el~ctrode, pH .7); 

(iii) have temperature-sensitive ESR resonances centered around 

g = 1.94 in the reduced state; and 

(iv) have characteristic absorption spectra in the 260-600 nm 

region, the reduced form having a lower absorption than the oxidized 

forms. 

Clostridial-type ferredoxiiis are defined as those which have eight 

iron and ,eight inorganic sulfur atoms, low molecular weight (- 6,000 

daltons)~ and low redox potential(- -400 mV). X-ray studies (121) of 

Peptococcus aerogenes ferredoxin, a clostridial.,.type ferredoxin, show 

that the eight iron and eight inorganic sulfur atoms are arranged into 

two "cube-like" iron-sulfur (Fe-S) clusters (Fig. 1), which form two 

interpenetrating tetrahedra with a cysteinyl sulfur atom coordinated to 

each iron atom. 

Clostridial-type ferredoxin (Fd) can function as an electron carrier 

iii the phosphoroclastic reaction (23): 

Pyrivate + Fd
0

x + GoA 

Pyruvic 
dehydro-

genas~ acetyl GoA + Fdred + C02 
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which transfers electrons to hydrogenase or nitrogenase. The ferre

doxins function on the "hydrogen side" of NAD and NADP, and -the 

transfer of electrons from pyruvate to H 2 gas is coupled to the synthesis 

of ATP, -..vhich (among other things) is essential for the fermentation of 

carbon sources (23 ). The role of ferredoxin in fe~mentative metabolism 

is summarized in Fig. 2~ 

Clostridial-type ferredoxins (that'have been examined to date) con

tain only two aromatic residues' usually either ph{mylalanyl or tyrosyl 

or both (Fig. 3), and these occur in conserved positions (129). The 

only exception to the above is C. tarta:dvorum ferredoxin, which con

tains _a histidyl and tyrosyl residue' in the conse~ved aromatic positions, 

and a histidyl residue in a non-conserved position. The clostridial-type 
. . 

ferredoxins from ~· aerogenes and c acidi-urici have two tyrosyl 

residues, and C. pasteurianum ferredoxin has one tyrosyl and one 

phenylalanyl residue. X-ray studies of oxidized~· aerogenes ferre-

- 2 . 28 
do:Xin show that its two aromatic residues·, Tyr and Tyr , are each 

close to a ~ingle ,-,cube-like" Fe -S cluster- (Fig. 1 ).· (These clusters 

are designated II and I, respectively (2), and the superscript refers to 

the amino acid residue sequence position, starting at the N -terminal 

residue. Amino acid position 30 in C. acidi-urici and C. pasteurianum 

ferredoxin is homologous to position 28 (129) in P. aerogenes ferredoxin.) 

Since cther-clostridial7>-type ~~~redoxins have amino acid sequences 
~; • ·. II 

homologous to that of_!:. i'~roge'nes ferredoxin (12 9)' an: clostridial-type 

ferredoxins are assumed to contain two "cube-like" Fe-S clusters and 

to have similar three-dimensional structures, in which the aromatic 

residues at positions 2 and 30 are physically close to Fe -S clusters II 

and I respectively. 

,, 



ROLE OF AROMATIC RESIDUES: 

The aromatic residues in cio~tridial ferredoxin may have a structural 
~ . • ·J r- • t ~ ~. ~ .~. ~- · ' .. · · · · • . 

or funCtional role or both.. The structural role could be: (i) to provide 

a hydrophobic environ~ent for ~a~h Fe~S cluster, thus protecti:ni it 
. . 

from oxygen or solvent; or (ii) to stabilize the structure of the· Fe-S 
' ' . . . 

cluster by the formation. of a weak chemic'al bond between the aroi:natic 

rings and the iron arid s~lf~r atoms. where the special orientation of 
. . : 

the aromatic residues could be stabilized by' a type of van der Waals 

interaction bet~een the clusters and the potentially polarizable tyrosyl 

rings: or (iii) both. The follo.wing facts a~e .consistent with the hypothesis 
.. 

. th~t the tyrosyi~ residues can pro~de a hydr~phobic environment 'for the 
•' ' 

Fe-S cluster: (i). Elimi~ation. of twoamino'·acids by Ed~an degradation 
• • • • •• •·. • • 4, •• ' 

from 'theN -:te~minal erid of C. acidi~urici apoferredoxin and subsequent 

reconstitution produces an extr.emely uristabl~ protein (76). The same 

is true when Tyr
2 l.'s substituted for smaller amino acid residues. But 

the stability of the reconstituted protein generally increases with the 

size of the substituted amino acid (77). A bulky side chain can sub-

stitute for an aromatic ring. For example, one of these derivatives, 

c.. acidi-urici [ Leu
2

] -ferredoxin, which has a 1eucyl residue in po

sition 2 instead of a tyrosyl residue (77), is biologically active and 

stable (though less stable than native C. acidi~urici ferredoxin); 
' . -.--

(ii) Chromatium ferredoxin, a ferredoxin which has an amino acid se-

quence homologous to that of other clostridial-type ferredoxins but 

with a larger molecular weight, also has a leucyl residue in position 2 

instead of a tyrosyl residue. 
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The amino acid seque~ces of both Chromatium and C-. acidi-o.ric'i 

ferredo:ic.ins are homologous fo~ the first 41 amino adds (N- to C

t~rminal, Fig. :3), and thus contain a tyrosyl residue at position 30. 

Since all sequenced clostridial ferredoxins contain an aromatic residue 

in a conserved position 30, the fuhctional role of the aromatic residues 

cannot be ~uled out at prese'nt. 

In order~ to elucidate the st~uctural and functional roles of aromatic 

residues in clostridial-type ferredoxins-, C. acidi-urici and C. ----- -
. . 

pasteurianum ferredoxins were chosen for study, because their amino 

acid sequences are known. The NMR technique was used hecaus·e it 

allows· one _to probe the physical environment of the aromatic ring nuclei, 

since each nucleus of the ring has a characteristic resonance absorption 

frequency. This technique could also be used to probe the physical en~ 

vironment of aliphatic nuclei.· The focus of this thesis, however, is on 

the aromatic residues of clostridial-type ferredoxins because aromatic 

residues have been implicated in electron transfe:r reactions of other 

electron carrier proteins ( 12 7) and protein model compounds (31). 

Interpretation of the NMR spectra of aromatic residues is facilitated 

by comparing the NMR spectra of C. acidi-urici ferredoxins that con-

tain modified aromatic residues with those of the native ferredoxin. 

Thus it was necessary to deter.mine the feasibility of exclusively in-

corporating normal tyrosine and modified tyrosine undiluted by cell 

metabolism, into this ferredoxin (Experiments 1, 2, and 3 ). 
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DIRECT. OBSERVATION OF AROMATIC RESIDUES IN 
CLOSTRIDIAL;_TYPE FERREDOXINS WITH 13c-NMR TECHNIQUES: 

·.Ring carbon res·onances aresepa~ated froni the resonances of 

aliphatic and carbonyl carbons' in 
13

C-NMR spectra of proteins and can 

thus be readily assigned. Ring carbon resonances can be resolve.d in. 

13C-NMR spectra of clostridial-type ferredoxins that ~ontain 13c in 

natural abundance<- to/~),· but this req\!ires high ( ~ 10 m.M) proteiri 

. ' ' . . ' ' . . ' 13. ' ·•' . 
conceritratiqns and the use of a sensitive . C-NMR Fourier transform 

spectrometer. Carbo~ resonance~ of pr~t~in amino acid residues, 

~like proton r~sbnances, are no't very sensitive to· changes in protein 

conformation and are rarely_.·sh.ifted - 1-2 ppm from the corre'sponding 

carbon resonance positions of free amino acids (53). Carbon resonances 

can be' perturbed, however, by nearby paramagnetic electrons, and the 

effect of oxidation and reduction of ferred~xi~ upon the tyrosyl ring . 

carbons can be monitored and correlated with that of the tyrosyl ring 
' ' 

protons by ?ouble resonance de coupling techniques (128). Since the 

aromatic rings s~ould each be clo_se .to oneFe-S cluster (65) in 

clostridial-type ferredoxins, one. can use the arom.atic residues to probe 

the magnetic environment of each cluster in the oxidized and reduced 

protein. The fact that the aromatic residues can be used as probes is 

independent of whether they have structural or functional roles in 

electron transport. 

DIRECT -OBSERVATION OF ALIPHATIC RESIDUES IN CLOSTRIDIAL
TYPE FERREDOXINS WITH 13c-NMR TECHNIQUES: 

Any aliphatic amino acid that is close enough to an identifiable Fe-S 

cluster and that exhibits a shift in its carbon resonances due to this 

cluster could also be used as a probe. In .order to assign the resonances 
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of such aliphatic amino acids, however, one needs to label the 

clostridial-type ferredoxin selectively with a 10-15% enriched [ 13 c] 
. ' . 

amino acid. Th~ aliphatic ca!'bon resonances of each aminoacid residue 

· 1 · d · · 1~ 13c b d over ap .~~' arenot,easy; to ass1gn1n ,natura. a un ance. Labelin,g 

could be accomplished by groyving,the bacte.rium iii the prese_nce of a 
' • .. • "' .! ·. ' : • • • 

labeled amind acid so that it .may be incorporated specifically without 

dilution into the cell ferredoxin. 

DIRECT OBSERVATION OF AROMATIC RESIDUES IN CLOSTRIDIAL
TYPE FERREDOXINS WITH 1H-NMR TECHNIQUES: 

1
H-NMR 'techniques by themselves cannot be· used to observe iso- · 

topically. unlabeled aromatic residues in clostridial-type ferredoxin, 

because the. ring-proton resonances occur in a region which contains 

other shifted resonances. ·. Th,e t:ing P!'Otori resonances (unlike those of· 

the carbon. nuclei) do not shift significantly in the oxidized or reduc~ad 

C. acidi..:urici and C. pasteuriami;m ferredoxins (see Experiments 7 

1 
and 8), thus H-NMR studies of the aromatic residues of clostridial . 

ferredoxi~s alone would not have revealed that the aromatic residues are 

close to and magnetically perturbed by the Fe-S clusters. 

DIRECT OBSERVATION OF ALIPHATIC RESIDUES IN CLOSTRIDIAL-
TYPE FERREDOXINS WITH '1H-NMR TECHNIQUES: . · . 

Phillips and his coworkers (106) have made 
1

H-NMR studies ~f 

oxidized and reduced C. acidi-urici and f.:_ pasteurianum'ferr~doxins . 

. They have observed at least sixteen)'>r.otoi1 resonances that are signifi.: 

cantly ~hifted from thenormal proton resonances of free amino acids. 

These shifted resonances cannot be assigned at present, but, because 

of the magnitude of their shifts, they are tentatively assigned (110, 111) 
'' 

to the (3-protons of the eight cysteinyl residues of these ferredoxins. 
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' 
(13-protons are protons covalently bound to 13-carbon atoms. ) Even with 

this tentative as signme~t, none of the shifted proton resonances can be 

used to probe the Fe~S dusters, because (a:ssU:ming their 13-proton. 

assignment is correct)' the cysteinyl residues cannot be. distinguished 

Some of the shifted proton reso'nances could be due to very slowly 

excha~geable protons, if these protons 'ar'e closelypacked around.the 

Fe-S clusters. This hypothesis ·canbe teste'd by reco~stftuting 

C. acidi-uri~i ferredoxin in b 2o (Experimen:t .6b). · 

USE OF ESR TO PROBE THE Fe-S CLUSTER: 

g = 1.94 RESONANCES: 

ESR studies of reduced C. pasteuri.anum (94, 100) and C. acidi'-urici 

· (95) ferredoxin suggest that. thereare two .ki~ds of ESR 'resonances pro

duced by these proteins. in C~ p~steurianum ferredoxin, initially a 

pattern with g 
11 

= 2.06, g 
1 

= 1. 94 is observed, but, as more dithionite 

is added, this pattern continues to grow and narrower resonances appear 

nearer g = 2. This is consistent with the fact that clostridial ferredoxins 

contain two types of Fe-S clusters, each accepting one electron. 

g = 2 RESONANCE: 

A tyrosyl radical may be responsible for the g = 2 resonance observed 

, in certainoxidized clostridial-type ferredoxins (96, 100). · This can be 

'tested by comparing the ESR spectra of oxidized ferredoxins that do not 

contain tyrosyl re.sidues with those that do (Experiment 4). 
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USE OF OTHER PHYSICAL METHODS TO PROBE THE Fe-S 
CLUSTERS: 

Mossbauer spectroscopi~ studies of oxidized clostridial ferredoxin 

were performed by Phillips, Bloonistrom and coworkers (15) and by 

Bearden (10). · This rn'ethocl_can distinguish betwee~ oxidation and 

spin states of iron, but not between Fe-S clusters. 

Optical spectroscopy of clostridial f~rredoxins cannot distinguish be

tween Fe .,.s clusters, since the disappearance o{ the absorption maximum 

at A
390 

With reduction represents the sum of reduced chromophores. 

X-ray crystallography has determined the physical environment of 

each Fe-S cluster of crystalline, oxidized P. aerogenes ferredoxin. 
Knowledge of the x-ray structure of reducea ~· aerogenes ferredoxin 
would also be espeCially useful .. The x-ray structure, however, only 

provides 1
' anatomical11 information, while other techniques, such as 

NMR, can 'provide II physiological 11 information. The x-ray techniques 

study the' static properties of ~rystalline protein, while NMR studies 

dynamic properties of the protein in solution. Both approaches are 

complementary and essential to the understanding of ferredoxin struc-

ture and function. 

UNIQUE F'EATURES OF NMR: 

The NMR technique, can determine: (i) if the reducing electron is 

localized or distributed over all the iron atoms (Experiment 8); 

(ii) if one Fe-S cluster is easier to reduce than the other (Experiment 

7c); (iii) if there is interaction between Fe-S clusters, i, e., if reducing 

one cluster makes the other easier or more difficult to reduce; and 

(iv) if the electron is transferred between proteins and between Fe-S 

clusters. 

q • 
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H6pefuliy, this irtfo.rmation will help us learn" aba'ut how the electron 

is transferre'd in and out of the protein, and about what determin-es the 

different redox opte~tials for diff~rent Fe -S proteins that have similar 

Fe-S clusters. NMR and ESR techniques can thus. provide information. 

that is very useful to the biochemist .. 

OUTLINE. OF EXPERIMENTS: 
' .. ... l 

In ord~r to use the aromatic resid.ues 'to probe the. Fe-s· cluste;rs of 
. . . . .· . . .. i 

c'lo.stridial-type ferredoxins by NMR arid ESR techniques it was nycessary 

to demonstrate: (i) ·that modified aromatic residues could be incorporated 

into ferredoxin (Experiments 1, 2 and 3); (ii) · that the reducing electr'~n 
' . 

is associatc;d with the Fe-S clusters (Experiment 4); and (iii) that the 

aromatic residues are close to the Fe.,.S clusters (Experiments 5, 7a, 7b). 

If the aromatic r~·sid.ues are close enough to the Fe-S clusters .to be 

magnetically perturbed by their electron spins, these residues could be 

used to probe the Fe-S clusters of the oxidized and redti.ced ferredoxins. 

The perturbed aromatic residue's could be used to determine, for ex

ample, the 'relati~e midpoint r~dox potential ofeach Fe-S cluster. in 

C. acidi..:urici and C. pasteurianum ferredoxins (Experiment 7c). 

The aliphatic nuclei of these ferredoxins were also studied by 1H-NMR 

(Experiment 6) and 
13c -NMR (Experiment 8) techniques, to determine 

if aliphatic amino acid residues which are also close to the Fe-S 

clusters are magnetically perturbed by the unpaired spins in the Fe -S 

clusters. 

In Experiment 6 one can monitor, with 1H-NMR techniques, small 

changes in the conformation of the aliphatic amino acid residues di-

rectly bonded to the Fe-S clusters in clostridial-type ferredoxins by 



-10-

altering the ferredoxin solvent to contain either D
2

0 or H 20 or NaCl 

or no NaCl. 'I'hes e solvent changes can affect protein conformation. 

1H-NMR of such oxidized and reduced clostridial ferredoxins could 

help us determine if differences in ferredoxin redox .potentials are due 

to differences in protein conformation about each Fe-$ cluster within 

and between clostridial-type ferredoxins. 
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Fig. L Approximate three-dimensional structure of~· aerogenes 

ferredoxin. Dra~ing from reference (65). Numbers next to operi 

circles (cysteinyl sulfur atoms) refer to cysteinyl residue positions. 

Closed and open circles in the Fe-S clusters refer to the iron and in

organic sulfur atoms, respectively. 
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Fig. 2. Role of ferredoxin in fermentation metabolism. Taken from 

reference' 23. 
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Fig.3. A comparison of the primary structures of the ferredoxins se-

quenced to date~ D •. G. , M. A. , C. B. , C. P. , C. A. , C. T.. , and 

C. D., represent Desulfovibrio gigas (incomplete sequence), 

Micrococcus (Peptococcus) aerogenes, Clostridium butyricum, 

Clostridium pasteurianum~ Clostridium acidi-urici, Clostridium 

tartarivor~ and Chromatium D. ferredoxins, respectively. Taken 

from references 132, 165, 13, 130, 117, 129, and 84 respectively. 

Figure from reference 7 5. 
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PART II. GENERAL METHODS AND MATERIALS 

. Section 1. .·· ·Growth of bacteria. 

. ' '. 

Clostridiunn .acidi-urici 

c. acidi-urici was grown and growth was nneasured by a pr'eviously 
. . ' ' 

described nnethod (115), except that the growth mediunn contained: little 

or no yeast extract. Yeast extractcontains significant quantities of 

amino acids (Table 1), and the co~centration of yeast extract nornnally 
.. . 

used inc·. ·acidi-urici growth nnediunn would dilute the annino acid label. 

C. acidi-urici does not require yeast extract for growth (8), but the ·--- . . •.: · .. · , . . 

presence of yeast extract increas~s. cell yield. The concentration of 

yeast extract that gave the largest cell yield and the snnallest dilution 

of annino acid label was approxinnately 0.004o/o · (25 tinnes less than 

nornnally used). Yeast extract was sterilized by nnillipore filtration 

before adding aseptically to the growth medium. 

Clostridiunn pasteurianum 

C. paateurianunn was grown according to methods described else-

where (115). 

Clostridiunn butyricum 

C. butyricunn was grown according to methods described else-

where (9). 
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Table 1. Concentration of amino. acids in 
Difco yeast extract (1 mg/ml) 8

• 

Amino Acid 

aspartate 
threonine 
serine 
glutamate · 
citrulline 
proline 

~- . ' -

glycine. 
alanine 
1/2 cystine 
valine 
methionine 
isoleucine 
leucine 
tyrosine 
phenylalanine 

lnM/ml] 

114.0 
134.6 
201.7 
358.0 
22.3b 

55.9 
130.3 

340.8 

14.9 
204.3 

36.6 
133.0 

200.3 

18.2 

101.6 

a. This was determined by Dr •. A. B. Champion 
(27) using a Beckman amino acid analyzer. 
b. Value was based on the assumption that 
10 umoles of citrulline has a colorvalue 
of 0.58. 
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Section 2. · Sample Preparation 

. . 

PREPARATION OF FERREDOXIN: 

C. acidi-urici FERREDOXIN: 

· The purification procedure usedis a modification by A. B. 

Champion (28) of a previously described method· (115). 100 g. of 

frozen wet cells of C. acidi-u.rici were thawed overr.light at 4°C and 
) --.--.-- ·. . 

suspended in 0.15 M .Tris-Cll 'pH 7.4·; to a final volume of 3-00 ml. 

40 f.J..l. . of a 5 mg/ml solution of DN' ase (Wo~thington, RN' ase -free) was. 

added to facilltate suspension and reduce .the viscosity of the mixture .. 

60 ml. aliquots were sonicated f.or 9-12 minutes in a 'Raytheon sonic 

oscillator, 10 kHz, model DF101. The sonicate was centrifuged at 

30,000 X G for:30 minutes, and the supernatant (crude extract) collected. 

The crude extr~ct ..;,as ~pplied to, a .. 2X40. em DEAE-cellulose (Carl 

Schleicher, and Schuell Co.) column, which had been equilibrated with 
. . 

10 columri volumes of H 2o. The column was washed with pressure with 

1.3 1. of 0.15 M Tris-Cl, pH 7.4, and then with 1.3 1. of 0.05 M Tris-Cl, 

pH 7.4; plus 0.16 M NaCl. . The f~rredoxinwas eluted with a linear salt 

gradient of 500 ml. bf 0.05 M Ti"is-Cl, pH 7.4, plus 0.16 M NaCl and 

500 ml. of•0.05 M Tris-Cl, pH 7.4, plus 0.50 M NaCl. Ten ml. frac-

tiohs were. collected and the appropriate fractions analyzed f?,r A
390 

(ferredoxin) and A 280 (total protein). 
. . 

The pooled ferredoxin peak was diluted two-fold with H 20 and applied 

to a 2. 5 X 8 em. DEAE -'cellulose column. which had been equilibrated 

with 10 column volumes of H 2o.·· The column was washed with 200 ml. 

of 0.05 M •Tris-Cl, pH 7.4, plus 0.23 M NaCl. The ferredoxin was 

eluted with a small volume of 0.15 M Tris-Cl pl~s 0.38 M NaCl. 
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The fer.redoxin from the second DEAE-cellulose column was con

centrated by addition of solid ammonium sulfate to make the solution 
. . . 

90o/o ·saturated. The pH was adjusted to 7.5 with concentrated ammonium 

hydroxide, the solution stirred for 30-40 minute's at 4°C, and then 

centrifuged at 30,000 X G for 20 minutes. The pellet containing the 

ferredoxin was dissolved in 1-2 ml. of 0.075 M Tris-Cl, pH 7.4, and 

applied to a 2~ 5X 90 em Sephadex G-75 column which had been equilibrated 

with .1 L of 0.075 M Tris-Cl, 'pH 7.4. The ferredoxin was eluted with the 

equilibration buffer, five ml. fractions were collected, and the appro

priate fractions analyzed for- A
390 

a~d A
280

. 

The fractions containing the ferredoxin were pooled and solid ammonium 

sulfate was added in small portions ove'r a 15 minute period to make the 

solution 80o/o saturated. The pH was adjusted to 7.5 and the solution 

stirred for 30-40 minutes at 4°C. The solution was centrifuged at 

30,000XG for 20 minutes, anq the pellet containing the ferredoxin dis-

solved in 80 to 10 mi. of 0.15 M Tris,-Cl, pH 7.4, and stored in a 

Thunberg tube under vacuum at 4°C. 

C. butyricum FERREDOXIN: 

Preparation was the same as that for C. acidi:-urici with the following 

exceptions. 

64.8 g. of C. butyricum (strain 2981A from Dr~ C. S. Cummins of 

the Virginia Po,lytechnic Institute, Blacksburg, Va., which sould be 

equivalent to ATCC 6014) was suspended in 100 m.l. 0.1 N Tris -Cl 

buffer, pH 7 .4. 

The ftrredoxin was washed on the second DEAE column (2. 5X 8 em) 

with 40 ml. 0.05 M Tris buffer, pH 7.4, plus 0.19 M NaCl. It was 
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eluted with 100 rnl. 0.15 M Tris-Cl buffer, pH 7.~; plus 0.23 N NaCl. 

P~oled ferredoxin fractionsJrorn thesecond DEAE cellulose column 

were brought to 95o/o of saturation with ammonium sulfate. C .. butyricurn 

does riot r~adily crystallize ·with ~ven 100% s aturateq ammonium sulfate. 

Any c~precipitat~d ferredo~in in the precipitate of the 95%. of saturation 
. . . .. . 

ammonium solution. was p~r'ified by pa'ss'ingit through a Sephadex G-75 

column. The pooled ferred~xin'fractions · (A
390

/A280 = 0. 82) were added. 

to the supernate (mother liquor) of the 95% ·of saturation ammonium 
. . . 

sulfate solution .. This was added to an ammonium .sulfate -DEAE 

cellulose column (third DEAE cellulose column) .. 

The third DEAE cellulose column (1.5X 8.0 ern), that had been 

equilibrated with H 2o, was now· equilibrated with 75% of saturation 

ammonium sulfate solution. The ~other liquors, of all the ammonium 

sulfate ferredoxin crystallization attempts, were added to this column, 

the ferredoxin stuck t~ the coi~tirn and it was eluted off the 0. 38 M NaCl 
. . . . 

plus 0.05 M Tris-Cl, pH 7.4. ·This .toilcentrated the ferredoxin 10-fold. 

The pooled fractions were -further concentrated. in a Thunberg tube 

by careful evacuation of H 20 with a lyophilizer to about half of the 

original volume. · The final concentration of ferredoxin was 2. 26 rng/ml, 

or a total of 4. 52 mg. of ferredoxin per 64 g. of wet cells. 

C. pasteurianum FERREDOXIN: 

C. pasteurianurn ferredoxin was prepared by James Brodrick by 

previously described methods (115). 

C. cylindrosporum FERREDOXIN: 

Preparation of C. cylindrospor,um ferredoxin was the same as for 

C. acidi-urici ferredoxin with the following ~xceptions. 



-22-

Cells were suspended in 0.12 M Tris-Cl buffer; pH 7.4. 

The first DEAE cellulose column was washed with 1.3 liter 0.012 

M Tris-Cl buffer, pH 7.4, and then with 1.3 liter 0.12 M NaCl plus 

0.05 M Tris-Cl buffer (pH7.4). The ferredoxin was eluted with a 

linear salt gradient of 500 ml of 0.12 M NaCl plus 0.05 M .Tris-Cl, 

pH 7.4, and 500 ~1 of 0.5 M NaCl plus 0.05 M Tris-Cl, pH 7.4. 

The ferredoxin in the second DEAE cellulose column (2. 5X 8 em) 

was washed with 50 ml 0.19 M NaCl plus 0.05 M Tris-Cl buffer, pH 7.4. 

C. cylindrosporum ferredoxin was crystallized from the G-75 column 

with ammonium sulfate brought to 95o/o of saturation. 

PREPARATION OF APOFERREDOXIN: 

This preparation is basedon a previously described procedure (59) 

with the following modifica:tions.. c·. acidi-U:ri.ci ferredoxin, 14 mg in 

11 ml of 0.015 M Tris-Cl, pH 7.4, was made 4o/o in trichloroacetic acid 

with a 15o/o trichloroacetic acid solution. This mixture was allowed 

to stand for 1 hour at 0°C. Evolution of H 2S gas was noted throughout 

this period, and the brown color of ferredoxin was completely bleached 

at the end of this period. The white suspension was centrifuged at 

33,000X G for 10 minutes and the supernatant solution was discarded. 

The precipit(lte was washed with 3 ml. of 0.023 M formic acid and 

allowed to stand for 30 minutes at ooc and centrifuged. The washing 

was repeated once. The precipitate was finally taken up in 4 ml of 

0.1 M Tris-HCl, pH 9.0, and the insoluble material was removed by 

centrifugation. . ' 



RECONSTITUTION OF FERREDOXIN FROM APOFERREDOXIN; 

Apoferredo.xin was reconstituted by previously published methods· 

(59) with the .following modifications. 

To 0.5 ~1 of 0.5 M Tris-Cl(pH 8.3 at 25°C) that had.been flushed with 
. . 

N
2 

for 5 minutes, .o;48 g re.cryst~llized urea (to make ·8 M urea) and 

H 20 were added to bring the voluine to 2.0 :rtiL This solution was bubbled 

with N 2 for 5-10 minutes, and 21 mg dithiothreitol (to make 0.07 M 

dithiothreitol)' was added. 0. 5 ml of this s·olution was added to 2 mg of 

apoferredo~in, whi~h was fl~shed with N
2
.for '2 -3 minutes ·and incubated 

at 3 7° for ,1 hour. 
. . 

·Recrystallized urea was prepared by dissolviD:g commerCial urea 

(J. T. 'B~ker; Chemical Co.) in a minimal volume of hot acidic absolute 

ethanol, to which were add'ed 1-2 drops concentrated HCl. . This was 

allowed to stand at room temperature. The resultant c'rystals were 

filtered by Whatman No. 1 filter paper in a Buchner funriel, washed wit}?. 

cold ethanol, and dried in a desiccator over P 2o 5 overnight. 

First 0.1 ml of 0.1 M Na2S~ 9H
2
o and then 0.1 ml of 0.1 M FeS04 (NH4 )

2
SO 4 

were added to the ferredoxin solution. This was mixed and 3.0 ml of a 

solution of 0.1 M Tris-Cl, pH 7.4, plus 0.035 M dithiothreitol (that had 

been previously flushed with N 2 ) was quickly added. This mixture was 
I 

incubated and flushed with N2 at room temperature for 15 minutes. Then 

it was cooled on ice and applied to a 1.0X 8.0 crh DEAE cellulose column 

that had been equilibrated in the cold with 0.15 M Tris -Cl, pH 7 .4. The 

ferredoxinwas washed with 20 ml 0.23 M NaCl plus 0.005 M Tris-Cl, 

pH 7.4, and eluted with 10-20 ml 0.58 M NaCl plus 0.005 M Tris-Cl, 

pH 7.4. 

; . 
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Larger quant'ities of apoferredoxin were reconstituted by scaling up 

the quantities. When apoferredoxin was reconstituted in D 20 all 

reagents that could be lyophilized were, and were then redissolved m 

D 20. , Those reage"nts which could not be lyophilized (such as DE~E 

cellulose) were equilibrated with p 2o (Bi'o'rad Laboratories ·99.84.% 

pure). 

PREPARATION OF CELL PROTEIN: 

Two ~ethodswere· used in the preparation of cell protein" In the 

first method (146)~ cells grovrn in 2 1. flasks were centrifuged at 

30,000X G for 1 hour and suspended ih cold 5% trichloroacetic acid 

(TCA) to precipitate protein. The TCA suspension was centrifuged a·t 

30,000 X G for twenty minutes after· standing for 1 hour" The supernate 

solution was discarded and the pellet washed with cold 5% TCA" This 

suspension '-vas then incubated for 15 minutes at 90°C to solubilize 

nucleic acid components, and. then centrifuged for 20 minutes at 

30,000 X G.· The supernate solution was discarded and the pellet was 

dissolved in 1 M Tr:is .,.Cl base. This alkaline solution was dialized 

against H 20 for 48 hours, and the desalted protein solution was then 

lyophilized and stored in a vacuum desiccator. 

In the second method, the pass-through of the first DEAE cellulose 

column (see Pr~paration of Ferredoxin) was brought to 95% of saturation 

by (NH4 )2so4 . This was dialyzed three times against six liters of 

H 20 for 24 hours, ·lyophilized, and stored in a vacuum desiccator" (The 

DEAE cellulose colunm presumably removed most of the nucleic acid 

components)" 
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PREPARATION OF SAMPLES FOR AMINO ACID ANALYSIS: 

Apoferredoxin prepared from ferredoxin (59) was hydrolyzed with 

6 N HCl in a vacuum for 24 hours at 110°. The hydrolysate was evap-

orated to dryness at 37°, resuspended in 250 f.i.l amino acid analyzer 

buffer A (Na .citrate 0.2 M, boric ·acid 0.001 M, thiodiglycol 0.25%, 

pH 3.2), centrifuged, and the supernate solution applied to· an amino acid 

analyzer column that was connected directly to a fraction collector. 

With 
14

C-ferredoxin the radio~ctivity of 0.4 ml of the 1. 5 ml fractions 

was determined, and the elution pattern was compared with that of a 

standard s·et 0.33 iJ.Ci of[14c] amino acids which had been previously 

analyzed ·on the same analyzer. 

PREPARATION OF SAMPLES FOR NMR: 

Partially reduced ferredoxin. was prepared at 4°C by dissolving 30 mg 

of ferredoxin in 2 ml of 20 mM Zn-reduced methyl viologen, 0. 07 M 

KD2Po4 -K2DP04 , pD 7.0 (pH 7.4). _£. acidi-urici ferredoxin was only 

partially reduced by this procedure. More completely reduced 

ferredoxin was obtal:ned by first washing the ferredoxin pellet with 20 ml 

of 20 rnM reduced methyl viologen in 80% saturated (ND
4

)
2
So

4
. The 

methyl viologen was reduced by passing it anaerobically through a 

column of.powdered Zn that had been cleaned with 0.1 N HCl (133) and 

washed ~th 0.2 M KD2Po4 -K2DP0
4 

buffer, pD 7.0. The bottom of the 

column was fitted with a sintered glass disk, and the methyl viologen 

was added to the ferredoxin with a syringe. This procedure was used 

to insure that no Zn particles entered the n~ethyl viulogen solutions. 

Reduced methyl viologen cannot be stored in Zn because methyl viologen 

will accept two electrons with an excessive amount of Zn and become 
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doubly reduced. The doubly re<lucedform of methyl viologen is very 
. r , • 

insoluble i,nH
2
o and does not react with ferredoxin. When the doubly 

reduced form of methy~ viologen precipitate~:~ out of .solution, the electrode 

potential of the solution inc_reases because the electrode potential is a 

function of the concentration ratio: . ' '.. 

Partial~y reduced ferredoxin free of (ND4 )2so4 was prepared by 

adding reduced methyl viologen to a dialyzed ferredoxin preparation 

previously deaerated and. concentrated b.y careful evacuation in a Thunberg 

tube modified to c·ontain a septum cap~ ESR arid 1H-NMR meas~rements ·· 

of reduced and reoxidized c .. acidi-urici ferredoxin show that methyl 

viologen reduction does :riot detectably denature this ferredoxin ( 96 ). 

PREPARATION OF SAMPLES FOR ESR: 

OXIDIZED FERREDOXIN: 

0.4 ml of 5 mg/ml fe~redoxin in 0·.15 M Tris-Cl buffer, pH 7.4, irt 

a 4 mm quartz ESR tube was slowly immersed in a liquid N 2 bath. 

Frozen samples were quickly placed into the ESR cavity, which had been 

precooled by liquid He. After the ESR measurement, the frozen samples 

were quickly immersed into H 20 at room temperature. When thawed, 

an aliquot of the ferredoxin sample was diluted with 0.15 M Tris-Cl 

buffer, pH 7.0, and.the ratio of .A
390

/ A 280 was determined. 

REDUCED FERREDOXIN: 

.10 ml 0.2M methyl viologen, deaerated byrepeated evacuation and flushing 

with Ar, was added by a syringe (previously flushed with Ar) to 5-10 mg 

of 20 mesh Zn pellets in a Thunberg tube, modified as described above. 

Aliquots of this Zn-reduced methyl viologen were added to aliquots of 
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ferredoxin .which had been p·reviously.deaerated by repeated evacuation 

and flushing with Ar in an ESR tube, which had been modified into a 

Thunberg tube with a-septum cap, to make a total volume. of 0.4 rnl~ 
. . .· . : . ' 

For dithionite-reduced ferredoxin, 2-5M excess of 0.15 M Tris-Cl 

buffered (pH 7.4) Na
2
s

2
o

4 
was added to aliquots of deaerated ferredoxin. 

·Section 3. 'Instrumentation 

ESR INSTRUMENTATION (80} 

ESR spectra were obtained ·at X-band using a 'JEOL ME-1X ESR 

spectrometer operating at 1.4'mw and a frequency of 9.'10 GHz. Samples 

in standard quartz tubes (3 :rrim inside diameter X 4 mm outside diameter) 

were cooled to 25° K by a stream of boiling 
4

He gas passing through a 

quartz dew~r assembly placed in the 'cylindrical-mode ESR cavity. The 

temperature of the sampl-~ "was monitored by acarbon-resistance 

thermometer placed 10 mm upstream from the sample position; its 

readings were compared with those of a similar carbon-resistance 

thermometer used as a substitution probe in place of the sample tube. 

Temperatures with carbon-resistance thermometers were determined 

by interpolation between resistance values at the boiling temperatures 

4 
of He and N2 . First-derivative ESR spectra were obtained using 100 kHz 

modulation of the magnetic field; 8-15 spectra were 11 signal-averaged" 

by using a small digital computer (PDP-8/L with AXOS analog-to-digital 

converter), and the resultant averaged spectrum was plotted on a X-Y 

recorder. 

NMR INSTRUMENTATION 

The 
13

C-NMR measurements were done at 23.4 KGauss with a Varian 

XL-100 spectrometer interfaced to a Nicolet 1080 computer, and modified 
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for Fourier tr~sform (FT) operation (123). Signal accumulation in · 

theFT mode is generally much more efficient than in th'e continuous 

wave mode, and ·a: significant g;!iin in signal to noise relative to the con-. 
.. . :· . 

tinuous wave mode is possible. (4S, 11). A 12 mm.probe insert coil was 

used to maximize. sensitivity; and a Wilmad cylirid::dcal capillary mac~o

cell was u.sed to co:ntain the sample to minimize. sample ~olume. (The 

mac roc ells require· ~pp~oxizliately o:7 cc of material). The protons 
. . 

we~e de coupled from the carbon's with either coherent or noise -modulated 

radio frequency(rf) radiation at ca. 100.0·6 MHz .. The magnetic field was 

locked to the first lower sideband resonance of thedeuter:lum in the sol-

ventD
2
o, which occurs at 15.400950 MHz .in the XL-100 spectrometer 

used. A repetitive series of~· 25.167 MHZ rf pul~es of 60 f.LSeC duration 

and 300 V peak to peak (p-p) were used to rotate th.e .13 C m'agn:etization 

90° from its equilibrium positio~ along the external magnetic field. In 

the ferredoxin study the free i;,ductiori. decay signal produced after each 

rf pulse was sampled' ~t a' Zo KHz rate after· a delay of 800 f.LSec measured 

from the rise of the rf pulse. 
, . . . ' . . . . . 

The free induction decays were accumu-

lated in either 4096 or 8192 channels of the Nicolet computer, filtered 

by multiplying the decay function by a suitable exponential, Fourier 

transforming the result using 8192 channels and then phase corrected 

to obtain absorption mode spectra extending 10 KHz in theory with ca. 

2. 5Hz maximal resolution. The crystal filters bf the Varian receiver, 

however, limited the extent 6£ the spectra of 7. 5 KHz.' 

A delay time, 7' D' of 800 f.LSecs was introduced to eliminate or reduce 

·transients introduced by the rf pulse and subsequent gating. The ap-

pearance of the ferredoxin spectra were sensitive to these transients 
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because ofi(i) the large number of accumulation required (;::. 100 ,000) 

to obtain a reasonable signal to nois~ ~atio,. and (ii) the difficult ex

perienced in balancing the probe bec~use of the high ionic strength of 

the protein solution. This balancing difficulty resulted in'increased rf 

leakage .aJ:!d ·a' relatively lar.ge transient. . The free induction signal ob

taine~ after a sampling delay,' r D' is mathematically equivalent to multi

plying the free inducti6n signal obtained without any sampling delay by 

a function f(t) that is 0 in the time interval 0 < t .( 1'D and 1 for 

t > T 
0

. · TheFT of the dela.y~d free induction de cay is therefore identical 

to the function obtained by convoluting the FT of the non-:delayed free 
. . 

. . . . . . 

induction decay signal with F(w), the FT of the f(t) function. F(w) is of 
. . ' . 1 

the form where w d~notes frequency in Rad Sec- The consequence of 
. . 

this convolution is twofold: (i) residual transients manifest themselves 

in a sinusoidal'-like base lirte oscillation which extends across the entire 

spectrum. As T D is increased the frequency of this base line oscillation 

increases but the amplitud~ decreases. (The baseline oscillations in the 

figures below, while esthetically disturbing, did not significantly inter-

fere with measurements of the intensity or frequency of the aromatic 

resonances.);· (ii) Any intense resonances present in the spectra acquire 

oscillating tails which cart interfere or obscure weaker resonahces. 

A further consequence of a long delay T D is to cause selective intensity 

changes whereby broad lines with transverse relaxation times comparable 

to -r0 are d!minished relative to narrow line resonances which are un

affected. In our study this causes an intensity decrease in the broad 

aliphatic region of the spectra. The relatively narrow aromatic reso-

nances are unaffected. 
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The distortions that result from a clelay time, TD' can be reduced 

through cosmetic software, . appropri.ate apodization. of the, f(t) function 

so that it does not rl.se rapidly, and' improved gatin'g so that T D can be 

decreased. 

High-resolution proton NMR spectra were obtained on a Varian 

· 220-MHz (HR220) spectrometer. A standard Varian variable temperature 

control unit was used. The temperat_ure in the. sample zone was de

termined from the chemical shifts of the resonances of an ethylene glycol 

sample. In the temperature range 7°- 35°C, the regulation is better 

than± 1° over the period of time required for any of the experiments 

described in this thesis. Signal-to-noise ratios were improved by em

ploying a Fabritek 1062 computer of average transients. An rf field of 

1 milligauss was used with a _sweep rate of 20 Hz sec - 1 
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. PART III. RESULTS 

Section 1. . Incorporation of modif:1ed tyros·ine 

into Clostridium acidi~urici fer~edoxin 

Experiment 1 . 

Incorporation of [ 14c] tyrosine into 

Clostridium acidi-urici ferredoxin 

SUMMARY: 

[ U- 14c] Tyrosine is incorporated into growing C. acidi-urici, -----
and the only [ 14c] amino acid present in ferredoxin purified from C . 

. d. . . . th f[14C] . . .. [14C] . ~-~ grown .1n e presence o tyros1ne 1s tyros1ne. 

The experiments that demonstrated this result were: 

(i) uptake of [ U - 14c] tyrosine, in the presence and absence 

of [
12c]. carrier tyrosine. This was determined by measuring the 

radioactivity of cells and trichloroacetic acid-precipitable material 

as a function of time; 

(ii) purification of [ 14c] ferredoxing from two liter cultures 

grown in [u-14c] tyrosine; 

(iii) preparation of [ 14c] apoferredoxiii for amino acid hydro!-

ysis; 

(iv) amino acid analysis of the acid hydrolysate of [ 14c] ferre-

doxin. Ninhydrin analysis was performed by the amino acid analyzer 

to provide further proof of the purity of ferredoxin. The effluent of 

the amino acid analyzer column was collected in fractions. The 



··i' .. 

-32-

presen~e. of radioactivity .lrt these fractions was then determined after 

standardization of the column with a known mixture of[ 14c] amino 

acids. The amino acid hydrolysate of ferredoxin isolated from cells 

grown.in the presence of [t 4c] tyrosine, exhibited one radioactive 

peak, which was identified as tyrosine. 

INTRODUCTION: 

Isotopically lab~led tyrosine.'is very expens:lve to prepare and it 

is necessary to know the concentration that is most. efficiently incor-
. . 

porated into cell protein. If to'o little is added to the 'growing culture, 

there may not be enough to "induce a permease (if it exists), or, if 

there is enough to induce a permease, it may not saturate the cells, 

and the ,labeled tyrosine will be diluted by [ 12c] tyrosine produced by 

cell metabolism. If too much tyrosine is added, not all of it may be 

incorporated, since the final cell density is limited by the solubility of 

its carbon source~ uric acid. 

The purpose of the first series of experiments was to determine: 

(i) .if ( 14c] tyrosi~~ and ( 14c] alanine are incorporated into 

growing C. acidi-urici. Incorporation of these amino acids has not 

been previously demonstrated. [ 
14c] Serine incorporation into ~· 

acidi-urici prot'ein has been demonstrated by Dr. A. B. Champion (28), 

and its incorporation was used as a control. 

(ii) the minimum tyrosine concentration that induces a per-

mease, and the concentration of tyrosine that saturates the system. 

In this experiment incorporation into TCA precipitable material was 

used to tneasure the' extent of [ 14c] tyrosine incorporation into pro-

tein to see if the increase in incorporation was a function of cell growth. 
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(iii) the effect of yeast extract on the efficient incorporation of 

[ 14c] tyrosine into protein. The growth medium normally includes. 

0.1% yeast extract, which contains 1 .• 8 X10- 2mM tyrosine, which is 

about four times greater than the concentration of new tyrosine pro-

duced by one generation of cells; medium with 0.01% yeast extract will 

not significantly dU~te any [ 1.4C] tyrosine in cell protein after Jour 
, .. 

generations, but it may increase cell yield. 
·,1" 

METHODS AND MATERIALS: 

[ 14c] AMINO ACID INCORPORATION INTO GROWING 
C. acidi-urici CELLS: 

Log phase C. acidi-urici grown on uric acid medium (115) with 

no yeast extract were transferred to serum~capped test tubes contain

ing either [ U-
14c] tyrosine, [ U- 14c] serine, or [ U- 14c] alanine 

(Amersbam/Searle Corporation), and were incubated'at 37° C~ for 

various times. These test tubes had be'en flushed with N
2 

and pre-

incubated at 3 7° C. for 5 minutes before inoculating them with cells. 

The complete incubation mixture ( 1 ml) contained 5 X 10 7 cells, 5 ml 

NaCl, 1 mM carrier [ 
1 2c] amino acid, and either 1 IJ.Ci [ U - 14c) 

tyrosine, [ U'- 1 4C) serine, or [ U- 1 4c] alanine (2.44, 6.25, and 8.55 

JJ.M, respectively). 

At different incubation times 2 ml of cold 0.15 M Tris-Cl buffer 

(pH 7 .0) were introduced into each tube. The contents of these tubes 

were filtered with 0.45 JJ. ·millipore filters, which were then washed 

with 6 ml of the same buffer. The washed filters were transfer~ed 

into 10 ml Bray's solution (21) for scintillationcounting. 
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EFFECT OF ( 
12

c] TYROSINE CARRIER CONCENTRATION ON 
( 14c] TYROSINE INCORPORATION: . 

·Cells were grown as above, except that the 5 mM NaCl was re

moved from the incubation medium,. which now contained 5 X 10 
7 

cells, f mg. yeast extract (1.8X10- 2:mM tyrosine), 1 J-LCi I 14c] tyro~ 
. . 12 . . . . . . 

sine (2.5 J-LM) and 0, 0.1 mM, and 1.0 mM ( C] tyrosine, an· in 1 ml. 

