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ABSTRACT 

The oxidation-reduction properties of high potential 

iron-sulfur protein (HIPIP) from Chromatium vinosum/ 

Thiocapsa pfennigii, Rhodospeudomonas gelatinosa and 

Paracoccus species (Halotolerant) have been investigated. 
* h 
The kinetics of oxidation and reduction of HIPIP from the 

four sources indicated with a variety of small reactants 

as well as with c-type cytochromes (horse-heart cytochrome 

c and cytochrome cwere investigated. Based on the data 

obtained with the non-physiological reactants and the in

fluence of ionic strength, pH and temperature on the 

kinetics of oxidation and reduction a number of conclu

sions can be drawn. (1) HIPIP undergoes rapid outer-

sphere electron transfer with no evidence of kinetic com

plexity and no indication of complex formation with the 

various reactants. (2) Oxidation and reduction of HIPIP 

occur at specific sites on the protein molecule with the 

net protein charge not playing a role in the electron 

transfer process. (3) The reaction of HIPIP with the 

non-physiological oxidants and reductants appear to be 

influenced by electrostatic interactions. (4) The thermo

dynamic activation parameters indicate that both oxida

tion and reduction by the iron hexacyanides are driven 

xvi 



entropically with the enthalpic term making no contribu

tion to HIPIP oxidation and a small contribution to HIPIP 

reduction. (5) The effect of pH on the reaction of 

Chromatium vinosum, Thiocapsa pfennigii and Paracoccus 

species (Halotolerant) HIPIP with the iron hexacyanides 

indicate there are no or very slight effects of pH induced 

ionizations in the pH range 7-11 on electron transfer. 

At pH values below 7 both oxidation and reduction appear 

to be influenced by an ionization(s) with a pk(s) of less 

than 6. For the reaction of R. gelatinosa HIPIP with the 

iron hexacyanides, oxidation appears to be influenced by 

an ionizable group with a pk of 7.9 and reduction to be 

influenced by an ionizable group with pk of 7.4. (6) 

Electron transfer does not occur solely by direct inter

action of the oxidant or reductant with the iron-sulfur 

cluster. 

Unlike the reaction with the non-physiological 

reactants, the protein-protein reactions were found to be 

complex in several cases resulting in biphasic kinetics. 

Therefore, based on the data and the influence of ionic 

strength, the following conclusion can be drawn: (1) Bi

phasic kinetics were obtained for the interaction of some 

cytochromes with HIPIP and appear to result from at least 

two different orientations available to the cytochromes for 

interaction with HIPIP. (2) A common underlying mechanism 
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is implied for the oxidation and reduction of Chromatium 

and R. gelatinosa HIPIP by various c-type cytochromes. 

(3) The physiological reactants appear to have available 

to them a pathway involving only a minimum of electrostatic 

interactions (as opposed to the iron hexacyanides) but with 

high specificity leading to rapid rates. (4) Non-polar 

interactions, possibly coupled to conformational changes, 

must have a major role in the electron transfer process 

between two proteins. 

In general, three likely mechanisms for electron 

transfer between two macromolecules (protein-protein) as 

well as between a protein and small reactant can be pro

posed. These three mechanisms include electron transfer 

via a tyrosine residue, electron transfer through a non

aqueous media to the iron-sulfur chromophore, and direct 

interaction between the iron-sulfur chromophore and the 

different oxidants and reductants. Based on the studies 

reported here it is concluded that electron transfer 

through non-aqueous media with no direct interaction 

between chromophores is the operative mechanism. 



CHAPTER 1 

INTRODUCTION 

A substantial effort has been expended in the last 

decade to determine the oxidation and reduction mechanism 

of reactions involving metalloproteins. One of the major 

problems involved in these studies is that the majority 

of redox proteins are membrane bound and are water insoluble 

and are therefore difficult to work with. Therefore, the 

means by which electron transfer occurs in biological 

systems, specifically between two redox proteins, remains 

obscure. Extensive structural information has been obtained 

on c-type cytochromes with the amino acid sequence of 

over 60 cytochromes c from higher animals determined 

(Dickerson and Timkovich, 1975). In addition, eight bac

terial cytochromes c^ have been sequenced (Dickerson and 

Timkovich, 1975; Ambler and Meyer, 1975). The three dimen

sional structures of horse heart (Dickerson et al., 1971a), 

tuna (Dickerson and Timkovich, 1975), and bonita (Dickerson 

et al., 1971b) cytochrome c and Rhodospirillum rubrum cyto

chrome £2 (Salemme et al., 1973) have been determined by 

high resolution X-ray diffraction. Further, the oxidation-

reduction reactions of horse heart cytochrome c (HHC) 

1 
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(Sutin and Christman, 1961; Havsteen, 1965; Hodges, 

Holwerda and Gray, 1974; Stellwagen and Shulman, 1973; 

Miller and Cusanovich, 1975; Stellwagen and Cass, 1975) 

and Rhodospirilium rubrum cytochrome c^ (Wood and Cusanovich, 

1975) with a variety of reactants have been studied. 

Nevertheless, c-type cytochromes comprise only a small 

fraction of the proteins involved in biological electron 

transfer. In fact, approximately 70% of the total iron in 

the mitochondrial electron transport chain is in iron-

sulfur complexes (Mahler and Cordes, 1966), that is, non-

heme iron-sulfur proteins. A variety of non-heme iron-

sulfur proteins have been isolated to date with the best 

characterized being ferredoxin and high potential iron-

sulfur protein (HIPIP). 

Ferredoxins have been implicated in nitrogen fixa

tion, hydrogen evolution in bacteria, and photosynthesis 

(Tsibris and Woody, 1970). The iron-sulfur content in 

ferredoxins range from 2Fe-2S (chloroplast ferredoxin) to 

8Fe-8S (Clostridial) (Tsibris and Woody, 1970). Even though 

the iron-sulfur content of different ferredoxins is not the 

same they have nearly the same oxidation-reduction potential 

(^-430 mV) (Tsibris and Woody, 1970), and in their reduced 

form exhibit almost identical electron spin resonances 

(Hall and Evans, 1969). HIPIP has been isolated and puri

fied from a number of bacterial sources including the 
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photosynthetic purple sulfur bacteria, Chromatium vinosum 

(Bartsch, 1963a) and Thiocapsa pfennigii (Meyer, 1S70), the 

photosynthetic purple bacteria, Rhodopseudomonas gelatinosa 

(DeKlerk and Kamen, 1966), Rhodomicrobium vanniellii and 

Rhodospirillum tenue (Meyer, 1975) , and the denitrifying 

bacterium, Paracoccus species halotolerant (Hori, 1961). 

HIPIP is relatively easily purified from the soluble frac

tion of cell extracts after low speed centrifugation and 

is quite stable at room temperature (Bartsch, 1963a). It 

has been shown from x-ray studies that the Fe-S cluster 

in Clostridal ferredoxin and HIPIP are similar (Carter 

et al., 1972). An interesting feature of chromatium HIPIP 

as determined from the x-ray crystallographic studies is 

that the Fe-S cluster is buried in the interior of the 

molecule with the closest point of approach to the solvent 
o 

being 4 A (Carter et al., 1974a). This lack of solvent 

accessibility is different from the c-type cytochromes 

(horse heart cytochrome c and R. rubrum cytochrome c^) 

where at least the edge of the heme chromophore appears to 

be solvent accessible (Salemme et al., 1973; Dickerson 

et al., 1971a; Dickerson and Timkovich, 1975). 

High Potential Iron-Sulfur Protein 

Chromatium vinosum high potential iron-sulfur pro

tein has a molecular weight of 10,074 daltons and contains 



4 

a single four iron four sulfur cluster, which is covalently 

bonded to a polypeptide chain consisting of 85 amino acid 

residues. Table 1 summarizes the properties of HIPIP from 

several sources. Figure 1 presents the absorption spectra 

of oxidized and reduced HIPIP from Chromatium which is 

typical of this class of proteins. Characteristic of the 

absorption spectra of reduced and oxidized HIPIP is a broad 

absorption from 600-350 nm with a maximum at 388 nm. The 

absorption of reduced HIPIP is lower than that of oxidized 

HIPIP in the visible region, however, in the ultraviolet 

region the absorption of oxidized HIPIP is greater (Figure 

1, Bartsch, 1963a). The amino acid sequence of HIPIP from 

various sources are given in Table 2 with the important 

aspects of the sequence homologies covered in the discussion 

section. The biological function of HIPIP has not been 

determined, however Dutton and Leigh (1974) have implicated 

HIPIP in light driven electron transport reactions (Evans, 

Lord and Reeves, 1974; Kennel, Bartsch and Kamen, 1972). 

It has been proposed that HIPIP is directly involved in the 

reduction of cytochrome £555 with the cytochrome acting as 

the primary photodonor in cyclic electron transport in 

Chromatiiim (Dutton and Leigh, 1974; Evans et al., 1974). 

In the dark both HIPIP and cytochrome £555 are in the re

duced state prior to illumination. However, both proteins 

yield a low temperature EPR signal following illumination 
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Table 1. Properties of HIPIP from various sources. 

HIPIP 
No. of 
Amino Acids Ema (mV) plb'c 

C. vinosum 85d 350e 3-68oxd 
3.88 

R. gelatinosa 74f 330f 9.50 

T. pfennigii 00
 

352h Acidic1 

Paracoccus species 711 282h Acidic1 

a. = mid-point potential, pH 7.0. 

b. Dus et al., 1967. 

c. pi = isoelectric point. 

d. Dus, 1973. 

e. Tedro, Meyer and Kamen, 1976. 

f. Tedro, Meyer and Kamen, 1974. 

g- Meyer, personal communication, 1975 

h. Bartsch, 1963a. 

i. This work. 
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Figure 1. Absorption spectra of oxidized and reduced 
Chromatium HIPIP. 

Potassium phosphate, pH 7.0. Solid line, 
oxidized HIPIP; dotted line, reduced HIPIP. 



Table 2. Amino acid sequences of high potential iron sulfur proteins from 
various sources. 

Sequence 
Position 10 

C. vinosium NH2 -s A P A N A V A A D N A T A I A L K Y 

T. pfennigii NH2. -E D L P H V D A A T N P I A Q S 4 H Y 

R. gelatinosa NH2 -A P V D - E K N P Q A V A 4 G Y 

Paracoccus sp. NH2 "Q D 4 P P 4 D P S A E Q - A Q A 4 Q Y 

Sequence 
Position 20 30 

C. vinosium N Q D A T ' K S E R V A A A R R G L P P E 

T. pfennigii I E D A N A S E R N P V T K T E L P G S 

R. gelatinosa V S D A A K A D K - A K y K Q F y A G S 

Paracoccus sp. V K D T A E A A D H P H A Q E G - - - -

-o 



Table 2. (Continued) 

Sequence 
Position 40 

C. vinosiuiu E Q H C A D C Q F 

T. pfennigii E Q F C H N C S F 

R. gelatinosa - - H C G N c A 4 

Paracoccus sp. - Q Q C D N c M F 

Sequence 
Position 60 

C. vinosium W K G C Q 4 F P G 

T. pfennigii W R P C T 4 Y P G 

R. gelatinosa V G G C P 4 F A G 

Paracoccus sp. S Q G C Q 4 F P Q 

50 

M Q A D A A G A T D E  

I Q A D - - - - S G A  

F Q G K - - - A T D A  

F Q A D - - - - - - -

70 

K L I N V N G W C A S  

Y T V S E D G W C 4 S  

K Q V A N K G W C S A  

N S V E P A G W C E S  



Table 2. (Continued) 

Sequence 
Position 80 

C. vinosium W T L K A 

T. pfennigii W A H K T 

R. gelatinosa W A K K A-COOH 

Paracoccus sp. W T A Q D-COOH 

85 

G-COOH 

A-COOH 
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of chromatophores (Dutton and Leigh, 1974) suggesting that 

HIPIP is in efficient contact with cytochrome £555 and that 

it may serve as a redox pool at the electropositive end 

of the energy conservation site in cyclic electron trans

port systems (Cusanovich, Bartsch and Kamen, 1968; Dutton, 

1971; Hind and Olson, 1968). These observations do not 

explain the presence of HIPIP in the denitrifying bacteria, 

Paracoccus species halotolerant (Hori, 1961; Meyer, 1975). 

From structural studies the iron-sulfur cluster of 

HIPIP can be described as an inorganic cubane compound 

bound to the protein by bonds from four cysteine sulfur 

atoms to the four iron atoms (Carter et al., 1971). This 

is identical to the iron-sulfur cluster of the 8Fe-8S 

bacterial ferredoxins (Carter et al., 1972), which contain 

two equivalent 4Fe-4S clusters. Even though the ferre-

doxin from Peptococcus aerogenes and Chromatium HIPIP 

contain a similar Fe-S cluster, the two proteins differ in 

physical properties. The redox potential of HIPIP (280-

350 mV) is considerably higher than that of the ferredoxins 

(-400 to -450 mV). Further, the oxidized form of HIPIP 

is characterized by an electron spin resonance spectra 

whereas it is the reduced state of ferredoxin that has an 

electron spin resonance signal (Palmer, Sands and Mortenson, 

1966; Palmer et al., 1967; Tsibris and Woody, 1970). To 

account for these differences Carter proposed the three-state 
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hypothesis where reduced HIPIP (C) and oxidized ferredoxin 

are assumed to be equivalent redox states (Carter et al.f 

1972). Oxidized HIPIP represents the C+ state which is 

paramagnetic whereas reduced ferredoxin is termed the C 

state which is also paramagnetic. Cammack (1973) has been 

able to obtain HIPIP in the C state by reducing reduced 

HIPIP (state C) in 80% DMSO with sodium dithionite. This 

super-reduced state of HIPIP has an EPR signal similar to 

that of reduced ferredoxin (C~). Upon addition of ferri-

cyanide to the super-reduced state the oxidized state of 

HIPIP is obtained and native HIPIP can be recovered by 

removing the DMSO. The structure of the 4Fe-4S cluster 

is shown in Figure 2A. The 4-cysteines involved in the 

Fe-S bonds are cys 43, cys 46, cys 63, and cys 77 (Carter, 

1972; Carter et al., 1974a). The four irons and four in

organic sulfur atoms of the cubane core form concentric 

interpenetrating tetrahedra with the four iron atoms being 

structurally, environmentally and electronically equivalent 

in the reduced state. However, in the oxidized state the 

electronic configuration of the four irons are not identical. 

Mossbauer spectroscopy of HIPIP indicates the iron atoms 

are in two pairs, one with spin parallel to the applied 

field and the other with spin anti-parallel (Moss et al., 

1968; Dickson et al., 1974). The two iron atoms in each 

pair appear to be equivalent. Similar results have been 
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Figure 2. Possible structures for iron-sulfur cluster. 

A. Structure of the oxidized cluster in HIPIP. 
B. Ideal structure of cluster consisting of a 
perfect cube with 90° angles for Fe-S-Fe and 
S-Fe-S. C. Ideal structure of cluster im
posing a tetrahedral environment on the four 
iron atoms. 
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obtained from proton magnetic resonance (PMR) and electron 

nuclear double resonance spectroscopy (ENDOR) (Phillips 

et al., 1970; Anderson et al., 1975). Due to the para

magnetic nature of the iron sulfur cluster, contact shifted 

nuclear magnetic resonances are observed for both oxidation 

states of HIPIP (Phillips et al., 1970). Five temperature 

dependent resonances in the 20-45 ppm region are observed 

for oxidized HIPIP. Four of the five resonances decreases 

with increasing temperature with each of the four arising 

from a single proton (Phillips et al., 1970). These have 

been assigned to the (J-C^ protons of two of the four 

cysteine residues of HIPIP. Therefore the 3-CH2 protons 

of two of the four cysteine residues of oxidized HIPIP 

are sensing virtually identical spin densities (Phillips 

et al., 1970). The fifth resonance which increases with 

temperature is assigned to three of the four B-CH2 protons 

of the other cysteine residues (Phillips et al., 1970). 

Two types of isotropic iron hyperfine couplings for oxidized 

HIPIP are detected by ENDOR, indicating two different types 

of irons (Anderson et al., 1975). Thus, NMR, ENDOR and 

Mossbauer spectroscopy come to the identical conclusion 

that for oxidized HIPIP the four iron atoms of the iron-

sulfur cluster are in two pairs with the two iron atoms in 

each pair electronically equivalent. Circular dicroism 

spectra (Flatmark and Dus, 1969) of Chromatium HIPIP show 
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more details than the light absorption spectra. The CD 

spectra indicate the presence of at least 10 optically 

active transitions between 210 and 650 nm for each oxidation 

state. In the 430 to 650 nm spectral region the CD spectra 

of oxidized HIPIP and reduced HIPIP are different. However, 

below 430 nm, the spectra are the same but of different 

intensities. No optically active transitions are observed 

around 222 nm which is characteristic of the n+ir* amide 

transition of the right-handed a-helix in polypeptides and 

proteins. Flatmark and Dus (1969) claim the differences 

in the CD spectra (430-650 nm) between the two oxidation 

states show that reduction of the protein induces signifi

cant alterations in the chromophores of the molecule as 

observed by absorption spectroscopy. However, the lack of 

superficial alteration in the aromatic and far UV region 

suggest no major conformational changes in the protein 

moiety on oxidation and reduction. It appears that the 

iron-sulfur cluster of Chromatium HIPIP is a compromise 

between two ideal structures (Carter, 1972). The structure 

of the oxidized cluster of HIPIP is shown in Figure 2A 

with the ideal structures in Figures 2B and 2C. The first 

ideal structure (Figure 2B) consists of a perfect cube 

with a 90° angle for both Fe-S-Fe and S-Fe-S. The second 

ideal structure imposes a tetrahedral environment on the 

four iron atoms (Fe-S-Fe = 109°) (Carter, 1972; Nyholm, 
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Truter and Bradford, 1970). The dimensions and coordination 

for the iron-sulfur cluster of HIPIP are given in Figure 3 

(Carter, 1972; Nyholm et al., 1970). For a perfect cube 
o 

an Fe-S distance of 2.3 A is expected while the Fe-Fe 
o 

distance would be approximately 3.3 A whereas for the 

tetrahedral cubane with a similar iron-sulfur distance 
o o 

(2.3 A) an Fe-Fe distance of 2.5 A is required. A com

promise structure such as HIPIP would be expected to have 

o 
an intermediate Fe-Fe distance, as indeed it does (2.76 A, 

Carter et al., 1972). 

The iron sulfur cluster is surrounded by inter-

molecular hydrophobic bonds (Carter et al., 1974a). Syn

thetic analogs of the iron sulfur cluster are insoluble 

in water. Therefore, Carter et al. (1974a) have pro

posed that the primary role of the polypeptide 

chain is to chelate and solvpte this redox center. A 

larger number of aromatic and nonpolar side chains create 

for the cluster an environment of very low dielectric 

constant. A nonpolar residue is placed in van der Waals 

contact with each inorganic sulfur. Thus phe 48, met 49, 

phe 66 and trp 80 all pack close to an inorganic sulfur. 

There are several smaller hydrophobic residues also involved 

in this environment (Carter et al., 1974a). There are no 

polar groups near the cluster except for the hydrogen 

bonding of three of the cysteine sulfurs with peptide 
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B. 

2.8 A 

Figure 3. Symmetry of the iron-sulfur cluster including 
bond distances and angles. 

A. Symmetry around iron. B. Symmetry around 
sulfur. 



nitrogens. Cysteines 46, 63, and 77 are hydrogen bonded 

to the peptide nitrogens of residues 48, 65, and 79 re

spectively. There is no available backbone hydrogen bond 

donor for the cysteine 43 sulfur atom. According to Carter 

et al. C1974a) the nonpolar residues are packed to prevent 

direct interaction of the cluster with the solvent. 

There are two residues in HIPIP which are close to 

cysteine or inorganic sulfurs that could participate in 

electron transfer. Tyrosine 19 is situated so that the 

face of the aromatic ring is juxtaposed against an inorganic 

sulfur. Similarly the five-membered ring to trp 80 is 

located near another inorganic sulfur. These configura

tions are favorable for the formation of charge-transfer 

complexes (Carter, 1972; Carter et al., 1974b) and offer 

a pathway to/or from the cluster through the nonpolar 

interior of the molecule. The existence of tyrosine resi

dues similar to tyrosine 19 in HIPIP has been noted for 

each cluster in ferredoxin and is highly suggestive that 

these residues do function in electron transport (Carter 

et al., 1974b). However the substitution of tyr-2 by 

leucine in Clostridium acidi-urici ferredoxin while main

taining normal properties would seem to mitigate against 

such an argument (Lode et al., 1974). 
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C-type Cytochromes 

Cytochrome has been isolated from a variety of 

bacterial sources and as of today eight have been sequenced 

(Dickerson and Timkovich, 1975; Ambler, 1975). These eight 

sequences are given in Table 3. The three-dimensional 

structure of R. rubrum cytochrome ^as been determined 

(Salemme et al., 1973) as well as its reaction with non-

physiological oxidants and reductants (Wood and Cusanovich, 

1975). Cytochrome c^ is believed to be the primary electron 

donor to bacterialchlorophyll in the photosynthetic 

electron transport chain (Taniguchi and Kamen, 1965). 

This class of cytochromes has a single polypeptide chain 

with molecular weights ranging from 12,000 to 15,000 and 

have high oxidation-reduction potentials (+320 to +380 mV). 

The properties of examples of cytochromes c2 used in this 

work are summarized in Table 4. The absorption spectra 

for oxidized and reduced cytochrome rubrum which 

is characteristic of this class of cytochromes is given 

in Figure 4. 

R. rubrum cytochrome c2 and horse heart cytochrome 

c are structurally homologous. Both proteins have proto-

heme IX as the chromophore and it is oriented in a hydro

phobic crevice with one edge of the heme exposed to the 

solvent at the front of the molecule (Salemme et al., 

1973). The heme out-of-plane ligands, the fifth and sixth 



Table 3. Amino acid sequences of cytochromes c2 from various sources. 