Uric acid concentration and cell density were monitored by mea-

suring 1/100'dilution of cultUre at A
290 

and 0.5 ml culture plus 0.5 ml 

0.9% NaCl at A
660

, respec'tively (29). One ml of incubation mixtur.e 

was filtered and washed with Tris-Cl as above. This represented the 

cell fraction (pool plus protein). The protein fraction was prepared by 

adding to another 1 ml sample of incubation mixture 0.1 ml of 50% TCA 

at various times, to precipitate protein. This sample has then incu-

bated at 90° for 10 minutes, . cooled 20 minutes in an ice bath and mil-

lipore-filtered and washed with 7 ml cold 5% TCA. This step removed 

nucleic acids ( 146). The millipore filter containing TCA-precipitable 

material was put into Bray's solution for scintillation counting. 

EFFECT OF YEAST EXTRACT CONCENTRATION ON [ u14c] 
TYROSINE INCORPORATION: 

Cells were grown as above, except that the incubation mixture 

(33 ml) contained 1. 5 X 1'0 9 cells (suspended in ~0 ml growth medium 

without yeast extract), 0.5 J-LCi (1.25 j..Lm) l 14c] tyrosine, and 0, 3, and 

30 mg yeast extract, in serum-capped bottles. At various times 1 ml 

of incubation mixture w~s millipored and washed with cold 0.1 5 M 

Tris-Cl buffer to measure total incorporation into cells, 1 ml was 

made 5% with respect to TCA with 0.1 ml 50% cold TCA and treated as 

t· 
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described above, 5 mi was made 5o/o TCA with 0.5 ml 50% TCA and 

saved for protein determination by the Lowry method (147) .. 5-10,f.J.l 
' ' . . --: ... ' . -· 

were placed on a Pretroff-Hauser cell counter to measure cell num-

- ber, and the rernai~ing 27''ml was centrifuged at JO,OOO XG. The 

supernate soluti~n wa~ dried il1 glass scintillation vials t6 determine 

how much. fU - 14c) tyrosine ~as riot 'incorporated into the cells~- This 

latter measurement is only qualit<ltive, because of the quenching effect 

of the residue of salts from 30 ml of growth medium. A better method 
- . 

used in .subsequent expe~iments, involves testing, 0.4 m1 of a millipored 

filtrate for unincorporated radioactivity. 

PURIFICATION OF FERREDOXIN OBTAINED FROM C. acidi-urici 
GROWN IN THE PRESENCE OF [ U-14c] TYROSINE: - --· ---

c: acidi-urici was grown. in 2 liters of growth medium (see ----. 
·. . ._. . . -. ., 14 .• 

General Methods) containing 50 JJ.Ci [ C] cells were added to 33 g 

(wet· weight) of unlabeled cells. Ferredoxin was purified by a proce-

dure (115), modified by Champion (28). 

RESULTS AND DISCUSSION: 

[ 
14c] AMINO ACID INCORPORATION INTO GROWING C. acidi-urici 

CELL& -

[U- 14c] tyrosine, [U- 14c] alanine, and [u:.. 14c] serine were 

individually incorporated into growing g_; acidi-urici (Figs. 4~ 5, and 

6 respectively). The "expected" incorporation o-f [ 14c] am:lno acids 

is calculated as follows. Roberts et al. (118) derive a theoretical quan-
. '. -- -

tity of radioactive product per cell mass: 

X* 
Q 

xo = (1 -e-at) 
Qo 
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X* . =quantitY of 
14c amino acid in cells at timet (hours). 

This quantity is corrected for the dilution due to 

12 ·. . .. . 
( C] amino acid carrier . 

. · . 14 ' 
= quantity of [ C) amino add at t = 0. 

= mass of c\ells at thne t. 

Q · =mass of .cells at time .t = 0. . 0 

a = spec'uie' ra.te of incorporation. 

If the specifi.c rate oflhco~po~ation, a, isproportional to the 

specific growth rate of the cells, then the incorporation of [ 14q amino 

acid is a functioh of cell growth~ 
. . ~ . 

The observed concentration of incorporated [ 14c] amino acids 

deviated slightly from the expected concentration and it is not due to 

the dilution produ·c.ed by [ 12c] tyrosine carrier, since the dilution was 

taken into account in the calculations. 

EFFECT OF ( 12c] TYROSINE CARRIER CONCENTRATION ON 
("14c] TYROSINE !N"CORPORATION: . 

The total incorporation of [ U .:. 14c] tyrosine (fJ.mole/ml) was 

diluted by [ 
12c] tyrosine carrier but the. specific incorporation 

(fJ.mole/ml/g cells) is essentially constant (Fig. 8) after the initial 

burst of incorporation, i.e., the total [ 14c] tyrosine incorporation 

increases with the increase in cell ma-s·s, and incorporation is thus a 

Junction of cell growth. 
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EFFECT.OF YEASTEXTRACT CONCENTRATION ON (U-:- 14c] 
TYROSINE INCORPORATION: . . . . .· ' 

Reduction of the yeast extract concentration ih the growth medi

um i~creases ·the total ~mount of (U -14c] tyrosine incorporated into 

C. acidi-ur:l~i p~6tein (Fig. 9). 

The le~eling o·f.f' of {tJ-14c] tyrosine' incorporation when there is 

no or . O~Oio/o y~~st extr~ct.present (Fi~. 9) may be because there is 

not enough ( 14c] tyrosin~ in the incubation medium to account for the 

tyrosine ·tontent of ·newly synthesized protein from one generation of 

cells. In fa~t, the concentrati~n of ( 14c] ty-rosine in the incubation 

rrii:X:ture is at least •100 times less than the tyrosine content of 40 IJ.g 

dry weight (ohe ge.neration/ml) of cells. This assumes a tyrosine 
.. 3 ; ·' . '. . . 

·content of 4X10- IJ.inoles/rril/generation, if tyrosine is 2% of the 

cell' s dry weight (29). 

The tyrosine con.centration that induce·s· a hypothetical permease 

was not determine.d; it is at'le~st 3.7X10._ 8 M since thereis incorpora

tion with that much [ U - 14c] tyrosine in the .medium with no yeast ex-

tract (Fig. 9). The tyrosine concentration that gives maximum incor

poration is at least 1.8 X 10- 6 M. This is because the observed max

imum [ 14c] tyrosine specific activity (Table 2) essentially agrees 

with the quantities calculated for various input concentrations of 

[ [ 
12c] tyrosine + [ 14c] tyrosine]> 1.8 X 10- 5 M. . 

The 1.8X10- 6 M tyrosine concentration that begins to give max-

imum tyrosine incorporation is consistent with the observation by 

Chen (29) that the concentration of amino acid that produces one hal£ 

the maximum rate of its incorporation is 1 o·- 5 M. 

') 
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PURIFICA',I'ION OF FE:R,REDOXIN,O.BTJ\,INED FR.OM C. acidi-urici 
GROWN IN THE PRESENCE OF ( U:-14cl TYROSINE:--: 

The purification proc~dure and re~ults are summarized in Table . 
I • ' ~. ' • ' ' ' ., : •. . • . ' 

3 arid Figs. i 0 and H.· One. radioactive peak, SO tUn,es greater than 

ba~kground.,r.adi~~ctivit)r, '\vas obs~~ved (Fig~. '1.2), and it·s~position. cor

responded. to that of a [ 1 4c] t;r·osine standard: (Fig. :13, Table 4). The 

radioactivity i~ thii peak accounted for' 70o/o of the radioactivity of the 

labeled ferredoxiit. .This is-'a reasonable y{eld, ·considering the losses 

that can oc.cu:r on preparatioh and transfer· of small volumes of apoferre-. 

doxin and its hydrolysate'.' · · : .. 

: ~miqo acid analysis of the [ 14c] ferredoxin hydrolysate revealed 

that,· as with [ 12c] fe~redoxiri, ·no methionine, leucine, phenylalanine, 
. . . . . . . '" 

histidine, or lysine are present in this protein.' The amino acids that. 

are present in the ( 14c] ferredoxin hydrolysate occur in the same mo

lar quantities found (61) in [ 
12<;:] ferredoxin (Table 5). 

. ' . ' 

The UV and vi~ible absorption spectra of ·C. acidi-urici [ 14c] 

ferredoxin are identical to those of C. acidi-urici [ 12c] ferredoxin. 

REGULATION OF AMINO ACID SYNTHESIS: 

The fact that [ 14c] tyrosine was incorporat~d undiluted into C. 

acidi-urici ferredoxin demonstrates the existence of some regulatory 
. . ' 

mechanism for the synthesis of tyrosine in £. acidi-urici. Regulation 

may involve induction of a permease and repression of tyrosine synthe-

sizing enzymes analogous to regulation mechansims demonstrated for 

other bacteria (3, 14, 22, 90, 91, 92). 
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[ 14c], Serine "incorp~ration has been demonstrated by Champion 

(27), and was u"sed as a co~trol .fo~ the previoueily-undemonstated [ 
1 't] . 

14 . . " . ' •. 
alanine and [ C] tyrosine incorporation. Chen (29) has· shown by the 

. use 'of [ 1 :. 14cf glycine and [ 2~ 14c] · glycin~ that both glycine carbon. 
i . 

atoms· are incorporated into all the amino acids of £. acidi-urici pro

tein. Thus,. glycine is metabolized. Presumably alanine and serine 
. . . 

are also metabolized by £.' acfdi-u'rici. The metabolic pathway pro-

posed by Champion· (28) fo:rthe utiiizatio'h '6f gtyci~e in~. acidi~urici 

shows that glycine produces. serine via Serine hydroxy:methyltrans

ferase. Presumably acetate (which should be produced by serine after 

at least four enzymatic step~ (28)) produces alanine by a transamina

tion reaction (29). The labeling pattern of protein from C. acidi-urici 

grown individually on [u-14c] alanine and[U-
14c] sedne was not 

tested, however. 

[ 14c] Tyrosine, if i( is incorporated, is usually not metabolized 

by bacterial cells (14), but instead goes dir~ctly. into proteins (90). 

Tyrosine incorporation and the fate of labeled tyrosine have not been 

previously studied in C. acidi-urici. In Escherichia coli [ 1-
14c] 

glucose and [ 2- 14c] glucose contribute radioactivity to protein tyro

sine (135), but [ 
14c] alanine and ( 14c] serine do not contribute radio

activity to tyrosine in E. coli (135). Chen (29) found that 
14c of 

[ 1-
14c] glycine and [ 2-

14c] glycine is found in the tyrosine of ~ 

acidi-urici protein. The [
14c] tyrosine specific activity observed (29) 

was three and four times that of the [ 
14c] serine found in the protein 

from cells grown in the presence of [ 1-14c] glycine and [ 2- 14c] 
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. . . . 

glycine resp~Ctively .. From ~:his: labeling. pattern 'one cannot determine 
.. ' . ~· ··.~ i ... 

how tyrosine is synthesized in C. acidi-urici except that th'e relative 
. . . -----. . ' 

spedfi~ 'activity obse·;ved by'··chen is ·c:onsisten~ with the pathway for 

tyros'ine synthesis; .observed for·~·. c61i (i 35). (In ~· ·coli one mole 
' . . . . 

of erythrose-4-phosphate and two moles phosphoenolpyruvate react and 

eventually form one mole of tyrosine and one mole of phenylalanine, 

and Chen finds that [ 
14c] tyrosine and [ 

14c] phenylalanine have essen-

tially equal relative specific .activities when C. acidi-uric.i is grown 
·. ""-'7 --. 

in the presence of [ 
14c] glycine. Presumably in ~· acidi-urici the 

14c would enter phosphoenolpyruvate and erythrose-4-phosphate from 

· [ 14c] acetate produced by the [ 14c] glycine.) If the E. coli ~yrosine 
synthetic pathwya occurred in C. acidi-urici, then one would expect 

. . . --.--· 
that tyrosine synthesis would be regulated as it is in ~· coli ( 135). 
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Fig. 4. Kinetics of incorporation of ( 14c) tyro·sine into 

.f. acidi-urici grown in the presence of 1 flM [ 
12c) tyrosine 

carrier, 5 tnM NaCl, and no yeast extract. 

(--)::expected (see text). (---)=observed>< 10. 
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Fig. 5. Kinetics of incorpo~ationof [ 14c] alanine into _f. 

acidi-uriei grown in the presence of 1 J.I.M [ 12c] alanine car-

rier, 5 mM NaCl, and no yeast extract. 

(--) = expected (see text). (---) · = observed. 



'! ' 

"· t.' 

(J) 

u 
~ 
c 
<( 

(J) 

0 
E 
:i.. 

. . -

I 
I 

I 
I 

'tl 
I 
I 
I 

y 
/ 

I 
I 

, 
/ 

-44-: 

,. 
' 

. 'A-. 
--~ . .,-- . . . ,.., 

.,A 

~~-±--~~~--~~ 0.01 1, ·2 3 0 

Hours 



-45-
...... 

Fig. 6. Kinetics of incorporation of [ 14c] serine into 

C. acidi-urici grown in the presenfe of 1 IJ.M [ 
12c] serine 

carrier, 5 mM NaCl, and no yeast extract. .. (--) 

= ~xpected (see text). ( --:--) =observed. 
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Fig. 7. Rate ofincor,poration of serine(~). alanine (0), 

and tyrosine (0). Conditions as in Figures 6, ·· 5~ and 4, 

respectively. 
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Fig. 8. _Specific rate of incorporation of 2.5 IJ.M [ 14c] tyrosine 

f . f [ 1 zc 1 . - . . . . (~---~) as a unctwn o . tyrosme carr1er concentration ~ 

::: fJ.moles ( 
14c] Tyr/ml/g cells (pool+ proteins) (--'•-~) ::: fJ.IDoles 

[ 
14c] Tyr /ml/g cells (TCA precipitable protein). 
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Fig. 9. · Specific rate of incorporation of 2.5 JJ.M [ 14c] tyrosine 

as a function of yeast extract (YE) concentration. 

(- - -) = Cell density (A
660

) 

(--) = JJ.rnoles [ 
14c] Tyr/g dry weight cells/ml 

0, 6., 0 = Pool + protein 

e,& .• = TCA precipitable protein 
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Fig. 10. Elution pattern of [ 14c] ferredoxin preparation for 

DEAE cellulose column no. 1. 

e--e = cpm/0.4 ml 

f)-'{) 
'- j = A280 

f:::r-. -6. = A 
390 
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Fig. 11. Elution pattern of [ 
14c] ferredoxin preparation 

for DEAE cellulose column No. 2 and Sephadex G-75 column 

.._.... = cpm/0.4 nil 

0--0 = A280 

. !::s--6 = A390. 
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Fig. 12. Single [ 14c] tyr~s.ine elution peak froin hydrolysate 

of [ 14c] ferredoxin; fu th~·[ 14c] amino acidstandard mixture 

(Fig.13), [14c] tyrosine elutes at 2.5 ml/fraction X 83 fractions 

= 207 ml. In the [ 14c] ferredoxin hydrolysate, the single [ 14c] 

peak elutes at 1.35 ml/fraction X 152 fractions= 205 mL 

Yield: (o/J ( 14c] tyrosine 

= 

X 

= 

. 14 
total cpm/ml [ ·C) .tyrosine X 100 
total cpm/ml [ 14c] apoferredoxin 

peak height (cpm/ml)X 1/2 peak width (fractions) 

vol fraction 
cpm ml apoferredoxi:h 

525 cpm/mlX(3.8) X(1.35) 
3950 

70% 
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Fig. 13. 
. 14 

Elution pattern of [ C] amino acid standards 

(see Table 4). 
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Table 2. Effect of [ 12c]tyrosine carrier concentration on maximum specific activity. 

In:eu.t Ratio Maximum S:eecific Activi t,Y.a 
'([ 12c]Tyr] [( 14c]Tyr] Total [ 112c] T;y:r] [[ 14c]Tyr]/g newly synthesized cellsb 

)XMOles/ml )WMOles/ml (( 12c]Tyr] [[ 14c]Tyr] Observedc Ex:eectede 
. X 103 Cellsb . Proteind ~ 

+ Cells 
[ [ 14c]Tyr] 

~oles/ml 

0.018 2.44 0.02 7.36 4.0 4.0 13.6 
0.118 2.44 0.12 48.3 1.05 1.05 2.07 
0.0018 0.037 0.0018f 48.7 0.16 0.16 2.06 
1.018 2.44 1.02 427.0 0.17 0.16 0.24 
0.018 0~037 0.018 487.0 0.22 0.16 0.21 

a. When specific activity is relatively constant (Fig. 8). 
b. #'-' 4 x 10-5 g newly synthesized cells/ml, including pool plu.s protein. 
c. Based on experiments described in Fig. -8. Total newly synthesized cells was about 
4 x 10-5 mg/ml. 
d. TeA-precipitable material. 
e. (lOOpoles Tyr needed/g newly synthesized cells/ml)/[[ 12c]Tyr]/([ 14c]Tyr]). 
f. This total tyrosine input is less than half of the total tyrosine produced by 

4 x 10-5 g/ml newly synthesized cells. 
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Table 3. Purification of [ 14c]ferredoxin (Fd) from 
C. acidi-urici. 

[ 14c]Tyr Fd/ 
Fraction Vol •. yunoles Fda [ 14c]Tyr 

(ml) · X (mg) (pmo1es 
104) X 

104 ) 

extractb 300 500.0 c c -
DEAE- d 

. ce1lu1ose-1 100 8.3 24.4 0.47 

DEAE- . e 
cellulose-2 31 4.2 27.5 1.05 . 

Sephadex 
G-75f . 24 2. 7. 24.0 1.33 
Crystalsg 

.·-,. 

8 1. 5. 22.0 2.36 
.. 

a. Based on ~ferredoxin - 3.06 X 104 (115) for A 390 • 
b. From 35 g wet cells. 

A390 
-
A280 

0.041 

0.72 

0.70 

0.74 
0.81 

c. A390 of this fraction will overestimate ferredoxin 
concentration. 
d. 2 x 40 em. column eluted with 0.16 M- 0.05 M NaCl 
gradient in 0.05 M Tris-Cl (pH 7.4). 
e. 2.5 x 8 em. column eluted with 0.38 M NaCl in 0.15 M 
Trif3-Cl (pH 7.4).. 
f. 2.5 x 90 em. column eluted with 0.075 M Tris-Cl 
(pH 7.4). 
g. Crystallized twice by solid (NH4) 2so4 added to make a 
solution 67.5% saturated. 

/ 
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Table 4. [ 14c]Amino acid standards used on amino acid 
analyzer. 

Amino Reciprocal· Input on Elution Elution peak8 

acid specific analyzer time for (fraction 
(Fig. 13) activiy colu.mn ninhydrin number) 

(pinole (nmole) analysis 
JD:pectb uCi X 109) (min.) Observe 

Asp (D) 6.5 1.95 45 15 + - 2 19 
Ser (S) 6.26 3.12 59 23 + 2 25 -
Gly (G) 8.62 2.58 90 38 ± 2 39 
Ala (A) 1.79 5.35 97 41 + - 2 42 
Tyr (Y) 2.40 0.78 173 76 + 2 . - . 83 

a. 2.5 ml fractions, 2 minutes/fraction. 
b. Elution time of each amino acid into a fraction 
collector is ~10 minutes less than the ninhydrin 
amino acid analysis elution times of each amino acid. 
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Table 5. Amino acid analysis of C. acidi-urici 
ferredoxin.(moles amino acid/mole ferredoxin). 

Amino [ 14c] ferredoxin · [ 12c]ferred~xin Expected 
acid . . (61) . 

Asp 8.37 7.87 8 
Thr 0.97 0.99 1 
Ser 2.82 2.65 3 
G1u 4.00 4.13 4 
Pro 3.99 3.89 4 
Gly 4.25 3.78 4 
Ala 9.39 8.37 9 
Cys 6.78 6.86 8 
Val 5.38 5.22 6 
Met 0.00 0.00 0 
Ile 4.24 4.43 5 
Leu o.oo o.oo 0 
Tyr 1.68 1.78 2 
Phe o.oo 0.00 0 
His o.oo 0.00 0 
Lys 0~00 0. 00_ 0 
Arg 0.93 0.93 1 
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Experiment 2 
. . 2 

Incorporation of [31
, 5 1

- H 2 ] tyrosine into 

Clostridium acidi-urici ferredoxin 

SUMMARY: 

[3', 5 1
-·

2
H 2] Tyrosine is incorporated into ferredoxin purified from 

' 

C. acidi-uri~i grown in th~ presence of [3 1 ,,5 1
-

2
H

2
] tyrosine. 

I 
Evidence 

supporting this conclusion was obtained by comparing th€ 1
H-NMR spec-

tra of~· acidi-urici [[3 1
, 5 1

-
2

H 2 ) Tyr] -ferredoxin with that of unlabeled 

normal C. acidi-urici ferredoxin. 

INTRODUCTION: 

[
14 . . . . 

The specific activity of C) tyros1ne_ l'ecovered from the hydrolyzed 

[
14

c]ferredoxin was 70% of the specific activity of the protein (See experi-

ment 1).· !twas considered possible that no dilution had occurred, and 

that the small amount of dilution observed reflected experimental arti-

facts. A more direct method to prove that no dilution of label occurred 

would be desirable. 

If [3 1 , 5 1
-

2
H 2 ] tyrosine could be incorporated into C. acidi-urici 

ferredoxin, comparison of the 
1
H-NMR spectrum of the aromatic region 

of£:_ acidi-urici [ (3 1
, 5'- 2

H 2 ] Tyr J -ferredoxin with that of unlabeled 

normal <2· acidi-urici ferredoxin would reveal how much [3', 5'- 2
H 2 ]

tyrosine label had been incorporated into ferredoxin. This comparison 

would also facilitate assignment of the 3 1 ,5 1 -tyrosyl ring proton re-

sonances in C. acidi-urici ferredoxin. 

I ' 
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METHODS ·AND MATERIALS: 

[3 1 , 5 1 -
2

H 2 ] Tyrosine was obtained as a gift from JackS~ Cohen of 

the NIH, Bethesda, Md. [3 ', 5 1
-

2
H 2 ]tyrosine is prepared by refluxing 

L-tyrosine in 2 N DC 1. Thus, it is essential to dissolve high concentra-
, ·'.··.· 

tions of [3 1
, 5 1

-
2

H 2 ]t~ro~ine i~ DCl (30). 

CeHs were grown first in 7.5 liter cultures (c'ontainirig 0.37 rnM 

. 2 . . . . . . . 2 
[3"', 5 1

- H 2 ]tyros1ne and 0.0012o/o yeast extract. One gram of [3', 5 1
- H 2]-

tyrosin~ was added to 15 liter carboy cultures in 10 ml of 6 N DCl. The 

pH of the culture was readjusted to pH 7.4 with 10 N KOH. 

Fifteen liter carboys were inoculated with 1.5 liters from the 7.5 liter 

culture. Yeast extract and [3 1
, 5 1

-
2

H 2 ] tyrosin: were added to the 15 liter 

carboys to a final concentration of 0.0012% yeast extract and 0.37 mM 
. . 2 

[3', 5 1
.- H 2 ] tyrosine. 

The first batch of cells (30 g wet weight) was obtained from four of 

these carboys by centrifugation with a Sorval continuous centrifuge. The 

fifth carboy was used to inoculate five other carboys (a 3liter inoculum/ carboy), 

and these carboys (with no added yeast extract) had a final concentration 

of 0. 54 mM (31 , 5'-
2

H 2] tyrosine. Four of the five carboys from the second 

batch produced 24.25 g wet cells. 

[[3 1
, 5 1

-
2

H 2 ] Tyr] -ferredoxin was purified as described uncle r General 

Methods and Materials. The yield was -1 mg/g wet cells. The optical 

spectra and amino acid analysis of [f3 1 , 5 1
-

2
H 2 ]Tyr J -ferredoxin were in

distinguishable from those of~· acidi:-urici ferredoxin grown without 

[ 3 1
, 5 1

-
2H,] tyrosine. 

c.. 
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1
H-NMR METHOD: 

0.15 ml of 'a 5-10 mg/ml ·sam.ple of ferredoxin is put between the 
. . 

11 poleS II Of a SUp~rCOnducting elect'romagriet and the temperature rf the. 

sample and probe is usually maintained at 15° C. This temperattre can 

be varied if needed. A constant magnetic field is applied, and th~s 

causes the proton.s in the sample {since they have -a spin) to be aligned 

parallel and anti parallel to the magnetic field. The parallel orientation 

has the lowest energy, and the spins precess with a characteristic fre-

quency about the applied magnetic field. A variable frequency is applied 

to the sample. The resonance condition* occurs if a particular nuclear 

spin absorbs energy and reverses its direction with re~pect to the mag-

netic field .. This process is analogous to the ESR method (See Experi-

mente 4 and 5). The difference between the ESR and NMR methods 

is that the magnetic. field is varied and the applied frequency is kept 

constant for ESR spectrometers and the reverse is true for NMR 

spectrometers. Also the lowest energy for an electron is the anti-

parallel orientation, and the reverse is true for nuclei. The applied 

frequency .at the resonant condition is constant for a bare proton, but 

the frequency required for the resonance condition will vary with each 

*The energy absorbed is (112): 

E = hv = g-9.13nH 
where h . = Planck s constant 

v = frequency (the oscillating field) 
gn = g value of a particular nucleus 
lln = nuclear magneton, a constant 

H = effective magnetic field 
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kind of proton in a protein. The different kinds of protons include, for 

example, a-, f3-, 6- and ring -proton's for different amino acids. This 

is because each kind proton in a: protein has a slightly different mag-

netic environment depending on the atom it is bonded to and its neigh-

boring atoms. 

For example, the ring -proton resonances are near the electric 

currents ~(the ring Which produce a "deshielding'i magnetic field. 

Thus cine needs to apply a low~r frequency to achieve the. reso~ant con

dition of ring protons. The ~i~g protons, for this reason are charac

teristically at lower fields than the aliphatic protons. 

The ring proton resonances of the two tyrosyl residues in the 

1
H-NMR spectrum: (Fig. 14, Fig. 15B) in~· acidi-urici apoferredoxin 

occur at 6.66 and 6.93 ppm from the reference proton resonance of 

sodium 2, 2-dimethyl-2-silapentane-5-sulfonate (DSS). The aliphatic 

protons occur at resonance frequencies upfield of the sh~rp HDO reso

nance at 4.84 ppm. Many of the overlapping aliphatic resonances in 

the 
1
H-NMR spectrum (Fig. 14) of~· acidi-urici apoferredoxin can be 

as signed by reconstructing the spectrum with the known resonances of 

the free amino acids ( 119). The intensity of each resonance is pro-

portional to the number of protons it represents and thus a fairly good 

approximation of the 
1
H-NMR spectrum of the apoprotein can be ob-

tained when the amino acid composition is known (86 ). In the native 

protein, the proton resonances cannot be readily assigned because the 

positions of proton resonances are extremely sensitive to protein conformation. 
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RESULTS AND DISCUSSION: 

Since a 10% inoculum .is needed to grow C .. acidi-urici in these ex-

periments, it was necessary to inoculate cells thathad already incorporated 

[3' , 5 1 
-

2H
2

] tyrosine intotheii· protein. The first and second batches 

of carboy-grown cells were e~pdsed 'to. 0.37 mM and 0.54 mM [3', 5 1 
-

2
H

2
]

tyrosine, respectively, and this should have been.more than enough to 

insure total incorporation of [3' , 5' .,. 
2

H
2

] tyrosine into cell protein. 

1
H-NMR STUDIES: 

1
H"-NMR of oxidized (Fig. ·16B) and reduced (Fig. 17B) ~· acidi

urici [[3', 5' -
2

H
2

] Tyr] -ferredoxin shows that essentially complete 

incorporation of [3' , 5' -
2

H 2 ] tyrosine was achieved. Because an area 

corresponding to four protons was missing from the ring proton region 

of the 
1
H-NMR spectrum of [(3', 5' -

2
H 2 ] Tyr }-ferredoxin (Fig; ~6B, 

17B) when this was compared with the 
1
H-NMR spectrum of~· acidi

urici normal ferredoxin (Fig. 16A, 17 A). 

ASSIGNMENT OF RESONANCES: The 3', 5'- and 2', 6' -tyrosyl 

ring proton resonances in the free amino acids are 6.90 and 7.19 ppm 

from DSS respectively (119), but it is not uncommon for these reso-

nances to shift ::1::0.3 ppm when amino acids occur in polypeptides (86). 

Thus, in the 
1
H-NMR, spectrum of the aromatic region of~· acidi-ui'ici 

apoferredoxin (Fig. 15B) the resonances at 6~66 and 6.93 ppm that are 

observed are assigned to the 3', 5'- and 2', 6' -tyrosyl ring protons 

respectively. 
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3'; 5'-tyrosyl ring proton assignment: 

The reso~ances at 6.39 and 6.57 pp~ in the oxidized holoferredoxin 

(Fig. 15A) are tentatively assigned to the 3', 5' -ring protons of both 

tyrosyl residues. This assignment is supported by a comparison of 

the spectrum o.f [ [3' , 5' -
2

H
2

] Tyr J -ferredoxin (Fig. 16B) with that 

of normal ferrodoxin (Fig. 15A, 16A). Subtraction of the 
1
H-NMR 

spectrum of the aromatic region of the [ [3' , 5' -
2

H
2

] Tyr J -ferredoxin 

(Fig. 16B) frorri that of the urien~iched normal ferredoxin (Fig. 16A) 
; 

leaves· a narrow doublet with peaks at ·6.57 and 6.39 ppm (Fig. 16C). 

This narrow doublet has an area corresponding to four proton resonances. 

The broad doublet that is observed in the region of the 3', 5' -ring pro

tons in the [ (3', 5' -
2

H
2

] Tyr] -ferredoxi~ spectrum (Fig. 16B) has 

peaks at 6.65 and 6.32 ppm, and may correspond to the a...,protons of the 

cysteinyl residues ·(see. Experiment 8). 

The 3' , 5' -ring proton assignment is confirmed when on~ compares 

the spectrum of reduced [[3', 5' -
2

H
2

] Tyr J -ferredoxin (Fig. 17B) 

with that of reduced normal ferredoxin (Fig. 17 A). In Fig. 17, the 

normal and [[3' , 5' -
2H

2
] Tyr J -ferredoxins were reduced to the same 

degree (See Experiment 7b )·. The 3', 5' -tyrosyl resonances are com-

pletely missing from the 3' ~ 5' -proton resonance region in the H-NMR 

spectrum (Fig. 17B) of reduced [(3', 5' -
2H~] Tyr] -ferredoxin, and 

there are no other resonances remaining in this region. 

2' , 6' -tyrosyl ring proton assignment: 

In the 
1
H-NMR spectrum of the aromatic region of oxidized 
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~ .. '' ' . 
C. acidi-urici ferredoxin (Fig. 15, 16) there are two resonances down-

field from the 3' , 5' "'ring proton resonances. They occur at 7.32 and 

7. 07 ppm and are tentatively a·ssigned to the 2' , 6' -ring protons of · 
. . . . 

both tyrosyl residues (See Experiment 6a), since the peaks are within 

0.13 and 0.38 ppm (respectively) of the 2' , 6' -tyrosyl proton position 

(6 .. 94 ppm) of~· acidi-urici apoferredoxin. Subsequent experiments 

(See Experiments 7a, 7b) confirm that there are 2' , 6' -tyrosyl ring,.· 

proton resonances. 
1 . 

The- UV visible optical- spectra and the H-NMR spectrum (ex-

cluding the aromatic region) Of~· acidi-urici [ [3', 5' -
2

H
2

] Tyr] -fer-

· redoxin were indistinguishable from those of normal C. acidi-urici 

ferredoxin. 

ESR STUDIES: 

The ESR spectrum of the dithionite-reduced G. acidi-urici ---·-
[ [3' , 5' -

2
H

2
] Tyrl-ferredoxin was the. same as that of normal ~· 

acidi-urici ferredoxin. The g = 2 signal that is present in 

oxidized normal C. acidi-urici ferredoxin was 5-7 gauss broader than 

the corresponding g = 2 signal in [ [3', 5' -
2

H
2

] Tyr]-ferredoxin (See 

Experiment 4 and Appendix A). This measurement of the enriched 

and normal oxidized ferredoxin was made under the same conditions 

with fresh samples that had been exhaustively dialyzed against D
2

o 

in KD2Po
4

-K
2
DP0

4 
buffer, pD 7 .0. The measurements were made 

by Dr. W. Blumberg of Bell Telephone Laboratories, Inc. 
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Fig. 14. 
1H-NMR of oxidized C. acidi-urici holoferredoxin (20 mg/ml) 

and apoferredoxin (80 mg/ml) in 0.2 M KD 2Po4 -K
2
DP04 . (A): Tyrosyl 

ring proton resonances in holoferredoxin; (B): Holoferredoxin (15" C) 

pD 7 .0; (C): Apoferredoxin (20° C), pD 7 .8, plus 0.1 M Na
2
s. 
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Fig. 15. 
1
H-NMR (15° C) of the aromatic region of ~· acidi-urici ferredoxin 

(A): oxidi~ed protein 

buffer, pD 7 .0; (B): Apoferredoxin (80 mg/ml) dissolved in 0.1 M Na
2

S 

and 0.2 M K
2
DP04 -KDzP04 buffer, pD 7.8. There are no resonances 

between 6.66 and 4.84 ppm from DSS, nor below 6. 93 ppm, in this 

~pectrum (B). (See Figure 14). 
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Fig. 16. 1H-NMR (15° C.) of the aromatic region of oxidized~· acidi

urici ferredoxin. (A): Normal ferredoxin prepared as described in 

Fig. 15A; (B): [ [3', 5' -
2

H 2 J Tyr] -ferredoxin, prepared as described 

in Fig. 15A. 
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Fig. 17. 
1
H-NMR (15g C.) of the aromatic region of reduced~· acidi-

urici ferredoxin. (A): Normal ferredoxin prepared as described in 
,-

Fig. 15A except that it was reduced by 0.2 M zn.:..~educed methyl 

viologen (see General Methods). The degree of reduction was -18.5% 

(See Experiment 7b); (B): [[3', 5' -
2

H
2

] Tyr J -ferredoxin prepared 

as described in Fig; 17B, and 4A. 
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Fig. 18. ESR spectra (1.4° K.) of :f· .acidi-urici ferredoxin (A): Nor

mal ferredoxin (3.2 mg/ml) in 0.7 ml of 0.15 M Tris-Cl (H20) buffer, 

pH 7.4; (B): [ [3', 5' -
2

H
2

] Tyr ]-ferredoxin (4.6 mg/ml) in 0.7 ml 

0.15 M Tris-Cl (H
2
0) buffer, pH 7.4. · 
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Appendix 4. Caiculating the line width of the ESR g = 2 resonance of 

Clostridium acidi -urici normal and [ [3' , S' - 2H
2

] Tyr] -ferr~doxin. 

The hyperfine tensor, a, describes the magn~tic interaction be

tween the magnetic moment 'of the nucleus with spin within the free radi-

cal. The proton has spin = 1/2 and the deutron has spin = 1, but the 
. . 

hyperfine constant of the deutron is 0.1S3 times that of the proton (113). 
. . . 

In aromatic hydro<;:arbons, the hyperfine ·sp~itting constant, ai, 

due to one proton· of a C -H group is 28 gause X the electron density, p .• 
1 

Since p. = 1/6, a. = 4.7 gauss the. overall hyperfine splitting is thus 
1 1 

28 gauss since . ~6· ~ p. = 1. 
1= 1 

This is also approximately true for a tyrosyl radical. If we chose 

for example the monosubstituted 4-methyl-phenoxy radical (48) as a 

model compound: 

a2' = a6' = 1.4S gauss 

a3' =as' - 6.'0 gauss ·0 

aH(CH
3

) = 11.9S gauss 

The sum of these constants is 26.9 gauss. To see if the line 

. [ [ I I 2 J width observed for unenriched ferredoxin (28.5 gauss) and 3 , . S - H
2 

Tyr ]-ferredoxi~ (22.1 gauss) is consistent with the hypothesis that the 

g = 2 signal is due to a tyrosyl radical we write the following relations 

for the unenriched (u) and enriched (e) tyrosyl radicals. 

urienriched ·ferredoxin: 

· faz• a6\ Za3'(u) . . · · 
2(aH(CH3~+ \"'4 + -;fj+ (a3 , +aS')= 4a 3 • (u) + 

4 
+ 2a 3 , (u) = (28. S ± 0. S) gauss 
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a 31 (u) = (4.4 ± 0.1) gauss 

[[3 1, 5 1-
2

H 2 J Tyr] -ferredoxin: 

2a31 (e) 
4a 3 I ( e ) + ~ . ....,4.---:--:-

2a31 (e) 
+ 2(0.153)a3 1 (e)+ 

4 
= (22.1 ± 0.5) gauss 

a 31 (e)= (4.6 ± 0.1) gauss 

Thus the 5-7 gauss difference between the enriched and unenriched 

normal ferredoxin is consistent with the hypothesis that the g = 2 
( ' 

resonance is produced by a tyrosyl radical in oxidized C. acidi-urici -·-- ---
ferredoxin. 
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Experiment 3. 

Incorporation of 3 -fluorotyrosine 
into Clostridium acidi -urici protein 

c. acidi-urici grown in the presence of 3 -fluorotyrosi.ne were riot 

normal; they had no flagella and produced extremely long filaments, 
. . . 

.•. 

some as long as 200 microns~ . Howeve·r, 3-fluorotyrosine was incorporated 

into C. acidi-·urici protein. This. was demonstrated by fluorine analysis 

of the cell protein extracted from C. acidi'-urici grown in the presence 

of 3 -fluorotyrosine. 

INTRODUCTION: 

As will be shoWn in Section 4, the ring carbon resonances of oxidized 

and reduced c. acidi-urici ferredoxin were ~ignificantly shifted from 

their positions in free amino acids. One way to determine the basis for 

these shifts is to do NMR studies of C. acidi-udci [ [ 3' - 19:F 
1

] Tyr] -

.ferredoxin. 
•. 2 

In Experiment 2 we have demonstrated that [ 3', 5' - H
2

] 

tyrosi~e can.be totally incorp~ra"ted; into f~ acidi-hrici ferredoxin by 

growing' C. acidi-urici in the presenbe of [ 3' , ·s• - 2H
2 

] tyrosine. In 

view of these results, C. acidi-urici was grown in the presence of 

[ 3' - 19F 
1

] tyrosine to obtain [ [ 3' - 19F 
1

] Tyr] -ferredoxin. 

METHODS AND MATERIALS: .. 

Two batches of 3 -fluoro-DL-tyrosine were purchased from Cyclo Chern-

ical Corporation. The first batch (lot #R5981) was the hemihydrate and 

was colored. The second batch (lot #032070) was not the hemihydrate 

and was not colored. 

Cells were grown in 2 liter cultures (See General Methods) with or with-

out 0.004% yep.st extract and with either 
. -4 [ 19 ] . 

-?X10 M3- F
1 

DL-tyrosine 
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or DL-tyrosine. This concentration of tyrosine is > 10 times the 

amount that will produce a maximum rate of L-tyrosine incorporation 

(See Experiment '1 ). 

Cells growing with yeast extract plus 3 -:-fluoro-DL-tyrosine lysed 
. . 

after reaching stationary phase. Cells grown with 3-fluoro-DL-tyrosine 

did not lyse when grown without yeast· extract. ·Thus the 3 -fluorotyrosine 

cells grown in.the absence ofyeast extraCt were used to inoculate a 15 

liter carboy containing 7X 10-4M 3-fluoro-DL-tyrosine. '(2 g. 3-fluoro

DL-tyrosine were added to each carboy in 20 ml 2 N NaOH. This raised 

the pH of the carboy culture, which then was readjusted with HCI. ) 

1.2 liters of this carboy culture were used to inoculate twelve carboy 

cultures containing the same ingredients. 

Cell protein that was to be 'analyzed for fluorine was prepared ac-
,·· 

cording to protein preparation method 1 (See General Methods and 

Materials). Celi protein from the carboy cultures that were to be 

analyzed for fluorine was obtained from the ·pass.,-through of the first 

DEAE cellulose column and was additionally purified by subjecting 

it to protein preparation method 1. 

RESULTS AND DISCUSSION: 

C. acidi-urici grown in the presence of 3-fluoro-DL-tyrosine were 

abnormal. Many cells. produced long filaments, some as long as 

100-200 cell lengths (Plate 1). 

Sagers and coworkers (131) report that C. acidi-urici cells which are 

normally 2.5-4 ~in length,- produce 500 ~filaments when grown at 

elevated (42°C) temperatures. · Filament formation in bacteria may also 

be induced by radiation (1), variation of pressure (145) and t~mperature 
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(58, 79), the presence of antibiotics and other metabolic inhibitors (62) 

and the deficien'cy of essential growth factors (41, 54; 139). Electron 

micrographs (Plate 2.) reveal that the abnormal cells also lacked 

flagella. Cells isolated from medium with and without DL-tyrosine 

were norrnal (Plate 2 ). 

Cells grown in 3-fluoro-DL-tyrosine tended to lyse more than those 

grown with or without DL-tyrosine when the uric acid in the growth 

medium was exhausted. 

Cells grown in 3 -fluorotyrosine did incorporate 3 ;..fluorotyrosine. 

Different samples of the cell protein contained between 0.05 to 0.19o/o 

fluorine (by weight) (Table Sa). Amino acid analysis of these proteins 

shows that C. acidi-urici p:rotein contains 3.15 o/o tyrosine by weight. 

(This is consistent with Chen's measurement (29) of 3.2o/o tyrosine for 

c. acidi-urici protein. ) Since 3 -fluorotyrosine contains 9.15 o/o fluorine 

by weight, the total 3-fluorotyrosine incorporation into C. acidi-urici 

protein is:. 

o fluorine observed in 
fluorine in 3 -fluorotyrosine) 

17 to 67o/o incorporation is observed for different protein samples 

(Table Sa). The 17o/o is calculated from protein that had been extracted 

from the pass-through of the first DEAE cellulose column when purifying 

the ferredoxin. It is thus believed to be the most accurate figure. Never-

theless the best estimate of fluorine incorporation will be obtained when 

the ferredoxin isolated from these 3 -fluorotyrosine -grown cells is 

analyzed. This will be done when the 19F-NMR studies of these samples 

are completed. 
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Plate 1. Light micrograph (480x, methylene blue stain) of 

C. acidi-urici. Top: grown in the presence of 3 -fluoro-DL-tyrosine. 

Bottom: grown in the presence of DL-tyrosine (see text). 

( 1 I) = 100 ~ . 
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Plate 2. Electron micrograph of £_. acidi-urici grown in the 

presence of 3-fluoro-DL-tyrosine. Insert shows C. acidi-

urici grown in the presence of DL-tyrosine. (Both at 

8,000x, uranyl acetate negative stain.) 
( 
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Plate 3. Electron micrograph (12 POOx, uranyl acetate negative 

stain) of C. acidi-urici grown in the presence of 3 -fluoro-DL

tyrosine. 
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Table 5a. Incorporation of fluorine.into protein8 of Q.. acidi-urici grown in the 
presence of 3-fluoro-DL-tyrosine. 

Culture 

c 
E-le 

E-2e 
Ff 

Jg 

Fra-ctionh__ Volume 
of 

culture 
(1) 

·Soluble 1.70 

Soluble ~ 
Insoluble 9.25 
Soluble \ 

J 

1.70 Soluble } 
Insoluble 

.soluble 17.0 

DL tyrosine 
in culture 

(mM) 

0.7 

0 

0 

0 

3-fluoro
DL-tyrosine 
in culture 

(mM) 

0 

. 0.33 

0.5 

0.8 

Fluorinec 
in 

{>rote in 
lWeight %) 

<0.01 
0.19 
0.17 
0.17 
0.12 

0.05 

3-fluoro 
tyrosine . . d 
incorporation 

(i') 

67 
67 
60 

43 

17 

a. Protein from cultures C, E, and F was obtained by adding solid TCA to cold 
cultures containing cells to make the culture medium 5% TCA. The TCA precipitate 
was centrifuged, washed three times with 5% TCA, incubated at 90° C for 15-20 
minutes;, centrifuged, and washed with TCA three more times. 
dissolved in 1 M Tris-Cl and dialyzed against large volumes 
b. "Soluble" and "insoluble" fractions are the two phases 
against H2o .. 

The precipitate was 
of H20. 

obtained after dialysis 

c. Fluorine was determined by an Orion fluorine-sensitive electrode (88). 
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Notes to Table 5a continued . 

.. 
d. ~incorporation is: 

fluorine observed.in rotein x 100 
fluor ne 1n 3-fluoro-tyrosine x tyros1ne 1n prote n 

The percent tyrosine'{by weight) is 3.15%, from amino acid 
analysis. 
e~ Culture E had lysed prior to preparation of protein. 
f. Part of culture F was used to inoculate culture J. 
g. ·Protein from culture J was obtained from the pass
through of the first DEAE cellulose column of.the ferre
doxin purification procedure. This pass-through was 
precipitated with ammonium sulfate at 95% of saturation. 
The precipitate was centrifuged, redissolved:in H20, 

dialyzed against H20, and precipitated with TCA. The 
TCA precipitate was then treated as above with culture C, 
E, and F. 

. '\. 
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Section 2. ESR Experiments 

E,x:periment 4. 

Association of the reducing electron with the iron atoms of the 
Fe -S clusters in clostridial-type ferredoxins · 

SUMMARY: 

The reducing electron was shown: to be associated with the iron atoms 

of the Fe-S clusters in C. acidi-urici and C. pasteurianuni ferredoxin 

because theESR resonances of dithionite-red:uced C. acidi-urici and 

C. pasteurianum [ 
57 

Fe] ferredoxins were - 11 gauss broader than the 

corresponding resonances of [ 
56

Fe] ferredoxins. 

57 
The g = 2 resonance iri oxidized C. acidi..:urici [ Fe] ferredoxin 

was also broadened, suggesting that the electron 'spin responsible for the 

g = 2 resonance may be near an Fe atom as well. -This interpretation 

is clouded by the fact that the. intensity of the g = 2 resonance of oxidized 

[ 
57

Fe]ferredoxin was > 10 times less than that of the g = 2 resonance 

56 . • 
of [ Fe] ferredoxin at i.4°K. We have no explanatiori for this difference 

in intensity. 

INTRODUCTION: 

Since the aromatic residues are close to the Fe-S clusters in· 

clostridial-type ferredoxins and the ring carbon resonances are shifted 

significantly from their positions in free amino acids (see Section 4), it 

is important to know whether these shifts are caused by paramagnetic 

electrons in the Fe-S clusters. 

The reduced iron-sulfur proteins are characterized by a group of 

56 32 
ESR resonances centered about g = 1. 94. The Fe and S atoms 

present in normal ferredoxins do not have a nuclear spin, and thus do 

not interact with the spin of an unpaired electron. 
57 

Fe or 
33s does 
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have a nuclear ~pinand will inter~ct with the spin of an unpaired electron, 

if this electr~n is in an Fe or S orbital, to produ~e a broadened resonance 
• • • 9 

(24)~ This interaction produces a hyperfine splitting in the ESR resonance 

which may be observed as .lin~ br~adening. I:n order to determine if the 

reducing e,lectron was associated with the iron and sulfur atoms of the 

iron-sulfur proteins, several investigators (12, 66, 99) have performed 

ESR st~dies of plant..;type (2 Fe, 2 S) [ 
57 

Fe] -ferredoxins and[ 33s] fer

redoxins, and observed that the reduced [
57 

Fe ]ferredoxins and [ 33s]fer-

redoxins exhibit broadened ESR resonances centered arourid g = 1.94. 

Clostridial-type ferr~doxi:ns also produce ESR resonances centered 

about g = 1.. 94, but no one has published analogous ESR studies with 

reduced clostridial-type [
57 

Fe] ferr~doxins. Thus, to determine 

whether .. the reducing electron is associated with the iron atoms of the 

clostridial-type ferredoxins; 57Fe was incorporated into C. acidi-urici 

and C. pasteurianum ferredoxins. 

Oxidized clostridial-type ferredoxins, unlike oxidized plant-type 

ferr.edoxins' ~so exhibit a single resonanc~ at g = 2 if "the clostridial 

ferredoxin constains at least one tyrosyl residue (see Experiment 5). 

If the g = 2 resonance is produced by a tyrosyl radical, as suggested 

by Experiment 2, then th~ 57
Fe should not broaden the g = 2 resonance 

unless the unpaired electron in the tyrosyl radical is also in an Fe 

ofbital. 

METHODS AND MATERIALS: 

C. acidi-urici and C. pasteurianum [
57 

Fe] ferredoxin and [ 56Fe] fer-

redoxin were prepared from C. acidi-urici and C. pasteurianum 

apoferredoxin by previously published methods (see General Methods 
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and Materials), with the following modifications. 

The FeS0
4

(NH4 )2so
4 

used in the reconstitution was made from 
57

Fe 
. . ·. . 56 . 

(obtained from Oak Ridge National Laboratory) and . Fe (J. T. Baker Chemical 

Company) by adding 11 mg Fe metal to 2 ml hot 0.36 N H 2so4 , then 

adding L 5 ml of 0. 74 M NH40H until precipitate first appears at 

pH 3.5. This method is a modification ofpublished procedures (148,.149). 

ESR METHOD: 
,. r . :· . ' 

A 4'mm (ID) quartz tube containing 0.4 ml of a ferredoxin sample is 

quickly froze~ in liquid N 2 and placed in a cavity between the poles of an 

electromagnet.· The temperat'ure .. oi the cavity is reduced to - 25° K 

. . 4 
(or lower) with cooled He gas. ESR resonances are more easily de-

tected at lower temperatures because the number of spins that absorb 

energy follow a Boltzmann dis't~ibution. The magnetic field. is varied 

while the frequency of applied microwave radiation is kept constant. 

The electr·on spins are oriented parallel and antiparallel to the magnetic 

field, and the antiparallel orientation has the lowest energy. The electron 

spins precess about the applied magnetic field With a characteristic fre

quency, and this characteristic frequency is called the resonance fre-

quency of the electron, because when one externally applies radiation 

of this frequency the electron spins will absorb energy and be aligned 

parallel to the applied magnetic field. For an isolated spin 1/2 system, 

the energy, E, of the transition which occurs is given by the expression: 

E = hv = g!3H 

where v = the oscillating field · 

H = the magnetic field 

g = 11 g value," which varies depending upon the type of ligand 

the electron spin is in. 
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13 = Bohr magneton of the ·electron, a constant 

h = Planck's constant 
., ..... 

One can var·y the magnetic field and keep the oscillating field constant 

in order to find a ~~sonance c:o~ditio~. This technique is normally done 
; ' . 

in ESR experiments for in-strumental reasons. 
. . 

The g value of an unpaired electron spin is g = 2. 0023. Free radicals 

normally exhibit a reso~ance riear this g value at room temper'ature. 

Oxidized clostridial-type i~'rredoxins exhibit a g value closeto g = 2.0023; 

the width of the g = 2 resonance is -28 Gauss (see Appendix A), but it 

is not de-tectable above 40°K. Oxidized plant-type ferredoxins do not 

exhibit any ESR resonances (12). 

ESR resonances of reduced clos·t~idial-type and plant-type ferredoxins 
. ' ·. : ' 

usually exhibit at least three g values, for example, in C. pasteurianum 

ferredoxin,they a~egz = 2.0·3·, gy. = f.94, and gx = 1.86 (100), an:d these 

represent the parameters which describe the orientation of an electron 

spin in a :thomhic environment (24). Electron g values can vary with 

the kind of element, the oxidation state of the element, and the kind of 

ligand. 

As one varies the magnetic field in ESR spectromete.rs the absorption 

of energy at the resonance condition is not displayed as an absorption 

line, as the NMR spectrometers, but as the first derivative of the ab-

sorption. Thus for a single resonance the g value is measured as the 

point of inflection of the derivative plot. The width of the electron reso-

nance is the peak to peak (trough) distance of the derivative spectrum 

and can depend on many factors (see Discussion). 
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RESULTS: 

g = 1. 94 RESONANCE: 

ESR spectra of dithionite-reduced C. acidi-~ [ 56Fe] ferredoxin 

and [ 57Fe] ferred~xin (Fig. 19) and of C. pasteurianum [ 56Fe] fer

redoxin and [57Fe]fertedoxin (Fig.' 20) show that ESR resonances of the 

[ 57 Fe] ferredoxins are broad~r than those of the [ 
56

Fe] ferredoxiris. 

57 . . 
Fe should broaden the electron resonance by about 19 gauss (80., 99), 

and we observe that reduced [ 57Fe] ferredoxin resonances are 11-15. 

. . . [ 56 ] gauss broader than the red~ced Fe ferredoxin resonances. This· 

degree of broadening is also consistent with the amount of broadening 

observed in reduced plant-type [ 
57

Fe] ferredoxins (80, 99). 

g = 2 RESONANCE: 

The g = 2 resonances of oxidized reconstit~ted and native C. acidi..:ur~ci.'i ----···· 
and C. ~stoeuriailum [ 

56
Fe] ferredoxins were detected and have com-

parable intensities. The g = 2 resonances were not detectable in 

oxidized reconstituted C. addi-~ and C. pasteurianum [ 
57

Fe]fer-

redoxins at > 1.4°K. (Fig. 21 ). The g = 2 resonance in the oxidized 

[ 
57

Fe] ferredoxins was much less intense than that of oxidized [ 56Fe] fer-

redoxins at 1.4°K. This attenuated signal was also broader by - 5 gauss. 

DISCUSSION: 

g = 1. 94 RESONANCES: 

The reducing electron can now be associated with the Fe atoms 

of clostridial-type ferredoxins, as it has been associated with the Fe and 

S atoms of 2 Fe, 2 S plant-typ·e ferredoxins, because the g = 1.94 reso

nances df reduced clostridial-type ( 
57 

Fe] ferredoxins were broader than 

the corresponding resonances in reduced clostridial-type [ 56Fe] ferredoxins .. 
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g=2 RESONANCE: 

It is tink~own ~hy the g = 2 resonance of oxidized reconstituted 

C.- a&i.d.i-u.r.ill and C. ~teurianum [ 
57

Fe] ferredoxins is much less 

intense than that of the corresponding [ 
56

:Fe] ferredoxins. Both re

c~nstituted [ 57 Fe] ferredoxinsand [ 56F.e]ferredoxins were prepared 

under identical conditions on the same day. The fact that the less in-

57 . . . 
tense g ::::: 2 resonances of [ Fe] ferredoxins are broader than those of 

[ 
56

Fe] ferredoxins suggests that the unpaired electron(s) in oxidized 

ferredoxin. are also close to the iron atoms of ferredoxin. This inter

pretation is not the only possible one, since the [ 
57

Fe] ferredoxin 

g = 2 resonance is much-less intense-than the [ 56Fe] ferredoxin reso-

riance. 
57 • . . ' 

The [ Fe] ferredoxin resonance could be more relaxed and 

may be broadened by some other mechanism(6). For example, ESR 

resonances can he "broadened by: (i) the interactio_n of the electron spin 
. . 

with a nuclear (e. g. , a proton) spin or other electron spins; (ii) the 

interaction of the electron spin with surrounding diamagnetic molecules 

or both; and (iii) increased temperature or anything that affects the 

vibrational, rotational and translational motion of these species or af-

fects electron exchange between them. These interactions can increase 

the ESR line width (and hence lower its intensity) by decreasing the 

lifetime of a spin state that can absorb energy at the resonance frequency. 

This "lifetime broadening" is a consequence of the Heisenberg uncer-

tainty principle which requires that when the lifetime of an excited state, 

~ t, is small, the uncertainty in the energy of transition, ~ E, (where 

E = hv) becomes large and less defined. 
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TYROSYL RADICAL: 

The assignment of the g = 2 resonance has not been determined .. We. 

have some incomplete evidence (see Experiment 5) that the g = 2 res

onance may be an artifact due to a tyrosyl radical produced by freezing 

clostridial-type ferredoxins which contain at least one tyrosyl residue. 

If a tyrosyl radical is formed at low temperatures then the tyrosyl 

radical electron also has to be elose to the Fe atoms. 
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Fig. 19. ESR (20° K.) spectra of dithionite-reduced C. acidi-urici 

ferredoxin. (A): [ 57Fe] ferredoxin. (B): [ 56Fe] ferredoxin. 
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Fig. 20. ESR (20° K.) spectra of dithionite- reduced _f. paste uri anum 

ferredoxin. (A): [ 57Fe] ferredoxin. (B): [ 56Fe] ferredoxin. 



B 

- I,. .. t 
100 G 

..... · 

-105-

J 

g = 1.94 



-106-

Fig. 21. ESR (20° K) spectra of oxidized C. pasteurianum and 

C. acidi-urici ferredoxins. 

[ 56Fe] fer-redoxin, 25oK. 

(A): Reconstituted C. pasteurianum 

(B): C. acidi-urici [ 
56

Fe] ferredoxin, 

25°K. (C): Reconstituted C. pasteurianum [ 
57

Fe] ferredoxin, 10°K. 
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Experiment 5. 

Tentative as signmen:fof the f = 2 ESR resonance to a tyrosyl 
· radical electron in oxidized 

Clostridium acidi--ul-ici and· Clostricliu:rri pasteurianum ferrdoxins 

SUMMARY: 

. The g = 2 ESR resonance is seen .in ESR spectra of oxidized 

C. acidi-urici and C. pasteurianuni ferredoxins below 40° K, and these 

£erredoxins contain at least one tyrosyl residue. No g = 2 resonance is 

seen in ESR spectra of oxidized C. butyricum and f· cylindrosporum 

ferredoxin~ below 40° K, and the two aromatic residues in f. butyricum 

and C~ cylindrosJ?oru~ ferredoxins are phenylalanyl residues. Thus, 

the g = 2 ·~esonan:c~ is tentativ~ly assigned to a tyrosyl radical electron 
. . 

in G. 'acidi-urici and C. pasteurianum ferredoxin. 

The ESR spectra of reduced f. butyricum and C. cylindrosporum 
. -

ferredoxins, however, are similar to those of reduced f· acidi-urici 

and f. pasteurianum' ferredoxihs in that they exhibit ESR resonances 

centered around g = 1. 94. 

INTRODUCTION: 

Blumberg and Peisach (17) have proposed that the g = 1. 94 resonance 

of reduced iron-sulJur proteins can be explained by an ion containing an 

even number of d electrons in the diamagnetic state bonded to a free 

radical-species, such as Fe2+ and a reduced radical species. This 

hypothesis is no longer tenable, but it is of interest to know if clostridial 

ferredoxins _contain a radical moiety because the g = 2 resonance in 

oxidized C. addi-~ and C. pasteurianum ferredoxin is like a free 

radical resonance. Since tyrosyl rings under certain conditions can 

form free radicals (141_, 142),. one would iike to know if the g = 2 reso

nance is due to the tyrosyl residues in these ferredoxins. 
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If the g = 2 resonance is present :Ln oxidized clostridial ferredoxins 

which contain notyrosyl residues, then the g = 2 resonance is probably 

not due to a tyrosyl radical~' If the g = 2 resonance is absent, it sug

gests, but does not prove, that the g = 2 resonance is due to a tyrosyl 

radical. 

METHODS AND MATERIALS: 

The amino acid composition of f· butyricum and f.' cylindrosporum 

ferredoxins .was determined by methods described in the General Methods 

and Materials section, by Dr~· A. B. Champion and the author. 

RESULTS AND DISCUSSION: 

The amino· acid composition of the f· butyricum and f· cylindrosporum 

ferredoxin.s used for the ESR studies was consistent with the amino acid 

composition previously reported (13, 28). No tyrosyl residues were 

present in either ferredoxin and this fact is confirmed by the absence 

of a peak at 280 nm in the UV spectrum of C. butyricum ferredoxin 

(Fig. 22) (Ferredoxins which contain at least one tyrosyl residue ex-

hibit a p.eak at 280 nm (78) ). 

No g = 2 resonance was seen in ESR spectra of oxidized f· butyricum 

and f· cylindrosporum ferredoxin at 1.4°K. Dithionite reduction of these 

ferredoxins, however, produced normal reduced ferredoxin ESR reso-

nances centered around g = 1. 94 (Figs. 23 and 24). This negative evidence 

suggests that the g = 2 resonance is produced by a tyrosyl radical. 
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The formation of a tyrosylradicai may be an artifact produced by 

freezing, since clostridial ferredoxins which contain tyrosyl residues 

do not produce tyrosyl radicals at room temperature. (See Experiments 

6b, 7a, 7b). Until cine demonstrates that the number of spins that pro-
.. 

duces the g = 2 resonance is reduced by one-half, in derivatives of 

f. acidi-ui-ici fe~redoxin,· in which one of the tyrosyl residues is re

placed by other aromatic or aliphatic residues, one cannot yetprove 

unequivocally that the g = 2 resonance is due to a tyrosyl radical. The 

only positive evidence that suggests that the g = 2 resonance is due to a 

tyrosyl radical is the fact that this resonance was narrowed by 5-7 gauss 

in oxidized C. acidi-urici [ [3', 5' -
2

H 2 ] Tyr] -ferredoxin (Experiment2). 

One can conclude, however, that a tyrosyl radical does not produce 

the resonances centered about g = 1. 94 in reduced ferredoxin be cause 

these resonances are present in reduced f· butyricum and 

C. cylindrosporum ferredoxins, and these ferredoxins do not contain 

tyrosyl residues. 
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Fig. 22. UV and visible spectrum off· butyricum ferredoxin. 



0.6 

>- 0.5 
.'!:::: 
t/) 
c:: 
Q) 0.4 

"C 

~i.0.3 
·.;; 

·c. 
0 0.2 

0.1 

250 300 

-112-. 

:... .. <•·' • ~ -~--·t:f'" 

350 400 450 500 - 550 600 
nm 



-113-

Fig. 23. ESR (25° K) of oxidized and reduced C. butyricum ferredoxin. 

(A) Reduced ferredoxin (0. 86 mg/ml) +- 100 nmoles Na2s2o 4 . 

(B) Oxidized ferredoxin (0.86 mg/ml). 
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Fig. 24. ESR (25° K) of reduced C. cylindrosporum ferredoxin· 

(0.59 mg/ml). Reduced with- 100 n moles Na2S2 )4 . 
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Section 3. 
1 . . 
H-NMR Experiments 

Experiement 6a. 

Conformational changes in oxidized . 
Clostridium acidi-urici native and · 

-ferredoxin and Clo'"'St'ridium pasteurianum 
ferredoxin. 

The pattern of the downfield-shifted resonances in the 
1
H-NMR 

spectrum of oxidized f. acidi-urici native ferredoxin is essentially 

identical to that Of oxidized C. acidi-urici [ Fhe
2

]-ferredoxin, but is 
. ' 

significantly different from that' ~f oxidized C. pasteurianum ferredoxin .. 

This pattern of downfield-shifted .proton resonances is altered wheri 

C. acidi-urici ferredoxin is dissolved in buffer'ed 0. 58 M NaCl or buf-

fered H20 when compared with ferredoxin dissolved in buffered n2o. 

We attribute the different shift patterns to .small conformational dif-

ferences within each protein .. 

INTRODUCTION: 

C. acidi-ur'icf'~nd C. past~urianum ferredoxin have different amino 

acid sequences, but 40 of the 55 amino acids are homologous (Fig. 3 

General Introduction). If one assumes that the x-ray structures of these 

proteins are similar to that of P. aerogenes ferredoxin, eleven of the 

twelve amino acid residues conserved in evolution may be closely packed 

around the Fe-S clusters. Five of the sixteen amino acid residues di-

. rectly bonded to cystel.nyl residues in G. acidi-:urici and C. pasteurianum 

ferredoxins are not homologous, and these non-homologous amino acid 

residues could cause the cysteinyl residues to have a slightly different 

conformation about the Fe-S clusters in each protein. 



Phillips and coworkers have demonstrated that the resonance positions 

of the downfieid-shifted proton resonances of oxidized C. acidi-utici 

(111) and C. pasteurianuin ferredoxin (110). are very sensitive to temp-
. . 

erature,' and assigned these shifted resonances to the (3-protons of the 

eight cysteinyl residues of ·the proteins. Their assignment is based on: 

(i) the magnitude and temperature dependence of these shifts in the 

oxidized and 'reduced protefns(106); and (ii)' the f~ct that the downfield

shifted resonances correspond to atleast sixteen protons. The magnitudes 

of the contact shifts ~ould d.epend upon the dihedral angle .(J (Fig. 25) 

about the·. G-S bond axis,(105). 

The resonances of other protons, not bonded to cysteinyl residues, 

. could. also be shifted if they were close enough to the Fe-S clusters 

(See Experiment 8), .and these shifts would also depend on the orientation 

of the pro~on to the Fe-S cluster. 

METHODS AND MATERIALS: . 

C •. acidi.;.urici apoferredoxin was reconstituted in D 20 to eliminate 

all exchangeable proto'ns .. C. addi-utici ( Phe
2

] -ferr~doxin prepared 

according to proce4ures described in Experiment 7b, has a phenylalanyl 

residue in position 2 instead of a tyrosyl residue. 

RESULTS: 

CHANGES IN PROTEIN CONFORMATION: 

EFFECT OF H 2o AND D20: The pattern of downfield-shifted reso

nances in the 
1
H-NMR spectrUm. of oxidized C. acidi-urici ferredoxin 

dissolved in H 20 is different from that of C. acidi-urici ferredoxin 

dissolved in n2o (Tables 6, 7, 8 and Figs. 26, 28, 29). This 

isotope effect is reversible and is observed at three. different temperatures 
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(Fig. 29). For example, peaks I and II are each shifted - 0.2 ppm 

further downfield in H20 than the.corresponding peaks are in D 20, at 

any given temperature. 

The most plausible explanation for this isotope effect is that the pro

t~in has a different conformation in D20 with d~uterium hydrogen-bonds 

than it does in HzO with proton hydrogen-bonds. The kinds of hydrogen

bonds which may be affected by the substitution of (rapidly exchangeable) 

deuterium atoms for protons coul'd be internal or external hydrogen-

bonds o:r both. 

Internal' H-bonds: 

At least three internal hydrogen-bonds have been proposed (2) for 

P. aerogene s ferredoxin (Fig. 30), and if these hydrogen bonds also 

exist in C. acidi-urici ferredoxin they could bind amino acid residues 

1 and 39, 3 and 52, and 3 and 53~ Since the deuterium hydrogen-bond 

is weaker than the·proton hydrogen bond, deuterium bonds could produce 

a different protein conformation around the Fe -S cluster and thus affe'ct 

the magnitudes of the magnetic shifts. 

External H-bonds: 

Changes in the strength of external hydrogen bonds could also produce 

protein conformational changes. The external H-bonds that may be 

affected by deuterium substitution include: (i) hydrogen bonds between 

the surface of the protein and the solvent shell; (ii) hydrogen bonds 

within the solvent shell; and (iii) the hydrogen bonds that affect the 

water structure within the protein. Changes in protein sur-

face conformation can affect the internal protein conformation (20). 
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EFFECT OF TEMPERATURE: The magnitude .of the shifts of the 

downfield-shifted resonances of o~idized f· acidi-urici ferredoxin (111) 

oxidized C. pasteurianum ferredoxin (110), 'other iron sulfur porteins 

such as oxidized plant-type ferredoxin~ (109)~ and reduced CJ:irornatium 

high potential ion protein (107) increase with temperature. These shifts 

are called magnetic shifts because the magnitude and temperature de-

pendence of these shifts is larger than one expects for chemical shifts, 

i.e., shifts due'to th.e'' cha.n:ges in protein conformation with temperature. 

Proton resonances -experienc{downfield chemical shifts if the nuclei 

are deshielded by the rhagrietic field produced by electron currents of 

neighboring atoms. Magnetic shifts on the other hand are caused by 

the magnetic moment ~£.unpaired electro~ spins. 

Magnetic shifts, however,, usually decrease with increasing tempera-

ture (Curie behavior) (105) and in reduced C. acidi-~ ferredoxin 

eight of the sixteen shifted proton resonances follow this behavior (111 ). 

This has led Phillips and coworkers (106) to hypothesize that in the 

oxidized ferred·oxins. (and redu~ed Chromatium high potential iron pro-

tein), the iron atoms are antiferromagnetically coupled, and the net ob-

served shifts are due to thermal unpairing of electron spins in the iron 

and sulfur atoms. (Increased shifts would occur with increasing tempera-

ture because more spin states are occupied at higher temperatures (110)). 

EFFECT OF IONIC STRENGTH: The pattern of downfield-shifted 

1 
proton resonances of the H-NMR spectrum (Fig. 31 and Table 9) of 

oxidized. C. acidi-urici ferredoxin dissolved in buffered 0. 58 M NaCl 

(Fig. 31B} is different from that of ferredoxin dissolved inbuffered 

n2o (Fig. 31A). This effect is reversible when one removes NaCl by 
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This fact suggests 

th.at 0. 58 .M NaCl changes the conformation of the protons close to the 

< •• ' 

Fe .;.s clusters. 

Salts usually change the .conformation of proteins by decreasing the 

electrostatic ~epulsion between changed groups.'in the' protein (137). 

The fact that NaCl ~an ~~ause :t~e ~esonancesof protons close to the 
. . . . . 

Fe -S dusters td shift suggests that NaCl is altering the conformation 

of the protein by neutralizing· changes on the· protein surface or within 

the protein, or both. It is unknown how such a gross perturbation of 

protein structure can affect the proton conformations of amino acids 

inside the protein, but if NaGl decreases electrostatic rep'ulsion of 

charges within the protein, then the protein is a relatively open' struc

ture. This is consistent with the X-ray st'~ucture of P. aerogenes 
' : ' 

ferredoxin, and the recent report of Phillips (104) that in some iron-

sulfur proteins, when HzO, rather than DzC{is used as a solvent, addi~ 

tional contact-shifted reson~ces' ar~ observed.· He attributes these 

additional resonances to rapidly exchangeable protons. 

COMPARISON OF FERREDOXINS: 

1 The pattern of the downfield shifted resonances of the H-NMR spec-

trum of oxidized C. acidi-urici native ferredoxin (Fig. · 32B) is identical 

to that of C. acidi-urici [ Phe
2

] :..ferredoxin (Fig.·· 32A). As expected 

they differ only in the aromatic region (Table 10)~ This suggests that 

the substitution of a phenylalanyl residue for a tyrosyl residue in position 

2 does not change the oxidized protein conformation around the Fe-S 

1 .· . 
clusters. The pattern of aliphatic resonances in H-NMR spectra 

(Fig. 33) and 
13

C-NMR spectra (Experiment 8) of both proteins is also 

identicaL 

.. ·., 
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... 1 
The pattern of the downfield-shifted resonances of H-NMR spectra 

of oxidized C. acidi-~ native ferredoxin (Fig. 32A) and 

C. acidi-urici [ Phe
2

] -ferredoxin Figs. 23B and 34B) is different from ----- ' . 

that of oxidized C. pasteurianum ferredoxin (Fig. 34A, Table 11 ). If 

we assume that the conformation off· acidi-urici and C. pasteurianum 

ferredoxins are different, the downfield-shifted resonance shift patterns 

can be a sensitive indicator of protein conformational change around the 

Fe-S cluster. Thus, 
1
H-NMR of the downfield-shifted proton region 

could be used to determine if changes in protein conformation occur 

around the Fe-S clusters when one chemically modifies £erredoxins. 



•. / 

..,1.23-

Fig. 25. Dihedral angles 81. and 82 about the 13-carbon and sulfur 

atoms of a cysteinyl residue in clostridial-type ferredoxins. 
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Fig. 26. 
1

H-NMR (4°C) of oxidized f· acidi-urici ferredoxin (30 mg/ml) 

ferredoxin is dissolved in H 20 (A) and n 2o (B). (A}: 0.2 M KH2PO 4 -K2HP0
4 

buffer, pH 7.4; (B): 0.2 M KD2P04 -K2DP0
4 

bUffer, pH7.0. 
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Fig. 28. 1H-NMR (15° C) of oxidized C. acidi-urici ferredoxin in H 2o 

(A) and n
2
o (B). Conditions same as described in Fig. 26. 
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Fig. 29. 1H-NMR of downfield-shifted proton resonances (Tables 6, 7, 

8) in oxidized C. acidi-urici ferredoxin in H2 0 and n 2o as a function of 

temperature. Primed peak numbers I through VII refer to ferredoxin in 

H 20, and unprimed peak numbers refer to ferredoxin in n2o. 
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Fig. 30. Three-dime·nsional structure of the peptide backbone of 

P. aerogenes ferredoxin (2) showing hydrogen bonding at amino add 

residues 1 and 3 7, 3 and 51, and 3 and 50. (For C. acidi-urici fer

redoxin add two to the residue number for residues succeeding 

P. aerogenes ferredoxin residue 21.) 
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Fig. 31. 
1
H-NMR (15° C) of oxidized f. acidi-~ ferredoxin in the 

presence (A) and absence (B) of NaCl. (30 mg/ml ferredoxin is dis

solved in 0.2 M KD
2
Po4 -K2DP0

4 
buffer, pD 7.0). 
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Fig. 32. 
1

H-NMR (15° C) off· acidi-urici [ Phe
2

] -ferredoxin (A) and 

C. acidi-urici native ferredoxin (B). Conditions are the same as in 

Fig. 28B. 
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Fig. 33. 
1

H-NMR (15° C) of C. acidi-urici [ Phe
2
]-ferredoxin (A) and 

C. acidi-urici native ferredoxin (B). Conditions are the same as in 

Fig. 28B. 

\. 
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Fig. 34. 
1

H-NMR (15° G) of G. pasteurianum ferredoxin (A) and 

· G. acidi-urici [ Phe
2

] -ferredoxin (B). Conditions are the same as 

in Fig. 28B. 
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Table 6. 1 H-NMR shifts (4° C) of ox~dized 9_. acidi
urici ferredoxin in the presence of H20 and n2oi 

Peak Number H20 D 0 Differencec 
·(Fig. 26) of (:ppm)b 

2 b 
(ppm)~ 

·Protons8 ·. (ppm). 

I 1 16.0 15.5 +0.5 

~~r 15.0 14.7 :t0.4d +0.3 + 0.4 -
4 + 1 14 .. 8 14.7 :t 0.4 +0.1 + 0.4 -

IV 14.6 14.7 ± 0.4 +0.1 + 0.4 -
v 1 12.8 12.8 0 

VI 1 11.7 11.7 0 
VII 1 11.0 11.0 0 
VIII 1 10.5 + 0.1 10.7 ""0.2 ±·0.1 -

a. Integrated area. 
b. Shifts ± 0.05 ppm relative to DSS unless otherwise 
indicated. 
c. (H20-D20) 

d. In n2o resonances II, III and IV are coalesced, 
and this position is an average position. 
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Table 7. 1H-NMR shifts (15° c)·of oxidized c. acidi
urici 'ferredoxin in the presence of H20 and n2o. 

Peak Number H20 D20 Difference0 

,(Fig. 28) · of (ppm) b (ppm)b (ppm)b 
Protons8 

I 1 ··16.3 16.1 +0.2 

II1 15.4 15.1 +0.3 
III. 4 + 1 . 15.1 15~0 +0.1 

IV- 14.9 14.9 0 
v 1 13.1 13.3 -0.2 
VI 1 12.0 12.0 0 
VII 1 11.2 11.3 -0.1 
VIII 1 10.6 10.8 -0.2 

a. Integrated area. 
b. Shifts (ppm) are ± 0.05 ppm relative to DSS. 
c. (H20-D 20) 

d. Integrated area of this cluster of resonances in 
H20 is equivalent to 4 + 1 protons, but in n2o it is 
equivalent to 3 protons. 
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.Table 8. 1H-NMR 'shifts (22°C).of•oxid-ized.C. acidi
urici ferredoxin in the presence of H20 and n2o. 

Peak Number H20. c I>ifferericec D20 -. 
(Fig. 29) o'f · 

. (ppm)b b . b 
Protonsa. (ppm) (ppm) . 

I 1 16.7 16.4 +0.3 

i~rl 
15.6 15.4' +0.2 

-4 'e 15.3 15.3 
... 0 

± 1-
IV 15.2' 15.2 0 
v 1 13.3 13.3 -0.3 
VI 1 12.2 12.3 -0.1 
VII 1 11.2 11.4 -0.2 
VIII 1 10.7 10.9 -0.2 

a. Integrated area. 
b. Shifts + - 0.05 ppm relative to DSS. · 

I 
I . 

,.· 

c. Extrapolated-shifts observed for ferredoxin dissolved 
in n2o from 4° and 15° C spectra r (Figs. 26, 28)-. _ 

. d. (H
2

0-D
2
0) 

e. Integrated area of this cluster of resonances in 
H20 is equivalent to 4 ± 1 protons, but in n2o it is 
equivalent to 3 protons. 
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Table 9. 1H-NMR shifts (15° c) of oxidized c. acidi-

urici ferredoxin in the presence and absence of 0. 58 M 
NaC1. 

Peak Number· +NaC1 :...NaC1 Differencec 
(Fig. 31) of 

. Protons8 (ppm)b (ppm)b (ppm)b 

I 1 16.4 16.1 .· +0.3 

II 1 15.8 15.1 +0.6 ± 0.1 d 

III 1 15.1 15.0 +0.1 
IV 1 14.9 14.9 +0.1 -
v 1 13.3 13.3 0 
VI 1 12.0 12.0 0 

VII .·1 11.3 11.3 0 
VIII 1 10.9 10.8 +0.1 

IX 1 10.2 10.0 +0.2 
X 1 9.8 9.7 +0.1 

XI l 9.3 9.35 -0.05 
XI' e J 2 9.3 9.25 +0.05 

XII·. e] 3 
7.9. 8.0 -0.1 

XII' 7.9 7.8 +0.1 

XIV. 4 ± 1 7.3f 7.3f 0 
XIV' 4 ± 1 7.lg 7.lg 0 

XVI 4 + 1 ·6.6h . 6.6h 0 -
XVI' 4 ± 1 6.4i 6.4i 0 

a. Integrated area. 
b. Shifts ± 0.05 ppm relative to DSS. 
c. (+NaCl)-(-NaCl) . . 

d. This value depends upon which of the three reso
nances in peaks II, III and IV in Fig. 31B one chooses 
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Notes to Table 9 continued. 

d. (continued) to subtract from the corresponding peaks 
in Fig. 31A. 
e. Slowly exchangeable proton region (See Experiment 6b). 
f. 

. 30 2' ,6'-Tyr proton resonance position (Experiment 7b). 
g. 2' ,6' -Tyr2 " " "' ... .. 
h. 

. 30 
3',5'-Tyr · It " 'llt .. It 

i. 3', 5 '-Tyr2 .. ·U rt " " 
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Table. 10. 1H-NMR shifts (15° C) of oxidized C. acidi
urici native ferredoxin and C. acidi-urici [ ~e2]- · 

·.' -
ferredoxin. 

Peak Number Ferredoxin 
(Fig. 32) of a . • 2 . c 

Protons Native [Phe ] . Difference 
(pput)l? (ppm)b ·. b 

(ppm) 

I 1: 16 .. 1 16.1 0 

II 1' 15.2 15.2 0 
III 1 15.1 15.1 0 
IV 1 15.0 15.0 0 

v 1' 13.3 13.3 0 
VI 1 12.0 12.0 0 

VII 1 11.3 11~4 -0.1 
VIII 1 10.8 10.8 0 

IX 1 10.0 9.9 +0 .. 1 
X 1 9.7 9.6 +0.1 

XI 1d 9.3 9.4 +0.1 
XI' 2d .· 9.2 9.0 0 

. XI'' ·d 1 8.4 0 

XII ld 8.0 8.0 0 
XII' 2d 7.8 7.8 0 

XIV 4 + 1 7.3e 7.3e 0 
XIV' 4 ± 1 7.1f -
XV 5 + 1 7.0g 

XVI 4 + 1 6.6h -
XVI' 4 + 1 6.4i 6. 5h -0.1 

XVII 1 5.7 

a. Integrated area. 
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Notes to Table' 10 continued. 

b. 

c. 
d. 

e. 
f. 

g. 

h. 

i. 

Shifts + 0.05 ppm relative to DSS. 
(Native-- [Phe 2]) 

.Slowly exchangeable proton resonance region. 
2 1 ,6'-Tyr3° proton resonance position. 
2',6'-Tyr2 " " " 
2' ,6' ,3' ,5' ,4'-Phe2 proton resonance position. 
3',5'-Tyr3° proton resonance position. 
3',5'-Tyr2 " " u 
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Table 11. 1H-NMR (15°: C) of oxidized Q. pasteurian·um 
ferredoxinand c. acidi-urici [Phe 2]-ferredoxin. 

Peak 
(Fig. 34) ·. 

I 

II 
III. 
IV 

v 
VI 

VII 
VIII 

IX 
X 

XI 
XI' 

XII 
XII' 
XII'' 

XIII 

XIV 
XIV' 

XV 
XV' 

XVI 
XVI' 

Number Ferredoxin 
of · 

Protons b . Q.. pas- · C. acid i-

1 

1 
1 
1 

1 
1 

1 
' 

1 

1 
1 

3c 
1c. 

4 + 1d -

4 + 1 

4 + 1 

4 + 1 

5 + l 

5 + 1 

4 + 1 

4 + 1 -

teurianu.m urici· 
( ppm) 8 

[ Phe2] ~ 
(ppm) a 

17 .. o 16.1 

16.0 15.2 
15.6 15.1 
14.8 15.0 

13.4 13.3 
12.2 12.0 

11.9 . 11.4 
. 10.9 10.8 

9.9 9.9 
9.6 9.6 

9.3 9.4 
8.9 9.0 

7.6 8.4 
7.5 8.0 

7.8 

7.4e,k 

7.2e,k 7.3 f 

7.1e,k 

7.0g 
.· 7 .oh 

6.51 

6.4j 

Difference 0 

(ppm) a 

+0~9 

+0.8 
+0.5 
-0.2 

+0.1 
+0.2 . 

+0.5 
+0.1 

0 
0 

-0.1 
-0.2 

-0.8 
-0.5 

-0.1 

--------~------------------------------~-----------------
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Table 11. continued 

...;----------------·-----------------------------------·------
XVII '}· 
XVII' 

? 
6. 3 . 
6.1 

5.7 

a. Shifts ± 0.05 ppm relative to DSS. 
b. Integrated area. 

·. +0.6 

c. (C. pasteurianum ferredoxin- Q.. acidi-urici [Phe 2]
ferredoxin.) 
d. Slowly exchangeable proton region. 
e. 2',6'-Tyr2 ring proton position(s) (tentative assignment). 

30 . f. 2',6'-Tyr ring proton position. 
g. 2',6' ,3' ,5' ,4'-Phe2 ring proton positions of .Q.. acidi
urici [Phe2]-ferredoxin. 
h. 2' ,6' ,3' ,5' ,4'-Phe3° ring proton positions (tentative 
assignment). 
i. 3'•5'-Tyr3° ring proton position of Q. acidi-urici 
ferredoxin. 
j. 3',5'-Tyr2 ring proton position of Q. pasteurianum 
ferredoxin. 
k. These resonances overlap so the area cannot be assigned 
to any single peak. 
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Experiment 6b. 

Slowly exchangeable protons of 

Clostridium acidi~urici ferrodoxin 

..... 

Comparison of1if-NMR spectra of oxidized C. acidi:urici ferre-

doxin reconstitUted in H
2

0 with :that. of oxidized ~ .. acidi-urici ferre

doxin reconstitute.d in n
2
o shows that·two resonances with area corr~-

. . . 

sponding to three c:>rfour and one or two protons respectively are miss-

ing from the N-H proton region. Thus only three or four protons 

' 
(which only exchange rapidly· with solvent if C. acidi-urici ferredoxin ---
is denatured to the apoferredoxin) can be designated as very slowly ex

changeable protons in H 20:reconsthuted f~rred?xin. 

The resonances corresponding to the very slowly exchangeable . . ... ~-... -. ' . ·.. ' 

protons are shifted in the 1H-NMR spectrum of methyl viologen-
- . .. ' 

red1,1ced (H20-reconstituted) ~· acidi-urici ferredoxin. When this 

ferredoxin is reoxidized, most of the resonances assigned to the very 

slowly exchangeable protons reappear in their unshifted positions, a 

result which suggests that some of the slowly exchangeable protons are 

very close to the Fe-S clusters in reduced C. acidi-urici ferredoxin. 

INTRODUCTION: 

1H-NMR measuremeilts of proteins require that most of the H 20 

associated with the protein be exchanged with D 2b. Otherwise the pro

ton resonance from H
2

0 will obscure most of the protein proton res

onances. During D
2

0 exchange, any rapidly exchangeable protons, 
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such as N-H protons, 'will be r'eplaced by deuterons. The resonances 

of slowly 'exchang·~~bl~· pr~~6n:~ hav~ char~cteristic resonance positions, 

and the area of these resonances, (whi~h i$ proportional to the number . 
. . . 

. of protons) will vary from sample to sample, depending on how long the 

protein has been expos~d to D 2o. 

In clostridial-tYpe ferr~do~in~ part of the· Fe-S clusters may be 

surrounded by a hydrophobic. environment and thus some· slowly ex

changeabl~ p:otons may be' close to an Fe -S cluster. Such protons can 

be identified by 1H-NMR techniques because· slowly exchangeable pro-

ton resonances will he magnetically shifted from their positions in free 

amino acids if these protons ·are close to'the Fe.-S clusters. To do 

these measurments one·musf reconstitute apoferredoxin in the presence 

of D 20. The class of very slowly exchangeabl'e protons in reconstituted 

ferredoxin is thus defined as those protons that rapidly exchange with 

solvent when the protein is denatured into an apoferredoxin (Fig. 35B). 

METHODS AND MATERIALS: 

g_. acidi-urici apoferredoxin was reconstituted by methods de-

scribed in the General Methods and Materials section, except that all 

reagents were lyophilized in D 2o several times to remove any exchange-· 

able protons. The DEAE cellulose column useci to purify the reconsti-

tuted ferredoxin was cooled by a water jacket and run outside the cold 

room to prevent H 2o from the air from exchanging with D 20 solutions. 
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RESULTS: 

OXIDIZED FERREDOXIN: 

Comparison of 1H-NMR spectra: of oxidized f. acidi..:urici ferre

doxin reconstituted ut"H
2
6 (Fig. 36B) with that of ferredoxin reconsti

tuted in D
2
o (Fig. 36.A) shows that at 9.3 and 8.0 ppm two resonances 

are diminished by an area cb~responding to three or four and one or 
. ' ;. . 

two proton re·sonances, respectively (Fig. 36C). N -H proton res-

onances ofproteins usually occur between 7.8-8.6 ppm from DSS(18). 

Hydrogen bonds tend to shift N-H resonances downfield (56, 67, 112), 

so it is possible that the resonances at 9.3 ppm correspond to the three 

or four very slowly exchange~ble protons which are involved in hydro-

gen bonding (2). ·.The one or two missing ·resonances at 8.0. ppm may 

correspond to very slowly exchangeable protons that are not hydrogen-

bonded; 

1
H-NMR spectra of oxidized C. acidi-urici ferredoxin recon-

stituted in H
2

0 (Fig. 37A) arid D
2

0 (Fig. ·37B) cshow that the areas and 

positions of the shifted resonances between 9. 7 to 16.1 ppm are essen-

tially identical. Thus we can say that the shifted resonances in ths re-

gion are not those of slowly exchangeable protons. 

REDUCED FERREDOXIN: 

In the 
1

H-NMR spectra of methyl viologen-reduced (H
2
0-

reconstituted C. acidi-urici ferredoxin the proton resonances at 9.3 

and 8.0 ppm (that had been assigned to the slowly exchangeable pro-

tons) are either shifted or the protons they represent are rapidly ex-

changed. These interpretations are based on the fact that when one 
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1 . . 
compares the H-NMR spectrum of the exchangeable proton region of 

oxidized (H
2
0-reconstituted) ferredoxin (F,ig. 38A) with that of r.educed 

ferredoxin (Figs. 38B, 38C, 38D), an area corresponding to three or 

four and one or two protons is missing from the resonances at 9.3 and 

8.0 ppm respectively in the 1H-NMR spectrum of the oxidized protein 

(Fig. 38A). 

The slowly exchangeable proton resonances are also missing 

from the spectrum of 20o/o (methyl viologen-) reduced g_. acidi-urici 

ferredoxin (Fig. 39B), but when this protein is reoxidized and the 

methyl viologen is removed by desalting on a Sephadex,G-25 column, 

ori.e or two and possibly one proton resonances reappear in the 9.3 and 

8.0 ppm peaks respectively (Fig. 39C). (The error in determing the 

areas of these resonances is due to the uncertain base line in these 

spectra.) Thus at least one or two of the very slowly exchangeable 

proton resonan·ces are shifted in the reduced protein and the protons 

they represent must be close to the Fe-S clusters. 

Since the slowly exchangeable· proton region is defined by the fact 

that it contains a variable number of proton resonances, one cannot yet 

be sure if reduction of ferredoxin causes the remaining three to five 

very slowly exchangeable protons to be rapidly exchanged with the 

n2o solvent. All of the downfield-shifted resonances move further 

downfield with increasing reduction (Figs. 40, 41, and Table 12). If 

one assumes that the resonance at 12.2 ppm in the 
1

H-NMR spectrum 

of the 45o/o methyl viologen-reduced (D
2
0-reconstituted) ferredoxin 

·(Fig. 38E) corresponds to the resonance at 11.5 ppm in 24% reduced 

(H20-reconstituted) ferredoxin (Fig. 38D), then one can assign this 
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resonance to some of the very slowly exchangeable protons. This .is 

because the area of the resonance at· 12.2 ppm (Fig. 3SE) is much 

smaller than the 11 .• 5 ppm resonance (Fig. 38D). When one compares 

the 1H-NMR .spect~urn of 45o/o reduced (D 20-reconstitute~l) ferredoxin 

(Fig. 42B), with that of 50o/~ redu~~d (H20-r~constituted) ferredoxin 

(Fig. 42G), the resonances at 36.0 and 30.5-ppm in the spectrum of the 

H
2
0-reconstituted ferredoxin (Fig. 42c) may be missing from that of 

the D
2
0-reconstituted ferredoxin (Fig. 42B). These missing. res

onances (each corresponding to a single proton)· can als'o be assigned 

to' the slowly exchangeable protons. 

,· One must use 'ca~tio~ when one compa.'res the intensities of res

onances in partially reduced ferredoxin. lwwever,· because with in

creasing reduction some of these resonances shift even further down

field and may· overlap othe~ resonances, which are not shifting down-' 

field at the same rate. This is because the spe~trum of partially re

duced ferredoxin represents ari averaged spectrum of oxidized and 

reducerl protein, sine~ th.e reducing electron is rapidly exchanged be

tween oxidized and reduced forms of the protein (see Section 4). If for 

example the position of resonance i is upfield of resonance II in the 

oxidized protein, but is downfield from resonance II in the reduced pro-

tein, at some intermediate degree of reduction resonance II will .over-

lap resonance I and increase its intensity. 

The fact that some shifted proton resonances are missing or 

variable in the 45o/o reduced ferredoxin that had been reconsitututed in· 

D
2

0 (Figs. 38E, 42B) suggests that some of the very slowly exchange

able protons are close to the Fe-S clusters. 
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Variable and missing proton resonances are also observed by 

Phillips in dithionite-reduced g_. acidi-urici ferredoxin. When the 

. ferredoxin is fully reduced by dithionite, as many as 16 proton res

onances are significantly shifted (111). These protons have been tenta

·tively assigned by Phillips to the 13-protons of the8 cysteinyl residues 

in the ferredoxin (111) ~ The shifted proton resonance positions of di-

thionite-reduced .f. acidi-urici ferredoxin are published as a table 

(111) and these published resonance positions are replotted in Fig. 43B. 

Phillips recently repeated this ~xperiment with .f. acidi-uriei ferre

doxin, .supplied by the ~uthor, and the (unpublished) 1 H-NMR spectrum 

of this more recently (dithionite-) reduced ferredoxin appears in Fig. 

42A. 