C2 Nos. -1 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

R. capsulata E G D A A K G E K E F N K C K T C H 
R. rubrum G D A A A G E K V S K K C L A C H 
R. palustris E G D A 1 A 51 G E A V F K Q C M T C H 
R. sphaeroides G E G D A E A G A K A F N Q C Q T C H 
HHC G D V E K G K K I F Q K C A Q C H 

C2 Nos. 19 20 20 a 20b o
 

o
 

C
M

 

21 22 23 24 25 26 26 
a 26b 26c 26d 

27 28 

R. capsulata S I I A P D G T D I V - K G A K T 
R. rubrum T F - - - D Q G G A N - - - - - V 
R. palustris - - - - - R A D K N M - - - - - V 
R. sphaeroides V I V D D S G T T I A G R N A K T 
HHC T V — — — E K G G K H — — — — K T 

C2 Nos. 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 

R. capsulata G P N L Y G V V G R T A G T Y P E 
R. rubrum G P N L, F G V F E N T A A H K D N 
R. palustris G P- A L G G V V G R K A G T A A G 
R. sphaeroides G P N L Y G V V G R T A G T Q A D 
HHC G P N L H G L F G R K T G Q A P G 

C2 Nos. 46 47 48 49 50 51 52 52a 52b 53 54 54a 55 56 57 58 59 

R. capsulata F K Y K D S I — - V A - L G A S G 
R. rubrum Y A Y S E S Y - — T E - M K A K G 
R. palustris F rp* Y S P L N - - H N - S G E A G 
R. sphaeroides F K Y G E G M - - K E - A G A K G 
HHC F T Y T D A N - - - - - - K N K G 



Table 3. (Continued) 

C2 Nos. 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 

R. capsulata F A W T E E D I A T Y V K D P G A 
R. rubrum L T W T E A N L A A Y V K D P K A 
R. palustris L V w T 1 Q E D I I A Y L P D P N A 
R. sphaeroides L A w D E E H F V Q Y V Q D P T K 
HHC I T w K E E T L M E Y L E N P K K 

C2 Nos. 77 78 79 80 81 82 83 84 85 86 86a 86b 86c 86d 86e 86f 87 

R. capsulata F L K E K L D D K K A 
R. rubrum F V L E K S E D P K — - — A 
R. palustris f Y | L K K F L T D K G Q A D K A G 
R. sphaeroides F L K E Y T G D A K - - — — — - A 
HHC Y I P G — — — — — — — •— ~• — — 

C2 Nos. 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104 

R. capsulata K T G M A F K L A K - G G E - D V 
R. rubrum K S K M T F K L T K D D Q I E N V 
R. palustris LsJ T K M T F K L A N Q Q R K D V 
R. sphaeroides K G K M T F K L K K** E A D A H N I 
HHC - T K M I F G I K K K T E R E D L 

to 
o 



Table 3. (Continued) 

C2 Nos. 105 106 107 108 109 

R. capsulata A A Y L A 
R. rubrum I A Y L K 
R. palustris IV I A Y L A 
R. sphaeroides W A Y L Q 
HHC I A Y L K 

*Insert Gly 

**Insert Asn 

110 111 112 113 114 115 

s V V K 
T L K 
T L K 
Q V A V R 
K A T N E 
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Table 4. Properties of cytochrome from various sources. 

Source Pia'b E 7
C 

m, 7 

No. Amino Acid 
Residues'^ 

Rhodospirilium 
rubrum 6.2 320a 112 

Rhodopseudomonas 
capsulata 7.1 368e 117 

Rhodopseudomonas 
sphaeroides 5.5 351e 123 

Rhodopseudomonas 
palustris 9.7 377f 118 

1968. 

a. Meyer, 1970. 

b. pi = isoelectric point. 

c. Em = mid-point potential, pH 7.0. 

d. Ambler and Meyer, 1975; Dus, Sletten and Kamen, 

e. Pettigrew etal., 1975. 

f. Post, Wood and Cusanovich, 1977. 
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Figure 4. Absorption spectra of R. rubrum cytochrome c^. 

Potassium phosphate, pH 7.0. Protein concen
tration for the visible region is 2.26 x 10"^ 
M and for the Soret region 7.5 x 10~® M. 
A. Absolute spectra for oxidized and reduced 
cytochrome £2. B. Difference spectra, reduced 
minus oxidized (Bartsch, 1963b). 
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positions, consist of the nitrogen of histidine and sulfur 

of methionine. In both horse heart cytochrome c and R. 

rubrum cytochrome c^ the bulk of the aromatic amino acid 

side chains are found packed around the heme and a large 

fraction of the lysine side chains are near the solvent 

accessible heme edge creating a cluster of positive charge 

about the heme crevice. This cluster of positive charge 

has been implicated in the reaction mechanism for both 

horse heart cytochrome c and R. rubrum cytochrome c^ re

actions with non-physiological oxidants and reductants 

(Salemme et al., 1973; Miller and Cusanovich, 1975; Wood 

and Cusanovich, 1975; Ewall and Bennett, 1974; Hodges et al., 

1974) . 

The reaction of R. rubrum cytochrome c^ with non-

physiological oxidants and reductants, primarily the iron 

hexacyanides, has been investigated as a function of ionic 

strength, pH, and temperature with the following conclu

sions (Wood and Cusanovich, 1975): 

(1) Oxidation and reduction of cytochrome ̂  with 

potassium ferricyanide and potassium ferrocyanide is a 

complex reaction involving the formation of two inter

mediate complexes as shown in Equation 1; 
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+3 
k12 k23 

cyto c, (Fe ) + F -7- FH 
Z 21 32 

k34 + 2 ,  
OR cyto c9 (Fe ) + 0 (1) 

k43 * 

+3 
where cyto (Fe ) = oxidized cytochrome £2? F = ferro-

cyanide; FH = ferrocyanide-oxidized cytochrome c^ complex; 

OR = ferricyanide-reduced cytochrome c^ complex; cyto c2 

+2 
(Fe ) = reduced cytochrome c^; 0 = ferricyanide. From 

the kinetically determined rate constants and the overall 

equilibrium constants (K ) obtained from the midpoint 
eq 

potentials, (^23^32^ was calculate<^ to be close to 

one and hence equation 2 can be applied for data analysis. 

k12 +3, cyto c0 (Fe ) + F -r- complex 
~Z *21 

^ - cyto £2 (Fe+^) + 0 (2) 
k43 

However, the reduction of R. rubrum cytochrome c2 with 

sodium ascorbate and sodium dithionite resulted in a simple 

reaction mechanism without evidence of complex formation 

(Post et al., 1977). This mechanism is given by equation 3. 

k12 +3 +2 
cyto c, (Fe } + Reductant — cyto c0 (Fe ) + oxidant 

43 ~ 
(3) 



(2) The site of electron transfer irrespective of the 

nature of the oxidants or reductants used appears to be a 

positive site at the front of the cytochrome c^ molecule 

near the heme crevice. Table 5 presents apparent charges 

and rates of complex formation (kj^) ^or t*ie reaction of 

potassium ferrocyanide and cytochrome from several 

sources. For the oxidation of R. rubrum cytochrome £2 

with ferricyanide the apparent charge at the site of elec

tron transfer was +0.7 and for the reduction with ferro

cyanide the apparent charge was +1.3; this, in spite of the 

fact that the isoelectric point for R. rubrum cytochrome 

c_2 is acidic (pi 6.2) with the protein having a net nega

tive charge at neutral pH. 

(3) The oxidation of ferrocytochrorae as a function 

of pH can be described by two ionizations with pK values 

of 7.0 and 9.5. Further, the reduction of ferricytochrome 

£2 with ferrocyanide, ascorbate and dithionite (S2O4- an^ 

SO2 ) can be described by three ionizations with pK values 

of 6.2, 8.4, and 9.5 (Post et al., 1977; Wood and 

Cusanovich, 1975). These pK values obtained by analysis 

of kinetic data are adequate in describing results obtained 

for the oxidation-reduction potential studies on cytochrome 

£2 as a function of pH. From the kinetic results it was 

found that k^ and k2^ (Eq. 2) are pH independent and k^ 

and k^r the complex formation processes are pH dependent. 
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Table 5. Reduction of cytochrome from different sources 
by ferrocyanide.a 

Source Apparent Charge k12 
(M" •V1) 

R. ruhrum*3 +1.3 5 X 106 

R. capsulata +0.7 1.3 X 106 

R. sphaeroides +1.6 4.2 X 107 

R. palustris +0.7 1.3 X I06 

R. vanniellii +1.0 4.0 X 105 

a. Post et al.f 1977. 

b. Wood and Cusanovich, 1975. 
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Horse heart cytochrome c consists of a single poly

peptide chain of 104 amino acid residues with a molecular 

weight of 12,400 (Dickerson et al., 1971b). Properties 

of horse heart cytochrome c are contrasted to those of 

R. rubrum cytochrome c^ in Table 6. The reaction of horse 

heart cytochrome c with non-physiological oxidants and re-

ductants has been investigated as a function of pH, ionic 

strength and temperature with results similar to those 

found for the reaction of cytochrome c^ with non-

physiological oxidants and reductants. The major con

clusions for the horse heart cytochrome £ studies were: 

(1) Oxidation and reduction with potassium ferrocyanide 

and potassium ferricyanide involve a complex mechanism as 

described by Equation 1 (Stellwagon and Shulman, 1973; 

Miller and Cusanovich, 1975). 

(2) The site of electron transfer irrespective of the 

nature of the oxidant or reductant used appears to be 

positively charged. For both the oxidation and reduction 

of horse heart cytochrome c with iron hexacyanides the net 

effective charge was found to be +1.3. Since the net charge 

on cytochrome c is +7 to +8, the ionic strength data 

suggest that the site of electron transfer for cytochrome 

c does not involve the net protein charge but that a 

specific site exists (Miller and Cusanovich, 1975). 
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Table 6. Properties of horse heart cytochrome c and 
Rhodospirillum rubrum cytochrome £2. 

Property Cytochrome c Cytochrome C2 

E _ (mV) 
m, 7 

260 320 

Isoelectric point 10.1 6.3a 

Function mitochondrial 
electron transport 

photosynthetic 
electron transfer 

Electron donor Complex III 
(cytochrome c^) 

cytochrome b 

Electron acceptor cytochrome 
oxidase 
(cytochrome a) 

P870 
(active center 
bacteriochlorophy11) 

No. amino acid 
residues 

104 112 

a. Bartsch et al., 1971. 
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Research Plan 

The goal of the research to be discussed here is 

to determine the mechanism(s) by which HIPIP participates 

in oxidation-reduction reactions. The approach is two

fold: (1) to study the interaction of HIPIP from several 

different organisms with small well characterized oxidants 

and reductants and, (2) to characterize the interaction of 

HIPIP with c-type cytochromes. By using highly purified 

proteins and well characterized oxidants and reductants 

in a defined reaction system, a mechanism by which oxida

tion and reduction occurs can be pqstulated and tested by 

varying the parameters of the reaction system. Further, a 

comparative study of HIPIP isolated from different organisms 

and for which the primary structures are known will po

tentially provide information on the participation of 

specific amino acid side chains. In this manner a workable 

mechanism, that is, a model system can be established with 

non-physiological oxidants and reductants and can be applied 

to more physiological systems. The studies with small 

well-characterized oxidants and reductants are amenable 

to detailed mechanistic studies but do not necessarily 

provide information on electron transfer between proteins. 

Therefore, the reaction of HIPIP with a variety of c-type 

cytochromes was investigated with the goal of elucidating 

the mechanism of electron transfer between two redox 
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proteins. Admittedly the proteins used in this work 

(HIPIP-horse heart cytochrome c and HIPIP-cytochrome £2) 

do not naturally interact; however, we are presented with 

an opportunity to investigate protein-protein interactions 

resulting in electron transfer which involve minimal 

technical difficulties and for which substantial structural 

information is available. 

For the studies to be described HIPIP from Chroma-

tium vinosum, Rhodopseudomonas gelatinosa, Thiocapsa 

pfennigii, and Paracoccus species (halotolerant) were 

investigated as their primary structures (Table 2) are 

known as well as the three-dimensional structures of the 

HIPIP from Chromatium (Carter, 1972; Carter et al., 1974a, 

1974b). The cytochrome c^ utilized here are: 

(1) Rhodospirillum rubrum cytochrome c^. This protein 

has been the subject of intensive characterization as 

discussed in previous sections and will provide the primary 

reference point for interpretation of the reactions with 

non-physiological and physiological oxidants and re-

ductants. 

(2) Rhodopseudomonas capsulata cytochrome £2. This 

protein is of interest since position 90 (Table 3) is occu

pied by a glycine side chain. This position is always 

occupied by a lysine residue in other cytochromes £ and 

cytochromes £2 and is the lysine nearest the heme edge. 
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Thus position 90 may play a key role if electron transfer 

takes place at the heme edge. 

(3) Rhodopseudomonas palustris cytochrome £2> This 

cytochrome is of interest since of all the cytochromes £2 

investigated to date this is the most basic (Table 4). 

Further, R. palustris cytochrome £2 has a proline at posi

tion 50 which is near the heme edge and is occupied by an 

acidic residue in all the other cytochromes c2 investigated 

to date. 

(4) Rhodopseudomonas sphaeroides cytochrome £2- This 

cytochrome £2 is of interest as its reduction with ferro-

cyanide is the most rapid of the cytochromes studied to 

date (k-^2, Table 5). Since both R. sphaeroides and R. 

rubrum cytochrome £2 are acidic at neutral pH and have 

nearly the same oxidation-reduction potentials (Table 4) 

the differences in rate constants (k-^2) may be attributable 

to structural differences at their sites of electron 

transfer. Therefore, differences in the reaction between 

cytochrome £2 from R. rubrum and R. sphaeroides and HIPIP 

may be of particular value in determining if the differences 

in rate constants for ferrocyanide reduction (Table 5) 

are also observed in electron transfer between redox pro

teins . 



CHAPTER 2 

MATERIALS AND METHODS 

Materials 

Chromatium HIPIP was isolated and purified as de

scribed by Bartsch (1963a). Rhodopseudomonas gelatinosa 

HIPIP was isolated and purified as described by DeKlerk 

and Kamen (1966). Thiocapsa pfennigii HIPIP and Para-

coccus species (halotolerant) HIPIP were kindly provided 

by Drs. T. E. Meyer and R. G. Bartsch (University of 

California at San Diego). Rhodospirillum rubrum cytochrome 

c_2 / Rhodopseudomonas capsulata cytochrome Rhodopseudo

monas sphaeroides cytochrome and Rhodopseudomonas 

palustris cytochrome c^ were isolated and purified as 

described by Bartsch (1971). Horse heart cytochrome c, 

Type VI was purchased from Sigma Chemical Corporation and 

used without further purification. 

Potassium ferrocyanide (Mallinkrodt), potassium 

ferricyanide (Mallinkrodt), ascorbic acid (Mallinkrodt), 

sodium dithionite (Hardman and Holden Ltd.), were the 

purest forms available. All other chemicals used were 

reagent grade and utilized without further purification. 

Deionized water was used in the preparation of all solutions. 

33 
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Methods 

Stopped-flow kinetic studies were conducted in a 

Durrum-Gibson stopped-flow spectrophotometer with a mixing 

time of 3.5 msec. The drive syringe holders were modified 

to permit purging of the backside of the plungers with argon 

to minimize oxygen diffusion. All stopped-flow experiments 

were performed at 20°C unless otherwise specified. All 

kinetic data were obtained at least in duplicate. 

The reduction of HIPIP with potassium ferrocyanide, 

sodium ascorbate and sodium dithionite was monitored at 

480 nm as the absorbance change is maximum at this wave

length (Figure IB). The oxidation of HIPIP with potassium 

ferricyanide was monitored at 500 nm to prevent any inter

ference by the ferricyanide absorbance. The reaction of 

HIPIP with c-type cytochromes was monitored at 415, 418, 

550, 506 and 480 nm. 

All solutions, unless otherwise noted, were ex

haustively deoxygenated by bubbling (0.5 to 1 hr) with water 

saturated argon gas purified by passage over a column of 

BASF R3-11 catalyst (Wyandotte Corporation) prior to use. 

Solid sodium dithionite, potassium ferrocyanide, or 

potassium ferricyanide were added to the deoxygenated 

buffers via a side arm and this solution bubbled for an 

additional 10 minutes. Alternatively, sodium ascorbate 

was added to the buffer, the pH adjusted to 7.0 and the 
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solution deoxygenated as described above. Stock solutions 

of the oxidized and reduced proteins were prepared by the 

addition of a slight excess of potassium ferricyanide or 

sodium dithionite and then passed over Sephadex G-25 to 

remove excess reagents. The studies over a range of pH 

values were performed in a universal buffer consisting of 

Tris-sodium acetate-glycine-potassium phosphate. This 

buffer is termed TAGP buffer. The pH was measured on an 

instrumentation laboratory Model 205 pH meter equipped 

with a combination pH electrode. 

Oxidation-reduction titrations were performed 

anaerobically as described by Velick and Strittmatter 

(1956) using an instrumentation laboratory Model 205 pH 

meter equipped with a platinum-AgCl combination electrode. 

Alternatively, a faster method for measuring the oxidation-

reduction potentials over a range of pH values or ionic 

strength was used. This experimental approach will be 

referred to as a single point redox titration and consists 

of: 

(1) At a known concentration of potassium ferri- and 

ferrocyanide the imposed potential was measured with the 

platinum electrode. Using the Nernst equation the 

oxidation-reduction potential (E^) for the ferri- ferro

cyanide couple was calculated. 
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(2) The ratio of the oxidized to reduced HIPIP at a 

known ratio of ferri- and ferrocyanide was determined 

spectrophotometrically. 

(3) Using the values determined in step 1 for the 

ferri- ferrocyanide couple the imposed potential was cal

culated for the particular concentration of ferri- and 

ferrocyanide. 

(4) Using this value of the imposed potential (E^), 

E for HIPIP was calculated for the concentrations of 
m 

oxidized and reduced HIPIP determined previously. These 

experiments were performed anaerobically by prebubbling 

these solutions with argon as previously described. All 

absorption spectra were obtained on a Cary 118 recording 

spectrophotometer. 

Data Analysis 

In general, the procedures utilized for analysis 

of kinetic data are described in the appropriate section. 

However, certain problems are encountered which deserve 

comment. In particular, for a reversible pseudo first-

order reaction (A = B + C) in which the equilibrium lies 

to the left the kinetics become complex. Within experi

mental error plots of AnAA vs time are linear. However, 

the observed rate constant derived from such a plot is not 

the pseudo first-order rate constant. As shown in 
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Appendix B the pseudo first-order rate constant can be 

reasonably approximated by dividing the observed rate 

constant by (2AA - A )/AA , where AA is the absorbance J o e ' e' , o 

change that would be observed if the reaction went com

pletely to the right and AAg is the observed absorbance 

change at time zero. Studies on the reduction of HIPIP 

by sodium ascorbate and sodium dithionide and oxidation by 

potassium ferricyanide go to completion and yield the 

pseudo first-order rate constants directly. However, 

reduction of HIPIP by potassium ferrocyanide does not go 

to completion and the pseudo first-order rate constant 

must be corrected. This has been done in all studies 

reported here unless otherwise noted. 

The oxidation and reduction of HIPIP with a number 

of cytochromes c^ were found to have complex kinetics. 

That is, AnAA vs time plots were not linear. These re

sults unlike those observed with the non-physiological 

oxidants and reductants were analyzed by a computer pro

gram which used a steepest descend procedure to optimize 

the variables in question. Because insufficient evidence 

is available to invoke complex formation for both the 

protein-protein studies and the studies with non-

physiological oxidants and reductants (excluding reduction 

of HIPIP with sodium dithionite) straight lines were 
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drawn by hand with zero y-intercepts for the second-order 

rate plots (k^g vs concentration). 

All the values for k , for the reactions of HIPIP 
obs 

with the non-physiological oxidants and reductants and for 

the reduction of HIPIP (Chromatium and R. gelatinosa) with 

horse heart cytochrome c were obtained by a least square 

fit program (£nAA vs time). 

The lines drawn for the Debye-Huckel plots were also 

drawn by hand however placing more emphasis on the points 

at the lower ionic strengths as the Debye-Huckel rela

tionship is of questionable validity at high ionic strengths. 



CHAPTER 3 

KINETIC STUDIES WITH CHROMATIUM VINOSUM HIPIP 

The reaction of Chromatium HIPIP with a variety of 

oxidants and reductants representing a wide range of oxida

tion reduction potentials has been investigated. Moreover 

studies on the effect of ionic strength, pH and temperature 

were conducted to ascertain the charge at the site of 

electron transfer on HIPIP, the participation of ionizable 

amino acid side chains and the thermodynamics of the re

action. 

Reaction with Iron Hexacyanides 

The reactions of oxidized HIPIP with potassium 

ferrocyanide and reduced HIPIP with potassium ferricyanide 

were investigated under pseudo first-order conditions. In 

all cases to be reported the reactions were found to be 

accurately first-order for at least four half-lives. 

Figure 5A illustrates the pseudo first-order behavior for 

the reduction of HIPIP at various concentrations of potas

sium ferrocyanide in 0.025 M TAGP pH 7.0. Similarly 

Figure 6A presents data for the oxidation of HIPIP by 

potassium ferricyanide in 0.025 M TAGP pH 7.Or. The slope 

of JlnAA vs time plots yield observed rate constants (k ^s) 

39 
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Figure 5. Reaction of Chromatium HIPIP with potassium 
ferrocyanide. 

A. Pseudo first-order plot (S-n AA vs. time) 
for the reduction of Chromatium HIPIP with 
potassium ferrocyanide; .025 M TAGP, pH 7.0, 
20°C, 5.0 x 10"2 M; b, 2.5 x 10~2 M; c, 1.25 
x 10"2 M; d, 0.625 x 10"2 M; e, .313 x 10"2 M; 
f, .078 x 10~2 M. HIPIP concentration 50 uM. 
B. Plot of pseudo first-order rate constants 
(kobs) vs« potassium-ferrocyanide concentra
tions. Conditions as given in Figure 5A. 
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Figure 6. Reaction of Chromatium HIPIP with potassium ferricyanide. 