Phillips' latest (unpublished) 1H-NMR spectrum (Fig. 43A) of 

dithionite-reduced .f. acidi-urici ferredoxin shows essentially all 

but three of the resonances he previously reported (Table 13). The 

new resonances; missing from the first report (111) occurred at 65.4, 

55.0, and 19.3 ppm. Two of the most shifted resonances could have 

been newly discovered because Phillips expanded the range of his NMR 
·• 

spectrometer. Also, in the first report, there is at least one res-

onance (at 43.0 ppm) that is not seen in the more recent results. Thus, 

in our different samples of methyl viologen-reduced g,. acidi-urici 

ferredoxin (Figs. 38E, 42B) and' in Phillips' different samples of di-

thionite-reduced ferredoxin (Fig. 43) at least one or two significantly 

shifted resonances are variable. These variable resonances may 

either be so broadened, in the fully reduced protein that they are diffi-

cult to detect or they could represent slowly exchangeable protons. 
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Before one can be sure that the "missing" shifted proton resonances 

are exchangeable protons, these experiments rnust be repeated by add

ing H
2

0 to the reduced ferr:~doxiri samples. 

DISCUSSION:· 

Thr.ee classes of exchangeable protons are observed with the 

tritium-proton technique of Englander'(44). In this technique, a pro-

tei:ri is equilibrated with T 
2
o and the exchange-out of T 20 with solvent 

H
2

0 is measu·red.) 

Class II protons have fairly rapid exchang·e rates and correspond 

to the relatively unhindered peptide-bond protons, Class III protons 

have intermediate exchange ~ates and correspond H- bonds protons or 

sterically protect~d protohs ot both, Class IV protons have very slow 

exchange rates and correspond to "masked" or bonded amino acid side 

chains ( 44). 

Class IV protons are only rapidly exchanged in denatured pro

teitis, such as C. acidi-urici apoferredoxin. . The experiments we do 

are analogous to those reported by Englander (44) and Hong and 

Rabinowitz (60) except that we exchange n 2o for H 2o and directly mea-

. . 1 
sure the very slowly exchanged protons by comparing the H-NMR 

spectra of ferredoxins that had been reconstituted in n 2o and H 20. 

Before our 1 H-NMR meas.urements the ferredoxin samples are equil-

ibrated with J?zO solvent for several weeks or· months. Thus in the 

ferredoxin that had been reconstituted in H 20, Class II and III protons 

can rapidly exchange with the solvent, leaving only Class IV protons 

in the protein. When the 1H-NMR spectrum of ferredoxin reconstituted 

.· 
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in n
2
o is subtracted from that of the ferredoxin reconstituted in H

2
0 

an area corresponding to. 4..,6 'prot~ns remains and this number is con

si~tent with the five Clas.s iv' protons/per. molecule ·ferredoxin Hong 

and Rabinowitz ineas~re in thei~ T 
2
o-:H

2
o exchange experiments. 

· ·When we reduce the ferredoxin with methyl viologen, the res-
" " 

onances corresponding to these Class IV protons are either shifted or 

diminished. 
1 .. 

The fact that H-NMR spectra of the slowly exchangeable 

proton region of'reduced and reoxidized ferredoxins exhibit variable 

resonances suggests that the red~ced protein can exchange 1-4 more 

protons· than the o~idized protein. This observation is also consistent 

with the T 
2
o-H

2
d e~change data of Hong and Rabi~owitz. (In their ex

periments dithionit~-reduce'd ferre.doxin was equilibrated with T 
2
o and 

the reduced protein released'three or four less T
2

0 molecules per mol

ecule of protein than the oxidized protein.) Hong and Rabinowitz state 
. " 

that their data is consistent with the hypothesis that the reduced protein 

has less sites for equilibration with tritium and thus propose that the 

reduced protein has a more compact conformation. We believe that 

their data are also consistent with the hypothesis that the reduced pro-

tein has a more open conformation. Our hypothesis assumes that the 

one to four very slowly exchangeable protons (Class IV protons) in the 

oxidized protein become rapidly exchangeable protons (Class IIpro

tons) in the reduced protein and thus cannot be easily measured by the 

technique of Hong and Rabinowitz. Both interpretations however are 

tenable and consistent with the hypothesis that the reduced protein and 

oxidized protein have different conformations. 
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RAPIDLY EXCHANGEABLE PROTONS: 

Phillips has just reported (104) that (unnamed) iron-sulfur pro-

teins dissolved in H 20, rather than D 20, show additional contact

shifted resonances~ He attributes these to (rapidly) exchangeable pro-

tons that are close to the paramagnetic centers. He does not mention 

. whether this protein was oxidized or reduced, but if his measurments 

apply to reduced C. acidi-urici ferredoxin, then the reduced protein 
.. .. - ' . . . ' 

must have an open structure. His results are also consistent with our 

independent observations, which suggest that some of the very slowly 

exchangeable protons are also close to the Fe-S clusters. 

CENTRAL WATER MOLECULE: 

The x-ray crystal structure of oxidized~· aerogenes ferredoxin 

reveals that a si;ngle H 20 molecule is found trapped in the center of the 

protein molecule 3-SA from each Fe-S cluster (64). Our data suggest 

that a H 20 molecule may be similarly trapped in oxidized C. acidi

urici ferredoxin if some of the resonances corresponding to the slowly 

exchangeable protons can be associated with this single H
2

0 molecule. 

If electron transfer occurs between Fe-S clusters within the 

ferredoxin, then perhaps this single H
2

0 molecule (or any rapidly ex

changeable H 20 molecules) may serve as a bridging intermediate for 

such an electron transfer reaction (see General Discussion). 
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Fig. 35. 1H-NMR of g_. acidi-urici ferredoxin (A); reconsti

tuted in n
2

o (15° C, 30 mg/ml ferredoxin dissolved in 0;2 M · 

KD 2Po4 -K2DP04 buffer, pD 7.0), and C. acidi-urici apoferre-. 

doxin; (B); (20° C, 80 mg/ml apoferredoxin dissolved in 0.2 M 

KD
2
P0

4
-K

2
DP0

4 
buffer, pD 7.8). The apoferredoxin was pre

pared under reducing conditions to eliminate intramolecular 

mixed disulfides with 0.05 M Na
2

S and dialized anaerobically 

against 0.05 M KD 2Po
4 

-K
2
DP0

4 
pD 7.0 buffer and 0.01 M 

EDTA. The NMR sample was also anaerobic. 
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Fig._ 36. 
1 . . . . 

. H-NMR (15° C) of the exchangeable proton region 

of~· acidi-~rici ferredoxin. (30 mg/ml in 0.2 M KD 2PO 
4 

-K
2 

DPO 
4 

buffer, pD 7 .0) (A): Reconstituted in 0
2
0. (B): Recon

. stituted in H 20. 
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Fig. 37. 1H-NMR (15°C) of oxidized .f. acidi-urici ferre

doxin. (A): Reconstituted in H
2
0. (B): Reconstituted in 

n2o. Conditions as in Fig. 36. 
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1 . 
Fig. 38. H-NMR (15° C) of the aromatic and exchangeable 

proton region of H
2
0- and D

2
0-reconstituted oxidized and 

reduced C. acidi-urici ferredoxins. (A): Oxidized, re

constituted in H
2
o. (B): Oxidized, reconstituted in D

2
o. 

(C): 6% reduced, reconstituted in H
2
o. (D): 24% reduced, 

reconstituted in H
2
0. (E): 45% reduced, reconstituted in 

n 2o. 
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Fig. 39. 
1 . . . . . 

H-NMR (15°C) of the aromatic and exchangeable 

proton region of oxidizedand methyl viologen-reduced 

C. acidi-urici ferredoxin. (~): Oxidized, reconstituted in 

. H20. (B): 20o/o reduced, reconstituted in H 2o. (C): Re

oxidized ~-,, reconstituted in H
2

0 (methyl viologen was re

moved by- a Sephadex G-7.5 desalting column). (D): Oxidized 
' < 

reconstituted in 0
2
0. 
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,; 

Fig. 40. 1H-NMR (15°C) of oxidized and methyl viologen~ 

reduced g_ •. acidi-urici ferredoxiris (reconstituted in H
2
0). 

(A): Oxidized. (B): So/o Reduced. (C): 6.3% Reduced. (D): 

20% Reduced. (E): 24% Reduced. 

I 

,I 
.... ,,., 
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19 15 II 

ppm from DSS 
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Fig. 41. 1H-NMR (15° C) of oxidized and methyl viologen

reduced ~· acidi-urici ferredoxins (reconstituted in H 20). 

(F): 30% Reduced. (G): 35% Reduced. (H): 40% Reduced. 

(I): 50% Reduced. 
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Fig. 42. 1H-NMR (1 5° C) spectra ofmethyl viologen

reduced C. acidi-urici ferredoxins. (A): 40o/o Reduced 

ferredoxin (reconstituted in H
2
0). (B): 45o/o Reduced 

ferredoxin (reconstituted in D 20). ·(C): 50% Reduced ferre

doxin (reconstituted in H 20). Arrows point to the possible 

missing resonances. 
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Fig. 43. 
1
H-NMR spectrum of dithionite-reduced ~· acicii

urici ferredoxin as published in reference ( 111) (A) and as 

determined by Phillips on ferredoxin supplied by the author 

(3). The fer~edoxin is assumed to be fully reduced (see 

text). 
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Tab1e 12. 1H-NMR (15° C) of methyl vio1ogen-reduced 
c. acidi-urici ferr~doxins. 

Spectrum: Most downfield Shifts .Degree of 
{:Figs. 40 shifted (reduced- reductionb 
and 41) resonances. oxidized) (%) 

(ppm)S (ppm) 

A 16.0 0 .. 
B 18.0 2.0 5 
c 18.5 2.5 6 
D 24.0 8.0 20 
E 25.5 9.5 24 
F 28.0 12.0 30 
G 30.0 14.0 35 
H 32.5 16.5 40 
I 36.0 20.0 50 

a. Shifts '!: 0.5 ppm relative to DSS. 
b. Degree of reduction calculated from the shift of 
the most downfield-shifted resonance Qf tne·' 
dithionite-reduced Q. acidi-urici ferredoxin relative 
to the most dow.nfield shift in the oxidized. protein" (See 
Experiment 7b). 
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Table 13. 1H-NMR (22°._c) of dithionite-reduced 
c. acidi-uriciferredoifnreported by Phillips ' -

Peak Number Shift Number 
(Fig. 43)_ of a (ppm)b of c Protons Protons 

(Fig. 43A) (Fig. 43B) 

I. 1 . 56.4 
IT 1 56.0 

!I'd 1 
III 1 ' 41.2 1 
IV 1 39.4 2. 
v 1 38.6 i 
VI. 1 38.3 

VII 1 33·3 1 
VIII 1 29.4 1 

·IX 1 28 .. 3 1 
X 1 25.'6 
XI··. 1 " 24;.1. 1 
XI'd 1 

XII d· .1 .19.3. ' 
XII' 1 
XIII 1 18.5 1 
XIV· ... 1 .· 16.1 ·. 1 
XV 1 15.9 1 
XVI 1 13.7 1 

XVI! d 1 10.8 e 
XVII' -e 
XVIII 1 10.2 _e 
XIX 2 9.3 _e 
xix'd _e 
XX 2 8.6 _e 

a'.,_ Integrated area estimated by the author. 
b. Shift .± 0.5 ppm relative to DSS. 
c. Estimated. by Phillips (111). 
d. · Present in ref. (111) only. 

'Shift 
(ppm)b 

43.0 
41.3 
39.3 
38.5 

33.1 
29.0 
28.4: . 

24.5 
23.9 

18.8 
18.7 
15.9 
15.4 
13.5 

10.3 
10.0 
9.8 
9.4 
9.1 
8.8 

. 

e. The number of protons in. this region was considered 
variable by Phillips (111). 
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Section 4. 13
C-NMR Experiments 

Experiment 7 a. 

13
c-NMR of the aromatic residues of 

Clostridium acidi-urici ferredoxin. ----

. 13 ' 
The C-resonances of the 1'- and 2', 6' ring carbon atoms of 

both tyrosyl residues of C. acidi-uri.ci ferredoxin are shifted downfield 

in the oxidized and reduced protein relative to their resonance positions 

in C. acidi-ur.ici apoferredoxin. Upon reduction the magnitude of these 

shifts increases. The resonances of the 3',5' - and 4'- carbons, which 

are unshift~d in the oxidized protein, are significantly shifted in the 

reduced protein. These resonance shifts indicate that both tyrosyl 

residues in the oxidized and reduced protein are in magnetically 

equivalent environments, and suggest that both tyrosyl residues are 

close to the two iron-sulfur {Fe..:S) clusters in the reduced and oxidized 
. . 

proteins, and that each cluster is equally accessible to one reducing 

electron. The obser~ed shifts can be explained by a pseudocontact 

mechanism only if each tyrosyl residue is in a special symmetric orientation, 

or a Fermi-contact mechanism if there is electron delocalization from 

the Fe-S cluster to produce spin density in the tyrosine ring, or both. 

INTRODUCTION: 

C. acidi-urici ferredoxin was used for this study of the role of 

aromatic residues in electron transport because this protein contains 

two tyrosyl residues and its amino acid sequence is known (117). Re

cently Jensen and coworkers (2) have reported the 2. 5 A resolution x-ray 

structure of oxidized Peptococcus aerogenes ferredoxin. This ferredoxin 
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also contains two tyrosyl residues and has an amino acid sequence 
' ' . ' 

similar to that of f. acidi-udci ferredoxin (134). The x-ray structure 

reveals' that each tyrosyl residue is similarly oriented with respect to 

~~ch Fe-S clus.ter. in the ·oiii{ized protein. Each of the two tyrosine 

residues is close to 'one F~.:.s 'ci.uster and is approximately parallel to 

a face bf the Fe'-S cluster .. The tyrosine :rings are approximately 4 A 
. . 

from th~ cube -like c'luster face. The two cluster centers are 12 A 

apart. 

The fact that both tyrosyl residues in oxidized ·P. aerogehes fer

redoxin have ·a· similar 'orientation with respect to the Fe .:s cluster sug-

gests that this orientation is important to the structure or function of 

the protei:ri, of both~ 

~ETHODS AND MATERIALS~. 

C. aci.di-:-urici was grown and the NMR samples were prepared ac

cording to previously described procedures. C. acidi-urici ferredoxin 

was reduted by Zn-r,educed methyl viologen becaus.e reduced methyl 

viologen is. a stable 'tree radical ( 87), and fast electron exchange between 

equilibrium mixtures of oxidized and reduced methyl v'iologen produces 

broad and shifted methyl viologen resonances which do not interfere 

with .magnetic resonance measurements of the reduced ferredoxin. 

ESR and 1H-NMR measuremei:l~s of reduced and reoxidized. ferredoxin 

show that methyl viologen reduction does not detectably denature fer-

redoxin. (96). 

RESULTS: 

13
C-NMR of oxidized and reduced f. acidi-urici ferredoxin (Fig. 44A 

and 44B respectively) and C. acidi-urici apoferredoxin (Fig. 44C) show 



-181-

significant differences, in the resonances of the carbonyl, aliphatic, and 

aromatic regions, but this experiment will only discuss the resonances 

in the aromatic region. The proton-decoupled and proton-coupled 

13 C-NMR spectra of the aromatic region of C. acidi-~ apoferredoxin 

is different from that of oxidized holoferredoxin (Fig. 45). 

The resonances at 38 and 77 ppm occur in the spectrum of apoferredoxin 

(Fig. 45A) and oxidized holoferredoxin (Fig. 45B), but the resonances at 

64.9 and 62.2 ppm in the apoferredoxin speCtrum do not appear in these 

positions in the spectrum (Fig. 45B) of the oxidized holoferredoxin. In 

the oxidized protein spectrum, however, three new resonances occur at 

58.8, 59.5, and 60.4 ppm. 

ASSIGNMENT OF RING CARBON RESONANCES: 

OXIDIZED FERREDOXIN: Ring carbon resoances are assigned 

(identified) through the use of reference compounds and resonance-

decoupling techniques. In Table 14 the ring carbon resonance positions 

of refe.rence compounds, wh{ch consist of model polypeptides and 

C. acidi-urici apoferredoxin, are listed. If a ring carbon resonance in 

the spectrum of a ferredoxin occurs at the same position in the spectrum of 

a reference compound, it is initially as signed this resonance position and 

is designated an unshifted resonance. 

The assignment is then checked by on-and-off proton resOl"~nce de-

coupling techniques (128). In proton-coupled 13C-NMR spectra, the 

number of protons (n) bonded to a carbon atom split the carbon resonance 

into (n + 1) resonances, while carbons that are not bonded to protons 

remain as single resonances. The effect of protons on carbon reso-

nances can be removed, or decoupled, by saturating all the proton reso

nances with an appfied magnetic field, giving rise to a proton- (noise-) 
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. . 13 . . 
decoupled C-NMR spectrum, in which all carbon resonances appear 

as· singlets. By comparing proton~ coupled wit~ proto~-decoup1ed· spec~ 

tra, carbon resonarice assigriments ~anbe checked. 
' . . . .· 

For example, the two r,esonances at 58.8 and 59.5 ppm in the proton-

decoupled 13G-NMR spectrum {Fig. 45B) are assigned to the "1 1
- ring 

carbons be~ause they ate i>.ot split in the proton~ coupled spectrum 

(Fig. 45C) •. ·(In this pr~ton"':'coupled spectrum (Fig. 45G) th~ 1 1 
- ring 

carbon resonances are seen as one unresolved resonance at 59.2 ppm, 

the average pOSition of the tWO narrOW 1 I - carbon resonances in the 

proton-coupled spectra). 

The res.onance at 60.4 ppm in the proton~decoupled spectrum (Fig~ 45B) 

·' . * . ' . . . . . 
collapses into a doublet in the proton~coupled spectrum (Fig. 45C). 

This is assigned t~ the Z1,6 1 ~ tyrosyi ring carbons be~au.se the doublet 

is centered about the original (de coupled) resonance (Fig. 45B ). 

The same techniques are used to confirm the positions of the unshifted 

3 1,5 1
- .and 4 1

- carbon resonances. (The single resonance at 36.1 ppm 

in Fig. 45B and 45C corresponds to the E -carbon of the single arginyl 

, residue in ferredoxin. Its position is unshifted from that of the free 

amino acid. ) 

A further check of resonance assignments is provided by consideration 

of the observed resonance line widths and intensities. The intensity and 

_int4eg_rated are~. of the resonance is proportional to the number of carbons 

. . 

.... The J -coupling, the separation in Hertz between the two doublet re so-

nances, observed for this doublet is also characteristic of ring carbon 

atoms (74). 
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it represents, and the line widths of resonances of carbons, not bonded to 

protons tend to be narrower than. the resonances of carbons bonded to protons. 

REDUCED FERR.-EDOXIN: Figure 46 shows the aromatic region of 

oxidized and methyl Viologen-reduced ferredoxin under various con-

ditions of proton decoupling. In both oxidized (Fig. 46A) and reduced 

(Fig. 460, E) ferredoxin the 1'- and Z' ~ 6'-ring carbon resonances 

experience a large shift relative to the resonances of the_se carbons in 

diamagnetic reference compounds such a~ N -acetyltyrosine (Fig. 46F, G) 

or f· ~-~· apoferredo~~ (Fig. 44A). 

SIMILAR MAGNETIC ENVIRONMENTS: Both tyrosyl residues are 

represented in the f 3C-NMR spectra of oxidized ferredoxin. This can 

be seen in Fig.44B, in which two 1'- and two 4'- carbon resonances 

. are visible. It can be concluded that the f' ·- · ring carbons are in similar 

magnetic enviro.mnents because the f'- carbon res.onances are separated 

by only 0. 7 * 0.15 ppm in the oxidized and reduced proteins (Figs. 44, 47). 

Similarly, the 4_'- ring carbon resonances, separated by only 0.4* 0.15 

ppm, indicate that the 4' - ring carbons are in similar magnetic environ-

ments. 

Further eyidence that both tyrosyl residues are represented in the 

f 3C-NMR spectra of oxidized and reduced ferredoxin .and are in similar 

magnetic enviromne~ts comes from fH-NMR studies of oxidized and 

reduced ferredoxin containing [3', 5' - 2H2 ]tyrosyl residues (See 

Experiment Z). If the 13C-NMR spectrum off· acidi-~ ferredoxin 
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(e. g. , Fig. 45B) had shown the ring carbon resonances of only one 

tyrosyl residue, then one would have to conch~de that the ring carbon -

resonances of the other tyrosyl residue were so dramatically broadened 

or shifted that they completely disappeared from the aromatic region of 

spectrum. The same would be true for the corresponding r:lng protons 

in a 1H-NMR spectrum. -To assign ·the tyrosyl ring protons resonances, the 

1H-NMR spectrum of oxidized/C._ acid!-uri~i [ [ 3', 5' -
2

H2 ] Tyr] -

ferredoxin 
- ' l ' 

(see Experiment 2) was compared with that of normal 

ferredoxin (Fig. 16·, Experiment 2). This comparison showed that an 

area corresponding to four protons was missing from the aromatic 

region in the 1H-MNR spectrum of [[ 3', 5'-
2

H 2 ] Tyr] -ferredoxin. If 

the ,3', 5'- proton resonances from one of the tyrosyl residues had been 

broadened or shifted out of the aromatic region, a resonance having an area corre-
- - -

spending to only tw~ protons would have been missing from the spectrum. 

An area corresponding to four prC>tons was also missing from reduced 

[ [ 3',5' -
2

H 2] Tyr] -ferredoxi~-(Fig. 17 Experiment 2). Thus these 

results confirm that both tyrosyl 
- . - - ' 13 

residues are represented in the C-

and 1H-NMR ·spectra. 

SYMMETRY ABOUT 1'.• 4'- RING CARBON AXIS: The carbon reso-

nance s of each half of each tyrosyl ring were observed to have essentially

identical magnetic shifts but the proton resonances experience relatively 

small shifts (Table 15). The ring proton resonance shifts were deter-

mined by double _resonance experiments which involve coherent proton 

decoupling techniques. These techniques are used to determine the 

resonance frequency of a proton bonded to a particular carbon. In a 

coherently decoupled spectrum all the carbons that are bonded to pro-

tons which have resonance frequencies of the applied coherent pulse 
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frequency will show collapsed multiplet structures. Thus, only carbons 

not bonded to protons or carbons bondedto protons which resonate at the 

coherent pulse frequency will appear as single resonances. For example, 

the 2', 6'- ring.proton position in apoferredoxin was assumed to be 

~ithin 0. 5 ± 0.1 ppm of the 3', 5' .:ring proton position (119) (See 

Experiment Z), and then a coherent pulse frequency, corresponding to 

the proton resonance position midway between the 3' J 5'' - and 2', 6' 

proton resonances, was applied. Since the error of the pulse frequency 

is ± 0. 5 ppm, this pulse should decouple both the 2', 6' - and 3', 5' 

ring 'protons if the 3', 5'- and 2', 6i · -proton resonances in the oxidized 

or reduced ferredoxins are not shifted (± 0. 5 ppin) from their positions 

in apoferredoxin. 

When one saturates the 2', 6' -and 3', 5' -ring protons with this coherent 

frequency, the two carbon resonances at 60.4 and 77.4 ppm in the 

oxidized protein (Fig.· 46B) remain as single uncollapsed resonances. 

These resonances thus correspond to the 2', 6' - and 3', 5 1 -ring car-

bons. respectively. 

In the - Bo/o reduced ferredoxin spectra (Fig. 4 7), when one applies a co

herent frequency that is just a little above or below the bonded proton reso

nance frequency, thes.e ring carbon resonances will split into doublets. The 

separation of these doublets will increase the further the applied coherent proton 

frequency is from the proton resonance of the bonded proton. Thus, if the 2', 6-

ring proton resonance is shifted as much as the 2•, 6' -ring carbon reso

nance is in reduced ferredoxin (e.&.·, 7 ppm in Fig. 460), applying 

a coherent pulse at the ring proton resonance frequency of the free 

amino acid (unshifted) position should cause the 2', 6' -carbon resonance 
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to split into a doublet. This splitting was not observed because in 

the (- 38%) reduced ferredoxin spectrum (Fig. 56D) the 2', 6' -ring 

proton reson~nce is not shifted 7 ppm from its free amino add p6sition. 

These results suggest that: 

(i) . the two tyr6syl iirigs of oxidized and reduced C. acidi-urici 

fer~edoxin are· equi.J3Je'ntlyoriented with respect to their neighboring 

Fe-S cluster, since both tyros,yl residues experience the same mag

netic pertu~batio.ris. This is consistent with the x-ray structure of 

oxidized P. aerogenes ferredoxin (64); 

(ii) the magnetic perturbation .produced by the Fe-S cluster is 

symmetric about the 1', 4'- ring carbon axis, and the magnitude of'this 

perturbation is larger for the 1 1
- and 2', 6' - carbons than for the 3', 5 1 -

and 4' -:carbons in both the oxidized and reduced ferredoxins. (In~· 

aerogenes ferredoxin the 1 r - and 2', 6' ,_ tyrosyl carbons are closer 

to the Fe-S cluster than are the 3', 5'- and 4'- tyrosyl carbons (64); 

(iii) the. proton resonance positions remain essentially unshifted 

from their positions in free tyrosine; · 

(iv) in our most reduced ferredoxin samples (Fig. 46D) each fer-

redoxin molecule has approximately one reducing electron yet both 

tyrosyl residues are perturbed equivalently. This produces an 

13 
averaged C spectrum. 

Double resonance techniques can also be used to determine the reso-

nance positions of the protons bonded to specific ring carbons (128). 

Comparison of the noise decoupled 
13

C-NMR spectrum (Fig. 47A) of 

the aromatic region of (8± 2)o/o reduced f· acidi-urici ferredoxin with 

the proton coupled spectrum of this ferredoxin (Fig. 4 7E) shows that 
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the resonances at 58.8 and 77.1 ppm correspond to the 2', 6'- and 

3', 5' - ring carbon atoms respectively; since the single resonances at 

58.8 and 77.1 ppm in Fig. 47A are split into doublets in Fig. 47E. When 

one applies a coherent pulse which specifically decouples the 3', 5'-

proton resonances (at - 7.0 ppm from DSS (Fig. 47B) ), then 

the 2', 6'- 13c resonance just begins to split. Thus the 3', 5' -proton reso

nance is closer to 7 ppm (from DSS) than is the 2', 6' -proton resonance. 

From the magnitudes of the splittings (J ) of these doublets, one can calculate r 

the proton resonance positions from the relation (128): 

where 

J 
Af = _r_ F 

J 

Af = the separation (in Hertz) of the proton resonance from the applied 

decoupling frequency 

J = magnitude of residual splitting .. ~Hz). 
r 

J = 13
c-H coupling constant (160Hz for aromatic carbon atoms). 

F = decoupling field strength (560Hz for our experiments). 

From the data presented in Fig. 47, we conclude that in (8±2)% re-

duced C. acidi-urici ferredoxin the 3', 5' - and 2', 6'- ring proton 

resonances (of both tyrosyl residues) are shifted +(0.2 ± 0.1) ppm and 

-(0.7±0.5) ppm from their positions in apoferredoxin (Table 15). (Posi-

tive shifts are upfield shifts relative to the apoferredoxin resonances. ) 

Thus in reduced C. acidi-urici ferredoxin (as in the oxidized ferredoxin) 

the resonances of protons bonded to ring carbon.s are shifted 5-10 times 

less than that of the corresponding ring carbon resonances. These proton 



"-188-

shifts are also symmetric about the 1', 4'- ring carbon axis and are 
. . . ' 

essentially equal for both ar~nnatic residues (see Experi~ent 7b). 

TWO STATE HYPOTHESIS: O~idi.zed ferredoxin is characterized 

hy certain ring carbon shifts '(Table 15). If we assume that the fully 

reduced ferredoxin is characterized by a different set of ring carbon 

shift~ then any shifts that are intermediate between the oxidized and 

fully reduced shifts r.epresent a mixture of oxidized arid reduced proteins. 

This is because the electron is exchanging between the oxidized and re-

duced forms of the protein ·at a rate faster than the NMR time scale 

(112). From th:l.s we assume that the magnitude of the shifts increases 

linearly with the degree of reduction. This assumption is supported 

. . .: . . . 1 ... 
by an independent measurement of H-NMR shifts of aliquots of partially 

',· 

. . . . . '13 
reduced ferredoxin samples used for C-NMR experiments. The 

1 . . . . . 
H-MNR, spectra (see Experiment 6b) of partially reduced ferredoxin 

showed many shifted pro'ton resonances. The most shifted proton reso-

. . 13 . 
nance in the methyl viologen-reduced C-NMR samples was never 

shifted as much as that reported by Phillips and coworkers for 

dithionite-reduced C. acidi-urici ferredoxin (111). If we assume that 

the most shifted proton resonance seen by Phillips represents a fully 

reduced ferredoxin, the degree of reduction can be calculated from the 

most downfield-shifted proton resonance position of the reduced fer

redoxin samples used for the 13C-NMR measurements, since the mag-

nitude of the most downfield-shifted aliphatic proton shift increases 

' 
linearly with the magnitude of each ring carbon shift of the tyrosyl 

residues in C. acidi-urici ferredoxin (See Experiment 7b). (The 

mechanism that produces the magnetic shifts is probably different fo:r 
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aliphatic protons and aromatic carbons, because they have different absolute 

~agnitudes .... ) The. simplest expl~nation for. this correlation is that the 

intermediate shifts represent intermediate reduction in atwo-state 

system• i. ~· , the shifts for protons and carbons is a linear function 
I • • • 

of the degree of reduction (see Experiment 7b). 

The fact that the tyrosyl ring carbon resonance shifts increase 

monotonically with increasing reduction indicates that in the reduced 

protein the reducing electron is exchanging between clusters at a rate 

-1. . 
> 1.0,000 sec ·at 10°C. This exchange rate is a low estimate (112) and 

is based on the fact that the 2', 6' - carbon resonance shift increases 

with increasing reduction, and that the linewidth of the 2' , 6' -carbon 

resonance in the reduced ferredoxin (Fig. 46D) is less than the esti-

mated frequency difference between the positions of the 2' , 6' -carbon 

resonances of the oxidized and reduced proteins. Intra- and intermolecular 

electron exchange between reduced and oxidized Fe-S clusters cannot be 

distinguished at present (See General Discussion). 

The fact that the ring carbon shifts increase linearly with reduction 

also facilitates the assignment of ring carbon resonances at different 

degrees of reduction. 

DISCUSSION: 

PARAMAGNETIC SHIFTS: 

In diamagnetic proteins (proteins which contain no unpaired electrons), 

carbon and proton resonance diamagnetic shifts are the result of changes 

in protein conformation and local pH or charge variations (119). In the 

ferredoxins, there are also paramagnetic shifts that are caused by mag-

netic interactions between a specific proton or carbon nucleus and an 
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unpaired el.ectron. These paramaanetic shifts fall into two classes (105): 

(i) Fermi-contact shifts, which are produced by interactions that proceed 

through orbitals and require that' el~ctron spin density be non-zero at the 

perturbed nucleus and (ii) Pseudo-contact shifts, which are produced by 

direCtion interaction:s through space, are the result of an electron spin..; 
' ' . 

nuclear spin dipolar interaction and a nuclear spin-electron orbital in-

teraction or both. The magnitude of pseudocont~ct shifts depends on the 

geometrical orientation of the perturbed nucleus an.d the unpaired elec

tron. The diamagnetic and paramagnetic shift mechanisms need not be 
·. . . ·, .. . , I 

independent of each other since ·protein conformational changes, for 

example, c'an influence paramagnetic shifts in paramagnetic protein~. 

RING CARBON RESONANCE SHIFTS: Paramagnetic shifts are 

u~ually distinguished from diamagnetic shifts by the strong, 1/T, 

temperature dependence of 'paramagnetic shifts. But the ring carbon 
I' 

·resonance shifts in reduced and oxidized ferredoxin are not expected to 

show a large (det-~ctable) t~mperature dependence of the type observed 

for aliphatic· proton resonance shifts of ferredoxins (106). (Phillips and 

coworkers (111) report ~ 0.02 ppm proton resonance shifts per degree 

C and::= 0.05 ppm shifts per degree C for oxidized and reduced 

C. acidi-urici ferredoxin, respectively.) The linewidths of the 2', 6'-

carbon resonances, for example, are greater than the maximum calcu-

lated temperature shift of 0.5 ppm expected for ring carbon resonances 

of the oxidized and reduced proteins between 8-20° C (Fig. 1, reference 

97). 

The large shift in the 2', 6'- tyrosyl ring carbon atoms in oxidized 

C. acidi.:.urici ferredoxin can only be explained by a paramagnetic 

·,\. 
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mechanism because only the 2\ 6'- carbon resonances in the tyrosyl ring 

~re significantly shifted in oxidized ferredoxin, while the 2', 6'-ring 

carbon resonances in N-acetyltyrosine and Gly-Gly-Tyr-Gly:..Gly are 

not shifted over the pH range 1-14 (52). Thus, there is no local pH 

effect producing the observed shifts. Protein conformational changes 

would be expected to perturb proton resonances more than the corre-

spending carbon resonances; the opposite effect is observed for the 

tyrosyl residues in ferredoxin. 
. . . 

WEAK CHEMICAL BOND: If the interaction of the aromatic residues 

and Fe-S complex is important to the structure and function of bacterial 

ferredoxin it would be of interest to know whether the interaction is only 

electrostatic or involves a weak chemical bond. Demonstration of a 

Fermi-contact interaction producing a magnetic shift of the aromatic 

nuclei would implicate a chemical bond. By unravelling the contribution 

from eai:h paramagnetic shift mechanism one could determine: (i) the 

extent that the i~teraction of the aromatic residues with the Fe-S com

* plex is needed for protein stability and function; (ii) which energetic 

. factors stabilize the alignment of the aromatic residues; and 

(iii) the extent that the reducing electron is shared by the atoms in each 

Fe-S complex. 

POSSIBLE SHIFT MECHANISMS: The pseudocontact and Fermi

contact models require that each tyrosyl residue be within 4-5 A from 

an Fe-S cluster. This occurs in oxidized.!:· aerogenes ferredoxin (2). 

The pseudocontact model also requires that each tyrosyl residue be in 

a special symmetric orientation in the oxidized and reduced protein. 

This orientation requires that each tyrosyl residue be at a distance and 

* The Fe-S complex includes the cysteinyl sulfur atoms. 
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orientation that gives the saiue .pseudo contact shift for all 2', 6' -car

bona and essentially no shift for the 2', 6'- protons. The 2', 6' -carbons 

could be in equivalent magnetic environments if the tyrosyl rings of 

G. acidi-urici fer.redoxin were rotating about the 1 ', 4'- carbon axis. 

In this case, the 1 ', 4' - carbon axis of eath tyrosyl ring would still 

have the same distanc~· and orientation to the Fe-S clusters. · Since the 

2", 6'- proton resonances are not shifted, rotation about the 1', 4':.. 

carbon axis is riot possible· if the 2', 6'- carbon shifts 'are caused by a 

pseudocoiltact intera~tion. This is because the pseudocont~ct interaction 
. -3 . ' ' . . 

depends on R where R 1s the distance between the nucleus and un-

paired electron. (105) Furthermore, if the solution structure of 

G. acidi•urici ferredoJtl.n is the same as the crystal structure of oxidized 

P. aerogenes ferredoxin, rotation of the tyrosyi ring would be prevented 

by steric hindrance (64). 

Both the pseudocontact and .Fermi-contact interactions would explain 

the 13c:..NMR shift data if the orientation of the tyrosyl residues in 

oxidized ferredoxin is preserved in the reduced ferredoxin. If, however, 

x-ray studies of the reduced clostridial ferredoxins show that the special 

symmetric orientation of the tyrosyl residues is not preserved, then only 

an electron spin delocalization model could explain the observed 13c-

tyrosyl ring carbon shifts. 

Contact mechanisms: Spin density in the tyrosyl orbitals: 

Positive electron spin density can appear in the tyrosyl ring by partial 

transfer of an electron spin to or from the Fe-S cluster. Table 15 shows 

the observed carbon and proton shifts for the tyrosy~ residues in oxidized 

and reduced G. acidi~urici ferredoxin. The shifts for the fully reduced 
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protein were obtained by a linear extrapolation from the observed shift 

vcil.ue s for lower degrees of reduction. In the oxidized protein the mag

nitude of the 1'- carbon resonance shift is larger than that of the 2', 6'

carbon, while in the reduced,proteiri the reverse is true. The magnitude 

of the aromatic ring protori resonance shifts is 5 to 10 times smaller 

than the corresponding carbon resonance shifts. 

·In the case of the 3', 5'- nuclei, the 3', 5'- proton 'and 3', S'-car

bon resonance shifts are of opposite sign. This sign difference is what 

one expects from spin delocalization from the Fe::.S clusters into the 

tyrosine orbitals. Thus a Fermi-contact model could account for 

the observed large carbon resonance shifts and relatively small proton 

resonance shifts (Table 15). 

Electron spin deloc,alization could occur through overlap of the sigma 

(0') and pi (lT} orb:itals of the tyrosyl residue with the 3p and 3d orbitals 

of the cysteinyl and acid-labile sulfur andiron atoms, respectively. 

This overlap may result in a small amount of electronic delocalization 

from the Fe-S cluster into the tyrosyl ring to give an energetically more 

favorable electronic distribution. The tyrosyl residues are 6 and 7 

amino acid residues away from the Fe-S clusters in f· acidi-urici 

ferredoxin. Delocalization of spin through the sigma (0' )-electron 

framework from cysteinyl residues through the 5 and 6 intervening 

amino acids into the tyrosyl residue would not be detected, since a 

5-10 fold attenuation in spin density occurs for each intervening 

0' -bond (33 }. 

In the delocalization model the tyrosyl rings need not be in a symmetric 

orientation to the Fe-S clusters to account for the observed magnetic 
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equivalence ot each half of ea~h tyrosyl ring in both thE!. oxidized and 

reduced pr.oteins. Unp'aired spin could proceed through the cr -orbitals 

of the 1' -carbon into the C1 -framework of the tyrosyl ring and would 

show a 2-fold symmetry about the 1' "" and4' :..ring carbon axis. cr

delocalization would resUlt in decreasing shift~ of the carbon resonances 

in the order' of 1' > · 2' ,6' > 3' ,5' > 4' . The corresponding proton reso-

nance shifts would follow the same order, but 'their magnitudes would be 

5 to 10 times smaller (33). This is o.bserved (Experim~nt 7b.). · .. 

If delocalization occurr~d.int~ the tyrosylrr.-orbitals the resulting un

paired electron spin distribution would also show a 2 -fold symmetry in 

its distribution about the ring. The rr-delocalization shift pattern would 

not be the same as the C1 -delo.calization pattern. 

Reorthogonalization contact mechanism ( 83) 
.. 

Unpaired spin density may also appear in the tyrosyl ring because of 

a reorthogonalization of ·the tyrosyl and Fe-S cluster orbitals. At 
. . 

large· separations the Fe-S o~bitals and tyrosyl orbitals are orthogonal; 

i. !:.· ' n~~o've~lap o~burs. At' small separations (< 4 A) overlap between. 

the Fe-S and tyrosyl orbitals can occur, and these orbitals are no longer 

orthogonal. A sn1all admixture of nwlecular orbital occurs, and this 

restores the orthogonality. This admixture introduces spin into the 

tyrosyl ring. This can be a nearly isoenergetic process and would in-

volve the C1 -orbitals of the tyrosyl residues. 

Fermi-c()ntact mechanism (39} 

If one assumes that the observed carbon shifts are primarily Fermi-

contact in origin and arise from spin transfer into the empty (antibonding) 

rr,..orbitals of the tyrosyl ring, one can estimate the ratios of magnetic 
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shifts relative to the apoferredoxin. These predicted ratios for the Bg, 

Au
1 

and Au
2 

rr-antibo:riding orbitals can.be compared with the observed 

ratios (Table 16). The predicted shift patterns are based on the Karplu~

Fraenkel equation (68), which relates the carbon hyperfine (Fermi-

contact) constants to carbon spin densities. Estimates of electron spin 

densities used in these predictions wer~ obtained from the ESR literature 

(19,136).· 

We find that there is .!!£.agreement between the predicted and observed 

values. This· suggests that mechanisms other than spin transfer into 

the aritibohding rr-orbitals of the tyrosyl ring contribute to the observed 

shifts. A similar conclusion is reached if one also considers the altern-

ative pos'sibility of spin transfer from the filled rr-orbitals of the tyrosyl 

ring into the Fe-S complex (the Fe-S cluster plus the cysteinyl sulfur 

·atoms). 

Since the magnetic shift p~ttern ofthe carbons observed in oxidized 
,· ' 

and reduced C. acidi-urici ferredoxin is not characteristic of spin de------
localization exclusively into the tyrosyl rr-orbital, there must either be 

appreciable spin delocalization into the (]-orbitals of the tyrosyl residue 

(in addition to spin delocalization into the rr-orbitals) or pseudo contact 

interactions or combinations of all three processes. 

Pseudocontact .mechanism 

The pseudocontact mechanism is a direct magn~tic interaction 

through space. For this model one assumes that in oxidized clostridial 

ferredoxins the electron spins of the Fe-S clusters are paired at low 

temperatures (110) andunpaired by thermal excitation at room tempera-

ture; and iri the reduced protein the ground state is paramagnetic at all 
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·temperatures. The proton· ~dd carb<;~ atoms, however, have nuclear 

spins which are aligned along the e~ternal magnetic field. A dipolar 

magnetic field is produced at the proton and carbon nuclei by the elec

tron spin and by the orbital motion of the unpaired electrons (71) .. This 

. dipolar field averages to zero with the tumbling motibn of the protein if 

the electron spins and nuclear spins. ar~ both aligned along the external 

magnetic field. The unpaired elecfron spins in oxidized and reduced 

ferredoxin need not be aligned along the direction of the external mag

netic field, however, arid pse~docontact shift only occurs if the electron 

a~d nuclear spins ha've different alig.nments, since then the dipolar 

' 
field does not average to zero at the nuclei. 

In C. acidi-urici ferredoxin a pseudo contact shift could occur if the 

unpaired electron spins of the Fe -S complex are not aligned along the 

external magnetic field because of g -tensor anisotropy or zero field 

splitting~ c:>r~ both. (Zero field splitting is the residual splltting of the 

energy levels of the unpaired electron when there is no applied magnetic 
. . 

field.) Zero field splitting could be produced by a ~lightly distorted Fe-S 

complex where the distorted ligands affect the spin-orbital coupling of 

the unpaired electron (24). g-tensor anisotropy occurs when the effect 

of the applied magnetic field on the electron spin is anisotropic /be cause 

of the orientation of this spin (relative to the symmetry axis of the Fe ._S 

. clusters).. 

Pseudocontact ring carbon resonance shifts in C. acidi urici fer-

redoxin would depend on the geometric and electronic structure of the 

Fe -S cluster, and the orientation and distance of the tyrosine ring rela-

tive to the cluster (98). In the dipole limit (71), the shifts will depend 

., 
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-3 . 
on R and an angular orientation factor. (The dipole limit requires 

that the unpaired electron s:pin of the Fe ~S cluster be effectively confined 

to a space of small diameter when compared ~ith the distanc.e (R ~ 4 A) 

between the proto:r~ or carbon nucleus and the ~p~ired electron spins. ) 

If the observed 2', 6'- carbon shifts are caused by the pseudocontact 
• . • > I 

mechanism and if the tyrosyl,residues are far from the Fe-S clusters, 

one would expect essentially the same ~agnitude of pseudocontact shifts 

for the 2', 6'- protons as observed for. the 2', 6'- carbons. If the tyrosyl 

residues are close to the Fe-S clusters, large differences inthe magnitude 

of the pseudocontacf"shifts would occur for carbon atoms and their cor-

responding protons; Under these circumstances only a very special 

orientation of the tyrosyl ring relative to its nearby Fe -S cluster would 

make it possible for each half of each tyrosyl ring to be in almost identical 

magnetic environments and for the ring carbons to experience a relatively 

large shlft while the ring protons experience essentially no shift. It is 

not clear that .such an or'ientation can' physically exist at the presumed 

separation of - 4 A between the Fe -S face and the tyrosyl ring. (See 

Table 17). 

The magnetic equivalence of each half of each tyrosyl ring suggests 

that the reducing electron spin is shared by more than one iron atom 

per cluster (see Experiment 8). This hypothesis is consistent with the 

molecular orbital description (72) of the Fe-S cluster. It is also con

sistent with a dipolar (Heisenberg.,Dirac-van Vleck) model (72) of the 

Fe-S cluster which assumes that the Fe atoms are in mixed valence 

states (57). To be consistent with this latter model, the spin states of 
. . . . 

each iron atom would be rapidly exchanged in the Fe-S cluster in order 
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to account for the magnetic equivalence of each half of each tyrosyl ring. 

The resonance shifts observed for the 3', 5'- ·and 4'- ring carbori 

atoms are smaller than that of the 2' ~ 6'- and 1' -carbon, resonances. 

This is consistent with a pseudocontact mechanism if we assume that 

these carbon atoms are further ·away from the Fe-S cluster than are the 

2' , 6' -carbon atoms in both oxidized and reduced proteins. 
- ·. . 

since tritl.um-hydrogen ~xchange (60) studie's indicate that the conformations 

of the reduced a:nd oxidized C. addi-urici ferredoxins differ, the special orientation 

of the tyrosyl residues rritistbe maintained in both redox states to be consistent with 

the pseudo contact mechanism, e\:ren if the protein changes shape upon reduction. 

.. . . . . 13 
The special ori€mtation ofthe tyrosyl residues, suggested by the · C-NMR data, 

is seen in the oxidized~: ae'rogenes ferredoxin (2), and this orientation could be 

stabilized by a type ofvander W~alsinteraction between the Fe-S cluster and the 

potentially polarizable tyrosyl rings (50). 

CalcUlaHon of pseudocontact shifts 

The observed ring carbon shifts cannot be solely due to pseudocontact shifts 

ifone ignores the zero field splitting terms. (This assumes that the interaction 

between the unpaired electron and the nucleus can be considered a simple dipole

dipole interaction and the system has axial symmetry'--an oversimplification if 
0 . 

thee arbon nucleus is <4 A from the electron and the electron spin is distributed 

over all of the Fe and S atoms). 

The expression for pseudocontact shifts (71) is proportional to differences be-

tween g-values, i.e., those parameters which describe the orientation of an electron 

spin. In clostridial-type ferredoxins (100) g 
11 

= g 
1 

for the oxidized protein and 

(g 1~- g }>is small for the reduced protein (at temperatures < 40°K). if we assume 

this is also true for higher temperatures (283°K) and if ~ne ignores the zero field terms 
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one would expect no pseudocontact shifts in the oxidized protein, and 

small pseudocontact shifts in the reduced protein. Furthermore, the 

........ 

calculated ratios of shifts (relative to the oxidized protein) one expects 

for the different. ring carbon atoms and protons i:t;l reduced ferredoxin 

(Table 17), do not ~orrelat'e with the ratios of the observed shifts. (The 

range of these calculated ratios we limited by the fact that the shifts 

have to be· symmetric about the 1', 4'- ring carbon axis and be positive 

(i.~., shift upfield)for the 3',5'- proton and 4' -carbon resonances.) 

In order to resol~re this lack of correlation' between calculated and ob-

served shifts, one could change ratios by adding the same fixed 

parameter (~. g_. , a correction due to zero field splitting) to the numerator 

and denominator of the shift ratio. 

The magnitude of pseudocontact shifts including the zero field terms 

can b.e ·calculated. (Table 11) .with th~ limitation of the following as sump-

tions: (i) in oxidized ferredoxin only the first excited spin level, s = 1, 

signif:lcantly contributes to the ps.eudocontact interaction and does so 

through the zero field term; (ii) in the reduced protein the ground 

S = 1/2 spin level c~ontributed to the pseudo contact interaction through· 

its anisotropic _g-tensor while the first excited S = 3/2 level contributes 

through its zero field term. 

Kurland and McGarvey {71) have derived eq.uations for the pseudocontact 

shift assuming an anisotropic g-tensor or a zero field term of both. The 

zero field term depends on a parameter D. Their derivation is valid 

for the solid state case in the dipole limit. The solid state case cor-

responds to one where the electron spin relaxation time is less than the 

protein rotational correlation time ('T ) , and the anisotropy of the electron r . 

1 
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spin energy is much greater than fl 'T r (fl is Planck's constant divided 

by 2TT). These conditions are expected to be filfilled for the various 

' ' 

spin levels of the Fe -S cluster. 

We calculate a range of 'pseudocontact shifts for v.arious D and R 

'· 

values (Table 18). The pseudocontact interaction could account for the 

observed shifts if D;:;:. 30 c~ - 1 
for the S = 3/2 level of the reduced pro

tein and D ~ ·90 crh - 1 for the S = 1 level of the oxidized protein. 

D ~ 30 cm- 1 for the reduced protein' is consistent with D - 4-20 

values obtained 'for compounds· having a high spin Te
2+ (49, 42). 

-1 
em 

But the 

urirealistically (16) high D valti.es of ~ 90 em -l suggests that a significant 

pseudoccmtact interaction is not present in the oxidized protein. The 

need for this unrealistic D value may also reflect the limitations of the simple 

model propos,ed for the oxidized protein. We have excluded the possibility 

that the iron atoms in the Fe-S cluster are in mixed valence states (57) 

and have neglected spin-orbit contributions to the Fe
3 + g-tensor from 

the neighboring organic and inorganic sulfur atoms. 

Thus the factors responsible for the observed carbon and proton shifts 

are not understood. In the case of the pseudocontact mechanism, very 

approximate estimates of the pseudocontact contribution suggest that this 

mechanism may be responsible for the obse1_'ved shifts in the reduced 

protein. If the pseudocontact mechanism is dominant, it is very difficult 

to understand why the magnetic shifts should show a symmetry about the 

tyrosyl 1', 4'- ring carbon axis and why the ring carbon resonance shifts 

should be significantly larger than those of the ring protons.· The Fermi-

contact explanation is· an attractive alternative to the pseudocontact ex-

planation in that it can readily explain the symmetry of magnetic shifts 
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about the tyrosyl 1', 4' -ring ca~bon axis and also account for the large 

ring carbon shifts relative to those of the ring protons. 

Since spin de localization. i~to the tyrosyl rr -orbitals is not solely 

responsible for the observed shifts there must be delocalization into 

the tyrosyl ring a-orbitals if the contact mechanism is primarily re

sponsible for the observed shifts. We do not know if the orientation of 

the aromatic residues in clostridial ferredoxins, relative to the Fe-S 

complex, energetically permits this a-delocalization .. 

The observed tyrosyl resonance shifts may be due to a sum of Fermi

contact and pseudocontact interactions, and thus may be difficult to 

unravel. 19F -NMR of 3 -fluorotyrosine- enriched ferredoxin, however, 

could help unravel the contributions fro:i:n each shift mechanism (see 

General Discussion). 
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Fig. 44 •. 
13

C-NMR (10° C) of~· ~cidi-urici apof~rredoxin, oxidized 

and reduced C. acidi-urici ferredoxin. Apoferredoxin (80 mg/ml) 

(C) was prepared under reducing conditions to eliminate intramolecular 

mixed disulfides with 0.05 M Na2S and dialized anaerobically against 

0.05 M KD
2
PO 4 -K 2DPO 

4 
pD 7.0 buffer and 0.01 M EDTA. Oxidized 

(A) and reduced (B) ferredoxin (80 mg/ml) was prepared by dialysis 

against 0.05 M KD 2P04 -K2DP0
4 

pD 7.0 buffer. Protons were simul

taneously decoupled from carbon atoms by hoise modulation. Carbon 

resonance assignments [ppm from CS2 ]: carbonyl and carboxyl car

bons [ 0-25], tyrosyl ring carbons [ 38-78], aliphatic carbons [ 125-190]. 

\ ... 
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. •c-NMR (IO•C) OF C. ACID/ URIC/ FERREDOXIN 
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Fig. 45. 
13

C-NMR (10° C) of the aromatic region of f. acidi-urici 

apoferredoxin and oxidized f .. acidi-urici ferredoxin. Protons were 

noise-decoupled in (A) and (B). Apoferredoxin (C) and oxidized fer

redoxin (A) and (B) were prepared as in Fig. 44. 
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13c- NMR (I0°C) OF Tt£ AROMATIC RESIOl£5 OF C.Acidi Unci FERREDOXIN 

'·' 

A APO 

8 OXIDIZED NATIVE 0 
OH 

c coupled 

Jzo,eo • 166 Hz J~s· 160Hz 

ppm tram CSa 
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Fig• 46. 13C"'-~MR (8-10°) of c~ atidi-urici ferredoxin and 
N-acetyltyrosine. (Sample; "Prepara:tion): (.A,): Oxidized ferredoxin, 
all protons decoupled; prepared as in Fig. 44, (B): Oxidized ferredoxin, 
3 1 , 5'- tyrosyl protons decoupled; (ND 4 )2 SO 4 -free ferredoxin (30 mg/ml) 
prepared by dialysis against 0.05 M KD 2P04 -K2DP04 pD 7.0 buffer. 
(C): Oxidized ferredoxin, 3', 5'- tyrosyl protons incompletely decoupled; 
prepared as in_!?. (D): Methyl viologen reduced-ferredoxin, all protons 
de coupled; prepared as in_!?, except that 0. 5 ml of 75 mM Zn-reduced 
methyl viologen was added to o .. 5 ml of deaerated ferredoxin (60 mg/ml). 
(E):. Methyl viologen reduced-ferredoxin, 3', 5'- tyrosyl protons de
coupled;· same as f?. (F) N-acetyltyrosine plus 100 mM Zn-reduced · 
methyl viologen, all protons decoupled; dissolved in 10 mM 
KD

2
P0

4
-K2 DP0

4
, pD 7.0 buffer, to give 25 inM final concentration; 

(G): N-acetyltyrosine, all protons decoupled; dissolved in 10 mM 
KD

2
Po

4
-K

2
DP0

4
, pD 7.0 buffer, to give 250 mM final concentration. 

Double· resonance experiments with the following de coupling conditions: 
(A) atvl (D): proton noise decoupling; (C): cohe.rent decoupling using 
iH decoupling field strength of about 550 Hz. With this decoupling field 
strength and the carbon resonance splittings observed inC, the 2', 6'-
and 3', 5'- tyrosyl ring proton resonances were calculated(128) to 
occur within a few tenths of a ppm of that observed for N -acetyltyrosine 
in spectra (F) and (G). This is confirmed in B, where no detectable 
splittings occur. In reduced ferredoxin (E), the 2 1 ; 6'- and 3' ,5'
ring proton resona;ilces are within 1 ppm of that of the oxidized fer
redoxin (B). The observed shifted resonances represent an averaged 
position between that of the .oxidized and fully reduced ferredoxins that 
indicates a rapid electron exchange between oxidi:1;ed and reduced forms 
of the protein (see text). 
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13C-NMR OF C. ACID/ URIC/ FERREDOXIN (8-l0°C) 
DOUBLE RESONANCE EXPERMENTS 

A 
OXIDIZED FERREDOXIN . 

all protons decoupled 

B 
OXIDIZED FERREDOXIN 

decouple 3' ,5' -tyrosine protons 

c 
OXIDIZED FERREDOXIN 

irradiate 250 Hz from 3' ,5' -tyrosine· 
proton resonance frequency 

D 
METHYL VIOLOGEN-REDUCED FERREDOXIN 

all protons decoupled 

E 
METHYL VIOLOGEN-REDUCED FERREDOXIN 

decouple 3' ,5' -tyrosine protons 

F 

N-ACETYL TYROSINE 

+ Zn-reduced methyl viologen 

all protons decoupled 

G 

OXIDIZED N·ACETYL TYROSINE 
all protons decoupled 

.. 
' 

PPM from CS 2 

: . . 

C-1 
I 
C-2 
I 
C-3 

OH 
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Fig. 47. 
13 . . . . 

C-NMR (10°C) of the aromatic region of (8±2)o/o reduced 

C. acidi-urici ferredoxin. (A): Noise decoupled, all protons decoupled. 

(B): Coherent decoupled spectru~, coherent pulse frequency at 7.0 ppm 

from DSS (- 0.5 porn downfield of 3',~5•- ring proton resonance). 

(C): Coherent decoupled spectrum. Coherent pul$e frequency at 

- 9. 0 ppm from DSS (- 2 ppm downfield of frequency which decouple s 

3', 5' - ring protons). (D): Coherent decoupled spectrum, coherent 

pulse frequency at 11.0 ppm from DSS (- 2 and - 4 ppm downfield of 

frequency which decouples 2', 6'- and 3', 5'- ring protons respectively). 

(E): Coupled spectrum, all protons coupled to carbon atoms. 
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Table l4o - 13c:...tyrosyl ring cal"b·on shiftsa.· 

,. Ri!!& carbon. 
Sample 1' 2',6'.· .3 i '5' 4' 

Reference compound: 
· Apoferredoxi:nb 64.9 62.2 . 77.3 38.0 . 

GlyGlyTyl"GlyGly (52) . 64.9 62.4 77.4 38.2 

Oxidized Q.. acidi- 59.5 . 60.4 77.3 . 38.5 
. urici ferredoxinc 58.8 38.0 

a. Shifts (ppm relative to cs2) are accurate to + 0.2 
ppm. (All shifts iri this table are positive, that is, 
upfield of cs2.) 
b. Based on Fig. 45A. 
c. Based on Fig. 45B. 

' ·•. ~· . .. 
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Table 15. Observed shiftsa of the tyrosyl ring carbon and ring proton resonances of 
oxidized and reduced C. acidi-urici ferredoxin relative to those in apoferredoxin. 

Ring carbon 

Oxidation state 1 I 2 I '6 I 3 1 '5 I 

Oxidized -5.6 -1.9 0 
b -6.5 (8 + 2)~ reduced -3.3 -0.4 

(40-± 5)~ reducedb -8.5 -7.4 -1.3 
100% reducedf -14=':1 -16±2 -4:t:0.5 

41 

0 

0 
c +0.5 

c +2.5±0.5 

Ring proton 
. 2 I ,6 I 3 I' 5 I 

~--- ------a 
-0 .. 2t().ld -0.2±0.1 
-0.7±0.5e +0.2:t:O.lc,d 

-1.0±0.5e +0.3:t:O.lc,d 
-3.0:t:o.sf +0.5c,d,f 

a ... Shifts (ppm) are ac·curate to +0.2 ppm unless otherwise indicated. 
- l 1 b. Estimate of degree of reduction based on H-NMR measurements of aliquots of 3c-NMR 

samples (See Experiment 7b). 
c. -Positive shifts are upfield·shifts (relative to the ring carbon resonances in .Q.. 
acidi-urici apoferredoxin). 
d. Estimate from 1H-NMR spectra (See Experiment 7b). 
e. Estimate from double resonance experiments. 
f. Extrapolated from Fig. 55 (Experiment 7b). 
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Table 16. · Predicted ratios of magnetic shiftsa of tyrosyl ring carbon. 
resonances in oxidized and reduced Clostridium addi-urici ferredoxin 
assuming a Fermi-contact mechanism and that electron spin delocali
zation from the Fe -S clusters occurs exclusively into the tyrosine 
1T-orbitals 

·1T b pi' the 1T-electron 
(~H/Ho)/(~H/H0)2,, 6' spin density at carbon i carbon 

Anti bonding orbital c Predicted Observed( Table 15) 

Carboni B Au1 Au2 B Au Au2 Oxidized Reduced 
g g 1 

1' 0 0. 33 0.25 -1.3 -2.6 6.0 3.0 0.8 

2' or 6' 0.25 0.05 0.17 1.0 1.0 1.0 1.0 1.0 

3' or 51 0.25 0.09 0.14 1.0 0.5 1.0 -: 0 0.2 

4' 0 0.36 0.14 -1.3 -2.4 2.0 - 0 -0.1 

aShifts are relative to the ring carbon resonances of _g. acidi-urici 
apoferredoxin. 

b1T-spin densities are expressed in units of A where A < 1 and denotes 
the fraction of an electron spin transferred from the Fe -S cluster. The 
p!l" are typical values. 

1 

c . 
Energy ordering of the anti bonding orbitals is Au

2 
> Au

1 
> B g" 
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Notes for Table 16. (continued) 

The shift in ppm relative to apofe rredoxin is given by (23): 

6 . . .·. 6 
(6H/Hc))X10 ppm=Ai (Sz) X10 /y1H 0 (1) 

A. is the hyper fine, or Fer~i- contact, coupling constant at nucleus L 
l 

and is related to the electron spin density at ~ H
0 

is the magnetic field 

at ~esonance in the absence of the electron coupling term (i.e., A.= 0). 
. 1 

H
0 

+ 6H denotes the magnetic field at resonance in the presence of the 

electron coupling term. y
1 

is the gyromagnetic constant for nuclear 

spin.!.= The carbon gyromagnetic constant is approximately a factor of 

4 smaller than the proton gyromagnetic constant. ( S ) is the thermal z 

average of the component of the electron spin magnetization parallel to 

the applied field H
0 

+ 6H. The Fe-S cluster contains antiferromagnetically 

coupled ions and ( Sz) is more complicated (3 5) than the usual Curie 

expression (3 9). The Karplus -Fraenkel equation (68) relates the carbon 

hyperfine constant, A , to the rr-electron spin densities: 
c 

A 
c 35.6 1 y 

. e [ 
j 

(neighbors) 

p ~ Rad/sec. 
J 

y e is the electron gyromagnetic constant. 1T p. denotes the rr electron 
1 

(2) 

density at carbon~ The sum over i is restricted to the bonded carbon 

neighbors of carbon.!.= Estimates of the rr-electron spin distribution for 

for the various antibonding rr-orbitals of tyrosine can be made using 

Huckel molecular orbital theory (124). ·The above equations together 

with estimates for p~ can be used to predict the ratios of carbon shifts 

relative to the apofe rredoxin.. Thus, 
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,[35.6p:,13.0 2~. 
j 

Pj J I [ 3 5. 6 p~, • 6' " 'IT]· p. 
' J 

j 
(i_ neighbors) (2 1

, 6' neighbors) 

(3) 



-215-

Table 17. Predicted ratios of ring carbon and ring 
proton pseudocontact shifts for the reduced ferredoxin, 
neglecting possible zero field splitting terms. 

r(R)c = 2.9 

Shift 
ratio: 

c ' ·c ' 2 • 1 4.6 

c ' ·c I 2 • 3 1.0 

c I •c I 2 • 4 -30.5 

c I •c ' 1 • 3 2.2 

C ' ·H ' 2 • 2- 2.0 

c3 I :H3 ' -2.2 

Calculated b 

3 .. 5 4.0 

5·2 0.6 

6.1 4.9 

-18.9 -13.3 

2 •. 1 1.0 

1.0 0.9 

-5.4 -4~1 

Observed 
(Table 15) 

1.6 + 0.4 

3.9 + 0.6 

-7 + 1 

2.8 + 0.6 

6 ± 1 

-5 + 1 -

a. Shifts are relative to those Of the oxidized protein. 
Ratios were calculated fro~ the ratios of pseudocontact 
expressions (71) for each nucleus (assuming dipole~ 
dipole interactions). This expression neglects the zero 
field terms. 

H Nucleus i (3cos 2B.-l)(R.)3 
------------- - 1 J 

H Nucleus j (3cos2 ej~l)(Ri)3 
where Ri is the distance the electron is from the nucleus 
i and 8i is the angle Ri makes with the axis parallel to 
a plane perpendicular to the ring. The above expression 
assumes: 

(i) T t >> T1 (where T t is the correlation ro e ro 
time of the protein and Tle is the relaxation time of the 
electron) so that any given state of the electron sees a 
fixed nuclear orientation. 
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Notes. to. Table 17 contiil..ued. 
. ;. 

a. (continued) · 

' 
at: 

(ii) . Detectable ps'eudoc.ontact shifts are produced 
r -··2.9 ~ (Ri ranges'.from 3.2 .- 5.5 R> 
r- 3.5 R (Ri ranges from_4.1- 6.3 i) 
r· • 4.0 i (Ri range,~ from 5.0 ~ 7.2 ~) 

(iii) 4J 'is-~ 450 J4J is the arigl~ (1.?0,*) the pro
jection of Ji!.' makes'· on the xy plane~- and in· this case the 
xy plane is the plane· of the aromatic ring.) If· this 
angle were < 45°, then there ~o~ld be' no upfield shifts 
for the 4'-carbon and 3',5'-protons at the above values 
Of r. Thu.s we can neglect the 'term containing cos 24J in 
the· expression used for· calculating pseu<iocont~ct. shifts 

(71). 
b. Since.the ring carbon and proton resonance shifts are 
symmetric about· the 1' ,4';;...ring carbon axis,· the electron 
was ·asswued to be on a plane perpend.icular to the plane 
of the ring and'intersecting the 1',4' axis of the ring. 
c. r is the perpendicular distance the unpaired electron 
spin i~ tri the __ plane· of the ring, so that the angle.it 
makes with the z axis (also perpendicular to the ring) 
is z 56 ± 1° to the 4'-carbon atom and 3'- or 5'- proton. 
This will permit-the 4'-carbon and 3',5'-proton reso
nance shifts to occur upfield as observed. r cannot be 
much less than 3 .R if.the above constraints are to be 
fulfilled. At r < 2.9 i the unpaired electron could 
overlap the ring orbitals and produce a contact shift.· 

d. Observed shifts are shifts extrapolated to the. 
dithionite end-point for the "fully" reQ.uced C. acidi
urici ferredoxin (See Experiment 7b). 
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Table 18. Calculated range of pseudoconta6t shifts8 (including zero field 
splitting terms) for the ring carbon resonances of oxidized and reduced 
C. acidi-urici ferredoxin. 

D~cm-1 l 
R(i)b 3 . 9 27 

Oxidized 5 -0.02 to +0.04 -0.06 to +0.1 -0.2 to +0.3 
4 -0.04 to +0.08 ·-0.1 to +0.2 -0.3 to +0.6 

Reduced 5 -1 to +0.7 -1 to +1 -2 to +2 
4 -2 to +1 -3 to +2 -4 to +5 

a. Shifts (ppm) are relative to the ring carbon resonances in model poly
peptides. 

The pseudocontact contribution to the 13c-shifts can be estimated if one 
uses Eqs. 20, 41, and 43 of reference (71) and assumes, as observed in the 
plant ferredoxins (35), that the iron atoms of the oxidized c. acidi-urici 
ferredoxin are antiferromagrietically coupled high spin Fe3+ (s = 5/2) ions, 
while the reduced form has a high spin Fe 2+ (S • 2) ion, antiferromagnetically 
coupled to high spin Fe3+ ions. These antiferromagnetically coupled systems 
have spin levals S • 0, 1, 2, ..• in the oxidized protein, and S c 1/2, 3/2, 
5/2, ••• in the reduced protein. The dominant contribution to the l3C-shift 
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Notes. to Table 18 continued. 

a. (continued)· in the oxidized.· protein is· asswited .·to ·· 

come from s·- l, the first thermally (ilO) excited spin 
levef of the Fe-S clust~r. This l~vel wa·s taken to be 
~50 cm-'1 above the diamagnetic ground ·level (s •- 0) •. In 
the reduced. protein, both the 'grou!t'd s - '1/2 level and the. 
thermally ex~i ted's • .-3/2 ievel dontribut·e to the observed ;. 
l3c-ahift. The.'s ~ 3/2level'is·assumed to be.~250 cm-1 

above the S • i/2 level: The S • 1 levei of the oxidized 
protein is assumed to have an isotropic g-tensor with a ..... 
principal value of 2~01. To the'extent'that the spin-' 

. ' ' 

orbit contributions from thtf neighboring organic and 
inorganic sulfur· atoms can be ignored, this is a reasonable 
assumption for high spin Fe3+ in the tetrahedral or die.:..· 

torted tetrahedral envir<:)nment occurring in ferredoxin. · ' 
The S ~ 1/2 level ~a~ ~n &~isotropic g-terisoi with 
principal values 2.04, 1. 94, and 1-. 88-( 96, 100). The 

; ·.. ··:· 

S = 3/2 lever' 'is ass~ed to have an ·isotropic g-tensor · 
with a principal value of 2.2. This value was calculated 
using the,Gibson model (49) for.plant ferredoxin and the 
known ~-tensor of the ground S • 1/2 level. A zero field 
term can appear for spin states for S ~ 1. This term was 
assumed to have the simple form D[S~ - S(S+l)/3] where 

. )"···. 

D is the coupled value for. the Fe-S cluster and Sz is the 
·component of the electron spin (s • 1, or S • 3/2) along 
the unique z-axis in the Fe-S cluster. The orientation 
of this unique axis is not kn9wn. 
b. This range of shifts is for a .carbon atom at a distance 
R from the Fe-S cluster where the orientation of R relative ....... 
to the cluster is varied. 
c. The estimated range includes a contribution from the 
g-tensor anisotropy of the ground S • 1/2 level. 
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· Experiment 7b 

The possible formation of a weak chemical bond 
between the aromatic. residues and 

the Fe-S clusters of clostridial-type ferredoxins 

SUMMARY: 

The 2' , 6' -and 1' -ring carbon resonances of the aromatic res-
. . : . 

idues in oxidized C. acidi-urici native ferredoxin, C. acidi-urici - -----
[Phe2] -ferredoxin and C. p~steurianum fer~edoxin are significantly 

' 
shifted relative to the corresponding resonances of model peptides .. 
. . . . 

We conclude that the aromatic residues of the three oxidized proteins 

have essentially identical magnetic environments because the corre-

sponding resonance shl.fts of the two tyrosyl residues of oxidized C. 

acidi-urici native ferredoxin and the phenylalanyl and tyrosyl residues 

of oxidized C. acidi-urici (Phe2 ] -ferredoxin and oxidized G. 

pasteurianum ferredoxin are essentially identical. All the ring 

carbon resonances are significantly ·shifted in the three methyl 

viologen-reduced ferredoxins and the magnitudes of these shifts are 

larger in the reduced protein than in the oxidized protein. The ar-

omatic residues of reduced C. acidi-urici native 

and C. acidi-urici '[ Phe
2

] -ferredoxin maintain similar mag-

netic environments because the magnitudes of the shifts of the corre-

sponding ring carbon atoms are similar. The aromatic residues of 

reduced £ .. pasteurianum ferredoxin, however, do not maintain simi-

lar magnetic environments. 

The magnitudes of the ring proton resonance shifts, in all of the 

above oxidized and reduced ferredoxins are five to ten times smaller 
: i 
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tl~an the magnitudes of the corresponding (bonded) ring carbon res-

onance shifts. This result suggest!3 that the aromatic residues of these 

ferredoxins may form a weak chemical bond with their neighboring 

iron- sulfur clusters. 

INTRODUCTION: 

In Experiment 7a, we observed that the two tyrosyl residues of 

oxidized C. acidi-urici native ferredoxin are in similar magnetic en

vironments. Upon reduction the aromatic residues are magnetically 

perturbed but both 'aromat'ic: residues in this' ferredoxin remain in sim-

ilar magnetic environments. This fact indicates that each Fe- S clus

ter is. equally accessible to o~e reducing electron since each tyrosyl 

residue is perturbed by the unpaired electron spins in a neighboring 

Fe-S cluster. This poses two immediate questions: 

(i) are the two Fe-S clusters also equally accessible to there

ducing electron when there is a phenylalanyl residue near the Fe-S 

cluster? and 
I 

(ii) do the aromatic residues of other oxidized and reduced clos-

tridial type ferredoxins experience similar magnetic environments? 

The answers to these questions may hell? elucidate whatever 

structural or functional role (or both) the aromatic residues have in 

clostridial-type ferredoxins. 
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METHODS AND MATERIALS: 

C. acidi-urici [ Phe 
2

] -ferredoxi~* was synthesized by Dr. Eglis 

T. Lode ( 77) from f. a~idi-urici apoferredoxin. containing no fr'ee sulf-

hydryl groups. (The superscript refers to the amino acid position 

starting from theN-terminal residue of the protein (63)). Ala 
1 

and 

Tyr
2 

were removed by Edmari degradation (41). The !_-BOC-.E.

introphenyl esters of alanine and tyrosine were used to couple Ala 
1 

and 

Phe 2 to d~-Ala 1 -Tyr 2 -apoferredoxin by a previously described meth

od (61). g_. acidi-urici [ Phe 2)-ferredoxin was then reconstitue·d (59) 

from the synthetic g_. acidi-urici [Ala 1 , Phe 
2

] -apoferredoxin (.77). 

f. acidic urici native ferredoxin and g_. acidi-urici [ Phe 
2

] -

ferredoxin have the same biological activity ( 77) in the phosphoclastic 

assay (116) and Cytochrome _£-reductase assay (102), and have identical 

optical (76), 
1

H-NMR and 13C-NMR spectra (see Experiment 8), ex-

eluding the absorptions of the different aromatic residues. 

RESULTS: 

13
c-NMR OF THE AROMATIC RESIDUES: 

OXIDIZED FERREDOXIN: The resonances of the corresponding 

ring carbon atoms of the phenylalanyl and tyrosylresidues in diamag-

netic reference compounds (Table 19) resonate at different frequencies. 

This is also true for the resonances of corresponding ring carbon 

atoms of the phenylalanyl and tyrosyl residues of f. pasteurianum 

ferredoxin and C. acidi-urici [ Phe 2] -ferredoxin (Table 19), but the -----
*This nomenclature of [ Phe2] -ferredoxin is based on (63), recom
mended tentative rule 1 for the naming of synthetic modifications of 
natural peptides of the IUPAC-IUB approved by the commission on 
Biochemical Nomenclature in July, 1966. 
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2' , 6' - and 1' ring ca'rbon resonances of these oxidized ferredoxfns 

are shifted from theirpositions in the peptide reference compounds~ 

In both oxidized C. acidi-urici [ Phe 
2

] -ferredoxin and oxidized 

c. pasteurianum ferr'edoxi~ the shifts oi the correspondi'ng ring car

bon atoms.are essentially eq~a!' to ~ach other. These shifts are also 
. . 

essentially equal to those of oxidized g_. acidi-urid native ferredodin 

(Table 20). With this fact on~ can disting-uish the corresponding. ring 

2 30 . . 
carbon resonances of Tyr arid Tyr in f. acidi-urici native ferre-

doxin. 

In native C. addi-urici ferredoxin (Fig. 48C) the ring carbon 

resonances were assigned, as described in Experiment 7a by compar-

ing the observed resonance positions of the holoferredoxin with those 

of the apoferredoxin {Fig. 48B). In g_. aci~li-urici apoferredoxin the 

four groups of ring carbon resonances seen at 78, 62, 65 and 77 ppm 
. . 

correspond to the 4 1 -, 2 1, 6' -, 1' - and 3' ,5' -ring carbons respectively 

{Table 19). In oxidized C. ac.idi-uri~i native ferredoxin, two of these 

groups of.resonance~ are shifted from their positions in apoferredoxin. 

These groups of shifted resonances occur at 59 and 60.4 ppm and are 

as signed to the 1' - and 2' 6 1 -ri:rig carbons. This assignment is based 

on the following observations: 

(i) proton-coupled 13C-NMR spectra (Fig. 45C Experiment 7a) 

of the aromatic region of the g_. acidi-urici native holoferredoxin show 

that the resonance at 60.4 ppm collapses into a doublet, centered about 

60.4 ppm. The separation of this doublet is 166Hz and is character-

istic of ring carbons {74). The other resonances at 58.8 and 59.5 ppm· 

do not collapse into doublets and these resonances correspond to 
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carbons that are not bonded to protons. They are thus assigned to the 

two 1' - carbon atoms of the two tyrosyl residues in the oxidized pro-

tein. The resonances at 38.0 and 38.5 ppm also do not collapse in the 

13 proton-'coupled C-NMR spectra (Fig. 45C). These resonances are 

assigned to the 4'- carbons of the two tyrosyl residues, since these 

resonances are within 0.25 ppm of the resonance position of the 4'-

carbon of the apoferredoxin: 

(ii) double r.esonance or coherent proton-decoupling techniques 

(see Experiment 7a) show that the resonance at 60.4 ppm (in Fig. 45B) 

corresponds to a carbon that is bonded to the 2' , 6' -ring protons of the 

ferredoxin tyrosyl residues; 

(iii) comparison of line widths shows that the assignments of the 

1' -carbons are consistent with the fact that carbons not bonded to pro-

tons have narrower resonances; 

(iv) comparison: of resonance intensities (in Fig. 45B), which are 

proportional to the number of carbons they represent, shows that the 

2' , 6' - and 3',5' - carbon resonances are two times those of the 1' - and 

4' - carbon resonances in each aromatic residue. 

In oxidized C. acidi-urici [ Phe 2)-ferredoxin (Fig. 48D) one sees 

resonances at ~8.2, 58.8, 60.4, 77.4 ppm, and they correspond to the 

4 1 -, 1' -, 2.',6' - and 3',5' - ring carbons of Tyr 30 respectively. The 

resonances at 38.5 and 59.5 ppm present in oxidized~· acidi-urici 

native ferredoxin (Fig. 48C) do not appear in the spectrum (Fig. 48C) 

of oxidized g. acidi-urici [ Phe 2]- ferredoxin. These missing res-

onances thus correspond to the 4' - and 1' -ring carbons (respectively) 

of C. acidi-urici native ferredoxin. 
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The other resonances in the 13C-NMR speCtrum of the aromatic 

region of C. acidi-u:dci [ Phe 2J-ferredoxin correspond to the ring ca·r

bons of its phenylalanyl resid~e. The phenylalanyl resonances are as'

signed by comparing th.e .f:> addi~~rici [ Phe 
2 j -ferredoxin with that of 

the reference compound (glycylphenylaianylamide acetate, Fig. 48 A), 
I 

and by on-and-off resonance decoupling techniques, line widtJ:l and in-

tensity. analysis, as was done to as sign the tyrosyl ring carbon res

onances in Experiment 7a. The assignment is illustrated in Fig. 48 

where the dotted lines connect. tyrosyl ring carbon resonances a~d th~ 

solid lines connect phenylalahyl ring carbon resonances. Table 1.9 

lists these assignments and shows that the magnetic shifts of the 1 '-and 

2',6'- ring carbons in Q_; addi-urici native, and [ Phe 
2] -ferredoxin and 

c. pasteurianum ferredoxin are .essentially identical. 

REDUCED FERREDOXIN:·. In'reduced C. acidi-urici( Phe2]

ferredoxin the shifts of the corresponding ring carbon atoms in phenyl-
. . 

alanyl and tyrosyl residues are silnilar to each other and to the shifts 

of the corresponding ring carbon atoms of the tyrosyl residues of ~· 

acidi-urici native ferredoxinat the same extrapolated degree of reduc--- . ' . . 

tion. 
. 2 

In r.educed C. pasteurianum ferredoxin the shifts of the Tyr res-

2 
idue are similar to the corresponding shifts of the Tyr residue in C. 

acidi-urici native ferredoxin and of the Phe 2 residue of Q.. acidi-urici 

[ Phe 
2

] -ferredoxin at the same extrapolated degree of reduCtion '(Table 

21). The shifts of the corresponding 
. . 30 

ring carbons of the Phe res-

idue; however, are not similar to the 2 30 Tyr residue or to the Tyr 

residues in C. acidi-urici native and [ Phe 2] -ferredo~in (Table 21). 
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Assignment of ring carbon resonances in the reduced ferredoxins 

was made by using the assignment techniques described above and in 

Experiment 7a. In Experiment 7a the resonance positions of protons 

covalently bound to specific ring carbon atoms were determined by co-

he rent proton-decoupling techniques. These techniques can be used to 

determine the resonance positions of the ring carbon atoms as well. 

In (proton-) coupled spectra, carbon resonances are split into (n + 1) 

resonances, where n is the number of protons bonded to each carbon. 

(The resonances of carbon atoms not bonded to protons will appear as 

single resonances in coupled and decoupled spectra.) If one applies a 

coherent frequency to the coupled spectrum, this frequency will de-

couple only the protons resonating at the applied frequency, and the 

resonances of the carbon atoms (bonded to this proton) will appear as 

single resonances. 

For example, the resonances at 45~1 and 54.4 ppm in the noise

decoupled 
13

C-NMR spectrum of the arociatic region of (fully-) reduced 

~- pasteurianum ferredoxin (Fig. SOB) collapse into doublets when a 

coherent frequency specifically decouples the 3' , 5'- ring proton res

onances (Fig. SOC) of the phenylalanyl and tyrosyl residues. The 13c 

resonances, which are not collapsed in Fig. SOC,_ occur at 40 .4, 44.4, 

51. 6, 62 .1, and 7 3.4 ppm. 
13 . 

The C resonances at 62.1 and 73.4 ppm 

are broad, and collapse into doublets when a coherent frequency spe

cifically decouples the 2' , 6' -ring proton resonances (Fig. 50A). 

This enables us to assign the 
13c resonances at 62.1 and 73.4 ppm to 

13 the 3' , 5' -ring carbon atoms. The C resonances at 45.1 and 54.4 

ppm do not collapse when the coherent fr~quency, that specifically 



-226-

decouples ·the 2', 6' -ring protons, is applied and do collapse, when the 

coherent frequency that specifically decouples 3' , 5' -protons is applied. 

13 . . 
This fact permits us to assign the C resonances at 45.1 and 54.4 ppm 

to the 2', 6' -ring carbon atoms. The 
13c resonances at 40.4, 44.4, and 

51 .6. ppm do not collapse when one applies coherent frequencies which 

decouple the 3' ~ 5' -and 2', 6' -ring proton!!J. The 
13c resonances at 

40 .4, 44.4, and 51.6 ppm are. thus assigned to ring carbon atoms not 

13 .· . .·. . . 
bonded to protons. (The · C resonance at 44.1 ppm (Fig. SOC), ob-

scured by the· reso'nance ·at 45:1 ppm in the noise decoupled speCtrum 

{Fig. SOB), is revealed in the coherently decoupled spectrum {Fig. 50 

C).) The final assignments (Table 22 and Figs. 49B, 50 B) are con-

firmed by comparison of line widths and intensities by following each 

resonance position at different degre~s of reduction (see Experiment 

?c). 

The resonance positions of the protons bonded to the ring carbon 

atoms of "fully" reducerl_f:. pasteurianum ferredoxin were also deter

mined by m~asuring the separation {in Hertz) of each collapsed doublet 

in the coherently decoupled spectra {Fig. SOA, SOC). {See Experiment 

?a). 

C. pasteurianum ferredoxin was assumed to be "fully" reduced 

in Fig. 49B because: {i) the most downfield-shifted proton resonance 

in the 
1
H-NMR spectra of an aliquot of this methyl viologen-reduced 

sample {Fig. 51B) occurred at essentially the same position it appears 

1 
in H-NMR spectra of dithionite-reduced g_. pasteurianum ferredoxin 

and C. acidi-urici ferredoxin {Fig. 51 A) {Phillips, personal communi------ .. 

cation); (ii) the magnitude of the ring carbon shifts increased with the 
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magnitude of the shift of the most shifted proton resonance (Table 23) 

in 1H-NMR spectra of aliquots of the reduced ferredoxin 
13

C-NMR 

2 samples; and (iii) the Tyr ring carbon resonances of this "fully" re-

duced C. pasteurianum ferredoxin occur just where one would predict 

for the corresponding ring carbon resonances of fully reduced f. acidi-

urici ferredoxin (Fig. 52). 

1H-NMR OF THE AROMATIC RESIDUES: 

OXIDIZED FERREDOXIN: Comparison of 1H-NMR spectra of the 

aromatic region of Q. acidi-urici native and [ Phe 
2

] -ferredoxin also 

permits one to assign the proton resonances of each aromatic residue 

in each ferredoxin. The resonance at 6.57 ppm in Q. acidi-urici native 

ferredoxin (Fig. 53C) is missing in f. acidi-urici ( Phe 2]-ferredoxin 

(Fig. 53B). The missing resonance at 6.57 ppm is assigned to 3' ,5 1
-

protons of the Tyr 2 residue because the resonances at 6.57 and 6.39 

ppm -were previously assigned to the 3', 5'-tyrosyl ring protons from 

_g. acidi-urici ( ( 3' , 5' -
2H~] Tyr] -ferredoxin (Experiment 2). 

Similarly, the proton resonance at 7.07 ppm of C. acidi-urici native 

ferredoxin is missing from C. acidi-urici ( Phe 2] -ferredoxin, and this 

2 
resonance is assigned to the 2', 6' -protons of the Tyr residue in C. 

2 . . 
acidi-urici native ferredoxin. The Phe ring proton resonances occur 

at 7.0 ppm. 

Similarly, the proton resonance at 7.07 ppm in the 1H-NMR spec-

trum (Fig. 53C) of Q. acidi-urici native ferredoxin is missing from the 

spectrum (Fig. 53B) of Q. acidi-urici [ Phe
2

] -ferredoxin, and this 

resonance is assigned to the 2', 6' -pt:otons of the Tyr 2 residue in 

,-\... 
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2 .· 
C. acidi-urici native ferredoxin. (The Phe ring-proton resonance 

occur at 7.0 ppm in the speCtrum of C. acidi-urici [ Phe
2

] -ferredoxin). 

The integrated areas of the above-mentioned resonances are also con-

sis tent with their assignments. 

• 1 
The resonances in the H-NMR spectrum (Fig. 53A) of the aro-

matic region of oxidized C. pasteurianum ferredoxin cannot be. assigned 
. . 

as precisely. Qualitatively the ring-proton resonances in this ferre-

doxin also have small shifts, relative to the free amino acid positions 

(Table 24), and both aromatic residues are also in similar magnetic 

environments. 

The 2', 6' -ring proton resonances of the three oxidized ferre-

doxins are shifted - 0.4 ppm from the corresponding positions of the ring 

proton resonances of free amino acids (Table 24) but these shifts are ""'5 

times less than the shifts of the corresponding ring carbon resonances 

in the three oxidized proteins (Table 20); The 3', 51 -ring proton res-

onances however, like the 3'; 51 -ring carbon resonances, are not sig-

nificantly shifted in the three oxidized ferredoxins. 

REDUCED FERREDOXIN: 1 H-NMR spectra (Fig. 54) of the aro-

matic region of methyl viologen-reduced C. acidi-urici ferredoxin con

firm the 13C-NMR double resonance measurements (see Experiment 7a) 

by showing that the resonances of the 2' , 6' -tyrosyl ring protons shift 

-3 ppm downfield and the 3', 5' -protons shift- 0.5 ppm upfield (relative 

to the oxidized protein positions) with "full" reduction. 

In the 
1

H-NMR spectrum (Fig. 51A) of Phillips' dithionite-

reduced C. acidi-urici ferredoxin, two resonances, each corresponding - ---- . 

·to about two protons, appear at 10.3 and 9.8 ppm. We propose that 
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these resonances correspond to the 2' , 6' -ring protons since we pre-

dieted the 2', 6' -resonances to occur at 10.0, and 9.6 ppm in the (ex-

trapolated) fully-reduced ferredoxin from an extrapolation of Fig. 55 

(see Table 25). This estimate was obtained by extrapolating 

the ring proton resonances of partially (methyl viologen) reduced ferre-

doxin to full reduction, using the most downfield shifted aliphatic pro-

ton resonances as an index of reduction (Fig. 52). The shifts of the 

ring proton resonances of each tyrosyl residue can be distinguished and 

show that: (i) the magnitude of these shifts is 5-10 less than that of the 

corresponding ring carbon resonance shifts; (ii) the magnitude of the 

shifts of the ring protons of each residue is the same for the corre

sponding ring protons (this confirms the 13c -NMR observation that 

upon reduction each aromatic residue maintains a similar magnetic en-

vironment and that this environment is symmetric about the 1' , 4' -ring 

carbon axis); and (iii) the magnitude of the shifts increases linearly 

with reduction for each aromatic residue (this strengthens the two state 

hypothesis because the ring carbon resonances also shift linearly with 

reduction if one uses the most downfield shifted resonance of an aliphatic 

proton as an index of reduction). 

The magnitudes of the ring proton resonance shifts of the (extrap-

alated) fully-reduced C. acidi-urici ferredoxin are essentially the same - ----
as the magnitudes of the observed (Fig. 56B) ring proton resonance 

shifts of fully-reduced C. pasteurianum ferredoxin. Double resonance 

experiments (Fig. 50) predict that the 2' , 6' -proton resonances of the 

2 30 
Tyr and Phe residues in the fully reduced f. pasteurianum ferre-

doxin should occur at ..., 9 ppm from DSS and that the 3', 5' -phenylalanyl 



and tyrosyl proton resonances should occur at - 6 and'- 8 ppm from 

DSS res.pectively. The direct 1H-NMR observation (Fig. 56B) of the 

fully-reduced C. pasteuriaritim, used in the 
13

G-NMR double resonance 

stUdy, shows that proton resonances occur at the predicted positions. 

. 2 ·30 ' 
Thus the 2', 61 -ring proton resonances of Tyr and Phe. shift 2.0±0.4 

and 1.4± 0.4 ppm down!ield, and the 3' , 5.1 -ring proton resonances of 

Tyr 2 and Phe 30 s.hift ·0.8±0.4 ppm upfield and 0~5± 0.4 ppm downfield 

respectively from their resonance positions in the oxidized protein. 

Table 26 shows that, "in reduced~· pasteurianum ferredoxin 

(as inC. acidi-urici ferredoxin) the ring carbon resonance shifts are 

5 to 1 O· times that of the corresponding ring pr()ton resonance shifts. 

Furthermore the absolute magnitudes of the ratios of the ring carbon 

shifts to their corresponding proton shifts are essentially the· same for 

the nuclei of each aromatic residue in reduced C. pasteurianum ferre-

doxin. (The corresponding ratios of the extrapolated values of~· acidi-

urici ferredoxin have larger errors, but still show that the absolute 

magnitudes of the ratios of .carbon to proton shifts for the 2' , 6' ..: and 

3 1 , 5' -ring atoms are similar.) 

DISCUSSION: 

MAGNETIC AND ELECTRONIC PROPERTIES OF THE Fe-S CLUSTERS: 

The unpaired electron spins in the ground and thermally excited 

13 1 spin energy levels of the Fe-S clusters should perturb C- and H-

nuclei of neighboring aromatic and aliphatic residues. Aliphatic res-

onance shifts relative to their positions in apoferredoxin are observed, 

and these will be discussed in Experiment 8. The mechanism for this 

magnetic perturbation is not understood and probably involves both 

I 

' 
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ps eudocontact and contact interactions (98). To the extent that the 

pseudocontact interaction dominates the observed shifts of the neighbor

ing residues, these shifts are expected to depend on electron spin ·g

values, zero-field splittings, and the strength of the antiferromagnetic 

coupling (150) between the iron atoms of the Fe-S cluster. To the ex

tent that the contact interaction dominates the observed shifts of the 

neighboring residues, these shifts are expected to depend on the 

strength of the antiferromagnetic coupling (150) and the degree of elec

tron orbital overlap between the neighboring residues and the Fe-S · 

clusters (83). Regardless of the mechanism responsible for the ob

served shifts, the magnetic shifts of the nuclei of neighboring amino 

acid residues should be sensitive to the electronic properties of the 

Fe-S clusters. We assume that the ring carbon resonances are shift~d 

in ~- acidi-urici and ~·. pasteurianum ferredoxin because the aromatic 

residues are each close to a single Fe-S cluster. 

FORMATION OF A WEAK BOND: 

A weak bond could occur if the probability of electron spin trans

fer from the Fe-S cluster into an orbital of a neighboring atom is ap

proximately one percent. The fact that the ratios of the carbon:proton 

shifts are similar for a particular ring carbon and its bonded proton, 

even if the magnitudes of these shifts differ, suggests that some delocal

ization of spin occurs into the aromatic ring, and that for ~- acidi-

urici and ~- pasteurianum ferredoxins the contact interaction and not 

the pseudocontact interaction may be mostly responsible for the ob

served shifts. The symmetrical shift pattern about the 1', 4' -ring 
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carbon axis and 5 to 7 fold atte~uation of proton shifts is also consist-
-

ent with a contact shift mechanism involving some small overlap of 

orbitals of the Fe-S cluster and the aromatic ring, and this overlap is 

essentially a weak chemical bond. 