A. Pseudo first-order plot (In AA vs. -time) for the oxidation of 
Chromatium HIPIP with potassium-ferricyanide; 0.25 M TAGP, pH 7.0, 
20pC, ionic strength .10 - 13 M. Ferricyanide concentrations; a, 
1.25 x 10~2 M. b, 0.625 x 10~2;M; c, .313 x 10"2 M; d, .156 x 10~2M; 
e, .078 x 10"2 M; f, .020 x 10~2 M. HIPIP concentration 50 yM. 
B. Plot of pseudo first order rate constants (k0bs) vs. potassium-
ferricyanide concentrations; conditions as given in Figure 6A. 
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for the particular conditions. Further second-order plots 

(kQbs vs [reactantj) after correction for reduction being 

incomplete (Appendix B) for the reaction of HIPIP and iron 

hexacyanide were found to be linear with zero y-intercepts 

as long as constant ionic strength was maintained. Figures 

5B and 6B present the second-order rate plots for the experi

ments given in Figures 5A and 6A. At the concentrations of 

the iron hexacyanides used (.01-1 mM) there was no evidence 

of complex formation and the reaction appeared to be 

kinetically simple consistent with the mechanism given by 

equation 4. 

k12 
ferrocyanide + HIPIPqx ferricyanide + HIPIP^^ (4) 

k43 

where HIPIPQX represents oxidized HIPIP, and HIPIPre(j repre

sents reduced HIPIP. 

It has been previously reported that Chromatium 

HIPIP is not autooxidizable (Bartsch, 1963a). Kinetic 

experiments in 0.01 M Tris-Cl, pH 7.3, 20°C confirmed this 

point. Figure 7A presents data for both oxidation and 

reduction of HIPIP in the presence and absence of oxygen 

to support the conclusion that oxygen is not a participant 

in the reaction. 



Figure 7. The influence of oxygen and ionic strength on 
the reaction of Chromatium HIPIP with iron 
hexacyanides. 

A. Plot of pseudo first-order rate constants 
(^obs) vs« iron-hexacyanide concentration. 
0.01 M Tris-CJl, pH 7.3, 20°C. Chromatium 
HIPIP concentration 50 yM. • — ferricyanide 
oxidation, aerobic; o - ferricyanide oxidation, 
anaerobic; I - ferrocyanide reduction, aerobic; 
• - ferrocyanide reduction, anaerobic. For, 
ferrocyanide oxidation the abscissa is x 10 . 
B. Debye-Huckel plot for the reaction of 
Chromatium HIPIP with iron-hexacyanide. Condi
tions as given in Table 7. • — ferricyanide 
oxidation, • - ferrocyanide reduction. 
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Effect of Ionic Strength 

The effect of ionic strength on the oxidation and 

reduction of HIPIP with iron hexacyanides was studied over 

an ionic strength range of 0.008 M to 0.208 M. The desired 

ionic strength was obtained by either varying the concen

tration of the buffer or by the addition of NaCl. The 

effect of ionic strength on the reaction of HIPIP with the 

iron hexacyanide is summarized in Table 7. No effect of 

specific ions was noted as the buffers Tris-Cl, potassium 

phosphate and Tris-cacodylate and the salts KC1 and NaCl 

gave identical results at a particular ionic strength 

(Table 8). Ferrocyanide reduction was found to be inde

pendent of ionic strength yielding a second-order rate 

constant of 150 ± 13 M~1s~1 (Table 7). In contrast ferri-

cyanide oxidation was clearly dependent on ionic strength 

with the second-order rate constants increasing with in

creasing ionic strength (Table 7). The.data for ferri-

cyanide oxidation is presented graphically in Figure 7B 

where it is plotted according to the Debye-Huckel equation 

(equation 5) 

log k = log k^ + 2<=ZaZb (5) 

where k is the observed second-order rate constant at a 

particular ionic strength, k^ is the second-order rate 

constant at infinite dilution, is the product of the 
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Table 7. The effect of ionic strength on the reaction of 
Chromatium HIPIP with iron hexacyanides.a 

Ionic Strength k 4.- (M-1s~1) oxidation k , . . (M~1s~1) 
reduction 

.033 1470 138 

.058 1947 173 

.108 2525 152 

.158 3013 136 

.208 3818 154 

a. Reactions were conducted in 10 mM Tris-Cl, 
pH 7.3, supplemented with varying amounts of NaCl, tem
perature 20°C, HIPIP concentration 20-50 yM. Oxidation 
was monitored at 500 nm, reduction at 480 nm. 
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Table 8. The effect of ionic strength on the second-order 
rate constant for oxidation of Chromatium HIPIP 
by potassium-ferricyanide.a 

Ionic Strength Salt Added pH 
"oxidation 

Potassium-Phosphate Buffer 

.008 7.3 0.80 

.018 7.0 1.34 

.176 7.0 3.57 

Tris-Cl Buffer 

.008 7.3 1.15 

.011 7.3 1.15 

.033 NaCl 7.3 1.47 

.058 NaCl 7.3 1.95 

.108 KC1 7.3 2.53 

.108 NaCl 7.3 2.53 

.158 NaCl 7.3 3.01 

.208 NaCl 7.3 3.82 

Tris-Cacodylate Buffer 

.008 7.3 0.80 

.020 7.3 1.27 

.050 7.3 1.94 

.100 7.3 2.92 

a. The desired ionic strength was obtained by 
varying either the concentration of the buffer or by the 
addition of salt, or a combination of both. Temperature 
20°C. 
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charges on the two reacting molecules and y is the ionic 

strength of the solution. Two a is a constant which is 

approximately one for aqueous solutions at room temperature 

(Frost and Pearson, 1961). The slope of a plot of log k 

3* 
vs y indicates qualitatively the product of charges on 

the interacting molecules. Quantitative determination of 

ZaZj3 from equation 5 is only valid at low ionic strengths 

(<0.01 M) and in the absence of complex formation between 

the reactants. Thus equation 5 only yields an estimate of 

the apparent product of charges. Over the ionic strength 

range studied (y = 0.01 to 0.21) the plot of log k vs 

h -1 -1 y is linear (Figure 7B) yielding a value of 890 M s 

for ferricyanide oxidation at infinite dilution. Further, 

from the slope (+1.4) of the Debye-Huckel plot and using 

a charge of -3 for the ferricyanide ion we calculate an 

apparent charge of -0.47 on the HIPIP molecule at the site 

of oxidation. As the reduction of oxidized HIPIP is inde

pendent of ionic strength the site of reduction on HIPIP 

is uncharged. This latter result is significant as HIPIP 

has a net negative charge of pH 7, hence it is implied that 

reduction must take place at a specific site(s) which is 

uncharged. 

From the rates at an ionic strength of 0.108 an 

equilibrium constant (kreduction^oxidation* of 0.06 can 

be calculated. This value is in reasonable agreement with 
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an equilibrium constant of 0.125 calculated from the mid

point potential of HIPIP (350 mV Bartsch, 1963a) and the 

iron hexacyanides (410 mV, estimated from the data of 

O'Reilly, 1973). 

Effect of pH 

The influence of pH on the reaction of HIPIP with 

potassium ferri- and ferrocyanide was investigated over 

the pH range 4 to 11. These results are summarized in 

Table 9 and are given graphically in Figure 8. The ex

periments were performed in varying concentrations of TAGP 

buffer at 0.092 M total ionic strength. In terms of 

equation 4, k^ is independent of pH between pH 6 and 10 

with the rate of oxidation increasing as the pH is lowered 

below 6. Within experimental error kj^ is independent of 

pH between pH 7 and 9 with the rate of reduction increasing 

at pH values below 7. It was observed that kj^ decreases 

between pH 9 and 11. However, as HIPIP is unstable at 

alkaline pH (>10) the significance of this cannot be 

assessed. In addition the values of k^ and k^ at PH 4 

are less defined than those at higher pH values due to the 

instability of the protein at this pH. The instability 

at alkaline and acid pH is manifested as a slow irreversible 

loss of absorbance in the visible spectral region apparently 

due to the release of the iron-sulfur chromophore. 
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Table 9. The influence of pH on the reaction of Chromatium 
HIPIP with iron hexacyanides. 

PH 

k a 
reduction 

(M"1s"1) 

k a 
oxidation 

(M'V1) 

Keq 
(Kinetic) 

Keqb 
(Redox-
Titration) 

4 928 5239 O
 

• 00
 

5 394 3248 0.12 .15 

6 339 2789 0.12 .16 

7 168 2660 0.063 .092 

8 136 2965 0.046 .092 

9 

10 

11 

133 2713 0.049 .082 9 

10 

11 72 2476 0.029 .107 

a. Reactions were conducted in 0.025 M TAGP ad
justed to the appropriate pH. Temperature 20 C. HIPIP 
concentration 50 yM. Ionic strength 0.10-0.13 M. 

b. Same conditions as in "a" but at 25°C. 
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Figure 8. Influence of pH on the reaction of HIPIP with 
iron-hexacyanides. 

0.025M TAGP adjusted to the appropriate pH, 
20oC, y = .10 - .13 M, Chromatium HIPIP concen
tration 50 yM. 0 - ferricyanide oxidation, 
A - ferrocyanide reduction. 



Table 9 also presents the equilibrium constants 

calculated from the kinetic data (k-^/k^) and those ob

tained from the measurement of the oxidation-reduction 

potential of HIPIP with the ferro-ferricyanide couple, 

at various pH values. The independently determined 

equilibrium constants are in reasonable agreement in view 

of the slightly different conditions of the measurement 

(ionic strength and temperature). For the determination 

of oxidation-reduction potentials 25 mM TAGP buffer ad

justed to the appropriate pH was used and the temperature 

was 25°C. Figure 9 presents the effect of pH on the 

oxidation-reduction titrations over the pH range 5-8. 

The solid lines in Figure 9A were calculated for a n = 

1.0 reaction (from the Nernst Equation, equation 6) at the 

indicated midpoint potentials; 

~ ™ . RT [HIPIPoxidized] ,cx 
Eh " Em + HP LHIPIPreducea j <6> 

where E^ is the imposed potential, Em the midpoint po

tential, R the gas constant, T the temperature in K°, F 

Faradays constant and n the number of electrons trans

ferred. Below pH 5 HIPIP was found to be unstable for the 

period of the titrations with a progressive loss of visible 

absorbance with time as observed in the kinetic experiments. 

Titrations were also conducted at pH 9 and 11 and yielded 

midpoint potentials identical with those obtained at 7 and 8. 
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Figure 9. Redox properties of Chromatium HIPIP. 

A. Oxidation-reduction titrations of Chromatium 
HIPIP. 0.025 M TAGP, 25 + 1°C. 1 mM potassium-
ferricyanide. HIPIP concentration 50 uM, re-
ductant sodium dithionite. 0 - pH 5.0, • -
pH 6.0/ A - pH 7.0, A - pH 8.0. B. Plot of 
measured oxidation-reduction potentials vs. pH. 
Same conditions as given in Figure 9A. 
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However at pH 11 the protein was unstable and the titra

tions were not linear at the extremes. At pH 7 the mid

point potential determined (356 mV) is in excellent 

agreement with that reported by Bartsch (1963a) (350 mV). 

Effect of Temperature 

The reduction of HIPIP in 0.01 M Tris-Cl pH 7.3 

is temperature dependent with the second-order rate con

stant increasing with increasing temperature. However, 

the oxidation of HIPIP in 0.01 M Tris-Cl pH 7.3 is tem

perature independent. The rate constants for oxidation 

and reduction at various temperatures are given in Table 

10. From the temperature studies, thermodynamic activation 

parameters for the forward and reverse reactions can be 

determined. The energy of activation can be calculated 

from the Arrhenuis equation (equation 7) 

k = Ae~Ea/RT (7) 

where A is the pre-exponential term, k is the second-

order rate constant, R is the gas constant, T is the tem

perature (K°) and E is the energy of activation 
cl 

(kcal/mole). From the data in Table 10 we obtained 

the following values: E (oxidation) = 0.0 kcal per mole, 
cl 

E (reduction) = 6.0 kcal per mole. The enthalpy and 
& 

entropy of activation can be calculated from activated 

complex theory (Jencks, 1969) as given by equation 8. 



Table 10. The influence of temperature on the reaction of 
Chromatium HIPIP with iron hexacyanides.a 

Temperature 
°C k , . . (M-1s~1) 

reduction 
k .. .. (M~1s_1) 
oxidation 

6 7 

11 94 

16 118 960 

20 150 1147 

27.5 135 

28.5 933 

33.5 175 

34.0 1157 

42.0 1093 

a. Reactions were conducted in 0.01 M Tris-Cl, 
pH 7.3, 20°C. HIPIP concentration 50 uM. Total ionic 
strength .008 M. 
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In kh/kT = -AH^/RT + AS^/R (8) 

where k is the second-order rate constant, h is Planck's 
t 

constant, k is Boltzman's constant, T is the temperature in 

°K and R is the gas constant. Thus, we find a plot of In 
I 

kh/KT vs 1/T yields a straight line with a slope equal to 

-AH^/R and a y intercept equal to AS^/R (Figure 10). From 

AH* and AS* the free energy of activation AG* at 20°C can 

be calculated. The thermodynamic activation parameters for 

the oxidation and reduction of HIPIP by the iron hexa-

cyanides are summarized in Table 11. 

The thermodynamic parameters determined establish 

that k^^ has only an entropic contribution while k^ has 

both an entropic and enthalpic contribution. Summing the 

AG* values for the reaction as given by equation 4 we 

obtained a net AGT of 1.2 kcal/mole. This value is in 

excellent agreement with the AG obtained from the oxidation-

reduction potentials measured with the iron hexacyanides 

(Table 9, equation 9), for the buffer used in this experi

ment (AG = 1.36 kcal/mole, 10 mM Tris-Cl, pH 7.3) further 

supporting the application of equation 4. 

AG = -nFAEm (9) 

where AE^ is the difference in midpoint potential between 

HIPIP and the iron hexacyanides for the experimental 
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Figure 10. Effect of temperature on the reaction of HIPIP 
with iron-hexacyanides. 

0.01 M Tris-CA, pH 7.3, Chroraatium HIPIP con
centration 50 ^M. o - ferrocyanide reduction, 
- ferricyanide oxidation. For the ordinate, 

k is the second order rate constant, h is 
Planck's constant, and k' is Boltzman's con
stant . 



Table 11. Thermodynamic parameters for the reaction of Chromatium HIPIP with 
iron hexacyanides.a 

E . 
act AH^ AS^ TAS^b AG^ 
(kcal/raole) (kcal/mole) (eu.) (kcal/mole) (kcal/mole) 

HIPIP 
reduction 6.0 4.2 -34.8 -10.2 14.4 

HIPIP 
oxidation 0.0 0.0 -45.1 -13.2 13.2 

a. 

b. 

Conditions as described in Table 10. 

Temperature 20°. 
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conditions used, n is the number of electrons transferred 

and F is Faradays constant. 

Anionic Reductants 

For the purpose of comparison to other oxidation-

reduction proteins and to ascertain if the observation with 

the iron hexacyanides were unique we have investigated the 

reaction of HIPIP with sodium ascorbate and sodium dithi-

onite as a function of ionic strength. The reactions were 

conducted in 10 mM Tris-Cl, pH 7.3 supplemented with 

varying amounts of NaCl to obtain the desired ionic 

strength. When oxidized HIPIP is reduced with an excess 

of ascorbate the first-order plots of In AA vs time are 

linear for at least three half lives (Figure 11A). Second 

order plots of k vs ascorbate concentrations are linear 

over the ascorbate concentration range 50-0.1 mM (Figure 

11B). For the ionic strength range 0.01 M to 0.11 M (four 

ionic strengths) we find a second order rate constant of 

3.9 ± 1.4 M'^S-"*" with no dependency on ionic strength. 

Since ascorbate is negatively charged (-1) at pH 7 the 

apparent charge on HIPIP is neutral for this reactant as 

found for ferrocyanide reduction. 

The reduction of oxidized HIPIP with sodium 

dithionite was found to be consistent with the mechanism 

expressed by equations 10 through 12. 
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Figure 11. Reaction of Chromatium HIPIP with sodium dithi-
onite; pseudo first- and second-order plots. 

A. Pseudo first-order plot (In AA vs. time) 
for the reduction of Chromatium HIPIP with 
sodium ascorbate. 0.01 M Tris-CJl, pH 7.3, 
20°C, p = .008 M. Ascorbate concentration: 
O- 5 x 10-2 M; A - 2.5 x 10~2 M; •- .625 
x 10~2 M; + - .313 x 10""2 M. HIPIP concentra
tion 50 uM. B. Plot of pseudo first-.order 
rate constants (kQbs) vs. sodium ascorbate 
concentration. Same conditions as given in 
Figure 11A. 
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Keq 
S2°4 2S02~ (10) 

kl S204 + HIPIPqx —— HIPIPred + products (11) 

k
2  

S0o + HIPIP —— HIPIP„_- + products (12) 2 ox red 

The reaction of oxidized HIPIP with sodium dithionite was 

pseudo first-order at any given dithionite concentration 

(5-0.15 mM) (Figure 12) but the second-order plots (k0ks 

vs [reactant]) were non-linear (Figure 13A). Such behavior 

has been noted for the dithionite reduction of horse heart 

cytochrome c (Lambeth and Palmer, 1973;.Miller and 

Cusanovich, 1975). As S2O4- is in equilibrium with the 

anion radical S02 two possibilities are likely. (a) SC^ 

is the sole reductant in which case equation 13 is ap

plicable. 

kobs = <13> 

= k 
Hence, a plot of vs ($2°4 ' should be linear with a 

zero y-intercept. As shown in Figure 13B, this is clearly 

not the case. (b) Both SC>2 and S2O4- act as reductants 

and complex kinetics would be expected consistent with the 

rate expression given by equation 14 as derived from equa

tions 8 through 10. 
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Figure 12. Pseudo first-order plot (InAA vs. time) for the 
reduction of Chromatium HIPIP with sodium 
dithionite. 

0.01 M Tris-CA, pH 7.3, 20°C, y = .008, 
Dithionite concentrations: o. -5 x 10^M; 
• , -2.5 x 103M;A , .313 x 10~5;A, .078 x 10_3M. 
HIPIP concentration 50 M. 
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Figure 13. Reaction of Chromatium HIPIP with sodium dithionite. 

A. Plot of pseudo first-order rate constants vs. sodium dithionite 
concentration. Conditions as given in Figure 12. B. Plot of 
pseudo first-order rate constants vs._{SoC>4}^. Conditions as given 
•i n T?i mira 10 P Dl nf r\f V _ i  ( QnH j 1"" 1 \rc in Figure 12. C. Plot of kQbs (s2°4 
as given in Figure 12. 

vs. {S2O4-} 35. Conditions 

(J\ 
ro 
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kobs = kllS2°4=) + k2Keq'SlS204=),i (14) 

= = -h 
Thus, if ^O5s/S204 -*-s plotted against (S2C>4) , a straight 

% 
line should be obtained with a slope of (K ) and a 

y-intercept of (Lambeth and Palmer, 1973). For equa

tion 14, K is the equilibrium constant for the conversion 

of to SO2 and can be determined by EPR (Lambeth 

and Palmer, 1973). Typical data are given in Figure 13C 

and are consistent with reduction by both S20^~ and SO2 . 

For the ionic strength range 0.01-0.11 M (four ionic 

strengths) we find a second order rate constant of 2.1 

± 0.9 x 10^ M ^s ^ for SC>2 reduction and 1.2 ± 0.3 x 

3 - 1 - 1  =  .  
10 M s for S20^ reduction with no dependency on ionic 

strength noted. Thus, as with ferrocyanide and ascorbate 

reduction the site of interaction on HIPIP for reduction 

has a net charge of zero for both SC^ and S2O4-. 

Summary 

The oxidation-reduction reactions of HIPIP from 

Chromatium have been investigated. The reductants used 

were potassium ferrocyanide, sodium ascorbate and sodium 

dithionite (SC>2 and S2°4~) * an<^ t^ie oxidant potassium 

ferricyanide. The reaction of Chromatium HIPIP with the 

iron hexacyanides, dithionite and ascorbate was found to 

be accurately first-order for at least three half lives. 
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Further, second-order plots were found to be linear with 

zero y-intercepts as long as the ionic strength was main

tained at a constant value. The results presented in this 

chapter demonstrate that Chromatium HIPIP undergoes oxida

tion and reduction in what appears to be a kinetically 

simple fashion consistent with the mechanism given by 

equation 4. Over the time span available to us we find 

no evidence for complex formation between HIPIP and the 

reactants used. The reaction of HIPIP with the iron 

hexacyanides yields equilibrium constants (derived from 

kinetic data) which are in reasonable agreement with the 

equilibrium constants obtained from oxidation-reduction 

titrations (Table 9). 

The reduction of HIPIP is essentially independent 

of ionic strength with anionic reductants. Moreover, 

ferricyanide oxidation is only slightly ionic strength 

dependent with an apparent net charge on the HIPIP molecule 

of -0.5 as compared to -3 or -4 for the net protein charge 

at pH 7.0 as estimated from the amino acid sequence (Dus, 

Tedro and Bartsch, 1973) and the charge on the iron-sulfur 

cluster (Herskovitz et al.f 1972; Averill et al., 1973). 

No effect of specific ions was noted on the reaction 

using the buffers Tris-Cl, Tris-cacodylate, potassium 

phosphate, and TAGP and the salts KC1 and NaCl. Table 12 

summarizes the rate constants obtained (at infinite 
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Table 12. Summary of rate constants and apparent charge 
interactions for the oxidation and reduction 
of Chromatium HIPIP. 

k(M"1s~1) Apparent Charge 
Interactions 

Oxidants 

Ferricyanide 890a minus-minus 

Reductants 

Ferrocyanide 150 minus-neutral 

Sodium Ascorbate 3.9 minus-neutral 

so; 2.1 x 106 minus-neutral 

s2°: 1.2 x 103 minus-neutral 

a. Obtained 
dilution. 

from extrapolation to infinite 
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dilution) and the apparent charge interactions for the 

reaction of HIPIP with the reductants and oxidants dis

cussed in this chapter. 