The fact that s·uch a bond could exist· suggests that: (i) the aro-. 

matic r'esidues could stabilize the Fe-S clusters in oxidized and reduced 

clostridial-type ferredoxins:; or (ii) electron delocalization can occur 

via the aromatic residues to the Fe-S clusters; or (iii) both. This de-

localization could affect the rate of electron transfer between Fe-S 

clusters between ferredoxin molecules (with and without a mediator) br 

within a ferredoxin molecule (see General Discussion). It does not 

necessarily· require that the reducing electron be transferred through 

the orbitals of the aromatic ring;.• 

Other (aliphatic) amino acid residues that are within 4-5 A of an 

Fe-S cluster may also form weak chemical bonds with the -Fe-S clusters. 

This question will be discussed in Experiment 8~ 

TYROSYL RADICAL: 

Takana et al., (127) proposed that electron transfer could occur 

via a tyrosyl radical in cytochrome.£· A tyrosyl radical electron 

should produce appreciable ring carbon resonance shifts but our results 

suggest that the tyrosyl residues in .f. acidi-urici and C. pasteurianum 

ferredoxins do not exhibit any appreciable tyrosyl radical character 

We do not believe a tyrbsyl radical is produced at 10° C because 

the ring caxbon and proton resonance shifts of tyrosyl residues (rel

ative to their positions in free amino acids and model polypeptides) are 
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not different from the corresponding ring carbon and proton resonance 

shifts of the phenylalanyl residues in C. pasteurianum ferredoxin and 

_g. acidi-urici [ Phe2] -ferredoxin. (If a tyrosyl radical is produced at 

·10° C, the ring carbon and ring proton resonance shifts of tyrosyl res-

idues (relative to their positions in free amino acids and model poly-

peptides) should be different from the corresponding ring carbon and 

proton resonance shifts of the phenylalanyl residues in C. pasteuria

num ferredoxin and g_. acidi-urici [ Phe 2) -ferredoxin.) Furthermore, 

the 2' , 6' -ring carbon resonances would be shifted upfield in a tyrosyl 

radical, and this is not observed,. 

ACCESSIBILITY OF THE REDUCING ELECTRON: 

The essentially identical shift patterns seen for the aromatic res

idues of C. acidi-urici native and [ Phe
2

] -ferredoxin at the same (ex

trapolated) degree of reduction suggest that each Fe-S cluster in both 

ferredoxins is essentially equally accessible to one reducing electron, 

and confirms the hypothesis (46, 85, 122) that the ferredoxin can receive 

two reducing electrons. The shift pattern for each aromatic residue of 

reduced g_. pasteurianum ferredoxin is not the same. This suggests 

that (even though a total of two reducing electrons can be received by 

the protein) each Fe-S cluster in Q. pasteurianum ferredoxin is not 

equally accessible to a reducing electron. 

The redox potential is higher for an Fe-S cluster that is more ac- · 

cessible to a reducing electron. The measurement of the redox poten-

tials of f. pasteurianum and C. acidi-urici ferredoxins is the subject 

of Experiment 7c. 
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Fig. 48. 
. 13 . 

Proton-decoupled C-NMR (10°) of the aromatic residues 

of C. addi-urici ferredoxin. (Sample; P.reparation): (A): Glycylphenyl

alanylamide acetate; 62 mg/ml, pD 7 .2. (B): ~· acidi-urici apoferre

doxin; 80 mg/ml, pD 7.8. (C): Oxidized native C. acidi-urici ferre

doxin; -100 mg/ml pD 7.0. (D): Oxidized~· acidi-urici [ Phe
2

] -ferre

doxin; ""25 mg/ml, pD 7 .6. (E): (20± 5)% Reduced ~· acidi-urici 

[ Phe 2] -ferredoxin. Conditions same as :Q. except that 0.25 M Zn-

reduced methyl-viologen has been added to reduce the ferredoxin. 

Broken and unbroken lines connect tyrosyl and phenylalanyl residues 

respectively. 
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Fig. 49. 
1 3 . 

C-NMR (10°) of the aromatic residues of~· pasteurianum 

ferredoxin. (Sample; Preparation): (A): Oxidized ~· pasteurianum 

ferredoxin; 80 mg/ml, pD 7.6 (pH 8.0). (B): (90± 10)o/o reduced g. 

pasteurianum ferredoxin; -40 mg/ml, pD 7 .6. Protons were noise-

decoupled in A and B. Broken and unbroken lines connect tyrosyl and 

phenylalanyl 13c resonances re:&pectively. 

'-· 
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Fig. 50. Coherent and noise-decoupled 
13

C-NMR (10°C) spectra of 

the aromatic residues of (90::1: 10)% reduced ~· pasteurianum ferre

doxin, 40 mg/inl, pD 7 .6. (A): Coherent decoupled, decoupling f~e.,.. 

quency is 9.0 ppm from DSS or (2.0±0.5) ppm downfield from 3', 5'-

tyrosyl ring proton resonance. (B): Noise-decoupled. (C): Coherent 

decoupled, decoupling frequency is 7.0 ppm or (0.5::1:0.5) ppm downfield 

from the 3', 5' -tyrosyl ring proton resonarice. Broken and unbroken 

' 13 
lines connect tyrosyl and phenylalanyl C resonances, respectively. 
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Fig. 51. 1H-NMR spectra of reduced ~· acidi-urici ferredoxin (A) 

and (90± 10)o/o reduced C. pasteurianum ferredoxin (B). ~· acidi-urici 

ferredoxin (22 o C) was reduced ·with dithionite by Phillips (recent un

published data), and f· pasteurianum ferredoxin(fO"C)was reduced 

. . . . . 1.3 
by methyl viologen and is an aliquot of the C -NMR sample (Fig. 49B). 
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Fig. 52. 13G-shifts of the t:yrosyl residues in reduced C. acidi-urici 

and.£. pasteurianum ferredoxin as a function of the most downfield aliphatic 

1H-shiftt at different degrees of. reduction. 
13

c...:shifts are relative 

to the corresponding ring carbon resonance positions in the oxidized 

protein at 10° C. The most downfield 
1
H-shifts are relative to the 

most downfield 1H-resonance position in the oxidized protein at 

15-17° C (Figures 41 and 42 Experiment 6b). Arrows point to the 

ring carbon resonances of the Tyr 2 residues of partially (. ..... ) and 

"fully" (~) reduced C. pasteurianum ferredoxins. 
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Fig. 53. 
1

H-NMR (15°C) of the ar()matic region of oxidize-:I (A) C. 

pasteurianum ferredoxin, """40 mg/ml, pD 7 .6; (B) ~- acidi-urici 

[ Phe 2] -ferredoxin, -40 mg/ml, pD 7 .6; and (C) C. acidi-urici native 

ferredoxin, -40 mg/ml, pD 7 .0. All ferredoxins were dissolved in 
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Fig. 54. 1H-NMR (15° C) of the aromatic region of oxidized and 

methyl viologen-reduced C. acidi-urici ferredoxin (A): Oxidized, 

(B): 20o/o Reduced,· (C): 50o/o reduced. The resonances upfield and 

downfield of 7.0 ppm from DSS are the 3', 5' - and 21 , 6i - tyrosyl 

proton resonances respectively. (The arrows point to tentatively 

assigned 2 1
, 6 1 -proton resonances.) 

( 
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Fig. 55. · 
1
H.,.NMR shifts of the tyrosyl residues in reduced C. acidi

urici ferredoxin relative to DSS. The percent reduction was deter

mined from the most downfield shifted aliphatic proton resonance· 

(see Experiment 6b). 
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Fig. 56. 
1
H-NMR(15° C) of the aromatic region of oxidized (A) and 

fully reduced (B) C. pasteurianum ferredoxin. -Reduction was by 

methyl viologen. Peak numbers XIV and XV refer to the 2', 6' pro

tons of the tyrosyl and phenylalanyl residues respectively and peak 

numbers XV' and XVI refer to the 3', 51 protons of the phenylal~nyl 

and tyrosyl reSidues respectively. -

' . 
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~3 · a Table ~9.·~ · C-ring carbon shifts of diamagnetic 
reference compounds and-three oxidized clostridial
type ferredoxins. 

Rinei carbon 
Compound l' 2' ,6'. 3' , 5' 4' 

Diaugrietio reference 
c ompo~m.d': 

Tyrosyl residue: 
c. acidi-u.rici 
apoferredoxin 64.9 62.2 77.3 38.0 
GlyGlyTyrGlyGly: (52) 64.9 62.4 77.4" 38.2 

Phenylalanyl reaidu.e: 
Glycylphenylalanyl-

56.5 63.6 64.0 65.5 amide acetate 
mode 1 peptide (26,53) 56.4 63.5 63.9 65.6 

Paramagnetic compound: 
Oxidized .ferredoxins.: 

c. acidi-urici -
Native: 

Tyr2 59.5 60.4 77.3 38.5 
Tyr30 58.8 60.4 77.3 38.0 

[ Phe2]-: 
Phe2 51.3 62.0 63.8 65.8 
Tyr30 58.7 60.4 77.4 38.2 

Q.. :e!steu.rianu.m. 
Native: 

Tyr2 59.3 59.6. 77.4 38.2 
Phe30 51.2 61.1 64.0 65.4 

a. Shifts (ppm, relative to cs2) are accurate to ± 0.2 
ppm. Positive shifts are u.pfield of the reference com
pou.nd. (In this table all shifts are positive.) 
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Table 20. Observed 13c ring carbon resonance shifts8 of the aromatic residues of 
oxidized £. acidi-urici and £. pasteurianum ferredoxins. 

Rins carbon Ring carbon 
Ferredoxin l' 2' 6' , . 3' '5' 4' l' '2' ,6' 3 I t 5 I 4' 

Tyr 2 Phe30 

Q.. pasteurianum -5.6 -2.6 .· +0.1 +0.2b -5.7 -2.0 0 -0.3 

Tyr2 Tyr30 

£. acidi-urici native -5.6 -2.1 0 +0.6b -6.3 -2.1 0 0 

Phe2 Ty:r30 

£. acidi~urici [Phe2] -5.3 -1.7 -0.2 +0.3b -6.1 -1.9 -0.1 +0.2b 

a. Shifts are accurate to ± 0.2 ppm. Tyrosyl shifts are relative to the shifts 
of the tyrosyl residues in g_.·acidi-urici apoferredoxin, pD 7.8, and phenylalanyl 
shifts are relative to the shifts of the phenylalanyl residue in glycylphenyl
alanylamide acetate, po 7.4 {Table 19). 
b •. Positive shifts are upfield shifts. 
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Table 21. Observed 13c-shiftsa of the aromatic residues·of reduced C. acidi-urici ferre-
. -

doxin and reduced ~~ pasteurianum ferredoxin relative to the shifts of the corresponding 
oxidized protein. 

Perre- % 
· doxin·· Proteinb 

reduced 

Q.. acidi-
uricl 
[Phe2]- (17 ± 5)c 

g_. acidi-
urici 
native lOOe. 

Q.. R!!,-

teurianum (90 ± lO)f 

1' 

-2.1 

. -8:0~ 1 

Ring carbon 

2' 6• . , 3' , 5' 

Phe2 

-2.8 -1.0 

Tyr 2 

-14:tl. 5 - 4'11:0.5 

2• 
.!yr 

-7.7 -14.5 -4.0 

Ring carbon 

4' 1' 2' ,6' 3' , 5' 4' 

Tyr30 

+O.tJ -2.0 -2.5 -0.6 +0.3 

Tyr30 

+2.4:t0.5 -8+0.4 -14+1.5 -4±0.5 +2.4±0.5 - -

Phe30 

+2.2 -6.5 -7.2 -2.0 +0.8d 

a. Shifts are + 0.·2 ppDi if not .indicated otherwise. Positive shifts are upfie1d shifts. 
b. Based on 1H:BMR spectra of aliquots ·of the 13c-NMR samples (See Table 23). 
c. Based on Fig. 48E. 
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Notes to Table 21 continued. 

d. These values could have large errors, since the 
positions of these resonances were difficult to determine 
in the reduced protein. 
e. Based,on extrapolation to dithionite end-point (See 
Fig. 52). 
f. Based on Fig. 49B. 
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Table 22. 13c-ring carbon resonance shifts8 of reduced Q.~ acidi-urici [Phe2]
ferredoxin and reduced C. pasteurianum ferredoxin. 

Riag carbon 
Ferredoxin % 1' 2' '6' 3 1 '5 I 4' 

Protein 
reducedb 

c. acidi-uricic [Phe2l- 17 ± 5 
Phe2 49.2 59.2 62.8 65.6 
Tyr 30 56.7 57.9 76.8 38.2 

. d C -~ pasteurianu.m 90 ± 10 
- 2 51.6 45.1 73.4 Tyr 40.4' 

Phe30 44.4 54.4 62.1 66.0 

a. Shifts are ± 0.2 ppm relative to cs2• . 
·b. Based on 1H-NMR of a1iquots of samples used for l3c-studies (See Table 23). 
c. Based on :Pig. 48E. 
d.· Based on·Figa. 49B, 50B. 
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Table 23. The fractional degree of reduction calculated 
from 1H-lfMR spectra of aliquots of methyl viologen-reduced 
ferredoxin used for 13c-NMR studies. 

0.05 
0.06 
0.14d 

0.24 
0.35 

l'c 

0.04 
0.05 
0.27 
0.33 
0.39 

Ri!!! 
2' '6' 

o.oa 
0.09 
0.19 
0.28 
0.41 

I3c-NMR s~ctrab 
carbon Average 

3' '5' 4' 

0 0 0.03 
0.05 0 0.05 
0.25 0.09 0.20 
0.31 0.24 0.29 
0.31 0.39 0.38 

a. To calculate the fractional degree of reduction of 
partially reduced ferredoxins (Figs. 40 and 41, Experi
ment 6b) from the 1H-NMR spectra of aliquots of the 
13c-NMR samples, one subtracts 16 ppm (the resonance 
position of the most downfield-shifted proton resonance in 
the. oxidized protein) from the resonance position of the 
most downfield-shifted proton in the reduced protein. 
This difference is then divided by 40.4 ppm (the dit-

. .. . .. .: 

ference between the moat downfield resonance in the oxi-
dized protein and the most downfield resonance position 
(recently observed(by Phillips)) in dithioni te-reduced 
ferredoxin (Fig. 51). This 40.4 ppm difference is 
assumed to represent 100~ reduction. 
b. To calculate the fractional degree of reduction of 
partially reduced ferredoxins from 13c-NMR spectra one 
subtracts the resonance position of the corresponding 
ring carbon resonances of Tyr2 in oxidized protein from 
the observed ring carbon resonance of Tyr2 in partially 
reduced ferredoxin and divides_ this by the corresponding 
ring carbon shift (relative to the oxidized protein) of 
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Notes to Table 23 continued. 

b. (continued) the Tyr2 residue in "fully" reduced 
Q. pasteurianum ferredoxin. 
c. For c. acidi-urici native ~erredoxin this is an 
average of both 1'-ring carbon resonances. 

2 . 
d. This is C. acidi-urici [Phe ]-ferredoxin, and the 

- 2 percent reduction is calculated from the Phe ring carbon 
·resonance shifts of Q.. acidi-urici [Phe2]-ferredoxin and 
the Tyr2 resonance shifts of~ull~ reduced~· pasteurianum 
ferredoxin. 
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Table 24. 1H~NMR shifts8 of the aromatic residues of 
oxidized C. acidi-uricii native ferredoxin, C. acidi
urici [Ph;2]-ferredoxin, and £· pasteurian~ ferredoxin. 

Difference from 
Reference comEound 

Ri!!,g Erotons RiDs·:erotons 
2 I ,6 I 3' '5' 2' '6' 3. '5' 

Reference 
compound: 
Amino acid 

Phenyl-
alanineb 7-37 7-37 
Tyrosineb 7.19 6.90 

Peptide c 
6.80 tyrosine 7.10 

c. acidi-
uricl· 
apo:terregoxin 
tyrosine 6.93 6.66 ...0.3e +0.2e,f 

Sample: 

~~i aitlU.~···· 

native 
Tyr30 7.32 6.57 -0.4g +O.lg 
Tyr2 7.07 '6.39 -O.lg +0.3g 

c. acidi.-
ur1cl 
(Phe2 ]~ 

Tyr30 7.32 6.49 -0.4f +0.2f 
Phe 2 7.001 7.00 1 +0.4h +0.4h 

c.~-
teu.r anum 

Phe3° . j 
7.2±0.2j h h 7.2±0.2 -0.2+0.2 -0.2+0.2 

Tyr2 j 6.40 .. 0. 2t0. 2f +0 ~ 3f 7.2±0.2 



-260-

Notes t6 Table 24. 

a. :Sh{fta are ± 0.05 ppm relative to DSS unless otherwise 
indicated. 
b. From reference (1191. · 
c. ~rom reference (86). 
d. ~rom Fig. 15, Experiment 2. 

e. Difference • (amino acid shift - apoferredoxin shifts) 
f. Positive shifts (relative to reference) are upfield 
shifts. 
g. Difference • 
h. Difference • 
i. Includes all 
j. This region 
7.39 ppm. 

(apoferredoxin shift -ferredoxin shift). 
(amino acid shift - ferredoxin shift). 

2 . 
Phe -ring proton resonances. 

contains resonances at 7.00, 7.17, 7.27, and 
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Table 25. 1H-NMR shifts of the aromatic residues of reduced Q.. acid'i-urici 
ferredoxins. 

Shift8 relative to DSS Shiftb relative to oxidized protein 

Rine; :Eroton Rine; l!roton 

Percent 2' 6' :r z 5 • 2' 6' ~· z 5' 

reduction Tyr30_ Tyr2 ·· Tyr3° Tyr2 . Tyr30 Tyr2 Tyr30 Tyr2 

0 7.3 '• 7.1 6.6 6.4 
16 7.8 7.5 . - - .iJ. 5 -!-0.4 
~0c,d 8.0 7.6 6.6 6.5 -0.7 ~o.5 0 -0.-1 
24° 8.0 7.7 6.4 6.2 -0-~7 •0.6 +0.2' +0.2 
30e 8.1 . - - - -0.8 
35e _8.3 .· - - - -1.0 
40e a. 4- · 8.1 ... - -1.1 •1.0. 
50d,e 8.6 8.3 6.4 - -1~3 -+1.1 +0.3 -

·1oof 10.0 9.6 6~2 5.9 -2.7 -~o2.4 +0.4 +0.5 
lOOg 10.3 9.8. - . - -3.0 ..,2.9 

a. Shifts are.± O~l·ppm relative to DSS and are based on tentative assignments. 
b. · Begiatin shifts relative to the oxidized protein are downfield shifts. 'Positive 
shifts relative· to the oxidized protein are upfield shifts •. 
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Notes to Table 25 continu~d. 

c. Based on Fi:g. · 40. 
d. Based an Fig. 54. 
e. Based on Fig. 41. 
f. Extrapolated to 100~ reduction {Fig. 52). 
g. From dithionite-reduced ~· acidi-urici ferredoxin 
{Fig. 51A). 



Table 26. Ring carbon and proton resonance shifts~ of •tully" reduced C. acidi-urici 
. -

- and ~· ~steurianum ferredoxin. 

-Ferredoxin 
Aromatic Ring 

Ratiob C :H . residue atom ·Shift 

C. E!!steurianum Tyr2 2' ,6 '-c -~{14.5 ± 0.2)C +(7 ± 2) 
2',6'-H 

.. . . d 
-( 2.1 ± 0.5). 

3' ,5'-C -( 4.0 .± 0.2)c -(7 ± 4) 
3', 5 '-H +( 0.8 ± 0.5)d 

Phe3° 2 • ,6' -c -( 7.2 :l: 0.2)c +(6 ± 2) 
I 2' ,6' -H -( 1.4 ± 0.5)d 

l"'l 
...0. 

--( 2-.o ± 0.2)c N 3',5'-G. +(4 ± 2) I 

3', 5 '-H 
- . d --< 0 . 5 :t 0 • 5 ) /'" 

·--··'. 

c. acidi-urici Tyr2 ,Ty~0 2' ,6'-c -(14 ± 1.5)e l· 
Tyr30 2' ,6' -H ~( 2.7 ± O.l)f J +(5 ± 1) 

·-1 

Tyr2 . 2' ,6'-H -( 2.4 .± 0.1)f 

Tyr2 ,Tyr3° 3' ,5'-C -( 4 ± 0.5)e} 
··Tyr30 3' ,5'-H. +( 0.4 ± O.l)f -(12 ± 7) . . 2 

3 • ,5 '-H +( 0.5 * O.l)f · Tyr 
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Notes to Table 26. 

a. Shifts (ppm) are relative to that of the oxidized 
protein. Positive shifts are upfield shifts • 

. b. Ratio of ring carbon atom shift to corresponding 
ring proton shift. 
c. Based on Pig. 49B. 
d. Based on double resonance experiments (Fig. 50). 
e. Extrapolated from 13c-mm spectra of partially 
reduced C. acidi-urici ferredoxins (Fig. 52, Table 23). - . . . 1 . 
f. Extrapolated from .H-NMR spectra of partially reduced 
~· acidi-urici ferredoxin& (Fig. 55). 
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Experiment 7c. 

The redox potential of each Fe-S cluster 
of Clostridium acidi-urici and 

Clostridium pasteurii'iiUm ferredoxin& 

13C-NMR of oxidized and reduced f. acidi-urici and C. pasteurianum 

ferredoxin show that: (i) the midpoint redox potential of f· acidi-urici 

ferredoxin is (47 ± 10) mY less than that of C. pasteurianum ferredoxin; 

(ii) in both proteins each iron-sulfur (Fe-$) cluster can be distinguished, 

(iii) :Ln both proteins cluster II produces essentially the same magnetic 

shifts on its neighboring aromatic residue, at the same degree of re-. 
) 

duction, and (iv) in g. pasteurianum ferredoxin the midpoint redox 

potential of cluster II is - 10 mV less than that of cluster I. This dif

ference in redox potentials ~an b~ attdbuted to differences in protein 

conformation~ 

!NT RODUC TION: 

The midpoint redox potentials of proteins containing 11 cube-like" 

Fe-S clusters can be very different. Midpoint redox potentials have been 

measured for clostridial ferredoxins from Chromatium (7) and 

C. pasteurianum (126) and for the high potential iron protein from 

Chromatium (36). They are approximately -490, -390, and +350 mV 

(relative to the H2 electrode, pH 7), respectively. 

The bond lengths of the two Fe-S clusters in P. aerogenes and the 

and the single Fe -S cluster in Chromatium high potential iron protein 

are essentially identical (25). If we assume that the Fe-S clusters 

have the same geometrical structure in all clostridial-type ferredoxins, 

then tl:.e above mentioned differences in redox potential cannot be soley 
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attributed to the geometrical structure of the F~ -S clusters. The .dif-

ference in. redox potentiate may be due to the differences in amino acid 

sequence and conformation among clostridial ferredoxins and Chromatium 

high potential iron protein. 
. . . 

Carter et al. (25) have recently hypothesized that,the differences in 

redox potentials· of Chromatium highpotential iron protein and E· aerogene a 

ferredoxin are due to differ~nces in the oXidation· states of iron within 
. . . ' 

the Fe-S dusters in each protein. They further assume that apossible 

role of the protein conformation of these proteins is to prevent the Fe-S 

clusters in each protein from achieving all of its potential oxidation 

states [a cluster could have more thantwo oxidation states (25, 57)]. 

rhey state that the redox potentials of these proteins is only slightly 

influenced by the differences in protein conformation. 

We would like to know if two clostridial ferredoxins which have very 

similar. ~ino aeid sequences have similar redox potentials, and if 

small differences in the sequences of such similar ferredoxins corre-

1 . h d .ff· . . d . a1 F h. d ··d 13 
ate Wlt 1 erences 1n re ox potenb . or t 1s purpose we 1 C-NMR 

studies of the aromatic residues. of C. acidi-urici and C. pasteurianum 

ferredoxins. 

With 
13

C-NMR techniques we can distinguish each Fe-S cluster in 

C. pasteurianum and f· acidi-urici ferredoxin by using the aromatic 

residues as probes. The ring carbon resonances shift with increasing 

protein reduction, suggesting that the ring carbon atoms are close 

to Fe-S clusters, a fact which is consistent with the ESR experiment 

which shov..sthat the reducing electron is associated with the iron 

atoms in thes~ proteins (see Experiment 4). This allows us to 

determine the relative midpoint redox potentials of each protein and of 



-267-

each Fe-S cluster within each protein,- because the redox potential 

is proportional to the degree of Fe-S cluster reduction. 

Jense1_1 (2) has determined that in~· aerogenes ferredoxin Fe-S 

clusters II and I are physically close to aromatic residues 2 and 28 

respectively. We assume that in C. acidi-urici ferredoxin Fe-S 

clusters II and I are physically close to aromatic residues 2 and 30 

respectively, because f· acidi-urici ferredoxin and P. aerogenes fer-

redoxin have similar amino acid sequences (See General Introduction). 

RESULTS: 

To determine the relative redox potentials of C. acidi-urici and 
. . 

c. pasteurianum ferredoxin, a sample of reduced c. acidi-~ fer-

redoxin (Fig. 57B) and reduced f. pasteurianum ferredoxin (Fig. 57D) 

was mixed to give a new equilibration mixture (Fig. 57C). The protein 

concentration ratio of the two reduced ferredoxins in this mixture was 

3:1, [ c. acidi-urici ferredoxin] :[f. pasteurianum ferredoxin] ' and 

this facilitated the assignment (Table 27) of the ring carbon resonances 

of each ferredoxin, since the intensity of each resonance is proportional 

to the corresponding protein concentrations. Thus the smaller resonance 

peaks seen in Fig. 57C represent the ring carbon resonances of the 

f. pasteurianum ferredoxin in the equilibrium mixture and the larger 

resonances at 57.8, 58.5, 59.1 and 77.2 in Fig. 57B represent the ring 

carbon resonances of the C. acidi-urici ferredoxin in this mixture. - ----
The C. acidi-urici ferredoxin resonances in this mixture have been 

assigned by techniques described in Experiments 7a and 7b. 

Deconvolution techniques (47) can further aid in assigning 13c 

resonance e. These techniques increa.se the resolution of 13C-NMR 
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spectra by artifically narrowing all the resonances, but this increase 

in resolution is accompanied by a corresponding loss in the signal to 

noise ratio. Neve~theless, it i~ very unlikely that the increased noise 

in the deconvoluted spectrum ·shouid produce noise spikes at exactly 
' . .. . . ~ '"" . . 

the same positions in the convoluted (normal) spectrum. For example, 

i3 . . .. 
in the C-NMR spectra of the aromatic region of the equilibrium mix-

ture of C. acidi-urici and C. pasteurianum ferredoxins (Fig. 58A, 58B), 

the sharp resonances at 39.0 and 59.i are not noise spikes, for they 

appear in the same positions in the deconvoluted (Fig. 5"8A) and convoluted 

(Fig. 58B) spectra. (The Fig. 58A spectrum is the deconvoluted form 

of-the Fig. 58B spectrum). These resonances are assigned to the 

2 30 
4 1 -Tyr and i 1 -Phe ring carbon atoms of C. pasteurianum fer-

redoxin respectively .. The resonance at 56.2 ppni is nar~ower in both 

deconvoluted and convoluted spectra than any of the other resonances 

corresponding to the ring carb.ons of C. pasteurianum ferredoxin in this 

equilibrium ~ixture, and thus this resonance is assigned to the 

C. pasteuriarium ferredoxin i 1 -Tyr2· ring carbon atom .. 

Other techniques described in Experiments 7a and 7b such as coni-

parison of noise decoupled, coherent decoupled and coupled spectra of 

the aromatic region of the equilibrium mixture confirm the assignments 

listed in Table 27. From these assignments we conclude that in the 

equilibrium mixture of reduced methyl viologen and two reduced fer-

2 30 
redoxins the ring carbon resonances of Tyr and Phe of f. pasteurianum 

2 
ferredoxin are more shifted than the ring carbon resonances of Tyr and 

Tyr
30 

in f· acidi-urici ferredoxin (Table 28). Thus, under the same 

reducing conditions, f· pasteurianum ferredoxin is more reduced and 
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has a higher midpoint redox potential than C. acidi-urici ferredoxin. 

DEGREE OF REDUCTION: 

The magnitude of the ring carbon shifts of a single aromatic residue 

reflects the degree of reduction of its neighboring Fe-S cluster and 

the .redox potential of the Fe -S cluster is proportional to the degree of 

reduction of this cluster (see Appendix B). Each aromatic residue can 
. . . 

be distinguished in c~ pasteurianUm. ferredoxin and f. acidi-urici 

[ Phe
2

] -ferredoxin (see Experiment 7b). Since each aromatic residue 

is close to one Fe -S cluster and the reducing elec.tron is associated 

with each cluster, the ring carbon shifts of each (distinguishable) 
' 

aromatic· residue can be used to determine the redox ·potential of each 

cluster. 

MIDPOINT REDOX POTENTIAL: 

The midpoint redox potential of the two ferredoxins and of each of the 

two clusters in each protein can be estimated if one assumes that the two 

distinguishable clusters are reduced indep.endently and do not interact 

(See Appendix C), and ring carbon resonance shifts (relative to the 

oxidized protein shifts) are proportional to the degree of reduction. We 

assume that clusters I and II of "fully11 reduced C. acidi-urici ferredoxin 

and cluster II of 11 fully" reduced f. pasteurianum ferredoxin are 

essentially equally reduced, because the extrapolated resonance shifts 

(See Experiment 7b) of the corresponding ring carbon atoms of both 

aromatic residues in · .• C. acidi-urici ferredoxin are essentially equal 

to the observed resonance shifts of the corresponding ring carbon atoms 

2 
of Tyr in 11 fully" reduced C. pasteurianum ferredoxin. 
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CALCULATION OF MIDPOINT REDOX POTENTIAL: In the 

11 fully" reduced proteins, the percent reduction of cluster II in C. pasteur-
. , . I 

ianumferredoxinandclusters I and II inC. acidi-uriciferredoxinis 100X, and 
. --- i 

it is 100Y for cluster I of f• pasteurianum ferredoxin. Cluster and pro-

tein midpoint redox potentials both depend on X and Y. 

The fer:r.edoxins are in equilibrium with methyl viologen. Thus, for 

each protein the electrode potentials EI and Eli' of clusters I and II 

respectively; are equal to each other• E
1

· and Ell (at 10 oc) are defined 

by and calculated from the Nernst equation (140): 

. .. mX 
- 0.056 log10 ( 1 _mX ) 

kY 
- 0.056 log10 ( t-kY 

' where m and k are the fractional degrees of reduction of clusters I 

( 1) 

(2) 

and II re~pectively relative to the 11 fully11 reduced protein. E
1 
°• and 

Ell O' are the cluster-midpoint redox potentials. The protein midpoint 

redox potential is (EI O' + Ell O' )/2 and is the observed redox potential 

when the protein is reduced by one electron. The difference in cluster 

midpoint redox potentials in each protein can be calculated from Eqs. (1) 

and (2) and is the same for all observed m and k values. For X < 1 

in C. pasteurianum ferredoxin the difference in cluster midpoint redox 

potentials, EII0 '. - EI0 ', is 2: 10 mV. 

The validity of the dithionite endpoint 

In 1H-NMR spectra of dithionite-reduced C. acidi-urici ferredoxin, 

(Fig. 51A, Experiment 7b) and dithion,ite -reduced G. pasteurianum fer

redoxin '(103), the most downfield-shifted proton resonances are shifted 
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to the same extent. We observe similar proton shifts for methyl 

viologen.:.reduced C. pasteurianuni ferredoxin (Fig. SiB, Experiment 7b). 
< < < 

< < < 

. If sodium dithionite did not fully reduce these proteins one would not ex-

pect similar magnitudes of proton shifts for both ferredoxins •. Neverthe

les~ it is possible that the high concentrations of1ferredoxin required for 

NMR experiments does not perrnit the protein to become fully reduced. 

We cannot at preser1t (by optical methods) independently measure the 

degree of reduction of the methyl viologen~reduced 13
C-NMR ferredoxin 

samples since it is difficult to obtain reproducibly diluted aliquots of 

these samples.' Until we can do such measurements we must either 

assume that the 
1

H.:.NMR speCtra of dithionite-reduced ferredoxins is 
. . ' . 

the reduction endpoint and that cluster II fs 100 o/o reduced (X = 1) or 

that cluster II is not' 100% reduced (X< '1)~ Either assumption does .not 

invalidate the observation that c'. acidi-urid ferredoxin has a lower mid----
point redox potential than cluster 11 in f· pasteurianum (and perhaps 

in C. acidi-urici) ferredoxin. Only the calculated magnitudes of the dif

ferences in these redox potentials will change depending on whether we 

assume X = 1 or X < 1. 

Calculation if X = 1 

Cluster midpoint redox potential 

The degree of r~duction of each cluster is proportional to the ratio 

of the corresponding ring carbon resonance shifts of the partially reduced 

ferredoxin to that of the "fully" reduced ferredoxin. From this ratio 

we calculate that in partially reduced f. pasteurianum ferredoxin 
< < 

(Fig. 57C) cluster I (near Phe30 ) is (32 :l: 3.5)% ~educed, cluster II 

2 
(near Tyr ) is (42 :l: 3)% reduced. The difference between the midpoint 
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redox potentials of each Fe-S cluster in f. pasteurianum ferredoxin is 

on the order of io mV. 

Simil~rly, from the ratios of the magnitude of the 1'- and 2', 6' -

ring carbon shifts of partially and (extrapolated) "fully" reduced 

C. acidi-urici ferredoxin we calculate that in partially reduced 

native f· acidi-urici ferredoxin (Figs.57B, 57C), both clusters are 

( 8 :±: 2) "/o reduced, .and, in f. acidi -urici [ Phe 
2

] -ferredoxin (Experi-

' 30 ' 2 
ment 7b, Fig. 48E), cluster I (near Tyr ) and II (near Phe ) are 

(20 :±: 4)% and (23 :±: 3)% reduced, respectively. From these estimates 

(Table 29) the difference between the midpoint redox potential of each 

Fe-S cluster in C. acidi-urici ferredoxin is calculated to be < 10 mV. 

The degree of cluster II reduction calculated from ring carbon reso-

nances (Table 29) correlates well with the degree of protein reduction 

calculated from.the most downfield shifted proto:n resonances (See 

Table 23; Experiment 7b). 

Protein midpoint redox potential 

In the equilibrium mixture (Fig. 57C) of C. acidi-urici (CA) and· 

C. pasteurianum (CP) ferredoxin, the electrode potentials EI and Ell 

of Eqs. (1) and (2) of both proteins are all equal to each other. To de-

termine the difference in protein midpoint redox potentials from this 

mixture, we calculate: 

[ 
0' O' 0

1 
0' J 

(Ell (CA) - Ell (CP)) -(EI (CA) - EI (CP)) /Z 

This difference is estimated to be (4 7 ± 10) mV. Adding this to -383 mV 

(pH 7.4, 23°) the midpoint redox poten~ial of f. pasteurianum ferredoxin 

(43), we calculate the midpoint redox potential of C. acidi-urici ferredoxin 

\_ 
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to be - (430± 10) mV (pH 8.0, 25° ). This assumes that X = 1 and that 

both protein midpoint redox potentials are independent. of pH between 

pH 7.4 and 8.0 (see below). 

DISCUSSION: 

DISTINGUISHABLE REDUCTION SITES: 
i 

Eisentein and Wang (43) conclude that C. pasteurianum ferredoxin 

is reduced in two reduction steps. They assume that the reduction sites 

are indistinguishable and calculate two different midpoint redox potentials, 

O' .·O' . . .. . .. · . . . 
E

1 
and E

2 
, for each step. To fit their optical data they calculate 

that (E
1 

o• . - E
2 

o• ) = (31 ± 3 )mV and attribute this difference to a sta..; 
. ,. . ' . . 

tistical factor equaling 36 mV. ·This statis.tical factor stems from their 

assumption that the reduction of f. pasteurianum ferredoxin involvedtwo 

equivalent iridepe'nden:t and indistinguishable reduction sites. This sta-

tistical factor vanishes as. soon as one can distinguish each reduction 

site. The ability to distinguish each reduction site does not, of course, 

invalidate the hypothesis that ferredoxin is reduced iri two reduction 

steps. 

INTERACTION BETWEEN FE-S CLUSTERS: A large (- 25 mV) dif-

ference between duster midpoint redox potentials in f· pasteurianum 

ferredoxin would imply that, after one cluster is reduced, it interacts 

with the other Fe-S cluster by making it easier (or harder) to reduce. 

If there is~ interaction between Fe-S clusters, a large difference be

.tween the cluster midpoi~f·:redox potentials of _f. pasteuriahum fGrredoxin 
. . 

would be inconsistent with the data of Eisenstein and Wang (43 ). This 

conclusion is bas~d on a recalculation of their data (Table 30), assuming 

distinguisl).able noninteractirig sites (see Appendix C). 
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pH-INDEPENDENT .MID.POINT REDOX POTENTIAL: 

Sobel and Lovenberg (1ZZ) show a large pH-dependence for the midpoint 

redox potential of C. pasteurianum ferredoxin and report the protein mi9-

point redox potential to be -450 mV at pH 8.0. If our f. pasteurianum · 

ferredoxin is almost fully reduced with methyl viologen at pH 8. 0 

(Fig. 57D),the pH-dependent redox potential reported by Sobel and Lovenberg 

is inconsistent with our results, because the pH-dependent (87, 133) mid-

point redox potential of methyl viologen is -444 mV (43, 133 ). 

COUNTING ELECTRONS: Stoichiometric investigations show that 

two electrons can be transferred to clostridial-type ferredoxins 

(46, 85, 1ZZ). · This has led Sobel and Lovenberg (12Z) to represent the 

reduction of C. pasteu:danum ferredoxin with hydrogenase as: 

Fd(ox) + Hz · . · Fd(red) + ZH+ (1a) 

or 

(0-0) +Hz ~ (R-R) + ZH (1b) 

Similarly, one could represent the reduction of C. acidi-urici fer-

redoxin with methyl viologen (mv) as: 

+ ' ' ++ 
Fd(ox) + Zmv ;::::; Fd(red) + Zmv (Za) 

or 

(0 -0) + Zmv + ~ (R-R) + Zmv ++ (Zb) 

·(In Eqs. (1b) and (Zb) we denote the oxidation states of the two iron-

sulfur clusters in clostridial-type ferredoxin as {0-0), (R-R), for the 

oxidized and fully reduced proteins, respectively.) 

The protein rnidpoint redox potentials E0
! can be calculated from 

Eqs. (1) and (Z). At Z5°C Eqs. (3) and (4) follow from Eqs. (1) and 

(Z) respeCtively. 
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LR:_Itl = _ o. 059 lo{PHz \ 
ro:or z a+J ~ 

(3) 

O' E 0.059 lo · [[R-j] =EO". _ 0.059 log.( ~m~~ 
Z g 0-0 (mv) Z m l) 

+ I ++ where 13 = [mv ] [mv ] • 

= 0.444 -· 0.059 log ~ (4) 

The reduction of the clostridial-type ferredoxins most likely pro

ceeds in tWo one-electron transfer steps. This was shown by Eisenstein 

and Wang for methyl viologen reduction of C. pasteurianum ferredoxin 

(43). Therefore, Eqs. (1) and (Z) do not describe a physically real 

situation, since Eqs. (1) and (2) imply a single step reduction which 

involves the simultaneous transfer of two electrons into ferredoxin. 

With methyl viologen redu~tion of ferredoxin, neglect of [O-R] and 

[ R-0] would cause E 0 ' to be a function of~ and to become more posi

tive with decreasing reduction (See Appendix B). Thus, if the estimate 

of E
01 

.of -430%10 mV for C. acidi-urici ferredoxin obtained from the 

13C-NMRmeasurements (which assumes single electron transfer steps) 

is correct, then a neglect of [ 0-R] and [ R-0] in the estimate of 

[ R-R] /[ 0-C] would cause E
01 

(in Eq. (4) ) to be more positive than 

-430 mV for potential measurements where a< 1/2 and to be more 

negative than .;.430 mV for potential measurements where a> 1/Z. At 

0' a = 1/2, E would be equal to -430 ± 10 mV. 
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Nevertheless, a correct E 0 ' is obtained from Eqs. (3) and (4) if 

\the concentr~tion of the ~two intermediate states of reduction in fer-

redoxin,[ 0-R] and [ R-0] , . is considered. (There are two :intermediate 

states since- only one electron can reduce one or the other Fe-S clusters 

in the protein.) H these intermediate states are considered one can 

correctly estimate the ratio of [ R~R] /[.0-0] from the experimental 
-

determination of a. the degree of fer.redoxin reduction {See Appendix B) •. 

Since the 1ntermediate reduction
1 

states are not explicitly considered 

in Eqs. (1) and (Z). Sobel and Lovenberg ignored ~ese intermediate 

reduction states in estimating the ratio [ R-R] /[ 0-0]. This neglect 

0' causes E (as calculated from Eqs. (3) and (4)) to become a function 

of a, the degree of reduction. 

. 0' 
In Sobel and Lovenberg' s calculations E was reported to be a func-

tion of pH betweenpH 7 and 8 (Table 31) (i.e., E
01 

was reported to 

become more positive With decreasing pH). _
3 

In their pH study the a 

they used in estimating [ R-R] /[ O-of was that obtained from hydro-

genase reduction.· The a values they report were near 1 {i. ~- , near 

100o/o ferredoxin reduction), but a decreased with decreasing pH. (The 

hydrogen electrode potential becomes more poritive with decreasing 

pH. A consequence of this is to cause a, the percent reducti~n of 

ferredoxin, to decrease with decreasing pH.) (Table 31). This in turn ',<, 

. 0' . 
caused theu calculated E to become more positive, which they mis-

takenly interpreted as indicating that E 0 ' had a pH-dependence. 

Sobel and Lovenberg set a, the observed fraction of reduced ferredoxin, 

equal to (the equivalent of): 

- -- .... 
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[ R-R] /([ R-R] + [ 0-0]) (Sa) 

which can be r~arranged to give: 

. (Sb) 

Because of the intermediate_ states .present in partially reduced 

clostridial ferredoxin, a should not be represented by Eq. {Sa) but rather 
. {· 

by: 

Zf R-RJ + [ 0-R) + [ R-0] · <· 
i R-R + 2[ 0-R] + 2[ 0-R] + i[ R-0] 

(6) 

In this case- [ R-R] /( 0-0] is. equal to (a/(1-a))
2 

(See Appendix B.). . . . 
Setting [ R-R] /[ 0-0] = a/(1-a), as was done by Sobel and Lovenberg, 

gives a pH-dependent E0 ' that disagrees With the observations of 

Eisenstein and Wang (43) and Tagawa and Arnon (126). Curiously, 
·. .. . .. 0' 

Tagawa and Arnon obtained essentially the correct E for 

C •. pasteurianum ferredoxin, and concluded that E
0

' is independent 

of pH between pH 6.5-7.4. 

These correct conclusions were obtained because Tagawa and Arnon 

incorrectly assumed that ferredoxin is reduced by~ electron. How 

did they reach the right Ff'' for the wrong reasons? (It is now generally 

agreed that clostridial-type ferredoxins take up two electrons.) The 

answer is as follows. The two clusters of C. pasteurianum ferredoxin 

are essentially equivalent and are essentially independently reduced. 

Thus, assuming each ferredoxin contains two identical clusters (each 

cluster may be either oxidized or reduced), we can write: 
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2[ oxidized clusters] + H 2 _ ;::=:: 2 [reduced clusters] + 2H+; 

' 
0' E - 0.059 log 

reduced eluate rs 
oxidized clusters 

Fur the rrno re 

a = l reduced clusters 
["reduced clusters oxidized clusters 

(7) 

(8) 

= 2 ( R-R] + [ 0 -R] + [ R-0) . . . . . . . 
a (2( R-R) +( 0-R] +( R-0]) + (2( 0-0] +( o.,.R] +( R-0] ) (9 ) · 

and 

a reduced clusters 
(1-a) = oxidized clusters 

(1 0) 

' . ' . . 0' 
Therefore the correct estimate for E using Sobel and Lovenb

1
erg' s 

data is: 

0' ( Ql \ 0.059 
E = 0.059 log (1 -a) }- 2 

= 0.394 ± 0.010 volts 

log( PH+2 2) 
[ H ] i,: 

( 11) 

and is essentially pH independent between pH 7.0-8.0 (See Table 31). 

Tagawa and Arnon assume: 

2 Fd(ox) + H 2 ~ 2 Fd(red) + 2H+ ( 12) 

where Fd(red) is a one electron reduced protein. :f!J' is given by: 

0' 0.059 ( PH2 \ 
E = 0.059 log 2 log\ :--+ zl· (13) 

. \ [ H ] : 

They then set 

Fd(red) = a 
Fd(ox) (1-a) 

(14) 
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or 
This gives an expression forE that is idential to Eq. (11) and is pH 

independent. 

One can also take Eisenstein and Wang's a vs 13 data (Table II in 

Ref. (43))and use Eq. (2), and .E q. (4) in estimating E0
' • In the! process 

one can. set 

i.e., neglect [O-R] and [ R-0] to show what problems are ei?.countered. 

These results are in Appendix B. 

PROTEIN CONFORMATION CHANGES UPON REDUCTION: 

C. acidf:.u.rici and C. p~sttmrianum ferredoxin have different protein 

midpoint redox potentials, but the differences in the magnetic properties 
. . . 

of the corresponding Fe;..s dusters are small. Changes in protein 

conformation upon 'redilction may b~ responsible for the observed dif~ 

.ference .iri protein midpoint redox potentials. Tritium-hydrogen exchange 
. . - ~ . ·. ' 

(60) studies indicate that the conformations of reduced and oxidized 

C. acidi-u.riei fer.redoxins differ. Slightly different conformational 

changes upon reduction may aLso occur in f· pasteurianum ferredoxin. 

PROTEIN CONFORMATION CHANGES WITH pH: 

When one recalculates Sobel and Lovenberg' s data (Table 31), one 

sees that at pH 9.0 and .at pH values less than 6.5, the protein midpoint 

redox potential, E 0
', deviates significantly from the essentially con-

0' . 
stant E value between pH 7. 0-8. 5. This deviation in the calculated 
. 0' . . . : 
E value could be due to changes in protein conformation at the extreme 

pH values. Slight changes in E 0 ' with pHhave been observed for other 

proteins (144); and the variation of E 0 ' with pH(and ionic strength) for 
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cytochrome £ has been attribuh~d to changes in protein conformation 

(82). We thus propose that the different amino acid sequences (and 

conformations) of different proteins primarily account for differences 

in protein midpoint redox potentials. 