The reduction of HIPIP with potassium ferrocyanide 

is temperature dependent with the second-order rate con

stant increasing with increasing temperature. However the 

oxidation of HIPIP with potassium ferricyanide is temperature 

independent. The thermodynamic data presented here (Table 

11) show that both oxidation and reduction of Chromatium 

HIPIP by the iron hexacyanides are largely entropically 

driven with the enthalpy term making no contribution to 

oxidation and a small contribution to reduction. 

The effect of pH on the reaction of HIPIP with iron 

hexacyanides and on the oxidation-reduction potential 

indicate either no or very slight effects of pH induced 

ionizations in the pH range 7-10 on electron transfer. 

At pH values below 7 both oxidation and reduction appear 

to be influenced by ionization with a pK of less than 6. 

However the exact value cannot be determined due to the 

instability of HIPIP at acid pH values. 



CHAPTER 4 

KINETIC RESULTS WITH 
RHODOPSEUDOMONAS GELATINOSA HIPIP 

The oxidation and reduction of Rhodopseudomonas 

gelatinosa HIPIP with potassium ferro- and ferricyanide 

and sodium dithionite were investigated as a function of 

ionic strength. Further, the oxidation and reduction of 

R. gelatinosa HIPIP was studied with the iron hexacyanides 

as a function of pH and temperature. 

Reaction with Iron Hexacyanides 

The reaction of oxidized HIPIP with potassium 

ferrocyanide, and reduced HIPIP with potassium ferricyanide 

was investigated under pseudo first-order conditions. In 

all cases to be reported the reactions were found to be 

first-order for at least four half lives. Figure 14A and 

15A illustrate the pseudo first-order behavior for the 

oxidation and reduction of R. gelatinosa HIPIP at various 

concentrations of the iron hexacyanides. Second-order 

plots for these reactions were found to be linear with 

zero y-intercepts as long as constant ionic strength was 

maintained. Figure 14B and 15B present the second-order 

plots for the experiments given in Figures 14A and 15A. 

67 
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Figure 14. Reduction of R. gelatinosa HIPIP with potassium 
ferrocyanide. 

Potassium phosphate, pH 7.0, V = .117, 20°C. 
A. Pseudo first-order plots (In AA vs. time); 
[Ferrocyanide] = o, 2.0 x 10~3;^, 1.0 x 10""^; 
• , 0.5 x 10~3;<>, 0.25 x 10"3. B. Plot of 
pseudo first-order rate constants (kobs) vs. 
potassium ferrocyanide concentration. 
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Figure 15. Oxidation of R. gelatinosa HIPIP with potassium-
ferricyanide. 

Potassium phosphate, pH 7.0, y = .117, 20°C, 
anaerobic. A. Pseudo first-order plots (In 
AA vs. time); [Ferricyanide] = 0, .313 x 10~3; 
A, .156 x l0"3;O, .078 x 10"3;^-, .039 x 

•10~3. B. Plot of pseudo first-order rate 
constants (k0ks) vs. potassium ferricyanide 
concentration. 
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At the concentrations of the iron hexacyanides used here 

there was no evidence for complex formation and the re

actions appeared to be kinetically simple as described by 

equation 4. Both the oxidation and reduction of HIPIP 

with the iron hexacyanides were studied under anaerobic 

and aerobic conditions and as shown in Table 13 neither 

reaction was influenced by the presence of oxygen. 

Effect of Ionic Strength 

The effect of ionic strength on the oxidation and 

reduction of R. gelatinosa HIPIP with iron hexacyanides 

was studied over an ionic strength range of 0.02 to 0.218 M. 

The desired ionic strength was obtained by either varying 

the concentration of the buffer or by the addition of NaCl. 

The buffer used in these experiments was potassium phos

phate pH 7.0. The effect of ionic strength on the reaction 

of HIPIP with the iron hexacyanides is summarized in Table 

13. Both the oxidation and reduction reactions were found 

to be ionic strength dependent with second-order rate 

constants decreasing with increasing ionic strength. The 

rate constants at infinite dilution were obtained by ex

trapolation of Debye-Huckel plots to zero ionic strength 

as shown in Figure 16. The rate at infinite dilution 

for the oxidation of HIPIP by potassium ferricyanide was 

found to be 1.55 x 10^ M~^"s~^ while a value of 1.91 x 

10^ M~"^s"~^ was obtained for the reduction of HIPIP by 
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Table 13. The effect of ionic strength on the reaction of 
R. gelatinosa HIPIP with iron hexacyanides. 

The reactions were conducted in potassium-
phosphate buffer, pH 7.0, supplemented with 
varying amounts of NaCl, temperature 20°C. 
The oxidation reactions were conducted aerobic-
ally and the reduction reactions were anaerobic. 

Ionic 
Strength 

k .. . . x 10"4 oxidation 

(M"1s"1) 

k , .. x 10"3 reduction 

(M"1s"1) 

Kec{ 

0.020 8.90 

0.043 6.88 2.96 .043 

0.068 5.86 1. 60a .027 

0.118 5.35 .96 .018 

5.00 

0.168 4.10 .96 .023 

0.218 4.82 

a. Same conditions as described but performed 
aerobically. 
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Figure 16. 
3* 

Debye-Huckel plot (log k vs. y ) for the re
action of R. gelatinosa HIPIP with iron-
hexacyanides. 

Conditions given in Table 13. o, ferricyanide 
oxidation. A, ferrocyanide reduction. 
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potassium ferrocyanide. From the Debye-Huckel plots 

(Figure 16) slopes of -3.8 for ferrocyanide reduction and 

-1.6 for ferricyanide oxidation were obtained. These 

slopes yield an apparent charge of +0.95 on oxidized HIPIP 

and +0.55 on reduced HIPIP. These results indicate that 

both ferri- and ferrocyanide are interacting with a positive 

region on the R. gelatinosa HIPIP molecule. However, 

R. gelatinosa HIPIP has a net positive charge at pH 7 

(pi = 9.7) hence, the observed charges could also reflect 

the net protein charge. 

Effect of pH 

The influence of pH on the reaction of R. gelatinosa 

HIPIP with potassium ferro- and ferricyanide was investi

gated for the pH range 5-10. These experiments were per

formed in TAGP buffer supplemented with NaCl to bring the 

total ionic strength to 0.293 M and are summarized in 

Table 14 and Figure 17. In terms of equation 4, k^ was 

found to be relatively constant below pH 7 and above pH 9 

with the rate decreasing sharply between pH 7 and 9. A 

similar trend was obtained for the reduction of HIPIP with 

ki2 decreasing sharply between pH 6 and 9. 

The data presented in Figure 17 for reduction with 

ferrocyanide can adequately be described by a single 

ionization as expressed by equations 15 through 17. 
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Table 14. The influence of pH on the reaction of R. 
gelatinosa HIPIP with iron hexacyanides. 

Reactions were performed in TAGP buffer supple
mented with NaCl to bring the solution to a 
total ionic strength of 0.293 M. Temperature 
20°C. 

^oxidation x ^reduction 

(M_1s"1) (M~1s~1) 

5 3.96 675 

6 3.68 675 

7 3.53 466 

8 2.29 200 

9 1.78 93 

10 1.38 62 
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Figure 17. Influence of pH on the reaction of R. gelatinosa 
HIPIP with iron-hexacyanide. 

Conditions given in Table 14. o, ferrocyanide 
reduction, y axis x 10~. A, ferricyanide 
oxidation, y axis x 10~4. Solid lines cal
culated as described in the text. 
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(15) 

k b 12 HIPIPqx + ferrocyanide HIPIPre<j + ferricyanide (16) 

k12 (17) 

H-HIPIPqx + ferrocyanide H-HIPIPRE£ + ferricyanide 

Equations 15 through 17 yield a rate expression given by 

equation 18. 

k12Kox + k12[H+] k . = ±± (18) 
[H ] + K L J ox 

A similar expression can be derived for the oxidation of 

reduced HIPIP (equation 19). 

_ k43Kred + k43[*H ] (19) 
obs 

+ Kred 

The solid lines in Figure 17 were calculated using 

equations 18 and 19 for the oxidized and reduced forms of 

R. gelatinosa HIPIP. The parameters used for generating 

the solid lines are summarized in Table 15. Thus, pK 

values of 7.4 and 7.9 for oxidized and reduced HIPIP are 

calculated. 
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Table 15. Parameters used for generating the solid lines 
in Figure 17. 

Reduction 

k1^(M"1s"1) k12(M"1s"1) Kqx (M) 

6.8 x 102 0.5 x 102 4.0 x 10~8 

Oxidation 

k43(M"ls-1) k4|{M-1s-1) KRe(J (M) 

3.8 x 104 1.4 x 103 1.3 x 10"8 
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The oxidation and reduction potential of R. gela-

tinosa HIPIP was measured with the ferri-ferrocyanide 

couple as a function of pH with the data summarized in 

Table 16 and Figure 18. Also presented in Table 16 are 

the equilibrium constants for the reaction of HIPIP with 

the iron-hexacyanides calculated from the oxidation-

reduction potential and from the rates of oxidation and 

reduction (Table 14). The equilibrium constants calculated 

from equilibrium and kinetic measurements are in reasonable 

agreement. The solid line in Figure 18 was calculated from 

equation 20 as derived from the equations used to obtain 

the observed rate constants as a function of pH (equations 

18 and 19} and the Nernst equation (equation 6). 

(H+ + K ) 
E = E - log — —— (20) 
m ° nF (H + Krea) 

where Eq is the midpoint potential at pH 0. Taking Eq as 

346 mV, values of K , = 1.3 x 10 ^ and K =4.Ox 10® 
red ox 

were used to generate the solid lines shown in Figure 18. 

Thus, both the equilibrium and kinetic data as a function 

of pH can be described by a pKQX of 7.3-7.4 and a PKre(j 

of 7.9. 
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Table 16. The influence of pH on the oxidation-reduction 
potential of R. gelatinosa HIPIP. 

Oxidation-reduction experiments were conducted 
in TAGP supplemented with NaCl to obtain the 
desired ionic strength. Ionic strength 0.293-
0.493; temperature 25°C. 

pH 

E 
m 
(HIPIP) 
(mV) 

E 
m 
(Ferro-
Ferricyanide) 
(mV) 

Keqa 

(from 
Kinetic 
Data) 

Keq 
(from Em) 

5 355 443 .017 .034 

6 345 436 .018 .030 

7 332 432 .013 .021 

8 327 430 .009 .019 

9 313 428 .005 .012 

10 312 429 .004 .011 

a. Reaction condition for kinetic experiments as 
given in Table 14. 
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Figure 18. Plot of oxidation-reduction potentials'(Em) vs 
pH for R. gelatinosa HIPIP. 

Conditions given in Table 16. Solid line cal
culated as described in the text. 
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Temperature Studies 

The oxidation of R. gelatinosa HIPIP in 0.01 M 

potassium phosphate pH 7.0 with the iron hexacyanides 

appears to be temperature independent with the second-

order rate constant not changing over the temperature 

range 6-36°C. However, the reduction of R. gelatinosa 

HIPIP in 0.01 M potassium phosphate pH 7.0 appear to be 

temperature dependent, with the rate constant decreasing 

with decreasing temperature. However, this data is some

what unreliable as it appears that R. gelatinosa HIPIP 

is undergoing a temperature dependent alteration at low 

temperature (below 15°C). These alterations were manifest 

as biphasic kinetics at temperatures below 15°C with the 

extent of the contribution of the second kinetic species 

increasing with decreasing temperatures. This data is 

presented in Table 17 and Figure 19 where it is plotted 

according to equation 8. The thermodynamic activation 

parameters determined for the forward and reverse reactions 

were calculated as described previously and are given in 

Table 18. The free energy of activation for the oxidation 

of HIPIP with iron hexacyanide is due solely to entropic 

contributions with the enthalpy term having no measurable 

contributions. The reduction reaction has only a small 

4= 
enthalpic contribution. Summing the AGT values for the 

reaction as given by equation 4 yields a net free energy 



82 

Table 17. The influence of temperature on the reaction of 
R. gelatinosa HIPIP with iron-hexacyanides. 

Reactions were conducted in 0.01 M PO.-, pH 
7.0, supplemented with NaCl to bring the solu
tion to a total ionic strength of 0.3 M. 

Temperature ^oxidation x 

(M~1s~1) 

^reduction 

(M""1s"1) 

6 5.49 

11.2 5.33 

16.3 5.53 610 

20.0 5.87 900 

25.6 5.90 980 

30.8 5.41 1300 

35.9 6.01 1300 
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Figure 19. Effect of temperature on the reaction of R. 
gelatinosa HIPIP with iron hexacyanides. 

Potassium phosphate, pH 7.0, 20°C, y = 0.3 M. 
A-ferrocyanide reduction, o-ferricyanide oxi
dation. For the ordinate k is the second-
order rate constant, h is Planck's constant, 
k' is Boltzman's constant and T is the tem
perature in °K. 



Table 18. Thermodynamic activation parameters for the reaction of R. gelatinosa 
HIPIP with iron-hexacyanide. 

Reaction conditions as given in Table 17. 

E . act. 
(Kcal/Mole) 

AH^ 
(Kcal/Mole) 

AS^ 
(e.u.) 

Ta AS^ 
(Kcal/Mole) 

AG^ 
(Kcal/Mole) 

Reduction 5.5 3.7 -32.66 -9.57 13.27 

Oxidation 0.0 0.0 -40.74 -11.94 11.94 

a. Temperature 20°C. 

<33 
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of 1.33 kcal/mole. This value is in reasonable agreement 

with the value of 1.73 kcal/mole calculated from the 

oxidation-reduction potential of HIPIP and the ferri-

ferrocyanide couple for the same conditions as used in the 

kinetic experiments. 

Anionic Reductants 

To extend the iron hexacyanide studies the reaction 

of R. gelatinosa HIPIP with sodium dithionite was investi

gated. The reactions were conducted in 0.01 M potassium 

phosphate pH 7.0 supplemented with varying amounts of NaCl 

to obtain the desired ionic strength. The reaction of 

R. gelatinosa HIPIP with sodium dithionite was pseudo 

first-order at any given dithionite concentration (Figure 

20) but second-order plots were non-linear becoming inde

pendent of dithionite concentration at high concentrations 

(Figure 21A). As previously discussed two possibilities 

are likely in this situation. SC^ can be the sole re-

ductant (equation 13) or both SC^ and are react:*-ve 

(equation 14). As seen in Figure 21 both SO2 and S2O4-

appear to be active in the reduction of R. gelatinosa HIPIP. 

Table 19 summarizes the results of a study of the effect 

of ionic strength on the reaction of HIPIP with sodium 

dithionite with both S02~ and S20^- showing an ionic 

strength dependence consistent with a plus-minus interaction. 
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T i m e  ( S e c  )  
Figure 20. Reduction of R. gelatinosa HIPIP with sodium 

dithionite; pseudo first-order plot. 

Potassium phosphate buffer, pH 7.0, 20°C, 
y = .167 M. Pseudo first-crder plot (In AA 
vs. time) j [Dithionite]: o, 5 x 10~3;Q, 
2.5 x 10~3, A, 1.25 x 10~3, ̂  , .156 x 10"3; 
A, .078 x 10_3M. 
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Figure 21. Reduction of R. gelatinosa HIPIP with sodium 
dithionite. 

Conditions given in Figure 20. A. Plot of 
pseudo first-order rate constants (kqbs) vs-
[S204=]. B. Plot of vs. CS2O4-S. 
C. Plot of ̂ 3/8204- vs. [3204]""^, y axis 
x IO-3. 
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Table 19. The effect of ionic strength on the reduction 
of R. gelatinosa HIPIP with sodium dithionite. 

The reactions were conducted in 0.01 M potassium-
phosphate, pH 7.0, supplemented with varying 
amounts of NaCl to obtain the desired ionic 
strength. Temperature 20 C. 

Ionic Strength kn x 10"3 k^Keq*5 x 10 2 
-1 -1 

(M s ) 

.05 2.00 1.92 

.10 1.65 1.20 

.15 1.23 0.61 
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Summary 

R. gelatinosa HIPIP shows substantial differences 

from Chromatium HIPIP in terms of the kinetics of oxida

tion and reduction. Specifically, R. gelatinosa HIPIP has 

a positive charge at the site of electron transfer in both 

oxidation states. Further, the oxidation-reduction 

potential of R. gelatinosa HIPIP is pH dependent in the pH 

region 6-9 suggesting the participation of amino acid side 

chains with pH values in the pH region 7-8. However, a 

striking similarity of Chromatium HIPIP is noted in that 

the reaction of R. gelatinosa HIPIP with the iron hexa-

cyanide is entropically driven. These observations are 

suggestive of a common mechanism for the two HIPIP's but 

with the amino acid composition at or near the site of 

electron transport different. 



CHAPTER 5 

KINETIC RESULTS WITH 
THIOCAPSA PFENNIGII HIPIP 

The oxidation and reduction of T. pfennigii HIPIP 

with potassium ferricyanide and ferrocyanide were investi

gated as a function of ionic strength and pH. 

Reaction with the Iron Hexacyanides 

The reaction of oxidized HIPIP with potassium 

ferrocyanide and reduced HIPIP with potassium ferricyanide 

was investigated under pseudo first-order conditions. The 

reactions were found to be first-order for at least four 

half-lives. Figures 22A and 23A illustrate pseudo first-

order behavior for the oxidation and reduction of T. 

pfennigii HIPIP at various concentrations of iron hexa-

cyanide. Second-order plots for the reaction of T. 

pfennigii HIPIP with iron hexacyanides were found to 

be linear with zero Y-intercepts (Figures 22B and 23B). 

For the concentration range of iron hexacyanide used there 

was no evidence of complex formation and the reactions 

appeared to be kinetically simple as described by equa

tion 4. However, a slight decrease in k0ks at the highest 

ferrocyanide concentration is noted. This decrease is 

90 
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perricyanid^ X 10 M 

Figure 22. Oxidation of T. pfennigii HIPIP with potassium 
ferricyanide. 

Potassium phosphate, pH 7.0, 20°C, y = .075 M. 
A. Pseudo first-order plots (In A vs. time), 
ferricyanide: o, 5.0 x 10~4- , 2.5 x 10~4; 
o, 1.25 x 10-4; A/ >625 x 10-4.q , ,313 x 10-4; 
4* .156 x 10 M. B. Plot of pseudo first-
order rate constants (kobs) vs. ferricyanide 
concentration. 
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Figure 23, Reduction of T. pfennigii HIPIP with potassium 
ferrocyanide. 

Potassium phosphate, pH 7.0, 20°C, = .05 M. 
A. Pseudo first-order plots (In AA vs. time), 
[ferrocyanide]: o, 20 x 10" ;A , 15 x 10 ; 
• , 11.25 x 10~4;^, 6.33 x 10~4. B. Plot of 
pseudo first-order rate constants (kobs) v s* 
verrocyanide concentration. 
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probably due to experimental error and is therefore not 

significant. At the present time there is insufficient 

evidence available to invoke complex formation for this 

reduction reaction. 

Effect of Ionic Strength 

The effect of ionic strength on the oxidation and 

reduction of T. pfennigii HIPIP by iron hexacyanides was 

studied over the ionic strength range of 0.012-0.12 M, 

with the results presented in Table 20. The desired ionic 

strength was obtained by either varying the concentration 

of the buffer or by the addition of NaCl. The buffer used 

was potassium phosphate pH 7. The oxidation of T. pfennigii 

HIPIP was found to be ionic strength dependent with the 

second-order rate constant increasing with increasing ionic 

strength. The rate constant at infinite dilution was 

extrapolated from the plots as given in Figure 24 (see 

equation 2, Chapter 3). The rate at infinite dilution for 

the oxidation of T. pfennigii HIPIP with ferricyanide was 

found to be 381 M ^s"* with an apparent charge of -1.1 at 

the site of oxidation. The reduction of T. pfennigii 

HIPIP with ferrocyanide was at best only slightly ionic 

strength dependent with an average value of 56.2 ± 5.5 

M'^S"^" (Table 20) at ionic strengths of 0.1 or less. As 

found with Chromatium HIPIP the protein from T. pfennigii 

has an apparent charge close to zero at the site of 
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Table 20. The effect of ionic strength on the reaction of 
T. pfennigii HIPIP with iron hexacyanides. 

Potassium phosphate pH 7.0, temperature 20°C, 
[HIPIP] = 5 x 10-6 M. 

u k12(M"1s~1) k43(M"1s"1) 

.012 — 980 

.023 — 1340 

.025 48 — 

.050 55 2260 

.075 63 2760 

.100 59 — 

.120 93.5 3500 
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j* 
Figure 24. Debye-Huckel plot (log k vs. \i ) for the re

action of T. pfennigii with iron hexacyanides. 

Conditions given in Table 21. o, ferricyanide 
oxidation. 
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reduction. Nevertheless, this is an acidic protein with a 

net negative charge at pH 7. From the rates at an ionic 

strength of 0.12 an equilibrium constant (^2/^43) °f 

0.027 was calculated. This value is within a factor of 3 

of the equilibrium constant of 0.073 determined from the 

mid-point potential of HIPIP and the iron hexacyanide 

couple (352 mVf O'Reilly, 1973) at the same ionic strength. 

Effect of pH 

The influence of pH on the reaction of T. pfennigii 

HIPIP with ferrocyanide and ferricyanide was investigated 

over the pH range 5-10. These results are summarized in 

Table 21 and Figure 25A. Experiments were performed in 

TAGP buffer supplemented with NaCl to bring this solution 

to a total ionic strength of 0.12 M. In terms of equation 

4 is essentially independent of pH between pH of 8 and 

10 with the rate of oxidation increasing as the pH is 

lowered below 8. Further, k^ is only slightly dependent 

on pH between 7-10 with the rate of reduction increasing 

substantially at pH values below 7. Table 22 gives the 

equilibrium constants calculated from the kinetic data 

and those determined by the measurement of the oxidation-

reduction potential of T. pfennigii HIPIP and the iron 

hexacyanide couple at various pH values. The oxidation-

reduction potentials were measured in TAGP buffer adjusted 

to the appropriate pH and supplemented with NaCl to bring 
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Table 21. The effect of pH on the oxidation and reduction 
of T. pfennigii HIPIP by the iron hexacyanides. 

TAGP buffer, 20°C, [HIPIPJ , = 7 x 10~6 M, 
[HIPIP] = 6.9 x 10~6 M, 5 = .12 M. OX 

pH k12(M"1s"1) k43 x 10"3(M"1s"1) 

o
 • 

in 

2550 29 

6.0 550 9.0 

7.0 91.1 3.5 

00
 

• o
 

35.5 2.1 

9.0 23.0 2.1 

10.0 2.1 
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Figure 25. Influence of pH on T. pfennigii HIPIP. 

A. Plot of the second-order rate constants vs. 
pH for the reaction of HIPIP with iron-
hexacyanides. Conditions given in Table 21. 
•, ferricyanide oxidation, y axis x 10~4. o, 
ferrocyanide reduction, y axis x 10"^. B. Plot 
of oxidation-reduction potentials (Em) vs. pH. 
Conditions given in Table 22. 



99 

Table 22. Oxidation-reduction potential of T. pfennigii 
HIPIP as a function of pH. 

TAGP, 25°C, v = 0.12 M. 

pH E (mV) m 
HIPIP 

Vmv) 

Iron 
Hexacyanides 

Keq 
(redox) 

a 
Keq 
(kinetic) 

o
 • 

in 

376 431 .121 .088 

in • 

in 

367 427 — — 

6.0 354 424 .068 .060 

6.5 353 422 — — 

7.0 352 420 .073 .027 

7.5 347 419 — — 

o
 • 

CO 

339 418 .048 .017 

9.0 329 416 .035 .011 

10.0 329 417 .034 — 

a. Reaction conditions given in Table 21. 
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the solution to a total ionic strength of 0.12 M. Figure 

25B presents the effect of pH on the oxidation-reduction 

potential over the pH range of 5-10. 

Summary 

Although T. pfennigii HIPIP was not as extensively 

studied as the HIPIP from Chromatium a substantial simi

larity is noted. Specifically, the oxidized form of T. 

pfennigii HIPIP has an apparent neutral charge at the site 

of reduction although the protein has a net negative 

charge at pH 7. Further, the reduced form has a negative 

charge at the site of oxidation as found with Chromatium 

HIPIP. In contrast the effect of pH on the oxidation and 

reduction of T. pfennigii HIPIP is complex in the pH 

range of 5-10 suggesting the participation of ionized 

amino acid side chains. Unfortunately, sufficient data 

is not available to quantitatively analyze the pH data as 

the lack of stability of HIPIP at acid and alkaline pH 

values preclude complete analysis. Overall the kinetics 

of oxidation and reduction of T. pfennigii shows sufficient 

similarity to Chromatium and/or R. gelatinosa HIPIP to 

suggest a similar mechanism with different amino acid 

composition at or near the site of electron transfer. 



CHAPTER 6 

KINETIC RESULTS WITH 
PARACOCCUS SPECIES HIPIP 

The oxidation and reduction of Paracoccus HIPIP 

with the iron hexacyanide was investigated. The studies 

in this section are much less detailed than in previous 

sections due to the limited amount of Paracoccus HIPIP 

available and the low oxidation-reduction potential (see 

below) which make reduction by ferrocyanide unfavorable. 

Reaction with Iron Hexacyanides 

The reaction of oxidized Paracoccus HIPIP with 

potassium ferrocyanide and reduced HIPIP with potassium 

ferricyanide was investigated under pseudo first-order 

conditions. The limited amount of the protein available 

required using relatively small concentrations of this 

protein for the kinetic experiments. Therefore, due to 

small absorbance changes obtained from the stopped-flow 

studies, the error was somewhat greater for the Paracoccus 

HIPIP compared to the kinetic results with other HIPIPs 

investigated. The error in the Paracoccus HIPIP is quite 

evident in the pseudo first-order plots (Figures 26 and 27) 

where a great deal of scatter is apparent and the reactions 

101 



102 

< 
<1 

a / b / o 
/o / : 

.9- fe. a / / .8 / / 

.7 
~ / / 

.6 - <y / 

.5 nfV V V 
Y\ i i i i J 1 1 1 1 1 

•4 

.3 

_ c d . 

o - IV \ V 
: / / -

~ o/ 

/ 
jy 

1 1 1 7 1 1 1 l 1 4\ i i i i 

.6 

v> 
m 
r» 
O 

.2"* 

1.0-

.6~£ 

.2 

5 10 

Time ( s ) . 

15 

Qerricyanidejx 10 M 

Figure 26. Oxidation of Paracoccus HIPIP with potassium 
ferricyanide. 

Potassium phosphate, pH 7.0, 20 C, y = .0676 M. 
A. Pseudo first-order plots (In Aa vs. time), 
[ferricvanidel: •. 5 x in~4.p_ v in~4. 

1.25 x 10"^; A,'.625 x lO1^.' B. Plot of 
kobs vs. ferricyanide concentration, a, y = 
0.038 M; b, y = 0.68 M; c, y = 0.118 M; d, u = 
0.168 M. 
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Figure 27. Reduction of Paracoccus HIPIP with potassium 
ferrocyanide.' 

Potassium phosphate, pH 7.0, 20°C, y = .117 M. 
A. Pseudo first-order plots (In AA vs. time); 
[ferrocyanide 1: o, 5 x 10~3;^/ 2.5 x 10" ; 
•, 1.25 x 10~3M. B. Plot of kobs vs« ferro-
cyanide concentration. 
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were monophasic and accurately first-order for not more 

than two to three half-lives. Figures 26A and 27A il

lustrate the pseudo first-order behavior for both the oxida

tion and reduction of Paracoccus HIPIP at various iron 

hexacyanide concentrations. Within experimental error the 

oxidation and reduction of Paracoccus HIPIP with iron 

hexacyanides is a kinetically simple process with no evi

dence of complex formation as indicated by linear second-

order plots with zero y-intercepts (Figures 26B and 27B). 

A slight decrease at the highest ferricyanide concentra-

-4 tions used (5 x 10 , Figure 26B) was observed but due to 

the relatively large experimental error this is probably 

not significant. For ferrocyanide reduction at y = 

0.118 a second-order rate constant of 9.3 M ^"s ^ was 

obtained. 

Effect of Ionic Strength 

Effect of ionic strength on the oxidation of 

Paracoccus HIPIP by ferricyanide was studied over the ionic 

strength range of 0.02-0.15 M. The desired ionic strength 

was obtained by varying the concentration of buffer 

(potassium phosphate, pH 7) or by the addition of NaCl. 

As seen in Table 23 the oxidation of Paracoccus HIPIP is 

ionic strength dependent with k^ increasing with increasing 

ionic strength. From the Debye-Huckel plots (Figure 28) 

the rate at infinite dilution was found to be 677 M "'"s ^ 
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Table 23. The effect of ionic strength on the reaction of 
Paracoccus HIPIP with potassium ferricyanide. 

Potassium phosphate, pH 7.0, 20°C, [HIPIP] ̂  
1.3 x 10"6 M. 

-3 Ionic Strength x 10 

(M~1s""1) 

0.038 1.20 

0.068 1.90 

0.118 2.25 

0.168 2.85 



3.4 
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3 3.0 

.1 .2 .3 .4 
1/2 

M  

Figure 28. Debye-Huckel plot (log k vs. for the 
oxidation of Paracoccus HIPIP with potassium 
ferricyanide. 

Conditions given in Table 23. 
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with an apparent charge of -0.5 on reduced Paracoccus HIPIP. 

These results suggest that potassium ferricyanide is inter

acting with a negatively charged region on Paracoccus HIPIP 

as found with Chromatium and T. pfennigii HIPIP. However, 

Paracoccus HIPIP has a negative charge (-8 from the amino 

acid composition Table 3), hence the observed charge could 

reflect a net protein charge and not a specific site of 

electron transfer. 

Due to the large differences in redox potential 

between Paracoccus HIPIP (282 mV) and the iron hexacyanide 

couple and the limited amount of protein available it 

was not possible to study the reduction of Paracoccus 

HIPIP with potassium ferrocyanide as a function of ionic 

strength. 

Effect of pH 

The influence of pH on the oxidation-reduction 

potential of Paracoccus HIPIP was studied over the pH 

range of 5-10. These experiments were performed in TAGP 

buffer adjusted to the appropriate pH. The total ionic 

strength was 0.02 M. These results are summarized in 

Figure 29 and Table 24. The oxidation-reduction potential 

of Paracoccus HIPIP appears to be pH sensitive. There is a 

decrease in the potential between pH 5 and 7 (300-282 mV) 

with the potential essentially constant between pH 7 and 8 

and decreasing further above pH 8. The oxidation-reduction 
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Figure 29. Plot of oxidation-reduction potential Em(mV) 
vs. pH for Paracoccus HIPIP. 

Conditions given in Table 24. 
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Table 24. The effect of pH on the oxidation-reduction 
potential of Paracoccus HIPIP. 

TAGP buffer, 25°C/ y = 0.02 M. 

pH Em(raV) 

5 299 

6 292 

7 282 (302a) 

8 280 

9 268 

10 255 

a. Ionic strength 0.52 M. 
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potential of Paracoccus HIPIP was found to be ionic strength 

dependent with the potential increasing with ionic strength, 

at a total ionic strength of 0.02 M (pH 7.0) a potential 

282 mV was obtained whereas at an ionic strength of 0.52 M 

(pH 7.0) a potential of 302 mV was found. The mid-point 

potential at y = 0.02 yields a K for the reaction with 

_3 the iron hexacyanides of 4.9 x 10 . This value is m 

reasonable agreement with K determined kinetically 

(1.3 x 10"3) at p = 0.118. 

Summary 

The result reported for Paracoccus HIPIP, although 

not detailed, shows a general similarity to the other 

HIPIP's studied. The rate constant for oxidation of 

Paracoccus HIPIP is very similar to that found for Chroma-

tium and T. pfennigii HIPIP. The large difference in 

oxidation-reduction potential between Paracoccus HIPIP and 

the other HIPIP's studied here, in the context of a simple 

reversible reaction as expressed by equation 4, is ap

parently a result of a large decrease in the rate of re

duction by potassium ferrocyanide. The effect of pH on 

the oxidation-reduction potential of Paracoccus HIPIP is 

complex suggesting the participation of one or more 

ionizable amino acid side chains. 



CHAPTER 7 

PROTEIN-PROTEIN INTERACTIONS 

This chapter will report studies on the inter

action of Chromatium and R. gelatinosa HIPIP with a variety 

of c-type cytochromes (see the introduction for a discus

sion of the cytochromes). The studies to be presented here 

have several technical limitations. Specifically only a 

relatively small range of concentrations can be used as the 

large extinction coefficients limit the amount of light 

that can be utilized. In addition, the large absorbances 

required result in a low signal to noise ratio further 

limiting data analysis. For the studies reported in what 

follows a number of wavelengths were used to monitor the 

reaction to determine if complex formation or transient 

intermediates were present. In all cases identical results 

were obtained at 415, 418, 480, 506 and 550 nm. As 418 

and 550 nm are wavelengths where the cytochrome is the 

primary component (76-92% of the total absorbance) and 506 

nm is primarily a HIPIP wavelength (90-100% of the ab

sorbance) , no evidence for intermediate spectral species 

was obtained. 

Ill 
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Previous work in this laboratory (Mizrahi, Wood 

and Cusanovich, 1976) reported on the reaction of Rhodo-

spirillum rubrum cytochrome c2 with Chromatium HIPIP. 

These results are summarized in Table 25. Basically the 

reaction was found to be pseudo first-order for at least 

three half-lives and the second-order plots were linear 

at all ionic strengths. The oxidation of reduced Chromatium 

HIPIP by ferri R. rubrum cytochrome c2 was ionic strength 

dependent indicating a cation-anion reaction with a rate 

constant at infinite dilution of 1.4 x 10^ M ^"s On 

the other hand reduction of Chromatium HIPIP by ferro-

R. rubrum cytochrome c^ was independent of ionic strength 

5 -1 -1 
(Table 25) with an average value of 2.1 x 10 M s 

Finally a ratio for the rate constants (^12/^43) at ^ = 

0.135 yielded an apparent equilibrium constant of 4.8, a 

value in excellent agreement with the number 4.0 obtained 

from the oxidation-reduction potentials of Chromatium HIPIP 

(356 mV) and R. rubrum cytochrome c^ (320 mV) determined 

under identical reaction conditions (Mizrahi et al., 1976). 

Reduction of HIPIP by 
Horse Heart Cytochrome c 

As the mid-point potential of horse heart cyto

chrome c is 75-100 mV less than those of Chromatium and R. 

gelatinosa HIPIP reduction by cytochrome is complete but 

oxidation requires a prohibitively large excess of cytochrome 



113 

Table 25. The reaction of R. rubrum cytochrome c2 with 
Chromatium HIPIP. 

Potassium phosphate, pH 7.0, temperature 20°C, 
[cytochrome C2] = 5 x 10"? M. 

y k12CM~1s"1) x 10"5 ^43 x 10 ^ 

0.035 2.4 7.5 

0.055 — 6.5 

0.085 — 5.0 

0.135 1.8 3.3 
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c. Hence, only reduction of HIPIP by horse heart cyto

chrome c has been studied. Figures 30A and 30B present 

pseudo first-order plots for the oxidation of ferro horse 

heart cytochrome c by Chromatium and R. gelatinosa HIPIP 

respectfully. As can be seen in Figure 30 the reactions 

are accurately first-order. Further, the reactions were 

found to yield linear second-order plots with zero y-

intercepts (Figures 31 and 32). 

The effect of ionic strength on the reaction of 

reduced horse heart cytochrome c with Chromatium and R. 

gelatinosa HIPIP is given in Figures 31 and 32 with the 

rate constants obtained summarized in Table 26. The re

duction of Chromatium HIPIP is only slightly ionic strength 

dependent consistent with an anion-cation interaction. 

However, the observed decrease in rate with increasing 

ionic strength is so small that within experimental error 

its significance cannot be assessed. The reaction of R. 

gelatinosa HIPIP is essentially independent of ionic 

strength (a slight increase in the rate constant with 

increasing ionic strength at best). This latter result 

is surprising as both horse heart cytochrome c and R. 

gelatinosa HIPIP are strongly cationic at pH 7.0 and their 

reaction with the iron hexacyanides is consistent with 

both proteins having a positively charged site of electron 

transfer (Chapter 4; Miller and Cusanovich, 1975). 
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Figure 30. Pseudo first-order plots (In AA vs. time) for 
the oxidation of horse heart cytochrome c with 
HIPIP. 

A. Chromatium HIPIP, potassium phosphate, pH 
7.0, 20UC, y = 0.047 M. [HIPIPj: o, 0.30 x 
10-5;Or 0.57 x 10~5;^, 0.87 x 10_5;O, 1.90 
x 10-=. B. R. gelatinosa HIPIP, potassium 
phosphate, pH 7.0, 20^0, y = 0.135 M. [HIPIP]: 
o, 0.41 x 10"f; x, 0.52 x 10-5; A, 0.65 x 10~5 
o, 0.78 x 10 -5 
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Figure 31. Plot of pseudo first-order rate constants (k0fcs) 
vs. HIPIP concentration for the reduction of 
oxidized Chromatium HIPIP with reduced horse 
heart cytochrome c. 

Potassium phosphate, pH 7.0, 20°C. A. y = 
.217 M. B. y = .117 M. C. y = .047 M. 
D. p = .017 M. 
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Figure 32. Plot of pseudo first-order rate constants (k . ) 
vs. HIPIP concentration for the reduction of° s 

oxidized R. gelatinosa HIPIP with reduced horse 
heart cytochrome c. 

Potassium phosphate, pH 7.0, 20 C. A. ]i -
.117 M. B. y = .057 M. C. \i = .037 M. 
D. \x = .017 M. 
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Table 26. The reaction of horse heart cytochrome c_ with 
HIPIP from Chromatium and R. gelatinosa. 

Potassium phosphate, pH 7.0, temperature 20°C, 
Cytochrome £ concentrations given in Figures 31 
and 32. 

kl2(M~1s~1) x 10"5 

Chromatium R. gelatinosa 
HIPIP HIPIP 

0.018 1.00 0.26 

0.038 — 0.23 

0.048 0.81 

0.058 — 0.30 

0.118 0.93 0.26 

0.218 0.75 

Ave = 0.87±.ll Ave = 0.26+.03 
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Reduction of HIPXP by 
R. capsulata Cytochrome c2 

The reduction of Chromatium HIPIP by ferro cyto

chrome c_2 was found to have complex kinetics (Figure 33) , 

that is, plots of InAA vs time were not linear. This 

result unlike that observed for the reduction of Chromatium 

HIPIP by horse heart cytochrome c or R. rubrum cytochrome 

£2 (Mizrahi et al., 1976) was analyzed in terms of two 

pseudo first-order processes. Equation 21 was used for 

data analysis. 

AA = (AA - AA°)e~kft + AA°e"kst (21) 
xm 6 s s 

where AA, is the absorbance at time t. AA° is the total t ' s 

contribution of the slow kinetic species, AAg is the total 

absorbance change observed in the experiment, k^ is the 

pseudo first-order rate constant for the fast phase and 

kg is the pseudo first-order rate constant for the slow 

phase. The experimental data (AAfc, AA£ and t) were analyzed 

by a computer program which used a steepest descend pro

cedure to optimize the three variables (k-, k and AA°). 
X s s 

The steepest descend procedure involves taking estimates 

of the various parameters calculating a least squares 

error and adjusting the parameters (via a computer program) 

to minimize the least squares error. Both kg and k^ were 

plotted against the HIPIP concentration (Figures 34 and 35) 

and found to be second-order processes. The fraction of the 
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Figure 33. Pseudo first-order plots (In AA vs. time) for 
the reduction of oxidized Chromatium HIPIP with 
reduced R. capsulata cytochrome 

Potassium phosphate, pH 7.0, 20°C, y = .135 M. 
[HIPIPJ: O , 0.39 x io-5 M; • , 0.95 x 10~5 M; 
A, 1-62 x 10-5 M;Q, 2.07 x 10~5 M. 
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[hipip]x 10 M 
Figure 34. Plot of the slow pseudo first-order rate con

stants (k^°w) vs. HIPIP concentration for the 

reduction of oxidized Chromatium HIPIP with 
reduced R. capsulata cytochrome • 

Potassium phosphate, pH 7.0, 20°C. A. y = 
.117 M. B. y = .067 M. C. .y = .037 M. 
D. y = .018 M. Cytochrome £2 concentrations 
given in Table 27. 
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Figure 35. Plot of fast pseudo first-order rate constants 
fast 

^obs ^ vs* HIPIP concentration for the reduc

tion of oxidized Chromatium HIPIP with reduced 
R. capsulata cytochrome 

Potassium phosphate, pH 7.0r 20°C.- A. u = 
.118 M. B. ]i = .068 M. C. \i - .038 M. 
D. y = .018 M. Cytochrome c2 concentrations 
given in Table 27. 
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reaction represented by the slow phase at any HIPIP con

centration is given in Table 27 at four different ionic 

strengths. Table 28 summarizes the second-order rate 

constants (k^ and k ) at four ionic strengths. The rela-X s 

tively large scatter in the data points results from the 

small absorbance changes obtained, particularly for the 

fast kinetic species as it represents only 20-40% of the 

total reaction. The fraction of the reaction as the slow 

kinetic species and the rate constants were within experi

mental error independent of the wavelength (418, 506 and 

550 nm) used to obtain the kinetic data. 

The second-order rate constants for both k_ and k f s 

appeared to be independent of ionic strength consistent 

with one of the two reactants having a net charge of zero 

at the site of electron transfer. Further at any given 

ionic strength as the HIPIP concentration decreases there 

appeared to be a slight increase in the fraction of the 

reaction which was represented by the slow phase. However, 

with the large experimental error this variation cannot 

be quantitated. Finally within experimental error (Table 

27) the fraction of the reaction as a slow phase appears 

to be independent of the ionic strength. 

The reaction of R. gelatinosa HIPIP with reduced 

R. capsulata cytochrome was investigated at two ionic 

strengths and as found with Chromatium HIPIP the reaction 



Table 27. Fraction slow phase for the oxidation of R. capsulata cytochrome c^ 
Chromatium HIPIP. 

Potassium phosphate, pH 7.0, 20°C. 

V • 0.018a U •* 0.038b W » 0.068° V 0 0. 135d 

[HIPIP]x 10 
-5 

M Fraction 
Slow 

[IllPIPjx 10 "5M Fraction 
Slow 

[HIPIP]x 10~^M Fraction 
Slow 

[HIPIP]x 10T4 Fraction 
Slow 

1.80 .61 1 .93 .57 1.81 .64 2.07 .81 

1.44 .68 1.47 .67 1.45 .57 1.62 .73 

0.99 .52 1.13 .75 1.03 .68 1.26 .79 

0.64 .73 0.90 .69 .71 .65 0.95 .84 

0.43 I .70 0.77 

0.38 

.81 

.90 

.45 .70 0.77 

0.39 

.77 

.72 

Ave =• . 65 ± .08 Ave = . 73 t .11 Ave • > .65 ± .04 Ave « • .77 ± .05 

a. [cytochrome £2 ] a 2.3 x 10 "6m 

b. [cytochrome £2 
] - 2.4 x 10 "6m 

c. [cytochrome £2 J  a '2.0 x 10 "6M 

d. [cytochrome £2 
] 33 2.2 x 10 -6m 
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Table 28. Second-order rate constants for the reduction 
of Chromatium HIPIP by R. capsulata cytochrome 

—2 * 

Reactions conditions given in Table 27. 

y ks(M"1s~1) x 10"4 kf(M~1s~1) x 10 5 

.018 1.32 2.80 

.038 1.13 2.75 

.068 1.02 1.50 

.135 0.92 1.25 

Ave = 1.11 ± .17 Ave - 2.07 ± .81 
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was biphasic as judged by In AA vs time plots. The R. 

gelatinosa data was analyzed as described for the Chromatium 

HIPIP studies with second-order plots for kg and k^ given 

in Figure 36, for two ionic strengths. Table 29 summarizes 

the fraction slow phase for the reaction of R. gelatinosa 

HIPIP with reduced R. capsulata cytochrome c^. The fraction 

slow phase is within experimental error independent of 

HIPIP concentration and ionic strength. Indeed the frac

tion slow phase is almost identical to that found for the 

reaction of R. capsulata cytochrome c^ with Chromatium 

HIPIP. The second-order rate constants obtained are sum

marized in Table 30 and indicate k^ is independent of ionic 

strength with k possibly increasing with increasing s 

ionic strength. 