The aromatic residues of oxidized C. pasteurianum ferredoxin are 

presumably identically oriented to their neighboring Fe -S clusters, 

since the corresponding ring carbon resonances are equivalently shifted 

(relative to the resonances in diamagnetic reference compound's), and 

this magnetic equivalence is not maintained in reduced f· pasteurianum 

ferredoxin (See Experiment 7b). ·This fact suggests that in reduced 

C. pasteurianurn ferredoxin there could be: (i) a change in protein con

formation which affects. clusters I and II differently; or (ii) a change in 

the orientation of th~ aromatic residues relative to their neighboring 

Fe-S clusters; or (iii) both. Any conformational changes responsible 
. . - . . -1 

for this nonequivalence must occur > 10,000 sec , since this is the 

rate the redudng electron is exchanged between the oxidized and re-

ducill.g electron is exchanged between the oxidized and reduced states 

of the Fe.:.s clusters (See Experiment 7a). 

The suggestion that the aromatic residues have different orientations 

in the reduced protein is not inconsistent with the fact that in reduced 

C. pasteurianum ferredoxin the difference in the percent reduction of 

each Fe-S cluster is a measure of the difference in cluster midpoint 

redox potentials. The difference in cluster midpoint potential~ is in

dependent of the mechanism which produces the shifts because of the 

two state hypothesis which assumes that there are only two classes of 

shifts, one corresponding to the oxidized clusters arid the other cor-

responding to the reduced clusters. 
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AMINO ACID SEQUENCE HOMOLOGY: 

Similar cluster II environments in C. acidi-urici and C. pasteurianum 

ferredoxin: 

The shift parameters of the aromatic residue near Fe -S cluster II 

2 
in reduced C. acidi-urici native ferredoxin, C. acidi-urici [ Phe ] -- .-- -- -. -- --
ferredoxin, and~. pasteurianum ferredoxin are essentially identical. 

The protein conformation around cluster II could be similar in the three 
. . 

proteins (assuming that thei'r three-dimensional structures are similar 

to that of P. aerogenes ferredoxin). This is consistent with the fact that 

37 40 43 7 of the 8 amino acid residues directly bonded to Cys · , Cys , Cys · , 

and Cys 18 (which ·are coordinated to cluster II) are homologous in 

C. acidi-urici and C.· pasteurianum ferredoxins (129) compare~ to 4 of 

8 10 . 14 47 
the 8 amino acid residues bonded to Cys ·, Cys , Cys and Cys , 

coordinated to cluster I. 

Symmetrical environments in C. acidi~urici ferredoxin: 

The amino acid sequences of C. acidi-urici and C. pasteurianum 

ferredoxin are homologous to each other (40 out of 55 residues) (129). 

Each half of the sequence 1pf each protein is also homologous to the other 
I 

half. In C. acidi-urici the two halves are more homologous (14 homologous ---- ·, 

residues out of 27) than in~· pasteurianum (8 homologous residues out 

of 27). Thus~· acidi-~ ferredoxin can be said to be more symmetric 

with regard to amino acid sequence than~· pasteurianum ferredoxin is. 

C. acidi-urici ferredoxin may therefore have a more symmetric protein ----
conformation than~· pasteurianum ferredoxin. (The amino acid sequence 

of P. aerogene s ferredoxin shows .that 10 out of 2 7 residues are homologous 

for each half of the protein, and its three -dimensional structure is almost 
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symmetric about a 2 -fold axis (2 )). If this symmetry is important to 

the structure and function of the. protein, the greater homology between 

the two halves of C. acidi~urici ferredoxin compared to that in 

C. pasteurianum ferredoxin may be partially responsible for the fact 

that magnetic properties and the midpoint redox.potentials of the two 

Fe-S clusters in C. acidi-urici are more similar than they are in 

C. pasteurianum ferredoxin . 

• 
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Fig. 57. Proton decoupled 13C-NMR (10°C) of the aromatic residues 

of C. acidi-urici and C. pasteurianum ferredoxin. (Sample: 

Preparation): (A): Oxidized f· pasteurianum ferredoxin; - 80 mg/mL 

pD 7.6 (pH 8.0) .. (B): - 8o/o reduced f· acidi-urici ferredoxin; 

- 90 mg/ml, pD 7.0. (C): Mixture of- 8o/o reduced f. acidi-urici 

ferredoxin and - 40o/o reduced f. pasteurianum ferredoxin; - 90 mg/ml 

and 30 mg/ml respectively, pH 7.6. (D): - 1000/o reduced 

C. pasteurianum fer~edoxin; - 40 rhg/ml, pD 7.6. Broken and unbroken 

lines connect tyrosyl and phenylalanyl residues respectively. 
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Fig. 58. 
13

C-NMR (10°C) of the aromatic region of methyl viologen 

reduced C. pasteurianum and f. acidi-urici ferredoxins. (A): De:

convoluted spectrum of equilibrium mixture of C. acidi-urici and 

~· pasteurianum ferredoxins, conditions the same as in Fig. 57 C. : 

(B): Convoluted (normal) version of A; (C): Convoluted (normal) 

spectrum of- 8% reduced C. acidi-urici ferredoxin, conditions the 

same as in Fig. 57B. 
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Table 27. l30-ring carbon resonance 
. a 

shifts (ppm, 
relative to cs2 ) of oxidized and reduced c. acidi-urici 

and Q· E!!steurianum ferredoxin. 

Ring carbon 
Ferredoxin 1' 2' ,6' 3 I '5 f 4'' - -

Oxidized 

Q. acidi-uricib· 
Tyr 2 59.5 60.4 77.3 38.5 
Tyr30 58.8 60.4 77.3 38.0 

Q.. esteurianumc 
2 59.3 59.6 77.4 38.2 Tyr . 

Phe30 . 41.2. 61.1 64.0 65.4 

Reduced 
Q. acidi-uricid 

Tyr 2 58.2e 58 .• 8 77.1 38.5 
Tyr 30' 58.2e 58.8 77.1 38.0 

Q~ 
.· . f 

l!Bsteurianum 
Tyr 2 51.6 45.1 73.4 40.4 
Phe30 44.4 54.4 62.1 66.0 

Reduced mixture 
Q.. acidi-uricig 

Tyr2 58.5 59.1 77.2 38.8 
Tyr30 57.8 59.1 77.2 38.1 

9.· ·:2asteurianumg 
. 2 

56.2 53.5 75.5 39.0 Tyr 
Phe3° 48.9 59.1· 63.5 65.2 

a. Shifts accurate to ± 0.2 ppm. 
b. Based on Fig •. 580, Experiment 7b. 
c. Based on Fig. 57A. 
d. Based on Fig. 57B. 
e. These resonances are unresolved in Fig. 57B. 
f. Based on Pig. 57D. 

g. Based on Fig. 570. 



Table 28. rOb-~erved 13c-shiftsa of the aromatic residues of reduced .£.· acidi-urici and 
reduced ·Q.. pasteurianum ferredoxin relative to the corresponding shifts of the oxidized 

-protein. 

Ferre- -~ Ring carbon R1ng carbon 
doxin Protein 11 2' , 6' 3 I' 5 f. 4' 1' 2 f '6 I 3' , 5' 41 

Teduc,db 

c.~- Tyr2 Phe3° 
teurianum (37 ± 5)c -3.1 -6.2 -1.9 +0.8 -1.9 -2.5 -o.6d +O.ld 

(90 ± lO)e -7.7 ' -14.5 -4.0 +2.2 -6.5• -7.2 -2.0 +0.8d 

I 
co C. acidi- Tyr 2' Tyr30 
~ 'uric! ( 8 ± 2)f -0.8 -1.0 -0.15 +0.17 -0.8 -1.0 -0~15 +0.16 I 

Tyr2 Tyr30 

(lOO)e ...;8±0.7 -14±1.5 -4±0.5 +2.4±0.5 -8±0.4 -14±1_.5 -4±0.5 +2.4±0.5 

a. Shifts are ± 0.2 ppm if not otherwise indicated. 
b. Based on 1H-NMR- spectra of aliquots of the l3C-NMR samples (See Experiment ·7b). 

c. Based on Fig. 57C. 
d. These values could have large errors since the·positions of these resonances were 
-difficult to determine in the reduced protein. 

e. Based on Fig. 57D• 
f. Based on Fig. 57B. 
g. Extrapolated to dithionite end-point (See Experiment 7b). 
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Table 29. Calculated percent reduction of the Fe-S 
clusters of Q. pasteurianum and C. acidi-urici 
ferredoxin. 

X~ 1 

% Reduction 
Ferredoxin Cluster:. I ··rr 

Q. pasteurianwn (32 + 3.5)a (42 :t 2)a -
10)b 10)b (90 ± (90 + -.. ' 

Q. acidi-urici native (8 ± 2)c (8 ± 2)c 

c. acidi-urici [Phe2]-- (20 ± 4)d (22 %_3)d 

2.· acid i-uric'i native (32 ± 4) e;g ( 36. 5± 4) e' g 

Q. acidi-urici native 100f lOOf 

a. Based on Fig. 57C. 
b. Basec on Fig. 570. 
c. Based on Fig. 57B. 
d. Based on Fig. 481 (Experiment 7b). 
e. Based on Fig. 46D (Experiment 7a). 
f. Dithionite end-point (Fig. 52, Experiment 7b). 
g. This calculation (based on Fig. ~6D) is tentative 
since it depends on the validity of: (i) our assign
ment of the resonance at 56.2 ppm to the 1'-ring carbon 

, resonance and (ii) our assignment of the resonance at 
54.6 ± 0.2 ppm to two 2',6'-ring carbon resonances at 
54.2 and 54.6 ppm. The 2',6'-ring carbon resonance 
in Fig. 46D is broader than the usual ferredoxin 2',6'
ring carbon resonance, and this broadening suggests 
that the resonance is splitting into two resonances, 
each of which represents a single tyrosyl residue. 
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Table 30. Recalculation of Eisenstein and Wang's data 
(Table II in reference (43)),, assuming that each 
reductton site- is disti:p.guishable. _ 

Case Dis tin- Equi- Inter- Mean 
guishablea valentb actingc errord 

X 102 

0 yes yes no 0.88 
i yes no no 1.00 

ii yes no yes 0.43 
iii yes yes yes 0.48 

Wange no yes no 0.48 

a. Fe-S clusters can be distinguished by NMR tech-
·-

niques but are not distinguishable by optical techniques. 
b. Fe-S clusters are equivalent if they have the same 
midpoi:n.t redox potentiais (1.·2.·, are equally accessible 
to a reducing electron). Nonequivalent Fe-S clusters 
would have a midpoint redox potential difference of 
16 ±'9 mV, if, for example, X • 0.7. 
c. Fe-S clusters are interacting if reduction of one 
Fe-S cluster changes· the redox potential of the other 
Fe-S cluster. This change can be as high as 10 ± 5 mY. 
d. The mean error is the mean of the deviations between 
the calculated and observed degrees of reduction. The 
observed degree of reduction is based on data of 
Eisenstein and Wang (Table II in refer~nce (43)), and 
the calculated degree of reduction is obtained from 
equations derived for distinguishable reduct.ion sites 
(See Appendix C). The lower the error estimate, the 
petter the fit to a particular case. This fit depends 
upon the precision of the data of Eisenstein and Wang. 
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Notes to Table 30 continued. 

e. This case contains the assumptions Eisenstein and 

Wang make for ~· pasteurianum ferredoxin. Their data 
make an excellent fit with a plot based on equations 

. ! 

derived for distinguishable reduc~ion sites. To the 
extent that their error estimates are meaningful, their 
optical data cannot (for example) determine if_equi
valent Fe-S clusters can interact (to change the cluster 
midpoint potential 10 ± 5 mV) or not. In fact if case 
(ii) is correct their data suggest that when one 
cluster is reduced the second cluster is easier to re
duce by 7 mV (See Appendix C). 
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Table 31. Recalculation of the midpoint redox potential 
of Q.· pasteurianum ferredoxin from the dataa ofSobel and 
Levenberg (122). 

Sobel and Loven berg data Recalculatedb 

pH of Eo Eh (25°) Eo' (25°) 
reaction ferredoxin hydrogen ferredoxin 
mixture (mv)c (mv)c electrode 

(mV)C 

5.5 -346 -325 -367 
6.0 -360 -354 -366 
6.3 -375 -373 -377 
6.5 -387 -384 -390 
7.0 -395 -412 -398 
7.3 -418 -430 .:..396 
7.4d -415 -435 -396 
7.5 -425 -443 -407 
8.0e ~450 -472 -406 
8.5 -470 -502 -406 
9.0 -496 -531 -416 

Averagef -394 

a. From Fig. 2 and Table IV of reference (122). 
b. Recalculation assuming n • 1 where n is the number of 
electrons (see iext). 
c. Accurate to± 5 mV, referenced to the hydrogen alec
trod e. 
d. From experiments 1, 2 and 4 of Table IV in reference 
(122), where a ... 0.82. ( ais the degree of reduction.) 
e. Fro~ experiment 3 of Table IV_in reference (122), 
where a ... 0.93. 
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Notes to Table 31 continued~ 

f. Between pH 7.0 and 8.5, the average E0
' • -(402 

± 5) mV. This is within the error of Fig. 2 in 
reference (122). Tagawa and Arnon (126) find that 
with hydrogenase E0

' • -(385 ± 1) mV for 9_. pasteurianum 
ferred~xin and is independent of pH between pH 6.5 and 
7.4; and Eisenstein and Wang (43) find that E0

' • -(383 
* 3) mV (pH 7.4, 23°) for Q. pasteurianum ferredoxin, 
reduced by Zn-reduced methyl vio1ogen. 
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APPENDIX B 

REDOX POTENTIAL MEASUREMENTS: 

The electrode potential, Eh' is the voltage one needs to apply to a 
. . 

set of two half cell reactions in order to prevent a flow of electrons. 

For example, if two half cells (one consisting of H
2 

gas in equilibrium 

with H+, the standard cell, and the other consisting of another oxidized 

substance in quilibrium with its reduced form) are coupled by a KCl-

agar bridge which permits electron flow, but no reactant flow, the 

potential difference between these cells is J!b. 
Eh can be calculated from the Nernst equation: 

0 
Eh(pHl) = E + 

RT 
nF ln 

oxidized substance 
reduced substance 

O' 
Eh(pH7) = E . 

0 
where E ( Hl) at pH 1 is zero and is the midpoint redox 

. p 

potential of the. standard cell, 

0' 
E (pH 7 ) at pH 7, 30° C is -0.42V for the H 2 electrode 

n = number of electrons transfered in the reaction, 

When solutions of different potentials are mixed, the reaction proceeds 

until equilibrium is attained, and the final solution has an intermediate. 

electrode potential: 

0' 0.06 
E (B)+ n 

A +B __. 
(red) (ox).-

(
[B(ox)] )·· = 

log [ B(red)J 
0• 0.06 

E (A) n (
l AOX) ~ 

log [ B ] 
red 



EO' (B) - Ef' (A) 

,..z95-

= 0.06 log 
n 

0.06 lo K 
- n g eq 

where K the equilibrium constant. eq . 

= 0.06 log (.1-a) 
.n · a 

A change of 7 mV in the redox potential is equivalent to a 35o/o 

change in the equilibrium constant. 

In our treatment [ A(ox)] and [A( red)] are the concentrations of the 

oxidized and reduced Fe-S clusters, respectively; and [ B(ox)] and 

[ B (red)] are the concentrations of oxidized and singly reduced methyl 

viologen, (mv ++) and (mv +), respectively. 

CONSEQUENCES OF NEGLECTING (O-R) AND (R-0): 

Neglecting the intermediate reduction states, (0-R) and (R-0), in 

estimating E0 ' from methyl viologen reduction of f. pasteurianum 

ferredoxin (Fd) will cause E 0 ' to be a furiction of a, and will only give 

correct E0 ' at a = 1/2. 

This can be shown by rewriting Eqs. (2) and (4) (in text, Experiment 

7c) so that they correspond to reactions transferring _two electrons 

in~ step: 

+ -..l ++ 
Fd(ox) + 2 mv ~ Fd(red) + 2 mv. · (b.1) 

. + __.. ++ 
(0-0) + 2 mv ..--- (R-R) + 2 mv (b. 2) 

The midpoint reduction potential, E
0
', is obtained from 

0' 0.059 [1{:-.RJ 0.059 2 
E - 2 log ~ = - 0.444 - 2 log f3 

(b. 3) 

*The derivations that follow in this Appendix and in Appendix C are. by 

Dr. H. Sternlicht of Bell Telephone Laboratories, Inc. 
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where 

'+ ++ (3 = [mv ] /[ mv ] . 

Collecting terms, 

EO' = EO' ~ 0.059 lo- ~f 0-0 lfz·) 
(mv) 2 . g R-R 

; . . ' 

= - 0.444 -
0

•
0i 9 log K • (b.4) 

The equilibrium constant, K (for the reactions consis,ting of one 

two-electron step), can be related to the equilibrium constants for the 

reactions consisting of two one-electron steps. If one assumes that the 

two clusters are nearly equilibrium and are reduced nearly independently 

in one -electron steps, then: 

+ ++ (0-0) + mv ~ (O-R) + mv ; K 11 = K 

(0-R) + mv+~ (R-R) + mv++; K
12 

= K 

+ ++ -(0-0) + 2 mv ~(R-R) + 2mv ; K 

- 2 
K = K 11K 12 = K 

(Note: we could have also used 

+ ++ (0 -0) + mv :t=== (R-0) + mv ; K 21 = K 

(R-0) + mv~ (R-R) + mv++; K
22 

= K 

+ ++ - 2 (0-0) + 2mv ~(R-R) + 2mv ; K = K ) 

E0 ' is obtained by (setting K = K 2 ) 

. 0' 0.059 
E = - 0.444 - 2 log K 0.444 - 0.059 log K 

= 0.3815 volts 

- 2 
if K = 0.088, K = K = 0.0077. 

(b. 5) 

(b.6) 

(b. 7) 

(b. 8) 

(b.9) 
-· 

ri '\ 
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Thus, whether one assumes that the electrons are transferred in 

two one-electron steps (equilibrium constant, K = 0.088) or in one 

two-electron step (equilibrium constant K = K
2 

= 0.0077), the same 

E 0 ' of -381.5 mV is obtained from Eisenstein and Wang's spectro

photom~tric measurement of a. The estimate of K = 0.0077 was obtained 

· by Eisenstein and Wang's postulating the existence of the intermediates 

(0 -R) and (R-0). 

If we do not recognize or use the intermediate states (0 -R) and 

[_g.._AJ. (R-0) in estimating fo:DJ , we write: 

; 

a 
( 1 -a) = or 

a = f R-R] . 
0-0]+ ( R:-RJ 

(b.1 0) 

K calculated from Eq. (b.10), where (O-R) and (R-0) are neglected, 

is a function of a and gives and E
0

' that becomes more positive with 

0' 
decreasing a. Only at a = 1/2, E = - 3 81.5 mV. R, calculated from 

Eq. (c29) in Appendix C, is essentially independent of a and gives 

0' 
E = (-381.5± 1)mV for all a values. This is shown in Table 32. 

CONSEQUENCESOF CONSIDERING (0-R) AND (R-0): 

When one considers the intermediates (0-R) and (R-0), then 

[ ]

2 a 
. = ( 1 -a) 

Proof: 

If one assumes that the clusters are distinguishable, equivalent, and 

noninteracting, and that the reduction proceeds in single electron reduction 

steps; then. 
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. ' 

( 0-0) + mv + ·~ ( R-0) +mv 
++ 

' 

{ R-0) +---> + mv ,-- {R-R) + mv 
++ 

{ 0-0 ) 
+---~. 

+ mv ~(O-R) + mv ++ 

+ . + 
(-OR) + mv ~( R-R) tmv ; 

[ R- 0) = [ 0- 0] f3 /K; 

[ 0-R] = .[ 0-0] (3/K. 

where 

-1/2 . ' 
K = K {see Appendix B). 

.. 
' 

' 

a = 2[ R-R] +I 0-R] + [ R-0] 

Equilibrium Canst. 

K11 = K 

K12 = K 

K21.:: K 

K22 = K 

2( R-R] + 2( 0-0] + 2( 0-R] + 2[ R-0] 

{b.H) 

(b.12) 

(b.13) 

(b.14) 

Substituting [ 0-0] (3/K for [ 0-R] or [ R-0] and dividing numerator 

and denominator by [ 0-0] 

a = 
f R-R] + Q. 
_ 0-0) K 

I R-R] + ~ + 1 
ro:oT K 

Solving for [ R-R] /[ 0-0] : 

However 

solving for (3/K: 

( R-R] /[ 0-:0] 

a - __iL 
- f3+K ' 

J? - a 
K - 1-a • 

= a+ (2a-1)@/K 
1.:a 

Substituting a/ 1-a for (3/K in Eq. {b6) 

_[ :R-R] :: 
T"O=OT 

a 
a + {2a -1) { r:;- ) 

{1-a) 

(b. 15) 

{b.16) 

. {b.1 7) 

(b.18) 



Table 32. Consequences of considering or ignoring intermediate reduction states 
. . 0 

(0-R) and (R-0) when calculating E '. 

Eisenstein and·wang dat~ (43) Consider Ignore . b 

13 
~ 0-R) and ~R-O)statesa ~0-R) and ~R-0) states 

Q 

K X 103 E0
' (mV) K X 103 E,0 ' (mV) 

0.0075 0.0764 8~23 -382.5 0.68 -350.6 
0.0183 0.166 8.46 -382.9 1.68 ...;362.1 
0.0300' 0.247 8.37 -382.7 2.75 -368.5 
0.0466 0·335 8.59 -383.0 4.32 -374.2 

I 

0.0669 0.424 8.28 -382.6 6.09 0' -380.2 
0' 
N 0.0985 0.529 7.74 -~1.7 8.67 -38.3. 2 

0.1328 0.604 7.57 -381.4 11.5 -386.8 
0.1650 0.661 7.23 -380.8 14 ~389.3 

0.2050 0.718 6.4 -379.3 . 16 -391.0 

[R-R]/[0-0J • (a/(l-cr)) 2 • 13 2/ K, 
1/2 

a. a •13 /( 13 + 1{ ) , and K • (13( 1- cr)jcr]2. 

b. [R-R]/[0-0] • Q/(1-cr), • ~2 / K, a = 13 2/(13 2 + K), and K =13 2(1-a)/cr. 

(~ 
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APPENDix.C 

MIDPOINT REDOX POTENTIALS OF DISTINGUISHABLE 
Fe ~s CLUSTERS 

The Fe -s clusters o£ clostridial type ferredoxins are reduced one 

step at a time. They can be equally accessible to the reducing electron 

and thus be considered equiva.1ent. They are distinguishable by 
13

C,..NMR 

techniques or indistinguishable by optical te~hniques (Eisenstein and 

Wang (43)). If the reduction o£ the Fe-S cluster affects the reduction o£ 

the second Fe-S cluster, the two clusters are said to be interacting. 

Eisenstein and W~ng analyzed their data interms ·a£ the assumption 

that the two reduction sites o£ C. pasteurianum ferredoxin are indis.,. 

tinguishable, equivalent, arid noninteracting. They test their assutnption 

by comparing a calculated a with the observed a~. We· also recalculated 

a for each o£ the following cas~s to determine whether these cases are 

consistent with the data of Eisenstein and Wang. 

Case (o): two distinguishable, equivalent, and noninteracting clusters 

(i): two distinguishable, nonequivalent, and noninteracting clusters 

(ii): two distinguishable, nonequivalent, and interacting clusters 

(iii): two distinguishable, equivalent,· and noninteracting clusters. 

Our recalculated a is compared with the a observed by Eisenstein 

and Wang by doing a least square fit of the calculated a against a-plot of 

observed a vs. J3. a denotes (ai + aii)/2, for clusters I and II, and is 

+ . ++ 
the degree o£ reduction o{ C. pasteurianum ferredoxin. J3 = [mv ]/[mv ] 

is the ratio of the concentrations o£ singly reduced and oxidized methyl 

viologen (Table 33 ). r r 



-301 -

In g·eneral, a least square plot of a vs. ~-for the Eisenstein and 

Wang methyl viologEm reduced f· · pa.steurianum ferredoxin is not very 

sensitive to the assumptions made by cases (~), (i),. (ii)' (iii) or the 
' ' ' 

Wang case anp one must use rri~an error estimates of the fits to dis-
. . 

tinguish between cases. 1.f indeed Wang's' error in his a .b :_ . d vs. 
· ·1 o serve 

~ · is as small as he Implies, then case (_._ii)_. w_ould be probably observed 

correct. 

Figures 59 and 60 show a least: ~quare plot for case (ii) using our 

13
C-NMR estimate of a 10 mV difference iri Fe-S cluster midpoint redox 

potentials. This was a two independent variable fit; · The fit obtained 

was better_ than Eisenstein and Wang's two variable fit. The Eisenstein 

and Wang data tog~ther wi..'th 3 other limiting case.s (case (o), (i) and 

(iii) a:re plotted in Fig. '61. Case (iii) gives the id~ntical plot as the 

Wang case. Case (iii) assumes two distinguishable, equivalent, and 

interacting clusters and gives the best least square fit in Fig. 61. The 

assumption of distinguishable, nonequivalent, and interacting clusters 

(case (ii), Figs. 59 and 60) gives tbe best overall fit (Table 35). 

Figure 62 shows a least square plot of the limiting case (i) of two 

distinguishable nonequivalent and noninteracting clusters ·where the pro-

tein midpoint potential is -383 mv,. rather than the calculated least 

square value of -381.5 mv, and the difference in cluster potentials is 

10 mv. The fit is excellent below a = 0.5 and deviates for a> 0.5. This 

suggests the second electron is more easily introduced than the first, 

and the two clusters are not independenL 

The basis for our calculation is illustrated by a derivation of a vs. ~ 

for the general case (case (ii) of two distinguishable, nonequivalent and 



-302-

interacting clusters which involves 3 independent and 1 dep~ndent 

variables~ 

Derivation: 

Case (ii) 

a 
1 

vs. j3 for nonequivalent, ·distinguishable and interacting sites. 
ca c. 

Cluster:(II-1) (II-I) 

(0-0) + mv+ ~(R-0) + mv++; K } 
11 ·. 

+ .__) ++ (0-0) +mv ..-(0-R) + mv ; K 12 

. (R-0) + mv +.=:(R-R) + mv ++; K
21 

(0 -R) + mv +~(R-R) + mv ++; K
22 

K
11 

~ [ 0-0].[ mv+~ "'" [ 0-0] R; 
- [ R-0] [ mv+ ] - fR-01 ~'"' 

+ 
K _ [ 0 - 0 ] [ m v ] = I 0-0 ] R; 

12 - 0-R] 1 mv++] ro:RJ ~'"' 

_ [R-0] [ rnv+J =1~_-0l p,. 

K21 - ( R-R] ( rnv+ J T1f=R1 ~'"'' 

_ f 0-R] [ rnv+~ _ [ 0-R] . 
K22 - R-R] ( rnv+ J - [R-"RJ j3, 

Fractional reduction of cluster II: 

a _[R-O)+[R-R] . 
II - [O:o] +( R-R] +( 0-R] +( R-0] 

} 
1st electron 

2nd electron 

(c1) 

(c2) 

(c3) 

(c4) 

( c5) 

(c6) 

( c7) 

(c8) 

(c9) 

(c10) 

(c11) 
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Fractional reduction of cluster I: 

_ f 0-R] + [ R-R] . ··. 
ai-. 0-0] + [ R-RJ + ( 0-R} + ( R-0] 

a = I K K · · 
____g + 1+ 1. + . 21. 

J3 K22 K22. 

using Eq. · (9), 

a = I 

collecting terms, 

F ractioDcal reduction, 

(all + ai} 

a, of C. pasteurianum ferredoxin: 

a = 2 

I 

(c12) 

(c13) 

( c 14) . 

( c1.5) . 

(c16) 

( c1 7) 

(C:ts) 
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E~. (volts) = - 0.444 - 0.0587 log
1
.
0

K .. , at 10°C 
lJ . lJ 

0 0 K., ., 
Eij - E i' j' = 0.0587 log10 K~. 1 

lJ 

0 0 K12 
In case (ii) E

11 
- E

12
. = 10 mv· -- = 1.47 

'. K11 

Set K
11 

= 0.076 K, K
12 

= 0.112 K 

0 0 K21 
Set E 22 - E 21 = 10 mv; K

22 
= 1.47 

K 21 = 0.112A.; K22 = 0.076>.. 

(c19) 

(c20) 

( c21) 

(c22a) 

(c22b) 

(c23a) 

Equation (c23a) follows from Eq. (c22a) and Eq. (9) (in text, Experi:-

ment ?c). 

· Eisenstein. and Want fit their data by treating the reduction sites as 

equivalent, indistinguishable, and noninteracting. But their a data 

can also be fitted quite accurately with: 

_ 2( R-R] + ( 0-R) + ( R-0] · = 
a ~ 2[ R-R] + 2l 0-0] + 2[ 0-R] + 2( R-0] 

__L_ 
(3 + K 

( c2 9) 

This corresponds to case (o), the case of distinguishable, equivalent, 

and noninteracting clusters. 
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Fig. 59. Case (ii). Distinguishable, nonequivalent, and interacting 

clusters. Least square fit to Wang's data (o-points) using two vari

ables, K and A to get the best fit. These least square values are 

K = 1.086 and A = 0.83538. The parameters for this least square plot 

are listed in Table 33. 
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Fig. 60. Case (ii). Same as Fig. 59 except that (3 is expanded to 

(3 = 1. 0~ 
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Fig. 61. Least square fits (a 1 ) to a. b (x-points) for limiting ca c o s. 

cases (o), (i), (iii) and (Wang). The general equations for acalc are: 

a = @ 
calc · · j3+K 

. . 
and for a two parameter fit, 

i + @ 
T K · 

· 2(Wang) 
a = K K 

1 (Wang)+ 2 (Wang) + 1 p p 
and 

a calc = 

The parameters for these least square· plots are listed in Table 34. 

0 = case (o) 

~ = case (i) 

"\! = case (iii) 
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Fig. 62. Comparison of a ·l for case (i) with Wang's a b , where ca c . · · o s 
o' o' o' o' Eli - EI = 10 mV and (Eli+ E 1 )/2 = - 383 mV. The general equation 

for a 
1 

for a two parameter fit is: 
ca c. 

where K 11 = 0.076 and K 12 = 0.112. 
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Table 33. Conditions (Fig. 59) for c~1culating best 
fits for case (ii)a. 

First electron Second electron 

Equilibrium 

K12 

0.1216 

constants 

Cluster midpoint redox potentialsc (mV) 
0 

Ell 

-380. 

0 
El2 

-390 

E o 
21 

-383 

0 
E22 

-373 

a. Case (it l is the case of ·a istinguishable; non
equivalent and interacting Fe-S clusters. 
b. The degree of re~u6~ion for case (ii) is calculated 
from eq~ation (cl9). The equilibrium constants Kij that 
give a best fit to the data of Eisenstein and Wang (43) 
are calculated from two least square parameters, K and 

>... K is used to determine K11 for (0-0)~ (R-0), and 
K12 for (0-0)~ (O-R), the first electron reactions in 
which only one cluster in the ferredoxin is reduced, 
and a < 0. 5. >... is used to determine the K21 for (R-0) ~ 
(R-R), and K22 for (0-R)~_(R-R), the second electron 
reactions, in which both clusters in the ferredoxin 
are reduced and a > 0. 5. A smaller K

1 
.. means that the J . 

reaction is faster and the corresponding cluster is 
easier to reduce (See Eqs. c20 to c23a). 
c. From the least square parameters one calculates 

0 -
Eij (volts) • 0.444 - 0.0587 log10Kij and determines that· 
the protein midpoint potential ( a• 0.5) is: 

Ot 

Eprotein = 

ol o' - o · o' 
(Ell + El2 + E2l + E22 ) --.--.....;... _ _. _____ ...;;;...,;;;;_______ = -381. 5 mV 

4 
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Table 34. Parameters for Fig. 61 

Case Conditiops 

( o )\ Distinguishable, 
equivalent, and 
noninteracting 
clusters. 

(i) Distinguishable, 
nonequivalent, 
and n:oninter-
acting 
clusters. 

(iii'fi Distinguishable, 
equivalent,band 
interacting 
clusters·. 

( E o, . E (}). E o, E o, 
· II · -- I . · i + II 

( . ) 
(mV) 2 

(mV) 

0 -383 

10 -381.5 

ob ·-383 

. e 
(Wang) Indistinguishable, 5 ± 3 -383-

equivalent, and· 
noninteracting 
clusters. 

~ 

Equilibrium constants 

Kll Kl2 K21 K22 

.088 ;088 .088 .088 

.0725 .107 .. 107 .0725 

6c 6c d - d .09 .o9 .ot:g .• 081 

K1 (Wang)f K2 '(Wang)f 

0.048 0.162 

a. Case (iii) and the Warig case have identical a vs 13 plots. Here the parameters 

are K11 • K12 • 2K1 (Wang), and K21 = IC22 =(K2)/2 (Wang). 
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Notes to Table 34 continued. 

b. Before reduction, (E11°'- E1°~ •0, but if one cluste.r 

gets reduced the MV of interaction is 59 log <§·§§6> ·= 

5 mV( ~., the reduction of one cluster increas~s the 
midpoint redox potential of .the other cluster by 5 mv). 
c. First electron. 
d. Second electron. 
e. This is the difference between Eisenstein and Wang's 
obse~ved and statistical values. From this difference 
they conclude that the two reducible iron atoms in each 
clostridial ferredoxin do not interact with each other 
"appreciably" (43). 
f. K1 (Wang) and K2 (Wang) are the equilibrium const~nts 
Eisenstein and Wang calculate for their. case of indis
tinguishable, equivalent, and noninteracting clusters. 

.-
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Table 35. Least square calculation ofa, the degree of reduction of C. pasteurianum - -

ferredoxin baaed on the assumptions of cases (o),_ (i), (ii), and (iii). 

case (ii) 8 case (iii)b case (o)b case (i)b,c (' )d 
f3 a - case 1 

obs. (Fig. 59)_ (least square) 

0.0075. 0.0764 0.0720 0.0734 0.0785 0.0795 0.0763 
0.0183 - 0.1660. --0.1621 0.1641 0.1722 0.1735 0.1673 
0.0300 0.2470 0.2441 0.2460 0.2542 0.2554 0.2471 
0.0466 0.3350 . 0.3387 0.3398 0.3462 0.3468 0.3370 
0.0669 0.4240 0.4284 0.4285 0.4319 0.4318 0.4211 

. 0.0985·- 0.5290 0. 5300 0. 5288 - 0.5282 0.5271 0.5162 
0 .1328' -- 0.6040 
0.1650 0.6610 
0.2050 0.7180 

mean error (x 102): 

a. 

b. 

See Fig. 59. 
See Fig. 61. 

0.6072 
0.6601 
0.709 

0.43 

0.6051 - 0.6014 0.5998 0.5892 
0.6575 0.6522. 0.6501 0.6402 
0.7063 0.6997 0.6974 0.6881 . 

0.48 0.884 1.00 1.38 

c. 

to 

From this acalc (least square) ·th~ protein midpoint redox potential is calculated 

be -381.5 mV (See Fig. 59 caption). 

d. a is recalculated assuming the protein midpoint redox potential is -383 mV. 
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Experiment 8. 

The possible formation of a weak 
chemical bond between the aliphatic 
residues and the Fe-S clusters of 

clostrial-type ferredoxins 

The 13C-resonance positions of aliphatic amino acid residues in 

C. acidi-urici apoferredoxin do not significantly differ from the 
13

C-reso-

nance positions of aliphatic amino acids in model polypeptides. However 

in oxidized and reduced C .. acidi-urici and f. p~steu:rianum ferredoxins 

some 
13

C-resonances are sigriificantly shifted from their positions in 

model polypeptides. The shifted resonances are tentatively assigned to 

amino acid residues that may be close to the Fe-S clusters of the oxidized 

and reduced ferredoxins. 

INTRODUCTION:. 

Recently Adman~ al. (2) have shown that eleven amino acid residues 

are closely packed around each Fe-S clust~r in E· aerogenes ferredoxin. 

C. acidi-urici and f. pasteurianum ferredoxins, which are similar in 

sequence, are both homologous in sequence toE· aerogeries ferredoxin 

(129). The eleven above mentioned amino acid residues are homologous 
I 

to the amino acid sequences of both~· acidi-uriei and~. pasteurianum 

ferredoxin. (Only 2 and 3 of the 11 amino acid residues that may be 

packed around each Fe-S cluster in <2· acidi-urici and C.- pasteurianum 

ferredoxin, respectively, differ from those in_!'. aerogenes ferredoxin 

and these differing amino acids are similar in structure). This homology 

suggests that the three-dimensional orientation of the amino acid residues 

packed around the Fe -S clusters of these ferredoxins is similar. 
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The fact that both aromatic residues of C. acidi-urici (Experiment· 7a) ; - ---- . . . 

and f. pasteurianum (Experiment 7b) ferredoxins are magnetically per

turbed by the unpaJred electron spins in the Fe-S clusters is consistent 

with the fact that the two aromatic residues of P. aerogenes ferredoxin 

are each close to an Fe -S cluster." 

13 
C- resonances of the alipha'tic amino acid residues close to the 

Fe-S clusters should also be magnetically shifted. The aliphatic region 

of oxidized and reduced f· acidi...:urici and f·· pasteurianum ferredoxin 

was thus examined by 
13

C-NMR techniques to determine whether the 

aliphatic amino acid residues close to the Fe-S clusters Ln. P. aerogenes 

ferredoxin are also close to the clusters in C. acidi-urici and 

C. pasteurianum ferredoxins. 

The orientation and interaction of aliphatic and aromatic residues 

and Fe -S complexes may be important to the structure or function of 

bacterial ferredoxins. The magnitudes of the observed resonance shifts 

may depend on how the Fe-S cluster is oriented to neighporing protons 

and carbon atoms. Knowing the magnitudes of the shifts of aromatic and 

aliphatic 
13c resonances relative to the magnitudes of the shifts of their 

bonded protons can help one distinguish between the mechanisms which 

produce paramagnetic shifts. By unravelling the contribution from each 

paramagnetic shift mechanism one could determine: (i) · the extent the 

interaction of these resid.ues with 'the Fe-S complex is needed for protein 

stability and function; (ii) which energetic- factors stabilize the alignment 

of these residues; and (iii) the extent the reducing electron is shared by 

the atoms in each Fe-S complex. 
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RESULTS! 

RECONSTRUCTED 
13

C-NMR SPECTRA: 

13 
Orie can reconstruct a C-NMR spectrum of a denatured protein if 

one knows the amino acid composition and resonance position of each 

carbon atom in the amino acid residues. The 
13c resonances of the 

carbon atoms of most of the amino acid residues in model polypeptides 

have bee.n.assigned (Table 36), and, with the aid of ·a computer, we have 

13 •. . . -
reconstructed the C-NMR spectrum of the aliphatic region of 

f. acidi-urici apoferredoxin (Fig. 63B) .by assuming that the average 
. . 

half-width of each resonance is 15Hz for the amino acid backbone-

carbon atoms and 10 Hz for the amino acid side chain-atoms. This 

half-width assumption is arbitrary, but it is consistent with the fact 

that, ih polypeptides (53), side chain atoms rotate more freely than do 

a-carbon (backbone) atoms and thus have narrower resonances. 

The major discrepancies bet~een the calculated (reconstructed) 

13C-NMR spectrum (Fig. 6'3B). and the observed spectrum (Fig. 63A) 

of C. acidi -urici apoferredoxin are: (i) the 1 ppm upfield displacement of 

the 6 -carbon resonance of the five isoleucyl residues at 181.3 ppm, in 

the reconstructed spectrum, to 182.3 ppm in the observed spectrum 

(this shift for the isoleucyl 6 -carbon resonance is also observed in 

denatured ribonuclease (53)), (ii) the 1 ppm upfield displacement of the 

a- and j3-carbon resonances of the eight c~steinyl residues at 1.36.1 and 

167.1 ppm, in the reconstructed spectrum, to 137.1 and 168.1 ppm in 

the observed spectrum respectively. (iii) the absence of a resonance 

at 153.8 ppm, which is present in the calculated spectrum. The intensity 

of the resonance at 156.3 ppm in the reconstituted spectrum is larger 



~320-

than the corresponding resonance in the observed spectrum, and this 

may be due to differences in resonance positions of either the j3-carbons 

of the five aspartyl residue~,. the fi~e ·isoleucyl residues or the' two 

tyrosyl residues. The extra resonance at 153.8 ppm -in the· observed 

spectrum may correspond to any of the above-mentioned j3-carbon reso-

nances. 

C. addi-urici FERREDOXIN: 

' 13 
When the C-NMR spectrum of C. acidi-urici apoferredoxin {Fig. 64C) 

is compared with that of .oxidized and methyl viologen- reduced 

~· acidi-urici ferredoxins {Fig. 64B and 64A, respectively), there are 

many significant differences. The 6 -carbon reso~an~e of the. five iso-

leucyl residues and the a- and j3-carbon resonances ·of the eight cysteiriyl 

residues are the only res;nances one can tentatively a-ssign. 

In {8 ::t: 2)o/o reduced ~.acidi -urici ferredox:ln the isoleucyl 6 -carbon 

resonances are shifted - 2 ppm downfield relative to their position in 

the oxidized protein. To the extent that one can accurately extrapolate 

this shift to full reduction, this represents a 20 ppm shift. This 20 ppm 

shift is of the same order of magnitude as some ring carbon shifts 

{Table 37). The resonances seen at 0.5 and 0.9 ppm from DSS in the 

1
H-NMR spectra of oxidized~· acidi-urici ferredoxin (Fig. 65C) can 

be tentatively as signed to the 6 -proton resonances of the is oleucyl 

residues since these resonances are near the resonance position of the 

b -protons of i soleucyl residues in mode-l polypeptides (1 i 9). These 

proton resonances only shift- 0.2 ppm downfield in the 
1
H-NMR spectrum 

of 50% reduced ferredoxin .. {Fig. 65 A). So~e (or all of) the a- and j3-

cysteinyl carbon resonances are missing in the 
13

G-NMR spectrum 

,r 
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(Fig. 64B) of oxidized _g. acidi-urici ferredoxin, and all of the f3-

cysteinyl carbon resonances are missing in the spectrum {Fig. 64A) 

of reduced G. acidi -urici ferredoxin. 

13 . 
A group of'eight11 re sonance s, in the C -NMR spectrum (Fig. 66B) of 

oxidized c. acidi-uriCi ferredoxin, is shifted between 20 and 40 ppm 

from the a-cysteinyl c~rbon resonance position in _g. acidi-~rici 

apoferredoxin (Fig. 64C). This group, of'eight11shifted resonances, 

shifts an additional 10 ppm (as a group) in the spectrum (Fig. 66D) of 

the - Bo/o reduced _g. acidi:-~r:ici fer.redoxi~ and this 10 ppm shift ex

trapolates to 100 ppm in the fully redu,ced ferredo~in. Double resonance 

experiments (Fig. 71) show small shifts for the resonances of the pr~

tons' bonded to the carbon ato~s represent~d by these"eight"shifted 

carbon resonances (Table 37). 
' ·. ·. 13' ' 

The proton-coupled C-NMR spectrum 

(Fig. 71) of - 8% reduced C. acidi-urici ferredoxin shows that some of 

these'kight''shifted carbon 'resonances split into .doublets and thus these 

resonances correspond to a-carbon atoms. 

C. pasteurianum FERREDOXIN: 

13 . 
To the extent that the calculated (reconstructed)· C-NMR spectrum 

of the aliphatic region of f. acidi-urici apoferredoxin agrees with that 

of the observed _g. acidi-urici apoferredoxin spectrum, one can use the 
' 13 ' . 

calculated C~NMR spectrum (Fig. 67A) of the aliphatic region of 

C. pasteurianum apoferredoxiri in lieu of an observed spectrum for 

C. pasteurianum apoferredoxin. Comparison of the calculated spectra of 

C. acidi-urici and C. pasteti.rianum apoferredoxins (Fig. 67) shows only 

small differences and these are due to the differences in amino acid com-

h d 13 f h position. The differences between t e observe . C-NMR spectra o t e 



·'· 

-322,.. 

alphatic region of oxidized C. acidi-urici and C.· pasteurianumfer,.. 

redoxins (Fig. 68A and 68B r,espectively) are great~r than the differences 

between that of the calculated spectra off· acidi-u:rici and f··. paste\uianum 

apoferredoxins. This suggests that the conformatiorts of oxidized. 

G. acidi-urici and oxidized G~ pasteuri~urn ferredoxins differ more than 

the conformations of c. acidi-urici and f· pasteurianum apoferredoxins. 

This difference is also reflec.ted in the 
1

i-I-NMR spectra {Fig. 72) of the 

aliphatic regions of oxidized C~ acidl...;urici and C. pasteurianum fer-

redoxins. The presence of aphenylalanyl residue in these ferredoxi:i::ts is notre-

sponsible for the difference in the NMR spectra of oxidi11ed C. acidi-urici and 
. . - --·--

f· pasteurianum ferredoxins because the 
1
H-NMR spectrum of the aliphatic 

region off· ·acidi-urici native ferredoxin (Fig. 72C) is identical to that of 

f. acidi-urici [ Phe
2

] -ferredoxin (Fig. 72B ). This is alsotrue for the corre-

. 13 
sponding · C-NMR spectra of the aliphatic region. (Fig. 69). 

Many of the same 
13c- and 

1
H-resonance shifts observed for oxidized 

and reduced C. addi-urici ferredoxins occur in oxidized and reduced 
J' •• 

c. esteurianum ferredoxins as well. The a ... and 13-carbon resonances 

of the eight cysteinyl residues and the 6 -carbon resonances of the five 

isoleucyl residues, in the 
13

C-NMR spectra of oxidized arid reduced 

f.pasteuriartum ferredoxins (Figs. 68B and 68A respectively) are missing 

(or shifted) from their positions in the calculated spectrum (Fig. 68C) of 
I 

f· pasteurianum ~poferredoxin. The eight shifted carbon resonances 

(at- 100 ppm from CS
2

) in the 
13

C-NMR spectrum (Fig. 66C) of the 

oxidized C. pasteurianum ferredoxin are missing in the spectrum 

(Fig. 66E) of the fully reduced protein. Similarly the 6 -proton resonances 

(at 0.5 and 0.9 ppm from DSS (Fig: 70B), tentatively assigned to the 
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isoleucyl residues of oxidized _g. pasteurianum ferredoxin, is also 
1 ' ' . 

missing in the H-NMR spectrum (Fig. 70A) of the fully reduced protein. 

DISCUSSION: 

Some of the carbon and proton resonances of certain aliphatic and both 

aromatic amino acid residues are shifted in oxidized and reduced 

f. acidi-urid and f· pasteurianum fer·redoxins (Table 37). Only the 

eight cysteinyl residues are directly bonded to the Fe-S clusters in these 

ferredoxins, and the a- and (3-carbon and proton resonances of these 

residues should experience large shifts. These shifts would be primarily 

·due to a Fermi-contact interaction involving spin delocalization. The 

h .f £ 13c 1H f h · ·d· ·d · 1 s 1 ts o - or -resonances o ot er am1no ac1 res1 ues very c ose 

to the Fe-S cluster should be primarily due to any combination of 
' ' 

pseudocontact. Fermi-contact and reorthogonalization contact inter-

actions (See Experiment 7a). 
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CYSTEINYL 13-CARBON RESONANCES: 

The 13-carbon resonance of C. acidi-urici apoferredoxin is missing 
. -.-----

from the 13c-NMR spectr~ ofthe aliphatic region. 1H-NMR spectra of 

oxidized and reduced C~ acidi~urici and C. pasteurianum ferredoxins show. 

large proton resonance spifts relative to their free- amino acid proton 

resonance positions of •- 15 ppm· and ;.... 50 ppm for the oxidized and 

reduced p'roteins respedively (See Experiments 6b, and 7b. ). Phillips 

and coworkers (111) have assigned these shifted resonances to the 13-

protons of the eight cysteinyl residues in both ferredo~ins. If this 

assignment is correct, one would expect the ~ysteinyl 13-carbon. reso.,.. 

nances of the cysteinyl residu~s is practical only with clostridici.l-type 

ferredoxin in which 'the cy,steinyl residues are enriched with 
13c be-

' ' . 

cause the l3~carbori resonances may be too.broad to detect in 
13c natural 

abundance. 

CYSTEINYL a-CARBON RESONANCES: 

A group of seven or eight carbon resonances is shifted 20~40 ppm 

downfield (relative to the a-cysteinyl carbon resonance in model peptides 

(151) in oxidized C. acidi-urici and f. pasteurianum ferredo_xins. 

These'~ight''shifted carbon resonances are tentatively assigned to the 

a-carbon resonances of the eight cysteinyl residues in C .. acidi-urici 

and C. pasteurianum ferredoxins because: · 

(i) same of these shifted resonances are a-carb~n resonances; 

(ii) most, if not all, of the a-carbon resonances of the cysteinyl 

residues in the 
13

C-NMR spectra of these oxidized arid reduced fer-

redoxins are missing or shifted; 



.r-:... 

\ 

-325-

(iii) in the ~xidized protei~' this g,~oup of "eight"carbon resonances is 

shifted (relative to the a-cysteinyl carbon resonan~e position in model 
. . 

peptides) - 35 ppm doWnfield, while the resonances of the protons' 

(bonded to these c~rbon jtoms) !S 2 ppmdownfield fr~m the 13 -proton 

position of the cysteinyl residues in model peptides; 
I 

(i~) . in the reduced protein thi~ group of ''eight
11
carbon resonances 

. . . 

shifts as a group, and the magnitude ot' this shift (extrapolated to the 

fully reduced protein) is - 100 ppm; ~nd 

(v) the large magnitude of the carbon 'resonance shifts (and the small 

magnitude of the proton reso~anc,e shifts) suggests that these carbon 

resonanc.e shifts are caused by a Fermi-contact shift interaction which 

~auld be expected for carbon atoms of cysteinyl residues, since these 

residues are covalently bond~d to th~ iron atoms of the Fe-S cluster. 

The similar shift pattern observed for this group of"eight"shifted 

resonances in. both oxidizecl f· acidi-urici and f· .easteurianum fer-

redoxins also indicates that, ifthe ~ystei_nyl a-carbon assignmentis 
.· ·:, · .. : ~~· 

~brri'?~t, the cysteinyl sulfur atoms may be bonded similarly in each 

protein. 

I 

I 
I 

I 
I 

Even if our a...,cysteinyl carbon resonance assignment is not correct, 

the fact that these"eight'resonances are shifted as a group suggests that 

the reducing electron is shared by ;i.ll the iron atoms .in each Fe-S cluster, 

since this group of resonances could correspond to the a-carbon atoms 

of other amino acid residues that are physically surrounding the Fe-S 

cluster . 
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ISOLEUCYL o -CARBON RESONANCES:: 

If our isoleucyl o -proton and o -carbon resonance assignments are 

correct, then the shifts of the proton resonances of the isoleucyl 

residues in C. acidi-uriei ferredoxin are much smaller than the shifts 

of their corresponding (bonded) carbon atoms. Large carbon and small 

protori resonance shifts are also obs~rved for the aromatic residues 

(See Experiment 7b). 
. : : .. . I 

Thus, we hypothesize that the aromatic residues 
. . 

arid some of the isoleucyi ~esidues in these ferredoxins may form weak 

chemical bonds with the Fe -S clusters, a hypothesis which is consistent 

with the fact that most of the ring carbon atoms and four isoleucyl 

o -carbon atoms are close to 'an Fe-S cluster in oxidized crystaliine 

P. aerogenes ferredoxin (64) (Table 39). 

OTHER·ALIPHATIC CARBON RESONANCES: 

The carbon ~esonances of a few other aliphatic residues (Table 38) 

in both ferredoxins are also shifted doWn:field upon reduction. We have 

tentatively assigned these shifted resonances,to the aliphatic residues .. 

that may be phys:l.cally close to fue Fe-S clusters. of each protein 

····· 

(Table 39) (64). This is because there is a high probability that a shifted 

resonance corresponds to a nucleus of an amino acid residue close to an 

Fe -S cluster (Table 38). (Almost all ofthe shifted resonances correspond 

in number and kind to carbon nuclei of the aliphatic residues presumed 

to be close to the Fe-S clusters in oxidized C. acidi-urici and 

C. pasteurianuni ferredoxin.) This tentative assignment .is strengthened 

by the fact that upon reduction of both proteins some of these same reso-

nances are .shifted still further downfield (Fig. 38), and the resonances 

of amino acids not close to the Fe-S cluster tend not to be shifted in both 

oxidized and reduced proteins. 
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The· differences in the NMR spectra of the aliphatic regions of oxidized 

c. acidi-urici and f. pasteu"rianum ferredoxins may b~ due to differences 
. .. 

in the magnitudes of magnetic shifts produ'ced by differences in the 

orientations within each proteiri of certain aliphatic side
1 

chains sur

rounding the Fe-S cluster •. 
13 .. . . 

Most of the shifts of the C-resonances of aiiphatic amino acid 

residues close to, but not directly bonded to, Fe-S clusters are downfield 

shifts. Shifts due to a pseudocontact interaction tend to be of the same 

sign (24)~ but the resoila~ces of nuclei very close to the Fe-S cluster 

may also be shifted by a contact mechanism involving reorthogonalization 

of 'spins. (See Experiment 7a). 

Weak bonds to the Fe-S clusters: 

! 

If some of the nucl~i are close enough to the Fe -S clusters to be shifted 

by the (reorthogonalization) contact mechanism, these nuclei must form 

weak bonds· with the Fe -S cluster. · This is consistent with the fact that 
. . . 

upon full reduction of C. pasteurianum and C. acidi.;.urici ferredoxins 

of assigned (aromatic) carb~n atoms and tentatively as signed (o -isoleucyl) 

carbon atoms, shift about 20 ppm from their positions in the oxidized 

proteins .. In oxidized (crystalline)£>· aerogenes ferredoxin (64) there 

are at least twenty other carbon atoms within 5 A of the Fe -S clusters 

(Table 39). A conservative estimate would assume that if the structure 

of P. aerogenes ferredoxin is similar to that ()f f• acidi-urici ferredoxin 

at least t~enty protons bonded to these assigned and unassigned carbon 

atoms shouid show similar ( ~ 20 ppm) downfield resonance shifts upon 

reduction (if the shifts were due to a pseudocontact interaction). These 

large protori shifts are not observed. (If the sixteen significantly shifted 
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proton resonan~es observed for fully reduced f. acidi-urici and 

f. pastEmrianum ferredoxins represent the (3-protons of the eight 

cysteinyl residues, then the resonances of the - 20 (noncysteinyl) 

protons must experience small shifts). 

Some of the ring carbon atoms could form a weak bond with the Fe-S 

cluster (See Experiment 7a, b), since the proton shifts of the ring carbon 

·resonances are five to ten times smaller than expected for a pseudocontact 

interaction. Thus if the resonances of protons bonded to aliphatic carbon 

atoms (that show large carbon resonance shifts) are small, then the 

perturbed aliphatic residues could also form weak bonds with the Fe-S 

clusters. 

·/ 

j· 

' ·, 
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Fig •. 63. 
13

C-NMR (10°C) of the aliphatic residues of C. acidi-urici 

apoferredoxin. · (A).: Observed f~ acidi-urici apoferredoxin speCtrum, 

conditions same as Fig. 67A. (B): Calculated reconstructed, 

f· acidi-urici a:poferredoxin spectrum based on peptide amino acid residue 

assignments in Table 36. The resonances are plotted so that each reso

nance has a 15 Hz half width (i.e. ~ width .at half the resonance intensity) 

from 125-150 ppm and 10Hz ha:lf-width from 150-180 ppm. The 10Hz 

ha:lf-width region corresponds to resonances of si~e chain aliphatic 

carbon atoms. 
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'\." 

Fig. 64. 13C-NMR spectra of the aliphatic r~gionof C. acidi-urici 

ferredoxin. (A): (20±5)0/o reduced ferredoxin (- 30 mg/ml, dissolved in 

0.2M KD2Po4 -K2DP0
4 

buffer, pD 7.8 plus 0.25M Zn-'reduced methyl 

viologen), (B): Oxidize,d ferredoxin(- 40 mg/inl, dissolved in 0.2M 

KD2P04 -K
2
DP04 buffer, pD 7.6), (C): Apoferr~doxin (- 80 mg/ml, 

dissolved in 0.2M KD2Po4 - K 2DPo4. buffer, pD 7.8 plus 0.1M Na2S). 
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Fig. 65. 1
H-NMR (15°C) of the aliphatic region of oxidized and reduced 

C. acidi-urici ferredoxin. (A): 50 o/o Reduced. ··(B): 20 o/o Reduced. · 

(C): Oxidized. Conditions same as described in Experiments 6a and 6b. 

(Arrows point to t~ntatively assigned isoleucyl 0-proton resonances.) 

! 
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Fig. 66. 13c -NMR (10° C) of the shifted aliphatic residues of oxidized 

and reduced C. acidi-urici and~· pasteurianum ferredoxins. (A): 

C. acidi-urici apoferredoxin- 80 mg/ml, 0. 2 M KD2PO 4 -K
2

DPO 4 

buffer, pD 7. 8 plus 0. 1 M Na
2

S. (B): Oxidized~. acidi-urici native 

ferredoxin, ... 40 mg/ml; 0. 2 M KD2PO 4K
2

DPO 4 buffer, pD 7. 0. 

(C): Oxidized£.. aci~li-urici [Phe 2] -ferredoxin ..... 40 mg/ml, 

0. 2 M KD
2
PO 

4 
-K

2
DPO 4 buffer, pD 7. 8. (D): Oxidized C. 

pasteurianum ferredoxin, conditions same as B. (E): (8 ± 2)o/" re·-· 

duced C. acidi-urici ferredoxin, ... 80 mg/ml, 0. 2 M i<D
2

PO 4 -

K
2

DPO 4 buffer, pD 7. 6 plus 0 .. 25 M Zn-reduced methyl viologen. 

(F): (90 ± 10)% reduced C. pasteurianum ferredoxin, 0. 2 M 

KD
2
P04 -K

2
DP04 buffer, pD 7. 6 plus 0. 25M Zn-reduced methyl 

viologen. 
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13C-NMR (IO•C) OF C.AOOIIJRICI AND C.PASTaRANUM FERREOOXIN 

. ci-CARBON RESIDUES 

A C. ACID/ URIC/ APo

OXIDIZED 

8 C. ACID/ URIC/ NATIVE 

C C.ACIDI UHICI [Phe2]-. 

0 C. PASTEUR/ANUM 
NATIVE 

REDUCED 

E C. ACID/ URIO NATIVE 

F C.PASTEURIANUM NATIVE 

IJ-Thr 

I . 

I I I I 
80 !00 120 !40 

ppm fromCS2 j 
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Fig. 67. · 
13

C-NMR (to•c) of the aliphatic region of Clostridial-type 

ferredoxins. (A) Observed spectrum of oxidized G. pasteurianum 

ferredoxin. Conditions as in Fig. 660. (B) Observed spectrum of 

oxidized C. acidi-urici ferredoxin. Conditions as in Fig. 66B .. 

(C) Calculated spectrum of C. pasteurianum apoferredoxin based on 

assignments listed in Table 36 and assuming a resonance half-width of 

15 Hz. (D) Calculated spectrum off· acidi-urici apoferredoxin. 

Conditions as in A. 
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Fig. 68. 
13

C-NMR spectra: of the aliphatic region of C. pasteurianum 

ferredoxin. (A) (90 ± 10)o/o Reduced ferredoxin, (B) Oxidized ferredoxin, 

and (C) Calculated (reconstructed) apoferredoxin, assignments based 

on Table 36 with an average half line -width of 15 Hz. Conditions same 

as in Fig. 66F, and 660 for the. reduced and oxidized proteins re-

spectively. 
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Fig. 69. 
13

C-NMR of oxidized C. acidi-urici 

native ferredoxin (A) and ~· acidi-urici [Phe 2 ]~ferredoxin 

(B). Conditions same as described in Figs. 66B and 66C respectively. 

..\ 
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Fig. 70. 
1
H-NMR (15 °C) of the aliphatic region of oxidized and reduced 

.f. pasteurianum ferredoxin. (B): Oxidized (A): (90 ± 10)o/o reduced. 

Conditions same as described in Experiment 7b. (Dotted lines 

designate the tentatively assigned isoleucyl 6 -proton resonances. ) 
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Fig. 71. 
13 . 

C-NMR (10° C) of (8±2)o/o reduced .f· acidi-urici ferredoxin. 

(A): Noise decoupled. (B): Coherent de coupled, de coupling frequency 

3 ppm from DSS. (C) Coherent decoupled, decoupling frequency 7 ppm 

from DSS. (D): Cohe.rerit decoupled, decoupling frequency 9 ppm from 

DSS; (E): Cohe~ent decoupled, decoupling frequency 11 ppm from DSS; 

. (F): Coupled. 
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Fig. 72. 
1

H-NMR spectra (15°C) of the aliphatic region of oxidized 

f. pasteurianum ferredoxin (A), C. acidi-urici [Ph~ ] -ferredoxin 

(B), and C. acidi-urici native ferredoxin (C). 
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Table 36 .. Aliphatic carbon resonance shiftsa (ppm relative to cs
2

) in. 
Clostridium acidi-urici ~nd Clostridium pasteurianum ferredoxm. 

Peak 
Amino 

Number of Residues Position Acid 
(Figs. 63, 

ppm from cs2 Carbon c. acidi- c. pas-
64, and 67) urici (117) teurianum(130) 

.I 125.8 ·13-Thr 1 1 

II. } 131.9 a-Pro 4 3 
132.0 13-Ser 3 5 

} 133.7 a-Ile 5 5 
III 133.7 a-Thr 1 1 

134.1 a-Val 6 6 
b 

IV } 135.9 a-Glu 0 1 
136.1 a-CySH 8 8 

} 137.3 a-Ser 3 5 
v 137.4 a-Tyr 2 1 

137.4 a-Phe 0 1 

} 138.9 a-Glu 3 3 
VI 138.9 a-Lys 0 1 

139.2 a-Gln 1 1 

VI' } . 139.5 a-Art 1 0 
140.0 a-Ala 1 0 

VII 141.4 a-Asp 7 5 

VIII } 143.0 a-Ala 7 6 
143.0 a-Asn 1 3 

IX 144.0 o-Pro 4 3 

X 146.0 a-Ala c 
1 1 

XII 150.3 a-Gly 4 3 

XIII } 152.1 o-Arg 1 ·o 
153.4 E-Lys 0 1 

} 
156.0 13-Asp 7 5 

XIII' 
156.5 13 -Ile 5 5 
156.8 13.:.Tyr 2 1 
156.8 13-Phe 0 1 

} 159.0 13-Asn 1 3 
XIV .159.1 y-Glu 3 3 

159.1 y-Glub 0 1 
------ - - - - - - - - - ------- - - - - - - - - -
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Table 36. LC_?~ti_!l~e~) _ ------ - - - ------- - - - - -
162.2 y-Gln 1 0 
162.7 13-Lys 0 1 

xv· 163.0 13-Val 6 6 
163.3 13-Glub 0 1 
163.6 13-Pro 4 3 

164.8 13-Glu 3 3 

XVI 
165.1 13-Arg 1 0 
166.2 13-Gln 0 1 -
166.6 6-Lys 0 1 

XVII 
167.1 13-CySH 8 8 
167.9 '{ -Ile 5 5 

XVIII 
168:5 '{-Pro 4 3 
168.7 '{ -Arg 1 0 

XVIII' 170.9 y-Lys 0 1 

174.1 y-Thr 1 1 
XIX 174.8 13-Alab 1 0 

175.0 '{ 1 - Val 6 6 

XX 
176.0 y 2 - Val 6 6 
176.3 13-Ala 7 5 

XXI 177.7 '{2 -Ile 5 5 

XXII 180.3 13,-Ala c 
1 1 

XXIII 181.3 o -Ile 5 5 

a. Based on peptide assignments of References 26 and 53. 

b. C-terminal 

c. N-terminal 
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TBble 37. 13c and 1H resonanc-e shifts8 of .Q.• acidi-urici and .Q.. pasteurianum ferredoxin 

relative to their resonance pos-itions in free amino acids. 

Atom 

2' ,6'-C 

2' ,6' -H 

3' ,5'-C 

-3' ; 5 '-H 

a -c 

a -H 

6-c 
6-H 

Aromattc Residues 

Oxidized Reducedb 

Tyr2 ___ Tyr3~ · _ Pll~ 2 :Pbe3° __ ~Tyr2_~· . __hr3° Phe2 Phe3° 

. -2.6 -2.4 -1.6 -2.0 -17.1 -17c -17c -9.2 
c . c 

-0.4 -0.2 0 0 - 2.5 - 3 - 2 -1.4 

+0.1 

0 

0 

0 

-0.2 

0 

0 

0 

- 3.8 - 4 
+;:o~a +0.4 

A1il>hatic Residues 

- 4 -2.0 

-0.5 -0.5 

b .. Oxidized Reduced 
CySHd I1e e ______ n -~ -C-y_-SH-_a---._-___ ...-..-;..;;;.;;.;-.-.-..._I_l_e_e ______ _ 

range from -20 
to -40 

range from +0.5 
to -2.9 ± 0.6 

- -1 

<+0.2 

range from -80 
to -100 
- f 
n. d. 

-25g 

<-0.2g 
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Notes to Table 37~ 

a. 1'c-shifts are ± 0 .. 2 ppm relative to cs2. 1 H ~hifts 
are ± 0 ~ 5' ppm relative to DSS unlef;)s otherwise indicated. 
b. Of "fully" reduced ferredoxin (See Experiment 7b). 

c. Extrapolated to full reduction (Fig. 52, Experiment 1b). 
d. Tentatively assigned to seven or eight cysteinyl 
residues. 
e. Tentatively assigned to three or fourisoleucyl 
residues. 
f. nd • not determined. 
g. Extrapolated to full reduction from 8~ and 20~ reduced 
Q... acidi-urici ferredoxin from 1'c-NMR spectra. 
h. Extrapolated to full reduction from 20% and 50~ 

1 reduced C. acidi-urici ferredoxin from H-NMR spectra. 
(Fig. 65). 
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Table 38. Sbifteda aliphatic carbon resonances in oxidized and reduced 
Clostridium acidi-urici and Clostridium pasteurian4rn ferredoxin. 

Amino acids pre-
sumed to be near 

Peak Shifted Peak Amino an Fe -S cluster 
(Figs. 64 Oxi- Re- Acid f. acidi- C. E!:.!.:_ 
and 66) dizedb ducedc Carbon urici teurianum 

I (3-Thr 0 0 

II + 
d } a-Pro 2 2 

(3-Ser 1(1)e 2(1) 

d } a-Ile 2 1 
III. + a-Thr 0 0 

a-Val 2 2 

IV a-Glu £ 
0 0 

IV' +g,h +++h' i a-CySH 8(8) 8(8) 

} a-Ser 1 2 
v a-Thr 2 1 

a-Phe 0 1 

} a-Glu 0 1 
VI a-Lys 0 0 

a-Gln 0 1 

VI' } a-Ar!f 0 0 
a-Ala 0 0 

VII + a-Asp 1 1 

VIII + ++ "} a-Ala 2 1 
a-Asn 0 0 

IX + ++ 6 -Pro 2(2) 2(2) 

X a-Alaj 0 0 

XI + ++ a-Gly 2(1) 1(1) 

XII 1 6-Arg 0 0 
,I €-Lys 0 0 

} j)-Asp 1 1 

XIII + 
(3-Ile 2(2) 1(1) 
(3-Tyr 2 (2) 1(1) 
13-Phe 0 1(1) 

~ (3-Asn 0 0 
)' -Glu 0 1 

j -y -Gluf 0 0 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Table 38. {c~n!i:r:u~~) _ ------ - - - - - - - ~ -

l 
y-Gln 0 1. 
13-Lys 0 0 

XV + ++ 13- Val 2(1) 2(2) 
13 -Gluf 0 0 
13-Pro 2 .2 

XVI + 13-'Glu 0 1 

XVII } 13-Arg 0 0 
13-Gln 0 0 

XVII' &.,;,Lys 0 0 

} 
13-CySHg 8(8) 8(8) 

XVIII + ++ 'Y 1 -Ile 2(4) 1(3) 
-y-Pro 2(2) 2(2) 
-y-Arg 0 0 

XVIII' -y-Lys 0 0 

1 
-y-Thr 0 0 

XIX + + 13-Alaf 0 0 
-y 1 -Val 2 2(1) 

XX 
d ++ } -y

2
-Val 2 2(1) 

13-Ala 2(2) 1(2) 

XXI + -y
2

-ne 2(3) 1(2) 

XXII 13-AlaJ 0 0 

XXIII 
d + O-lle 2(3) 1(2) 
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Notes for Table 38. 

a. Shift > 2 ppm = +, no shift = -. (Shifts are based on tentative 
assignments). 

b. Shift relative to free amino acid position. 

c. Shift relative to oxidized protein position. C. acidi-urici ferredoxin 

was (20:1:5)o/o reduced and C. pasteurianum ferredbxin was (90:1:10)% 

d. The number of amino acid residues in parenthesis refers to the 

numbe.r of nuclei that would be :::::: 5 'A from each Fe -S cluster in 

f. acidi-urici and f. pasteurianum ferredoxins, if one assumes that 

the three-dimensional structures of these proteins is similar to that 

of~· aerogenes ferredoxin (See Table 3 9). 

e. Resonance shifts obscured by other resonances. 

£. C -terminal. 

g. 20 -40 ppm shift~ 

h. Resonances were not observed in the reduced protein. 

i. Resonances were not observed in the oxidized protein. 

j. N -terminal. 
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Table 39. Proton and carbon atoms of amino acid residues within 5 A 
of an Fe atom of .the Fe-S clusters of P. aerogenes ferredoxin (64). 

Atoms within Atoms within 
Amino 5A..of an Fe Amino 5 A of an Fe 
Acid atom in Acid atom in 
Residue Atom Cluster II Residue Atom Cluster I 

Fe 
35 

-Fe 41 Fe 8 -Fe~H 
face face 

C. H c H 

Tyr 2 
~ 1 2 Ty.r 30 

~· 1 2 

1' 1 1' 1 

2'' 6' 2 2 2'' 6' 2 2 

3'' 6' 2 2 3'' 5' 2 2 

4' 1 1' 1 

Ile 
30 

~ 1 1 Ile 
4' 

1 2 )'1 

Y1•Y2 2 3 0 1 3. 

Fe 
38 

-Fe 18 
Fe 41 F 45 

- e 
face face 

c H c H 

Va120 
·~ 1 1 Gly. 

12 1 1 a 

Ile 
36 

2 6 Ile 9 
~ 1 0 Y1·Y2 

0 1 3 Y1•Y2 2 3 

0 1 3 

Ser 40 
~ 1 2 Ala 

13 
~ 1 3 

p 19 y,o 2 2 Pro 50 y,o 2 4 ro 

Ala49 
~ 1 3 
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PART IV. GENERAL DISCUSSION 

DISTINGUISHABLE Fe-S CLUSTERS: 

13c-NMR of the aromatic residues of£. acidi-urici [ Phe
2

] -ferre-

doxin and Q. pasteurianum ferredoxins permits one to distinguish each 

Fe-S cluster within each protein. By using each aromatic residue as 

a probe of the magnetic environments of each Fe-S cluster, one can 

determine the relative midpoint redox potentials of each Fe-S cluster 

in the reduced proteins. The 13C-NMR results suggest that the mid-

point redox potentials of the two Fe -S clusters in ~ acidi-urici ferre

doxin differ by < 10 rri V. The midpoint redox potentials of the two 

Fe-S clusters in~- ·pasteurianum ferredoxin, however, differ by (10± 5) 

m V. Thus one cluster is more easily reduced than the other- cluster 

in C. pasteurianum ferredoxin; and it is still uncertain whether such a 

difference exists in C. acidi-urici ferredoxin. -----
13

c-NMR ofan equilibrium mixture of methyl viologen-reduced 

C. acidi-urici and Q. pasteurianum ferredoxin shows that the protein 

midpoint redox potential of C. acidi-urici ferredoxin is (47±10) mV 

lower than that of ~- pasteurianum ferredoxin. This measurement has 

been independently confirmed by Eglis T. Lode by using the more con-

ventional techniques (77). ·· This confirmation streng~hens the assump-

tions we used to calculate the above mentioned midpoint redox paten-

tials with NMR methods. 
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AROMATIC RESIDUES:, 

SYMMETRIC SHIFTS:· 

13C-NMR and 1H-NMR of the aromatic residues of£ .. acidi-urici 
. . 2 . . .. 

native and [Phe ] -ferredoxin and £. pasteuri<mum ferredoxin also 

reveals that the aromatic ring nuclei experience symmetric magnetic 

perturbations about' the 1 1 ~: 4' -rin-g' carbo~ a~is -in the oxidized and re

duced proteins. This is consistent with the fact that the. aromatic res-

idues of oxidized crystalline ~. aerogenes ferredoxin are each approx-

imately parallel to and equidistant from a face of one Fe-S cluster (2}. 

U this symmetric orientation of the aromatic residues in P. · aerogenes 

ferredoxin occurs in ~· acidi-urici' and £. pasteurianum ferredoxin. 

then the symmetric orientation of the aromatic residues with respect 

to the Fe-S clusters may be responsible for the symmetric shifts ob-

served in oxidized proteins. 

These studies would then suggest that the solution structure of 

oxidized C. acidi-urici and·£. pas'teurianum ferredoxin is similar to 

that of oxidized crystalline ~. aerogenes ·ferredoxin. The fact that 

the symmetry of the ring carbon and proton shifts is maintained in the 

reduced protein also suggests that the proposed symmetrical orienta-

tion of the aromatic residues is maintained in the reduced protein as 

well. 

SHIFT _MECHANISMS: 

The above conclusions concerning the symmetric orientation of the 

aromatic residues are valid only if the ring carbon resonances were , ... 

shifted by a pseudocontact interaction. The pseudocontact 
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shifts would be symmetric if the perturbed nuclei were symmetrically 

orientated about the unpaired electron spins. 

The shifts of the ring proton resonances in the oxidized and reduced 

' protein were 5 to 10 times less than the shifts of the corresponding ring 

carbon resonances. This ratio of C:H resonance shifts however is 

characteristic of a coiltact .. shift mechanism. The contact shift hypo-

thesis is strengthened by the fact that the shifts of ring carbon and pro-: · 

ton resonances are symmetric about the 1', 4' -ring carbon axis for both 

aromatic residues in both oxidized and reduced proteins. The aromatic 

residues need not maintain a symmetrl.c orientation if they are perturbed 
. . 

by a contact interaction, since electron spin density would be trans-

fer red through overlapping orbit.;_ls. This implies that some of the 

ring carbons are weakly bonded to the Fe-S clusters. (A weak bond 

would occur if the probability of electron spin transfer from the Fe- S 

cluster into an orbital of neighboring atoms is approximately one per-

cent.) 

Determining which shift mechanism is primarily responsible for 

the observed ring carbon and proton shifts will help elucidate whatever 

structural and functional role the aromatic residues have in clostridial-

type fe:rredoxins. For example, if the shifts are due to a contact inter-

. action, the formation of a weak chemical bond between the aromatic 

residues and the Fe-S clusters could: . (i) stabiliz.e the protein and Fe-S 

cluster structure; (ii) affect the rate of electron transfer; (iii) affect 

the redox potentials of the Fe-S clusters, or; (iv) any combination of 
~···· '\ 

the above. The involvement of the aromatic residues in any one of the 

above roles does not necessarily exclude the existence of the other two. 
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If more than one of these roles exists, qne can determine their rel-

ative importance and the conditions under which one role may be more 

important than another. 

POSSIBLE FUNCTIONAL ROLE OF .AROMATIC RESIDUES: 

ELECTRON TRANSFER: The aromatic residues could be involved 

in inner- sphere or outer,... sphere electron transfer reactions. Electron 

transfer reactions occur if th~ orbitals of th~ reactants overlap. In 

these reactions the coordination number and the coordinated ligands of 

the reaction partners do not change during the net reaction. If only a 

single element is involved, as in the reaction 

·~. ,'·.' ' 

it is called an electron exchange reaction. 

If the coordination shells are unchanged, not only in the net reac-

tioti, but remain intact throughout its entir~ course, the reaction is 

called an outer- sphere electron transfer reaction. If, during the course 

of the reaction, one or more of the ligands become common to the coor-

dination shells of both reactants the reaction is called inner- sphere (93). 

In certain cases electron transfer reactions occur via bridged inter-

mediate (81). The bridging groups are sometimes atoms and sometimes· 

groups of atoms; the transfer mechanism is sometimes an atom trans-

-·-
fer and sometimes an electron transfer (81):·- (Atom transfer mech-

anisms_ are always inner sphere reactions (81).) 

,~ 

This distinction is seen in the following pair of reactions (108): 
( '•._ 

- + 3+ 
+FeCl2+ + Fe 2+ .electron transfer't)>*FeCl + Fe 

\atom transfer ·:):<Fe 2+ + Fec12+ 
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MODEL COMPOUNDS: Mixed-valence organometallic compounds con-

taining aromatic ligands have high electron, transfer rates and have 

been proposed as ferredoxin model compounds (31). The properties of 

these mixed-valence compounds depend upon the amount of delocaliza-

tion (31) between the two moieties. One such model compound, bifer-

rocene picrate, 

~ 
Fe 

+ 

picrate-

is characterl.zed by an electronic transition in the visible and near in-

frared region. This transition corresponds to an intra-molecular elec-

tron transfer between two metal-like orbitals ( Ezg ) that weakly inter

act with the 'IT conjugated system of the molecule (31). The energy of 

this transition depends upon differences in geometry and bond lenghts 

of the donor and acceptor, and it is not very dependent upon the extent 

of delocalization in the ground state or up<?n the distance separating the 

donor and acceptor moieties. The intensity of the allowed transition, 

however, is proportiona1 to the square of the probability of finding the 

electron on the acceptor (in the ground state) and upon the square of the 

distance between the acceptor and donor (31). The greater the extent 

of de localization, the higher will be the electron transfer rate. 
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Electron transfer may be rate-limited by other factors, however, 

such as electrostatic charges between donor and acceptor moieties (55~ 

73, 101, 125). In this case kinetic studies alone wUl not determine the 
. . 

functional role of aromatic intermediate in electron transport. 

THE ROLE OF AROMATIC RESIDUES IN .OTHER ELECTRON-

CARRIER PROTEINS: Circumstantial evidence suggests that aromatic 

residues in some electron :carrier proteins may also have a functional 

role in electron transfer, in .addition to a possible structural role. 

Aromatic residues are associated with the electron-carrying prosthetic 

groups of the following electron· carrier proteins: (i) two bacterial 

flavodoxins where part of the flavin moiety is exposed to the solvent; 

the planar flavin moiety is sandwiched between and approximately paral

lel to two aromatic residues (4, 138); (ii) P. aerogenes ferredoxin,· 

where part of the two aromatic residues are exposed to the solvent and 

each aromatic residue is approximately parellel and close to an Fe-S 

cluster ( 6 5); (iii) Chromatium high potential iron protein, where the 

single Fe-S cluster is surrounded by several aromatic residues (70); 

(iv) Bacterial azurins, where aromatic residues are close to the Cu 

prosthetic group (16); (v) Cytochrome_£, wh~re the heme group is ex

* posed to the solvent (143) (a tyrosyl residue is also close to this heme 

group (34, 127). 

* . Takano et al. (127) observed that in cytochrome c the tyrosyl residue 
close to the heme group changes orientation upon reduction, and sug
gested that electron transfer occurs by way of a proton transfer from 
a tyrosyl radical. Electr.on transport by aromatic residues in clos
tridial ferredoxinx would have to operate by another mechanism, since 
there are clostridial ferredoxins that contain only phenylalanyl res
idues instead of tyrosyl residues (13, 28). 
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Bridging aromatic intermediates within the protein or small ions 

from the. solvent or both can have a role in electron transport. Gupta 
1 . ·. 

~ ~· (55) have shown by H-NMR methods that electron transfer be-

tween oxidized and reduced cytochrome.£ does not require the medi-
{ . ' . ' . 

ation of small ions because "the electron exchange rate has a first-order 

dependence on the cytochrome.£ concentration. ·Electron exchange be-

tween oxidized and reduced cytochrome .£ thus results from binary col

lisions between proteins. The observed rate constant (at pH 10, the 

isoeleetric point} is 2Xf04 1iter mole-fsecond- 1 a_nd the calculated dif-

fusion limited rate constant (assuming electron transfer during every 

binary collision} is 5X10 9 liter mole - 1 second- 1 (55). Thus the collid-

ing molecules must have a specific orientation before the electrons can 

be transferred. 

X -ray studies show that one edge of a heme in cytochrome.£ is 
: . . . 1 - . . 

exposed to the solvent (34), and H-NMR studies show that the unpaired 

electron is extensiveiy delocalized to the heme periphery ( 143). This 

suggests that direct transfer of an electron could occur from the heme 

iron of one cytochrome .£ molecule to the other. This does not mean 

that electron transfer in cytochrome .£ cannot also be mediated by 

small ions. Sutin and coworkers (125) have recently shown that, de

pending on the conditions and natur~- of the medium, reduction of cyto-

chrome.£ by Cr(II) can proceed by adjacent or remote attack. The re-

mote attack is hypothesized to l.nvolve electron tl;'ansfer to the exposed 

edge ofthe porphyrin r'ing system and the adjacent attack involves elec-

tron transfer to the Fe(III) atom of heme via a bridging anion interme-

diate. Thus electron transfer to electron carrier proteins need not 
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require aromatic intermediates in order to transfer el~ctrons. The· 

fact that aromatic intermediates are not necessary for electron trans-

port does not mean that electron transfer does not occur. via an aromatic 

intermediate. 

ALIPHATIC RESIDUES: 

CYSTEINYL CARBON RESONANCES: 

13
C-NMR of the aliphatic residues of oxidized C. acidi-urici and 

C. pasteur'ianum ferredoxin (Experiment 8) indiCate that the cysteinyl 

carbon resonances are shifted from their positions in apoferredoxin 

and in model polypeptides. (Most, if not all, of the j3-carbon res

onances of the eight cysteinyl residues are missing from the aliphatic 

region of both oxidized ferredoxins.) 

A groupo£ "eight" resonances i~ shifted 20-40 ppm downfield of the 

a-cysteinyl carbon resonC~:p.ce. 13
C-NMR double resonance techniques 

.. · . K''· . . 
show that some of the carbon resonances in this group of shifted res-

. .. ~}-~. 

onances represent a-carbon resonances,. and these are tentatively as-
li' 

signed to the a-carbon :at~i?s of the cysteinyl residues, because these 

resonances are assumedito be contact-shifted resonances. These shifts 

would be due to a contact, mechanism because of: (i) the magnitudes of 
' 

the shifts in the oxidized 'p'rotein; (ii) the extrapolated magnitude of 

these shifts in the fully ·reduced protein; and (iii) the fact that the shifts 

'' 
of the carbon resonances are ~ 10 times tho_se of the protons bonded to 

these carbons. 

These '~ight" carbon resonances also shift as a group upon reduction. 

This result is consistent with the hypothesis that the electron spin is 

delocalized over (or is rapidly exchanged with) all the Fe atoms in both 

Fe-S clusters. This hypothesis however does not require that all of 



any ofthe "eight" shifted resonances represent the a-carbon atoms of 

the cysteinyl residues. The fact that as many as eight carbon res

onances exhibit such large_ shifts suggests that bonds may form between 

the Fe-~ complex and eight carbon atoms, and thus strengthens the 

above hypothesis, that the electron (spin) is delocalized_ over (or ex

changed with) all the Fe atoms. 

UNASSIGNED CARBON RESONANCES: 

In both oxidized ferredoxins other (unassigned) carbon resonances 

are shifted; upon full reduction some of these resonances, correspond

ing to about 10-20 carbon atoms, are shifted as much as 10-20 ppm 

(relative to their positions in the oxidized protein). Most of the carbon 

resonances of'amino acid residues that may be ~ 5 A from an Fe atom 

in an Fe-S cluster are shifted in~· acidi-urici and ~· pasteurianum 

ferredoxin (Table 39, Experiment 8). (This assumes that their three

dimensional structures are similar to that of P. aerogenes ferredoxin.) 

The shifts of the unassigned (like the shifts of the tentatively assigned) 

carbon resonances may be due to a contact mechanism. If a pseudo-

contact mechanism produced the unassigned carbon shifts, the 1H-NMR 

spectrum of reduced ferredoxin should show 10-20 significantly shifted 

proton resonances (in excess of the sixteen resonances already tenta..., 

tively assigned by Phillips (HO)to the !3-protons of the eight cysteinyl 

residues). If the unassigned carbon shifts are due to a contact mech

anism then some of the carbon atoms of the aliphatic residues ~ 5 A 

from the Fe-S clusters may also be weakly bonded to Fe-S clusters. 

Certain aliphatic residues could thus have a role similar to that of the 
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. . 

aromatic r,esidues, a role which does not require the delocalization. 

properties of an aromatic residue. 

SLOWLY EXCHANGEABLE PROTON RESONANCES: 

If it is true that some of the signif1cantly shifted proton resonances 

of fully reduced C. acidi-:urici ferr,edoxin are represented by slowly 

exchangeable protons, then these protons may also be close enough to 

the Fe-S clusters to form weak chemical bonds. 

Phillips has recently observed (1 04) additional contact shifted res

onances in 
1
H-NMR spectra of iron-sulfur proteins dissolved in H

2
0 

instead of D
2
0. This observation suggests that rapidly .excha~geable 

protons can also form weak bonds with the Fe-S clusters. 

CONFORMATIONAL CHANGES: 

The magnitude of paramagnetic shifts in ~· acidi-urici and inC. 
. . 

pasteurianum ferredoxin can be influenced by protein conformation. 

Protein conformation can cause: (i) a change in the conformation of the 

perturbed nuclei about the Fe-S cluster; (ii) a change in the conforma-

tion of the Fe-S cluster; (iii) a change in the electronic structure of the 

Fe-S cluster; or (iv) any combination of these. 

The cube -like Fe -S cluster(s) of Chromatium high potential iron 

protein, £>. aerogenes ferredoxin (25), and a model compound synthe-

sized by Holm and coworkers (57) have identical three-dimensional 

structures, but different magnetic properties (5). Thus, even if the 

geometric structure of these clusters is insen~itive to the differences 

in protein conformation of these proteins, this is not true for its mag-

netic properties or eleCtronic .structure. There can be a large change 
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in the electronic structure of the Fe-S clusters without a correspond-

ingly large change in the geometry of the cluster. For example, the 

dihedral angles, the cysteinyl residues make with the cube-like Fe-S 

clusters in these proteins, may vary. in each protein, and this differ-

ence in bonding could produce different amounts of overlap between p 

and d orbitals of the S and Fe atoms respectively, and this could change 

the electronic structures of the Fe-S clusters in each protein. 

It would be of interest to determine to what extent the different mag-

netic shifts we observe for f. pasteurianum and ~· acidi-urici ferre-

doxin are due to differences in the orientation and bonding of the per-

turbed nuclei to the Fe-S cluster or to changes in protein conformation 

that influence the electronic structure of the Fe-S cluster. 

PROSPECTUS: 

The NMR and ESR experiments discussed in this thesis have raised 

the following (testable) questions. 

DO AMINO ACID RESIDUES FORM WEAK CHEMICAL BONDS WITH A 
NEIGHBORING Fe-S CLUSTER? 

In order to answer this question one must determine to what extent 
,. 

the observed ring· carbon shifts are due to pseudocontact and contact 

interactions. 19
F-NMR of ~· acidi-urid [ [ 3' -19F

1
] Tyr] -ferredoxin 

could help answer this question. This is b.ecause the monosubstituted 

F atom will break the electronic symmetry of the aromatic ring. The 

ring carbon and proton resonance shifts would no long_~1i.>·.be symmetric 

about the 1' , 4' -ring carbon axis if the observed shifts were due to;;a 
..... ~--
··. :: 

contact mechanism, 

~·., 
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since .1 9F, unlike 1 H; can participate in the rr-orbital conjugation of 

the aromatic ring (3 7) and the spin densities on the ring carbon nuclei 

will be a££ected by the spin density of the p-orbital 0£ 19F (38, 40). If 

the observed ring carbon shifts were due .to a pseudocontact mechanism 

then the symmetrical pattern of the shifts should)10t be altered. This 

assumes that the 3 -£1uoro- tyrosyl residue has the same orientation as 
' .. 

the tyrosyl residue it replaced. The orientation of the 3-iluoro-,tyrosyl 

residue, which can be checked by 
1

H-NMR, should not be very different 

because the fluorine atom is not much bigger than a proton. 

IS THE REDUCING ELECTRON TRANSFERRED BETWEEN Fe-S 
CLUSTERS WITHIN EACH FERREDOXIN OR BETWEEN FERREDOXINS 
WITHOUT A MEDIATOR OR BOTH? 

With methyl viologen as a reductant and mediator the reducing elec-

tron is rapidly exchanging .between oxidized and reduced forrns of ferre-

doxins since the resonances seen in partially reduced ferredoxin repre-

sent an averaged spectrUJn between the fully reduced and oxidized pro-

tein spectrun1. If the mediator, methyl viologen, can be removed, 

electron exchange between Fe-S clusters would be demo'nstrated if one 

sees an averaged spectrum of reduced and oxidized ferredoxin that is 

independent of protein concentration. If there is no exchange between 

Fe-S clusters one would see two spectra, each corresponding to the 

oxidized and reduced protein. In order to observe the presence or ab-

sence of averaged resonances as a function of protein concentration, it 

13 1 J 2 
would be desirable to do C-NMR of [ [ 1'- C

1
] Phe ] -ferredoxin. 
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DO CHANGES IN PROTEIN ·coNFORMATION CHANGE THE 
MIDPOINT .REDOX POTENTIALS OF EACH Fe-S CLUSTER? 

This question can be answe~ed by determining the degree of re

duction of each Fe-S cluster (by the techniques discussed in Exper-
. ' 

iment 7) in ~erre~oxin. solutions containing either· n 2o or H
2

0 or 

salt concentrations known to change the conformation o! the protein. 

DOES SUBSTITUTION OF THE TYROSYL RESIDUES IN C. acidi
urici FERREDOXIN FOR DIFFERENT AROMATIC OR ALIPHATIC 
RESIDUES AFFECT THE RATE OF ELECTRON TRANSFER OR 
MIDPOINT REDOX POTENTIALS OF THE Fe-S CLUSTERS OR 
BOTH? 

This question may be answered by comparing the line widths of 

the ring carbon resonances of the unsubstituted aromatic residue 

(in position 30) of methyl viologen- reduced .ferredoxins with and with-

out a modified. amino acid residue in position 2. The line width of the 

-1 
ring carbon resonances will. c;hange if the rate is < 10,000 sec · .• 

ARE ELECTRONS TRANSFERRED BY AMINO ACID RESIDUES? 

Before electrons can be transferred to a.mino acid residues, a 

chemical bond must be able to form between the amino acid nuclei and 

the Fe-s·clusters. The magnitude of resonance shifts of these nuclei 

is proportional to the probability (or "strength") of such chemical 

bonds if the shifts are due to contact interactions. The cysteinyl res-

idues are direCtly bonded to the Fe-S clusters and one would like to 
·'4. 

know the magnitudes of the cysteinyl ~..:carbon and !3-proton resonance 

shifts. This can only be determined if the shifted resonances can be 

assigned. Assignment of these resonances will be facilitated by the 

incorporation of [ 3-
2

H 2] cysteine and [ 3-
13

c 1] cysteine into 
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C. acidi-urici ferredoxin. Also, the hypothesis that the reducing 

electron causes electron spin to be present in all the atoms of the Fe-S 

Cluster would be strengthened if if could be shown that all of the cys

teinyl carbon and cysteinyl proton resonances were shifted. 
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