Reduction of Chromatium HIPIP by 
R. sphaeroides Cytochrome 

As found for the reaction of R. capsulata cyto

chrome £2 with Chromatium HIPIP the reduction by R. 

sphaeroides cytochrome c^ was biphasic with two kinetic 

species present (Figure 37). The data was analyzed as 

described in the previous section with second-order plots 

for k^ and kg given in Figures 38 and 39. The fraction 

slow phase is given in Table 31 and the apparent second-

order rate constants summarized in Table 32. The fraction 

slow phase was within experimental error independent of the 
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Figure 36.. Plot of pseudo first-order rate constants (k ̂ s) 
vs. HIPIP concentration for the reduction of 
oxidized R. gelatinosa HIPIP with reduced R. 
capsulata cytochrome £2* 

Potassium phosphate, pH 7.0, 20°C. A. kslow 
vs. [HIPIP], y = .118 M. B. kslow vs* 
[HIPIP], y = .068 M. C. kfast vs. [HIPIP], 
y = .118 M. D. kfast vs. [HIPIP], y = .068 M. 
Cytochrome c^ concentrations given in Table 29. 
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Table 29. Fraction slow phase for the oxidation of R. 
capsulata cytochrome c^ gelatinosa HIPIP. 

Potassium phosphate, pH 7.0, 20°C. 

]i = 0. 068a y = 0.118b 

[HIPIP]X10~5M Fraction 
Slow 

[HIPIPJx10_5M Fraction 
Slow 

1.12 .71 0.97 .71 

0.70 .63 0.75 .69 

0.53 .65 0.56 .91 

0.40 .65 0.42 .68 

0.31 .80 0.29 .70 

Ave = .69 ± .07 Ave = .74 ± .09 

a. [cytochrome c^] = 1.26 x 10 

b. [cytochrome £2] = 1.00 x 10 
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Table 30. Second-order rate constants for the oxidation 
of R. capsulata cytochrome c, by R. gelatinosa 
HIPIP. 

Reaction conditions given in Table 29. 

w -4 -1 -1 
kg x 10 (M s ) kf(m"1s~1) x 10"5 

0.068 1.10 2.00 

0.118 1.10 2.91 
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Figure 37. Pseudo first-order plots (InAAvs. time) for 
the reduction of oxidized Chromatium HIPIP with 
reduced R. sphaeroides cytochrome c^. 

Potassium phosphate, pH 7.0, 20°C, y = .118 M. 
[HIPIP]: + , 0.48 x 10~5 M; • , 0.98 x 10"5 M; 
A, 1.29 x 10~5 M; o, 2.IS x 10"^ M. Cytochrome 
c_2 concentration = 3.65 x 10~6 M. 
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Figure 38. Plot of the slow pseudo first-order rate con

stant (ks?"ow) vs. HIPIP concentration for the 
obs 

reduction of oxidized Chromatium HIPIP with 
reduced R. sphaeroides cytochrome c^. 

Potassium phosphate, pH 7.0, 20 C. A. y = 
.118 M. B. y = .068 M. C. y = .038 M. 
D. y = .018 M. 
given in Table 31. 

Cytochrome c^ concentrations 
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Figure 39. Plot of the fast pseudo first-order rate con-
f 3.St 

stant (k . ) vs. HIPIP concentration for the 
ODS 

reduction of oxidized Chromatium HIPIP with 
reduced R. sphaeroides cytochrome £2. 

Potassium phosphate,- pH 7.0, 20°C. A. u = 
.118 M. B. y = .068 M. C. u = .038 M. 
D. y = .018 M. Cytochrome c^ concentrations 
given in Table 31. 



Table 31. Fraction slow phase for the oxidation of R. sphaeroides cytochrome c 
by Chromatium HIPIP. 

Potassium phosphate, pH 7.0, 20°C. 

\i - 0 .018a N = 0.038b V a 0. 068c V • 0. 118d 

[HIPIP]xlO~5 M Fraction 
Slow 

[HIPIP]xl0 Fraction 
Slow 

[HIPIP]xl0~ 5M Fraction 
Slow 

[HlPIPjxlO-5M Fraction 
Slow 

2.02 .78 2.79 .82 3.46 .76 2.79 .88 

1.51 .88 2.07 .82 2.53 .85 2.11 .74 

1.22 .76 1.29 .82 1.77 .78 1.57 .83 

0.98 .76 1.08 .86 1.50 .83 1.39 .93 

0.64 .83 0.87 .88 1.22 .86 1.16 .74 

Ave • .80 4 .05 Ave = 0.84 i .03 Ave = . 82 ± .04 Ave = . 86 ± .09 

a. [cytochrome c2] « 3.25 x 10~®M 

b. [cytochrome £2] •» 3.60 x 10~^M 

c. [cytochrome c2] = 2.85 x 10~6M 

d. [cytochrome c2] - 3.65 x 10~®M 
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Table 32. Second-order rate constants for the reaction of 
R. sphaeroides cytochrome c0 and Chromatium 
HIPIP. 

Reaction conditions given in Table 31. 

V 

i—i i U! 
i—

1 
1 £

 

—
• o

 
i—

I 

X (/
) kf x 10"5(M"1s"1) 

0.018 1.00 1.90 

0.038 0.80 1.75 

0.068 1.40 2.30 

0.118 1.37 1.90 

Ave = 1.14 ± .29 Ave = 1.96 ± .23 
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HIPIP concentration and the ionic strength. On the average 

the slow phase made a larger contribution (80-86% vs 65-77%) 

for the reaction of R. sphaeroides cytochrome c^ with 

Chromatium HIPIP (Table 31), as compared to the reaction 

of R. capsulata cytochrome c^ with the same HIPIP (Table 

27). Further both k and k_ appear to be independent of 
S IT 

ionic strength with the average values given in Table 32. 

Reaction of Chromatium HIPIP with 
R. palustris Cytochrome c9" 

The reaction of reduced R. palustris cytochrome 

c_2 with Chromatium HIPIP was found to be biphasic with 

typical data presented in Figure 40. The data was analyzed 

as described in previous sections with second-order plots 

for kg and k^ given in Figures 41 and 42. The fraction 

slow phase is summarized in Table 33 and the second-order 

rate constants at four different ionic strengths are given 

in Table 34. The fraction slow phase was independent of 

ionic strength and HIPIP concentration (Table 33). The 

second-order rate constants for both k^ and kg appear to 

decrease with increasing ionic strength (Table 34), however 

the experimental error was large and no attempt was made to 

construct Debye-Huckel plots. Nevertheless it appears that 

the reaction of R. palustris cytochrome c^ with Chromatium 

HIPIP involves a slight anion-cation interaction. 
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Figure 40. Pseudo first-order plots (InAA vs. time) for 
the reduction of oxidized Chromatium HIPIP with 
reduced R. palustris cytochrome c~. 

Potassium phosphate, pH 7.0, 20°C, y = .018 M. 
[HIPIPJ; ̂  ' 9-55 x 10 5 M; A, Q.95 x 10~5 M; 
O/ 1.41 x 10 M; o, 1.94 x 10 M. Cytochrome 
c2 concentration = 3.45 x 10~6 M. 
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Figure 41. Plot of the slow pseudo first-order rate con

stants CkQ^gW) vs- HIPIP concentration for the 

reduction of oxidized Chromatium HIPIP with 
reduced R. palustris cytochrome c^. 

Potassium phosphate, pH 7.0, 20°C. A. u = 
.118 M. B. y = .068 M. C. ]s = .038 M. 
D. y = .018 M. Cytochrome c^ concentrations 
given in Table 33. 



138 

< a  

v 

i  
<n 

3  

2 

1 

5  

3  

/ A / B 
o 

Jo / ' 
( 1 1  1 1  I  L I  1 I  

C  

C
 

0
 

1 

/o / " 
/ i l l  1  ' f i l l  

[HlPigx- IO 5  M 

Figure 42. Plot of fast pseudo first-order rate con-
f 3 S t stants (k. ) vs. HIPIP concentration for the 
ODS 

reduction of oxidized Chromatiuia HIPIP with 
reduced R. palustris cytochrome c^. 

Potassium phosphate, pH 7.0, 20°C. A. \i = 
.118 M. B. y = .068 M. C. ]i = .038 M. 
D. u = .018 M. Cytochrome Cj concentrations 
given in Table 33. 



Table 33. Fraction slow phase for the oxidation of R. palustris cytochrome c^ 
by Chromatium HIPIP. 

Potassium phosphate, pH 7.0, 20°C. 

V - 0 • 018a Y * 0 I.038b U - 0.068° M » 0.118 ,d 
[HIPIPjxlO"* 

5 
H Fraction [HIPIP]xl0_ 

.5 
M Fraction [HIPIP]X10"5M Fraction [HIPIP]xlO"5M Fraction 

Slow Slow Slow Slow 

3.16 .44 4.32 .46 2.93 .42 2.84 .39 

2.64 .47 3.46 .44 2.09 .47 2.02 .47 

1.94 .47 2.73 .42 1.07 .42 1.59 .44 

1.41 .44 2.08 .34 1.33 .39 1.26 .46 

0.95 .54 1.58 .36 0.94 .44 1.01 .48 

1.04 .47 0.75 .70 .79 .52 

0.90 .49 .65 .54 

Ave« •» .47 i .04 Ave S .43 i .06 Ave — .47 ± .11 Ave °= .47 i .05 

a. [cytochrome 
—2 
] - 3.45 X IO"6M 

b. [cytochrome H2 ] - 4.10 X IO"6H 

c. [cytochrome £2 ] 
» 3.25 X IO"6M 

d. [cytochrome 
^2 
] = 

3.15 X IO"6M 



Table 34. Second-order rate constants for 
c0 with Chromatium HIPIP. 

the reaction of R. palustris cytochrome 

HIPIP Reduction3 HIPIP Oxidation13 

U k s 
x 10~4(m " 1S~1) kf x 10~5( m " 1S"1) k x 10"4(M"1s-1) k, x 10~5(M~1s~1) 

s r 

0.018 3.5 2.9 2.9 1.9 

0.038 2.1 1.4 3.4 1.0 

0.068 1.9 1.2 2.7 1.6 

0.118 1.5 1.0 5.2 2.7 

Ave = 2.25 + .87 Ave = 1.62 ± .86 Ave = 3.55 ± 1.14 Ave = 2.05 ± .46 

a. Reaction conditions given in Table 33. 

b. Reaction conditions given in Table 35. 
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As the reaction of R. palustris cytochrome c^ with 

Chromatium HIPIP was the most equally divided in terms of 

the two kinetic species the reaction of oxidized R. palus

tris cytochrome with reduced Chromatium HIPIP was in

vestigated. This reaction was found to be biphasic with 

the fraction slow phase given in Table 35. As for the 

reduction of HIPIP by R. palustris cytochrome c2, oxidation 

indicates a 40-50% contribution of the slow kinetic species 

with no dependence on ionic strength or HIPIP concentration 

noted. Further, both the slow and fast kinetic species 

show a second-order dependence on HIPIP concentration at 

the four ionic strengths studied (Figures 43 and 44). 

The second-order rate constants for the oxidation of 

Chromatium HIPIP by R. palustris cytochrome are sum

marized in Table 34 and show a very slight dependence on 

ionic strength as found for the reduction (Table 34). 

To extend the studies with R. palustris cytochrome 

£2 the reaction with Chromatium HIPIP was investigated at 

pH 8.0. For these studies only one ionic strength was 

used (u = 0.068) but both oxidation and reduction were 

monitored. Table 36 gives the fraction slow species at 

pH 8.0 for both oxidation and reduction. Within experi

mental error these results are consistent with those at 

pH 7.0 although the fraction slow phase for oxidation is 

somewhat lower. Table 37 presents the second-order rate 



Table 35. Fraction slow phase for the reduction of R. palustris cytochrome c2 
by Chromatium HIPIP. 

Potassium phosphate, pH 7.0, 20°C. 

V - 0.018a p •» 0 i.038b V - 0.68° U - 0.118d 

[HIPIPjxlO ~"*M Fraction 
Slow 

[HIPIP]xl0_ SM Fraction 
Slow 

[HIPIP]X10"5M Fraction 
Slow 

[HIPIP]xl0"5M Fraction 
Slow 

2.69 .45 2.34 .35 2.70 .50 2.61 .53 

1.69 .45 1.75 .37 1.94 .54 1.95 .51 

1.63 .46 1.37 .37 1.47 .56 1.53 .60 

1.25 .46 1.03 .46 1.20 .55 1.16 .46 

0.89 .51 0.80 

0.64 

.54 

.49 

0.95 .48 

0.71 .52 

0.85 .51 

0.62 .54 

Ave • .47 ± .02 A.ve = . 43 ± .08 Ave = .51 i .03 Ave » .52 1 .05 

a. [cytochrome £2 ] - 2.55 X 10" 6M 

b. [cytochrome £2 
] - 2.90 X 10" 6M 

c. [cytochrome 
^2 
] a 2.95 X 10" 6M 

d. [cytochrome 
^2 
] = 

2.10 X 10" 6M 
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Plot of slow pseudo first-order rate constants 

(k®^°w) vs. HIPIP concentration for the oxida

tion of reduced Chromatium HIPIP with oxidized 
R. palustris cytochrome £2. 

Potassium phosphate, pH 7.0, 20°C. A. y = 
.118 M. B. y = .068 M. C. y = .038 M. 
D. y = .018 M. Cytochrome c^ concentrations 
given in Table 35. 
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Figure 44. Plot of fast pseudo first-order rate constants 
f  a e f  

U'obs ) vs. HIPIP concentration for the oxida

tion of reduced Chromatium HIPIP with oxidized 
R. palustris cytochrome c 

Potassium phosphate, pH 7.0, 20°C. A. y = 
.118 M. B. y = .068 M. C. y = .038 M. 
D". y = .018 M. Cytochrome c- concentrations 
given in Table 35. 
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Table 36. Fraction slow phase for the oxidation and re
duction of R. palustris cytochrome c_ by 
Chromatium HIPIP at pH 8.0. 

Potassium phosphate, pH 8.0, 20°C. 

Cytochrome Oxidation Cytochrome Reduction 

(V = 0.068)a ( y  =  0.068) 

[HIPIP]xl0 ~5M Fraction [HIPIP]xl0 ~ 5 m  Fraction 
Slow Slow 

2.25 .32 2.19 .41 

1.76 .28 1.71 .48 

1.40 .30 1.40 .42 

1.13 .33 1.06 .54 

0.87 .39 0.86 .46 

0.65 .46 0.65 .65 

0.50 .56 

Ave = .38 ± .10 Ave = .44 ± .11 

a. [cytochrome £2] = 2.10 x 10" 6 m  

b. [cytochrome Cj] = 2.80 x 10" 6 m  



146 

Table 37. Second-order rate constants for the oxidation 
and reduction of R. palustris cytochrome £_ 
by Chromatium HIPIP at pH 8. 

Reaction conditions given in Table 36. 

Cytochrome Cytochrome 
Oxidation Reduction 

K x 10~4(m " 1S"1) 1.7 2.6 s 

kf x 10"5(M"1s"1) 1.5 1.3 
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constants for the fast and slow phases (Figure 45). The 

rates (fast and slow) for both oxidation and reduction are 

somewhat less than observed at pH 7.0. However the large 

experimental error makes the quantitative significance of 

this uncertain. 

Cytochrome Oxidation 

The biphasic results reported here for the reaction 

of HIPIP with R. capsulata, R. sphaeroides and R. palustris 

cytochrome c^, leave open the possibility that the cyto

chromes are heterogeneous. Studies on the reaction of 

HIPIP with the iron hexacyanides reported in previous 

sections show this reaction to be monophasic. Further the 

cytochromes in question have all been shown to interact 

with potassium ferrocyanide in a monophasic fashion (Post 

et al., 1977). Thus, to complete the study the reaction 

of R. capsulata, R. sphaeroides and R. palustris cytochrome 

£2 with potassium ferricyanide was studied at an ionic 

strength of 0.135. Figure 46 shows that all the cytochrome 

reacted with ferricyanide with no evidence of multiple 

components. Figure 47 presents a corresponding second-

order plot and Table 38 summarizes the second-order rate 

constants obtained. 
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Figure 45. Plot of pseudo first-order rate constants (k , ) 
vs. HIPIP concentration for the reaction of 
Chromatium HIPIP with R. palustris cytochrome c^. 

Potassium phosphate, pH 8.0, 20°C, y = .068. 
A. Reduction of HIPIP, ksl°w vs. [HIPIPJ. 

ops 
B. Oxidation of HIPIP, ksl°w vs. [HIPIP], 

obs 
C. Reduction of HIPIP, kf||t Vs. [HIPIP]. 

d .  Oxidation of h i p i p ,  v s >  [ h i p i p ] .  

Cytochrome c^ concentrations given in Table 36. 
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Pseudo first-order plots (InAA vs. time) for the oxidation of cyto
chrome £2 with potassium ferricyanide. 

Potassium phosphate, pH 7.0, 20°C, u = .135 M. A. R. capsulata 
cytochrome £2, 415 nm. B'. R. palustris cytochrome £2, 550 nm. 
~ R. sphaeroides cytochrome c^, 418 nm. 
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Table 38. Rate constants for oxidation of cytochrome c~ 
by potassium ferricyanide. 

Conditions as given in Figure 46. 

v  
Cytochrome c~ oxidation 

SOURCE (M-V1) X 10"5 

R. capsulata 7. 7 

R. palustris 7. 9 

R. sphaeroides 33.5 
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Summary 

Of the cytochromes studied, horse heart cytochrome 

c^ and R. rubrum cytochrome show monophasic kinetics 

while R. capsulata, R. palustris and R. sphaeroides 

cytochrome c^ give biphasic kinetics. The observed bi-

phasic kinetics do not appear to be a result of hetero

geneity in that the cytochromes all react with the iron 

hexacyanides in a monophasic manner. Table 39 compares 

the different cytochromes studied in regards to their 

reaction with HIPIP from Chromatium and R. gelatinosa. 

In general it was observed that irrespective of the source 

of the HIPIP or the cytochrome the rate constants are very 

similar. Further, at least with R. gelatinosa HIPIP the 

apparent charge at the site of electron transfer appears to 

be different with the cytochromes as the reductant as 

compared to the iron hexacyanide results. Nevertheless, 

in all cases the rates of electron transfer observed are 

relatively rapid indicating that the heme and iron-sulfur 

chromophores can interact readily. 
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Table 39. Reaction of Chromatium and R. gelatinosa HIPIP 
with various £-type cytochromes. 

Rate constants given are values at infinite 
dilution unless otherwise noted. 

Chromatium HIPIP 

Reductant k (M_ 1  •s-1) 

horse heart cytochrome c 0. 9 X 105  

R. rubrum cytochrome cn 2. 2 X 105  

R. capsulata cytochrome c0 1. 1 X 104 /2.  1 X 105  

R. sphaeroides cytochrome c 2 1.  1 X 104 /2.  0 X 105  

R. palustris cytochrome c0 (pH 7. o ) a  1. 9 X 104 /1.  2 X 105  

R. palustris cytochrome cn (pH 8. 0 ) a  1. 7 X 104 /1.  5 X 10 s  

Oxidant 

R. rubrum cytochrome 5. 0 X 104  

R. palustris cytochrome c0 (pH 7. 0)a 2. 7 X 104 /1.  6 X 10s 

R. palustris cytochrome c^ (pH 8. o ) a  2. 6 X 104 /1.  3 X 105 

, gelatinosa HIPIP 

Reductant 

Horse heart cytochrome c 0. 3 X 105 

R. capsulata cytochrome cnc 1. 1 X 104 /2.  4 X 105 

a. y = 0.085M 

b. u = 0.118M 

c. p = 0.068M 



CHAPTER 8 

DISCUSSION 

Non-physiological Reactants 

Amino acid sequences of HIPIP isolated from four 

different organisms have been determined (Table 3), pro

viding a group of similar proteins with different primary 

structures and will be the focus of the discussion to 

follow. Among the HIPIPs considered here, there are 17 

absolutely invariant residues (Table 3). Further, the 

amino acid substitutions at many positions are conserved 

pointing to substantial sequence homology between the 

various HIPIPs. In view of the sequence homology, and the 

almost identical physical-chemical properties (EPR, 

absorption spectra, redox properties, etc.), it is an 

underlying assumption of the discussion that follows that 

any differences or similarities in the reactivity of HIPIP 

with the non-physiological reactants will be explainable 

in terms of specific amino acid substitutions. Further, 

for the purposes of this discussion, structural homology 

will be assumed. Thus, amino acid side chains occupying 

similar sequence positions will be assumed to occupy iden

tical structural positions relative to Chromatium HIPIP. 
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Table 40. Reaction of HIPIP with the iron hexacyanides 

Source 

k a 
12 

(M-V1) 

*41* 

(M'V1) 

Apparent 
Charge 

Oxidized Reduced PKreduced pKoxidize Em7 

Net Protein 
Charge 

pH 7b 

Chromatium 150 890 Neutral -0.5 <6 <6 356 -2 to -1 

R. gelatinosa 2.4 x 104 1.55 x 105 +1.1 +0.5 7.3 7.9 335 +5 to +6 

T. pfennigii 56 381 Neutral -1.1 <7 <7 350 -7 to -3 

Paracoccus 9.3° 1200 ? -0.5 ? ? 280 to
 

f
t
 

o
 

a. Values at infinite dilution. 

b. llistidine included as plus charge to give lower end of the range. 

c. y = 0.118 M. 
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With the above in mind, the following discussion will 

attempt to analyze the kinetics of oxidation and reduction 

of HIPIP in terms of available structural information. 

Table 40 presents a comparison of the rate of oxida

tion and reduction at infinite dilution of HIPIP from a 

variety of sources with the iron hexacyanides. From these 

data it is clear that there is no correlation between the 

differences in the observed rate constants and the oxidation-

reduction potentials of HIPIP indicating that the driving 

force (differences in oxidation-reduction potential) has 

no notable influence on the rate constants. The large dif

ference in rate constants between R. gelatinosa HIPIP and 

the other HIPIPs appear to be of electrostatic origin. 

Negatively charged sites of oxidation have been implicated 

for Chromatium, T. pfennigii and Paracoccus HIPIP, and a 

positive site on R. gelatinosa HIPIP (Table 40). Thus, as 

the iron hexacyanides are negatively charged, it would be 

expected that the reactions of Chromatium, T. pfennigii 

and Paracoccus HIPIP should be considerably slower than 

the reaction with R. gelatinosa HIPIP. 

It must be pointed out that the "absolute" values 

of the apparent changes on the protein and the rate con

stants at infinite dilution derived from the Debye-Huckel 

equation (equation 5) used here are of questionable value. 

The Debye-Huckel equation relating rate constants and ionic 
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strength is derived from activated complex theory (Weston 

and Schwarz, 1972; Lewis and Randall, 1961). However, 

equation 5 used for data analysis here is a simplification 

of the more general equation given by equation 22 (Frost 

and Pearson, 1961). 

Z 2cc,/jT z, 2«/y (Z +ZK) 2<r/y 
In k = In kQ ^ 2 + —5—£ (22) 

i+3R,/y l+BR^/y I+BR ,/u 
a d ab 

where Za and Z^ are the charges on the reactants, 1 is a 

constant equal to 1.02 at 25° in water, 3 is a constant 
q  

equal to 0.329 x 10 and R&, R^ and R ^ are the radii of 

the reactants and the activated complex. At low values of 

U equation 22 yields equation 5 (assessing small and 

approximately equal values of R and R, ). However both 
a D 

equation 5 and 22 were derived for 1-1 electrolytes and the 

applicability to polyvalent ions (i.e., proteins) is un

known. 

Another approach to interpreting ionic strength 

data has been derived from Marcus theory (Wherland and 

Gray, 1976) and is expressed by equation 23. 

In k = In kQ - 3.576 
exp(-3/yra) expt-g/iirj^) 

l+3/ilRb 1+3/yR. 

ZaZb 

Ra+Rb 

(23) 
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Applications of equation 23 to the reaction of cyto

chrome c with a variety of non-physiological reactants 

yields protein self-exchange rate constants which vary over 

three orders of magnitude (Wherland and Gray, 1976). To 

explain this discrepancy Wherland and Gray (1976) invoked 

hydrophobic interactions at the site of electron transfer 

which act together with electrostatic interactions to 

yield the observed rate constants. 

In view of the several possible approaches avail

able to interpret the effect of ionic strength on rate 

constants we have chosen to apply equation 5. Uncertainties, 

in the radius at the site of electron transfer, the effect 

of assymetric charge distribution on the surface of pro

teins and our lack of knowledge concerning the exact 

mechanism operative (outer-sphere, electron traveling, ?) 

have dictated this choice. Thus, it is our view that 

quantitative analysis of kinetic data is premature until 

more details of the mechanism are understood. The sub

sequent discussion based on the application of equation 5 

is speculative in terms of the points covered above. 

However, all proteins were studied over an identical range 

of ionic strengths and ions, hence at least in a comparative 

sense allow us to interpret the available data. 

As seen from Table 40, the rate constants at in

finite dilution decrease as the apparent charge on HIPIP 
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also decreases. However, there is no correlation between 

the net charge on the particular form of HIPIP and the rate 

constants at infinite dilution (Table 40). It is signifi

cant to note that a neutral charge at the site of electron 

transfer has been implicated for the reduction of Chromatium 

and T. pfennigii HIPIP (Table 40) with non-physiological 

reactants. As oxidized Chromatium and T. pfennigii HIPIP 

are negatively charged at pH 7.0 this data unequivocally 

points to a specific site of electron transfer not in

volving the net protein charge. The iron-sulfur cluster 

is negatively charged in both oxidation states, however, 

the existence of a positive charge at the site of electron 

transfer for R. gelatinosa HIPIP clearly indicates that 

electron transfer does not occur solely by direct inter

action of the oxidants or reductant with the iron-sulfur 

cluster. 

Recently, the reaction of a number of cationic 

reductants with the one iron-four sulfur protein, rubre

doxin, was reported (Jacks et al., 1974). These studies 

were in general terms consistent with those recorded here. 

Jacks et al. (1974) proposed outer-sphere electron transfer 

+2 +2 
for the reduction of rubredoxin by Ru(NH^)g , 

+2 4 
and Crt^Ojg with rate constants in the range 9.5 x 10 

3 -1 -1 
to 1.2 x 10 M s . Further, they found that the re

actions were driven entropically (-31 to -41 e.u.) with 
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little or no enthalpic term (0 to 1.4 kcal/mole), consistent 

with the results obtained for Chromatium (-35 to -45 e.u., 

0 to 4.2 kcal/mole) and R. gelatinosa HIPIP (-33 to -41 e.u., 

0 to 3.7 kcal/mole). Jacks et al. (1974) attribute the 

small activation enthalpies to a favorable electrostatic 

interaction between the reactants, as they found a negative 

charge at the site of reduction of rubredoxin. The larger 

activation energy reported here for the reduction of HIPIP 

(4.2 to 3.7 kcal/mole) by ferrocyanide could, in a similar 

vein, be attributed to the lack of electrostatic attraction. 

However, this argument fails to explain a negligible acti

vation enthalpy for ferricyanide oxidation of Chromatium 

and R. gelatinosa HIPIP and leaves open for the present the 

origin of the enthalpies of activation. 

The reaction of ferredoxin from spinach, M. lacti-

lyticus, and C. pasteurianum with dithionite were found to 

= k 
obey the following rate law; [S204] with k = 8.6, 

h - 1  

11, and 19M S respectively (Lambeth and Palmer, 1973). 

This demonstrates that reduction of ferredoxin by dithionite 

-  — 2  occurs solely by S02 and not by S204 . This is unlike 

the results obtained for Chromatium and R. gelatinosa HIPIP 

-  - 2  - 2  
where both SC>2 and S2C>4 are active. However, S204 has 

a potential of approximately 150 mV (Creutz and Sutin, 

1974) hence should not be an.effective reductant with a low 

potential ferredoxin. 
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In very general terms, there are three likely 

mechanisms for the oxidation and reduction of HIPIP. These 

three mechanisms are presented in Figure 48. In case A, 

the iron-sulfur cluster is envisioned as buried in the 

o 
interior of the protein 3-5 A (Carter et al., 1974a) from 

the ring of the aromatic residue tyrosine-19 which is on 

the surface of the molecule. This model is taken from the 

proposal of Carter et al. (1974b) who on the basis of 

structural consideration and analogy to ferredoxin pro

posed that both oxidation and reduction are mediated by a 

phenoxy radical transition state. In this mechanism a 

reactant must only approach a reasonable distance from the 

tyrosine-19 phenol ring and an electron will be transferred 

via the fl-cloud. Figure 48B presents a different situation 

in that the iron-sulfur cluster is envisioned as being 

insulated from the solvent near the site of electron trans

fer by the packing of hydrophobic groups providing a 

"dielectric barrier". Carter et al. (1974b) point out that 

the S*2 and S*4 inorganic sulfur atoms (see Appendix C 

o 
for the iron-sulfur cluster nomenclature) are only 4.5 A 

from the surface of the molecule, but insulated by the side 

chains of leu-17, phe-48, leu-65, phe-66, and ser-79. It 

could be proposed that a reactant approaches the region of 

o 
S*4 and S*2 and the electron "hops" the 4-5 A through a 

nonaqueous media to or from the chromophore. Figure 48C 
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Figure 48. Possible models for electron transfer by HIPIP. 

In the figure R represents the reactant (ferri-
cyanide, ferrocyanide, etc.), the wiggly line 
represents the protein solvent interface, the 
diagonal lines represent packing of amino acid 
side chains and Fe.S.* represents the iron-
sulfur cluster. 
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represents a third possibility in which a portion of the 

iron-sulfur cluster is actually solvent exposed and 

electron transport takes place on collision with the oxi

dant or reductant. This particular case implies that the 

three dimensional structure as reported is not the same 

as the solution structure of HIPIP. In this example, the 

observed apparent charge on HIPIP could be accounted for 

by charged amino acid residues or, in cases where a negative 

charge has been implicated, provided by the iron-sulfur 

cluster itself. 

The approach utilized in data analysis in the fol

lowing discussion of the relative merits of the three 

models presented in Figure 48 assumes a common mechanism 

must be operative for each HIPIP studied here. This 

appears to be a reasonable assumption in view of the common 

mechanism determined for the reaction of c-type cytochromes 

with the iron hexacyanides (Stellwagen and Schulman, 1973; 

Miller and Cusanovich, 1975; Wood and Cusanovich, 1975) 

as well as a wide variety of well studied enzymes (serine 

proteases, etc). Consistent with the precedent established 

for the reaction of c-type cytochromes with the iron 

hexacyanides, we will assume a common pathway for both 

oxidation and reduction of HIPIP with the small non-

physiological oxidants and reductants. 
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To accommodate the kinetic results with case A 

(Figure 48A) requires the presence of a negatively charged 

o 
amino acid side chain in the vicinity (4-11 A) of tyrosine-

19 for reduced Chromatium, T. pfennigii and Paracoccus 

HIPIP. In the case of Chromatium and T. pfennigii HIPIP, 

this negatively charged side chain must be reoriented on 

oxidation, or a positive residue must move to the vicinity 

of this negative residue to make the net charge zero for 

subsequent reduction. For oxidized or reduced R. gelatinosa 

HIPIP, a positively charged side chain must be in the 

vicinity of tyrosine-19. The charged amino acids for 

HIPIP from the four sources discussed here are given in 

Table 41 and the charged residues in the vicinity of 

tyrosine-19 are given in Table 42. Table 43 presents the 

distances of selected side chain atoms from tyrosine-19 

as calculated from available coordinates for Chromatium 

HIPIP. For analysis of HIPIP from sources other than 

Chromatium, the atom in Chromatium HIPIP most closely 

approximating the position analogous to the particular 

charged residue was utilized. Since we are primarily 

interested in charged residues (therefore surface residues) 

we must take into account that these surface residues are 

not frozen in any one particular orientation but must have 

rotations about carbon-carbon single bonds. The distances 

quoted in this discussion were calculated from available 



Table 41. Charged amino acid side chains. 

Dash represents unchanged amino acid residues. Blank space repre
sents deletion. 

Source Amino Acid 

Position No. 1 2 5 7 9 10 11 18 21 22 25 27 28 29 31 32 

Chromatium - - - - - D - K - D K E R - - -

R. gelatinosa D E K - - D K D K - K -

T. pfennigii E D H D - - - H E D - E R - - -

Paracoccus - D - D - - E - K D E - D H - H 

Position No. 33 34 35 39 40 42 44 45 52 55 59 61 69 72 73 74 

Chromatium R - - E E H - D D D E K K - - -

R. gelatinosa K - - - - H - - K D - - K - - K 

T. pfennigii K - E - E - H - D - - R - - E D 

Paracoccus - E - - - - D - D - - - - D - -



Table 41. (Continued) 

Source Amino Acid 

Position No. 82 83 84 

Chromatium - K -

R. gelatinosa K K 

T. pfennigii H K 

Paracoccus -
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Table 42. Charge residues in the vicinity of tyrosine-19. 

Dash represents uncharged amino acid residue. 

Source Amino Acid 

Position No. 7 

Chromatium 

R. gelatinosa D 

T. pfennigii D 

Paracoccus D 

11 21 

E 

E 

E 

K 

22 

D 

D 

D 

D 

72 73 74 

K 

E D 



Table 43. Distances relative to tyrosine-19. 

See Appendix C for nomenclature used. Dash means distance greater 
o 

than 11 A. 

Y-19 

V-7 A-9 

CB 

N-ll E-21 D-22 N-72 V-73 N-74 

Y-19 CGI CG2 

A-9 

CB 0D1 ND2 OE1 OE2 OD1 OD2 OD1 ND2 CGI CG2 OD1 ND2 

OH 6.1 6.i 8.8 - 10.9 6.8 7.7 10.2 11.0 7.1 7.7 10.0 9.9 10.9 10.9 

CZ 5.3 5.9 8.4 10.9 10.2 8.4 9.2 10.5 8.8 9.6 - -

CE1 6.1 6.6 9.6 - 10.9 10.0 10.7 10.8 9.6 10.8 - -

CE2 4.3 5.6 7.1 9.8 9.2 8.5 9.2 - - - - -

CD1 6.4 7.4 9.9 10.5 10.8 - - - _ - - - - -
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coordinates provided by the crystal structure of Chromatium 

HIPIP (Carter et al., 1974a, Carter, 1972) which assumes 

that the protein molecule is in a rigid conformation, or a 

time average conformation. In Table 44 are given the sphere 

of influence that would be generated by an amino acid (lys, 

asp, glu) side chain freely rotating in solution. The 

distances given in Table 44 are for the maximal radius of a 

circle that would be generated by these freely rotating 

residues with the given distances from the a carbon (see 

Appendix C). It should be emphasized that the distances 

given in Table 44 do not take into account hindered rota

tions that could result from the packing of adjacent side 

chains. However, these distances must be considered when 

implicating certain residues as they provide us with 

maximal flexibility (movement) by amino acid side chains. 

In the case of Chromatium HIPIP, the only negatively 
o 

charged residue within 11 A of tyr-19 is asp-22. The 

neutral site observed for the reduction of Chromatium 

HIPIP with the non-physiological reductants could be ex

plained in terms of either a reorientation of asp-22 as to 

not influence the reduction or by movement of a positively 

charged residue to negate the influence of the aspartic 

side chain. From the structure of Chromatium HIPIP, resi

dues 25 (lys), 28 (arg), and 42 (his) are close enough to 

asp-22 so as to obtain a net neutral effect (Table 45). 
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Table 44. Rotation of charged amino acid side chains. 

Radius of Circle 
Generated by 

Distance from Rotation about 
Amino Acid Alpha Carbon the Beta Carbon 

lysine 5.54 & 2.86 8 

glutamic acid 3.73 & 3.03 & 

aspartic acid 3.33 8. 1.70 & 

See Appendix C for nomenclature used. 

D-22 NA-25 NH.j-25 NH2-25 ND1-42 NE2-42 

ODl 

OD2 

5.4 

3.9 

9.0 

11.7 

8.2 

10.8 

9.6 

11.7 

11.8 

14.0 
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The charged residues in the vicinity of tyr-19 for R. 

gelatinosa HIPIP are asp-7, glu-9, asp-22, and lys-74. 

Since a positive charge on R. gelatinosa HIPIP has been 

implicated for both oxidation and reduction, lys-74 would 

appear to be the residue involved if electron transfer 

takes place in this region. However, from the influence 

of pH on R. gelatinosa HIPIP with iron-hexacyanide a group 

with a pK of 7 to 8 was implicated. This suggests the 
ci 

possible involvement of a histidine residue in the electron 

transfer mechanism. R. gelatinosa HIPIP has only one 

histidine, at position 42, well removed from the region of 

tyr-19. As a negative site on HIPIP has been implicated 

for the oxidation of T. pfennigii HIPIP, asp-7, glu-21, 

asp-22, glu-73, and asp-74 are candidates for participation 

in the electron transfer mechanism. There are no positive 

residues in proximity to tyr-19 in T. pfennigii HIPIP which 

can account for the neutral charge implicated for the re

duction reaction. For the oxidation of Paracoccus HIPIP, 

asp-7, glu-11, asp-22, and asp-72 are all in the vicinity 

of tyr-19 and could participate in electron transfer if 

it occurs in this region. Overall, HIPIP from the four 

sources studied here have amino acid side chains in posi

tions which would allow us to accommodate the structure 

and kinetics with a mechanism involving the participation 

of tyrosine-19. 
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There are a number of arguments against Carter's 

proposal (Carter et al.# 1974b) for the involvement of 

tyr-19. These include: (1) A phenoxy radical transition 

state would require a substantial energy of activation for 

its formation (Castro, 1975). (2) A significant portion 

of the argument of Carter et al. (1974b) centers on the 

logic that aromatic residues are associated with HIPIP-

type iron-sulfur clusters in proteins that contain this 

prostetic group (that is, ferredoxins). However, the 

demonstration that Clostridrium acidi-urici ferredoxin in 

which tyr-2 was replaced by leucine (Lode et al., 1974) 

and has normal properties would seem to mitigate against 

such an argument. Leucine-2 ferredoxin was found to be 

fully active as an electron carrier in the phosphoroclastic 

enzyme system and the ferredoxin dependent reduction of 

cytochrome c in the presence of ferredoxin TPN reductase 

and TPNH. From the EPR spectra, it was shown that both 

clusters in leu-2 ferredoxin are reduced on reduction with 

pyruvate-ferredoxin oxidoreductase and an excess of pyruvate. 

From these results, it appears that the presence of tyr-2 

is not necessary for oxidation and reduction of the adjacent 

cluster. However, the possibility still remains that the 

two clusters in ferredoxin are communicating with each 

other and hence, reduction of both clusters can occur via 

tyr-30. (3) Carter et al. (1974b) have proposed that a 
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water molecule serves to stabilize the transition state 

during electron transfer by accepting the tyrosine hy-

dorxyl proton. Since the hydroxyl group of tyrosine is 

solvent accessible, this proposal predicts that at alkaline 

pH values a substantial change in the rate would be ob

served due to ionization of the tyrosine side chain. This 

was not found in the studies reported here for the reactions 

of HIPIP with the iron hexacyanides. (4) From studies on 

the effect of pH on R. gelatinosa HIPIP with the iron 

hexacyanides, pK values in the pH range 7-8 were observed, 

suggesting the participation of histidine in the electron 

transfer mechanism. R. gelatinosa HIPIP contains only one 

histidine residue (position 42) which is well removed from 

tyr-19 on the opposite side of the molecule, making it 

impossible to propose the involvement of both tyrosine and 

histidine in electron transfer at a specific site. 

Case B (Figure 48) which involves transfer of the 

electron through a hydrophobic media is not directly ex

perimentally testable, hence, cannot be explored fully at 

this time. However, in terms of the shortest distance to 

the surface of the HIPIP molecule, the S*2 and S*4 in

organic sulfurs seem attractive as they are only 4.5 8 

from the solvent (Carter et al., 1974b). In addition, in 

Chromatium HIPIP, asp-45 has its carboxyl group 7.6 8. from 

S*2 (8 8 from Fel which is bonded to S*2, distances were 
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calculated from available coordinates, Carter et al., 

1974a) hence, could provide a negative charge near the site 

of oxidation of reduced HIPIP. Table 46 gives the residues 
/ 

within 11 8 of the iron-sulfur cluster for HIPIP for the 

four sources used in this work. Table 47 presents the 

corresponding distances. The neutral site implicated for 

the reduction of Chromatium HIPIP could be explained by 

reorientation of asp-45 or by the positioning of a positive 

residue as to cancel the charge of the carboxyl group. 

From available structural data, it appears that positions 

28(arg), 42(his), and 83(lys) are sufficiently close to 

interact with asp-45 (Table 48). 

R. gelatinosa HIPIP has charged residues in the 

vicinity of position 45 at positions 42(his), 28(lys), 

and 83 (lys) with the only negative residue at position 

7(asp) (Tables 46 and 47). In view of the pK values 

determined his-42 is particularly attractive. Similarly, 

for the HIPIP from T. pfennigii both positively and nega

tively charged side chains are in the region of position 

45 and could account for the observed effect of ionic 

strength on the kinetics of oxidation and reduction (Tables 

46 and 47). These residues include asp-7, arg-28, his-44, 

glu-73, and lys-83. Thus, the negative charge observed 

for oxidation could be accounted for by asp-7 and glu-73. 

The neutral charge observed for reduction could be explained 
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Table 46. Charged residues in the vicinity of the iron-
sulfur cluster. 

Less than 11.0 &. Dash represents unchanged 
amino acid residue. 

Source Amino Acid 

Position 7 28 42 44 45 73 83 

Chromatium - R H - D - K 

R. gelatinosa D K H - - - K 

T. pfennigii D R - H - E K 

Paracoccus D D — D — — — 



Table 47. Distances relative to the iron-sulfur cluster. 

See Appendix C for nomenclature used. Dash means greater than 11 

Iron-Sulfur 
Cluster 

V--7 H-42 A-44 D-45 V-73 K-83 R-28 
Iron-Sulfur 

Cluster CG1 CG2 ND1 NE2 CB OD1 0D2 CG1 CG2 NZ NHL NH2 

Fel 10.2 10.0 10.0 10.2 9.5 8.4 10.6 - - - -

Fe2 - - - - - 8.0 10.2 - - 10.2 -

Fe3 10.1 9.8 - - -

•
 

o
 

1—1 

- - - - -

Fe4 - - - - - 10.0 - - - - -

S*1 - - 10.8 10.6 10.7 7.6 9.7 - - - 10.3 

S*2 - 10.7 10.7 10.5 9.4 8.4 10.5 - 10.9 9.6 -

S*3 8.4 8.5 — _ 10.8 — — — _ 

<n 
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Table 48. Distances relative to aspartic 45. 

D-45 R-28 E-•40 H-•42 A-44 V-82 K-83 

NHL NH2 OE1 OE2 NDl NE1 CCB CD1 CD 2 NZ 

0D1 

0D2 

7.8 

8.0 

10.2 

10.1 

8.6 

6.9 

10.3 

8.7 

6.9 

7.0 

5.1 

4.7 

6.8 

7.0 

10.8 

10.5 

7.6 

7.4 

10.0 

10.8 
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in terms of interactions between asp-7 and glu-73 and the 

positive side chains arg-28, his-44, and lys-83. Paracoccus 

HIPIP has negatively charged residues at positions 7, 28, 

44 in the region of position 45 which could account for the 

negative site implicated by studies of the kinetics of oxi

dation of this HIPIP. 

Another possibility presented by Rawlings, Wherland 

and Gray (1976), consistent with the mechanism presented 

in part B, envisioned the reactants as being able to 

penetrate through the surface amino acid residues (charged) 

as well as the non-polar amino acid residues as to approach 

the buried Fe-S cluster and hence facilitate electron 

transfer. According to Wherland and Gray (1976) , the 

reactivity of a particular reaction can be affected by 

electrostatic interactions as well as by hydrophobic inter

actions which could permit penetration by the reactant 

through the protein surface. Specifically, the oxidation 

-3 +3 
of reduced Chromatium HIPIP with Fe(CN)g and Cofphen)^ 

and the reduction of oxidized Chromatium HIPIP with 

_2 Fe(EDTA) were investigated by Rawlings et al. (1976). 

These reactions (specifically the oxidation of HIPIP by 

_3 Fe(CN)6 were consistent with the data presented in this 

-3 +3 
research. All three reactions (Fe(CN)g ), Co (phen) ̂ and 

_ 9 
Fe(EDTA) ) were found to be simple resulting xn linear 

second-order rate plots (k0kS vs« reactant) with no evidence 
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of complex formation. The second-order rate constants and 

the thermodynamic activation parameters for the oxidation 

of HIPIP were; Fe(CN)~3, 2.0 ± 0.1 x 103 M"1sec"1 (25°C, 

y = 0.10 M, pH 7.0, phosphate), AH^ = 0.4 ± 0.1 Kcal/mole, 

AS^ = -45 ± 1 e.v.; Co^hen)*3, 2.8 ± 0.1 x 103 M '''sec 

(26°C, = 0.1 M, pH 7.0, phosphate), AH^ = 14.9 ± 0.7 

Kcal/mole,. AS^ = 7 ± 2 e.u. (Rawlings et al., 1976). For 

-2 the reduction of HIPIP by Fe(EDTA) , the second-order rate 

3 
constant and activation parameters are 1.6 ± 0.1 x 10 

M~^sec"~^" (25°C, \x = 0.1 M, pH 7.0, phosphate), AH^ = 

0.8 + 0.3 Kcal/mole, AS^ = -41 ± 1 e.u. (Rawlings et al., 

1976). From these data, Rawlings et al. (1976) propose 

+3 . 
that the Co^henJ^ is able to attack the buried Fe-S 

cluster of HIPIP directly (via penetration) whereas, Fe 

_2 (EDTA) cannot attack the cluster directly but must trans

fer its electron from long range. Therefore, it appears 

+3 
possible that for the CoCphen)^ reaction, as well as for 

some of the reactions presented in this research, non-

polar residues could play a key role in the electron 

transfer process. 

Case C, although possibly the most attractive in 

terms of a simple interaction of two redox chromophores with 

a minimum energy barrier, does require that the solution 

and crystal structure of HIPIP be different. This is a 

difficult point to address with available data. The 
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question can be reduced to whether or not the surface struc

ture is the same in the crystal as in solution. It would 

seem that distortions of the crystal are possible (or even 

likely) as packing into a crystal lattice similarly charged 

molecules could be expected to lead to perturbations which 

facilitated lattice formation. Such perturbations would 

not necessarily require much movement of the peptide back

bone as reorientation of selected side chains would be 

sufficient to block apparent solvent access to the iron-

sulfur cluster. It is interesting to note that the crystal 

structure requires that the reduced HIPIP iron-sulfur 

cluster (probable charge of -2, Herskovitz et al., 1972; 

Averill et al., 1973) to be completely inaccessible to the 

solvent. Thus, stabilization of the cluster charge requires 

considerable hydrogen bonding (Carter et al., 1974b). This 

stabilization could also be achieved by solvent interactions. 

It has been shown that crystals of reduced HIPIP 

are rapidly oxidized by oxygen (Carter et al., 1974b; 

Carter, 1972) a situation not observed in solution. This 

observation suggests differences between the crystal and 

solution. If the iron-sulfur cluster is solvent acces

sible, the negative charge at the site of oxidation of 

reduced Chromatium, Paracoccus and T. pfennigii HIPIP 

reported here could be provided by the iron-sulfur cluster 

itself. However, the neutral charge at the site of 
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reduction of oxidized Chromatium and T. pfennigii HIPIP, 

as well as the positive charge at the site of oxidation 

and reduction of R. gelatinosa oxidized and reduced HIPIP, 

would argue against a direct interaction between the iron-

sulfur cluster and approaching reactant. Therefore, even 

if the iron-sulfur cluster is solvent accessible, we must 

still consider participation of a charged surface residue 

to account for the ionic strength and pH studies. 

Based on the data obtained with the non-physiological 

reactants and the influence of ionic strength, pH and tem

perature on the kinetics of oxidation and reduction, a 

number of conclusions can be drawn. (1) HIPIP undergoes 

rapid electron transfer with no evidence of kinetic com

plexity and no indication of complex formation with 

various reactants. (2) Oxidation and reduction occur at a 

specific site not involving the net protein charge. (3) 

Steric restrictions and differences in oxidation-reduction 

potential are less important than electrostatic attraction 

and/or repulsion in determining the absolute rate constants. 

(4) The thermodynamic activation parameters indicate that 

both oxidation and reduction are driven entropically. 

(5) Electron transfer does not occur "solely" by direct 

interaction of the oxidant or reductant with the iron-

sulfur cluster. 
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Although we can not unequivocally identify the site 

of interaction of non-physiological reactants with HIPIP 

the analysis given in this section leads us to favor the 

region around aspartic-45. This region is near the surface 

of the molecule and has within reasonable distance all 

amino acid side chains which are needed to account for the 

observed kinetic properties of the HIPIPs studied to date. 

In the context of the goals of this work it is important 

to note that no easily identifiable region of HIPIP which 

provides the site of electron transfer could be identified. 

Thus, unlike the c-type cytochromes we are required to 

think in terms of relatively large areas on the molecules 

surface with substantial variation from species to species. 

Further, the lack of a well defined site of electron trans

fer leaves open the possibility that interactions not easily 

recognized by conventional analysis (for example, non-polar 

interactions or electron tunneling) play a major role in the 

mechanism of electron transfer by HIPIP. 

Protein-Protein Interaction 

In the discussion which follows, studies on the 

interaction of c-type cytochromes with Chromatium HIPIP 

and R. gelatinosa HIPIP presented in Chapter 7, will be 

discussed and the implications of these studies examined. 

The reaction of R. rubrum cytochrome c2 with Chromatium 

HIPIP has been reported (Mizrahi et al., 1976). Studies 
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on this reaction were initiated because the structure of 

both Chromatium HIP IP and R. rubrmtt cytochrome c^ are known 

and it was felt that a study of the interactions of two 

proteins with known structures might be more amenable to 

interpretation. The rate of reduction of R. rubrum cyto

chrome c_2 reduced Chromatium HIPIP was found to decrease 

with increasing ionic strength and was reasonably rapid 

(k = 5 x 10^ M ^sec \ at y = .085 M, 20°, pH 7.0). However, 

the rate of oxidation of ferrocytochrome by oxidized 

5 
HIPIP was independent of ionic strength (k = 2.2 x 10 

M~^sec \ pH 7.0, 20°). Taking the site of electron trans

fer on both ferri and ferrocytochrome £2 as positive, as 

was shown with the iron hexacyanide reactions (Wood and 

Cusanovich, 1975) the interaction of the two proteins 

suggests a negative site of electron transfer on reduced 

HIPIP and a site with zero net charge on oxidized HIPIP. 

Similarly, the study of the interaction of HIPIP with the 

iron hexacyanides, presented in Chapter 3, indicate a 

negative site on reduced Chromatium HIPIP and a neutral 

site on oxidized HIPIP. Thus, the R. rubrum cytochrome 

c2-Chromatium HIPIP results are consistent with the pre

dictions made by the interactions of each protein with the 

iron hexacyanides. 

Except for the oxidation of Chromatium HIPIP by 

R. palustris cytochrome c^ and the reduction of R. gelatinosa 
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HIPIP by horse heart cytochrome c and R. capsulata cyto

chrome c_2 / the ionic strength results obtained for the 

protein-protein interactions studies are consistent with 

the predictions made by the interactions of each protein 

with the iron hexacyanides. From the iron hexacyanide 

studies, a positive-positive (similar charge) interaction 

would have been predicted for the reduction of R. gelatinosa 

HIPIP with R. capsulata cytochrome anc^ horse heart 

cytochrome c; however, a neutral-charge (or neutral-neutral) 

interaction was found. Similarly, a negative-positive 

interaction would have been predicted from the iron hexa

cyanide studies for the oxidation of Ghromatium HIPIP with 

R. palustris cytochrome c^; however, a neutral interaction 

was observed. These discrepancies could be explained by 

the concept that there are more points of contact between 

two proteins than between a protein and a small non-

physiological reactant. Therefore, it is possible that the 

cytochromes are effectively seeing a net neutral area on 

HIPIP. This is presented graphically in Figure 49A. In 

this situation (Figure 49A) the interaction between cyto

chrome £2 and HIPIP consist of a positive (Cyt. P2)-

positive (HIPIP) and a positive (Cyt. £2)-negative (HIPIP) 

interactions resulting in a reaction that appears to in

volve a charge-neutral or neutral-neutral interaction 

(Figure 49B). The mechanism presented in Figure 49A is 
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Cytochrome HIPIP 

A 

Cytochrome HIPIP 

B 

Figure 49«. Possible interactions between HIPIP and c-
type cytochromes. 

A. Possible charged interactions between c-
type cytochromes and HIPIP resulting in ionic 
strength independent experiments; +, positively 
charged amino acid residues; negatively 
charged amino acid residues. B. Non-polar 
interactions resulting in ionic strength inde
pendent experiments; N, non-polar amino acid 
residues; C, charged amino acid residues. 
Dashed line represents interaction between an 
amino acid on the cytochrome with an amino 
acid on HIPIP. Solid curve line represents 
protein surface. 
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consistent with the non-physiological studies as both a 

positive and negative amino acid side chains on Chromatium 

HIPIP have been implicated as being in the vicinity of the 

electron transfer site. Similarly a positive site has been 

implicated on cytochrome c^ as being involved in the elec

tron transfer process (Wood and Cusanovich, 1975). Thus, 

the neutral effect observed from the ionic strength experi

ments for the oxidation and reduction of Chromatium HIPIP 

by the c-type cytochromes can be explained in terms of 

Figure 49A or 49B. The reaction of R. gelatinosa HIPIP 

with hors$ heart cytochrome c and R. capsulata cytochrome 

£2 can occur by a similar mechanism as negative residues 

have been found in the vicinity of his-42f implicated from 

the pH studies with iron hexacyanides, and can thus explain 

the net neutral effect observed for the protein-protein 

interaction. 

It is interesting to note that the charge inter

actions obtained from the ionic strength experiments are 

not consistent with what would have been implicated solely 

from the general net charge on each protein. Thus, specific 

sites of electron transfer are indicated for the protein-

protein interactions. As a neutral effect was obtained 

from the ionic strength experiments for the protein-

protein interaction, these results could indicate the im

portance of non-polar interactions. That is, non-polar 
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residues in the vicinity of the site of electron transfer 

may play a key role in the process. As similar ionic 

strength results were obtained for the reactions of Chroma-

tium HIPIP with the various cytochromes £2 as well as 

similar rate constants (Table 39), similar sites of electron 

transfer on the various cytochromes is suggested. 

Comparison of the rate constants for the protein-

protein interactions with the corresponding reactions with 

iron hexacyanides show that the rate of oxidation and re

duction of Chromatium HIPIP with c-type cytochromes is 

faster (both kg and kp) than with the iron hexacyanides 

(Tables 39 and 40). Thus, it appears that steric restric

tions and differences in oxidation-reduction potentials 

are less important than electrostatic interactions or non-

polar interactions in determining the rate constants. 

There are three possibilities that could account 

for the biphasic behavior observed for the reaction of 

HIPIP with R. capsulata, R. sphaeroides, and R. palustris 

cytochromes C2« (1) The first possibility, expressed by 

equation 1, is that HIPIP and cytochrome C2 react to form 

a complex. Equation 2 predicts that at least one of the 

observed rate constants should be concentration independent. 

However, as described in Chapter 7, both the fast and slow 

kinetic species were dependent on the HIPIP concentration 

demonstrating that complex formation prior to formation of 
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product cannot describe the observed results. (2) A second 

possibility is that either cytochrome c2 or HIPIP exist in 

two different comformational states that are not in equi

librium and are not spectroscopically distinguishable. 

This mechanism is presented by equations 24 and 25. 

A + B C + D (24) 

A1 + B C' + D (25 

Thus, k^2 an(3 k'jL2 could represent the two phases observed. 

However, the reactions of HIPIP and cytochrome with non-

physiological oxidants and reductants tend to argue against 

this mechanism. All non-physiological studies with HIPIP 

and cytochromes resulted in monophasic reactions implying 

that either A or A1 (equations 24 and 25) is unreactive 

with the oxidant or reductant. If two distinct forms of 

the same protein exist and one of these forms is unreactive, 

the reaction would not go to completion. However, this 

was not the case as the reaction of HIPIP, cytochromes c^ 

and horse heart cytochrome c with non-physiological oxidants 

and reductants went to completion (with the exception of 

ferrocyanide which was equilibrium limited). Alternatively, 

the biphasic results observed in the protein-protein 

studies could be accounted for by the fact that the effec

tive contact area between two large macromolecules is 
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greater than that between a large molecule and a small one. 

Therefore, the small non-physiological reactants see the 

same site of electron transfer, however the macromolecules 

can orient themselves in two ways (or have two types of 

interactions) around the same site which result in biphasic 

behavior. Thus, the possibility still remains that the 

cytochromes are heterogeneous but with differences between 

the two (or more) molecular species away from the immediate 

site of electron transfer. In the case of "small" non-

physiological reactants the differences away from the site 

of electron transfer are not expressed resulting in mono-

phasic kinetics. (3) A third possibility is that there are 

two distinct binding sites (two distinct pathways not 

slightly different orientations at the same site) on the 

same protein which can be termed A and A'. In this case 

all the interpretations described for the second possibility 

are applicable. Thus, the reaction of A and A' with non-

physiological oxidants and reductants must occur at iden

tical rates yielding monophasic results. For protein-

protein interactions both sites are operationable but with 

different rates. This third possibility seems less likely 

as the similar effects of pH and ionic strength on the 

kinetics of electron transfer would argue for similar 

interactions. Further we have no data with non-physiological 

reactants which suggest multiple pathways. 
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Overall, it would appear that different orientations 

or composition in the region of a single site of electron 

transfer is the most likely explanation for the biphasic 

behavior observed. The fraction of the slow kinetic 

species appears to be cytochrome dependent as with Chroma-

tium HIPIP it varies from 0.0 (horse heart cytochrome c 

and R. rubrum cytochrome c^) to 0.49 (R. palustris cyto

chrome c2f pH 7.0 and 8.0, oxidation and reduction) to 

0.71 (R. capsulata cytochrome c2) to 0.83 (R. sphaeroides 

cytochrome c2)• Interestingly, R. gelatinosa HIPIP has the 

same fraction of slow phase as Chromatium HIPIP with the 

two cytochromes studies: 0.0 for horse heart cytochrome 

c and 0.73 for R. capsulata cytochrome c2. The very 

similar rate constants for the fast kinetic species (for 

reduction of HIPIP) and the values found for horse heart 

cytochrome c and R. rubrum cytochrome c2 suggest that the 

interaction of c-type cytochrome with HIPIP is relatively 

insensitive to the structure of the cytochrome at or near 

the site of electron transfer. 

In terms of specific structure of the c-type cyto

chromes at or near the heme edged (the proposed site of 

electron transfer) no correlation with rate constants for 

their reaction with HIPIP can be made at this time. 

Specifically, substitution of lys-90 by a glycine (Table 

49 in R. capsulata cytochrome c2, replacement of the 
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Table 49. Amino acids in the vicinity of the heme edge. 

Source Amino Acid Residue 

Sequence 
Position 27 28 29 46 47 48 49 50 51 52 

R. rubrum - V G Y A Y S D S Y 

R. capsulata K T F K K E I 

R. sphaeroides K T F K G E G M 

R. palustris - F T P L N 

horse heart K T F T T A N 

Sequence 
Position 88 89 90 

R. rubrum K S K 

R. capsulata T G 

R. sphaeroides G 

R. palustris S T 

horse heart -



generally acidic side chain at position 50 (Table 49) by a 

proline in R. palustris cytochrome c^ or the generally 

faster rate constants for oxidation and reduction of R. 

sphaeroides cytochrome i^on hexacyanides (Table 38, 

Post et al., 1977) are not reflected in the reaction of 

these cytochromes with HIPIP. Further, the net protein 

charge as estimated from the isoelectric point (Table 1, 

Table 4) on either HIPIP or the c-type cytochromes does 

not appear to be an important factor. Nevertheless, the 

rates of oxidation and reduction of HIPIP by the various 

c-type cytochromes are in general much larger than those 

found for the same reactions with the iron hexacyanides as 

the oxidant or reductant. These observations suggest that 

the physiological reactants have available to them a path

way involving only a minimum of electrostatic interaction 

(as opposed to the iron hexacyanides) but with high 

specificity leadings to rapid rates. Our present level of 

understanding of biological electron transfer does not 

allow us to specify the details of the mechanisms mediating 

the protein-protein interactions reported here. However, 

by deduction one is left with the implication that non-

polar interactions, possibly coupled to conformational 

changes must have a major role in the electron transfer 

process. 
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In conclusion, the reactions of HIPIP with non-

physiological oxidants and reductants were monophasic. 

However, the reactions of HIPIP with the c-type cytochromes, 

unlike the non-physiological studies, were found to be 

biphasic suggesting multiple binding sites on the cyto

chromes. In general terms the non-physiological studies 

agree with the protein-protein studies. However, the 

quality of the data collected for the protein-protein 

studies was not as good as with the non-physiological 

reactants for the reasons discussed in Chapter 7. A few 

of the similarities between the physiological and non-

physiological studies are: 

(1) Specific sites of electron transfer are implicated 

as the ionic strength experiments show that the reactions 

are not driven by the total net charge on the proteins. 

(2) Even though some of the protein-protein reactions 

were biphasic, all the reactions were simple second-order 

reactions with no evidence of complex formation. 

(3) In general, the K calculated from kinetics are 

in reasonable agreement with the K calculated from the 

redox potentials. 

(4) In general the charges implicated for the reactions 

of HIPIP and c-type cytochromes from the ionic strength 

studies with the non-physiological reactants are consistent 

with the charges implicated for the protein-protein studies. 



CHAPTER 9 

SUMMARY 

Based on the studies reported here the following 

conclusions can be drawn: 

(1) The oxidation and reduction of HIPIP by the non-

physiological reactants occur at specific sites on the 

protein molecule. The net protein charge does not play a 

role in the electron transfer process. Similar conclusions 

are obtained for the reaction of HIPIP with a variety of 

c-type cytochromes. 

(2) Specific amino acid substitutions at or near the 

proposed site of electron transfer on c-type cytochromes 

play no detectable role in the electron transfer process. 

(3) Steric restrictions provided by the protein about 

both the heme and iron-sulfur chromophores do not appear 

to limit the rate constants for electron transfer. 

(4) The reaction of HIPIP with non-physiological oxi

dants and reductants appear to be influenced by electro

static interactions. However, protein-protein reactions 

do not involve measurable electrostatic interactions. 

(5) The biphasic kinetics obtained for the interaction 

of some cytochromes with HIPIP appear to result from at 
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least two different orientations available to the cytochrome 

for interaction with HIPIP. This phenomena is not observed 

with all cytochromes, and available data does not permit 

identifying the specific interactions responsible. 

(6) Based on the almost identical rate constants for 

oxidation and reduction of Chromatium and R. gelatinosa 

HIPIP by various c-type cytochromes (having very different 

properties) a common underlying mechanism is implied. By 

deduction specific non-polar interactions are suggested 

although available information does not permit their 

identification. 



APPENDIX A 

EXTINCTION COEFFICIENTS 

The calculation and interpretation of kinetic data 

requires knowledge of the concentration of the reacting 

molecules. Thus, to deduce the concentration of the macro-

molecules used in this work, reasonable values of the ex

tinction coefficients must be known. In general, we have 

used literature values at one wavelength and, from this 

and our own difference spectra, calculated delta extinction 

coefficient for the various wavelengths used to monitor 

the kinetics of oxidation and reduction of HIPIP and the 

various c-type cytochromes. 

The millimolar extinction coefficient for reduced 

Chromatium HIPIP at 388 nm was taken as 16.1 (Bartsch, 

1963b)for calculation of difference extinction coefficients 

(oxidized-reduced) as given in Table A-l. Similarly values 

of 15.3 for reduced R. gelatinosa HIPIP at 388 nm (Dus 

et al., 1967) and 15.3 for reduced T. pfennigii HIPIP at 

375 nm (Meyer et al., 1973) were used. As the extinction 

coefficients for Paracoccus HIPIP have not been determined, 

the delta extinction coefficients were assumed to be the 

same as the values used for T. pfennigii HIPIP (Table A-l). 
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Table A-l. HIPIP millimolar extinction coefficients. 

Source A (nm) AE^Cliter/millimol. cm) 

Chromatium 415 2.97 

418 3.16 

480 8.27 

500 7.89 

506 7.60 

550 5.03 

R. gelatinosa 418 3.98 

480 8.47 

500 8.94 

T. pfennigii 480 8.51 

500 8.30 

480 8.51 

500 8.30 
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For determination of the concentration of horse 

heart cytochrome c a millimolar extinction coefficient of 

30 at 550 run for the fully reduced protein was used. 

Further, the difference millimolar extinction coefficient 

(reduced-oxidized) was taken as 37.5 at 415 nra and 44.4 

at 418 nm. For the cytochromes £2 used here, an extinction 

coefficient of 26.7 for the reduced alpha peak was used 

to determine the cytochrome concentration. Further, 

difference millimolar extinction coefficients (oxidized-

reduced) of 17.1 (550 nm) and 38.7 (418 nm) were utilized. 



APPENDIX B 

DATA ANALYSIS 

For a reversible second-order reaction of two 

molecules (equation i) in a large molar excess of one of 

the reactants (pseudo first-order conditions) the inte

grated rate equation can be expressed as given by equation 

ii (Frost and Pearson, 1961), 

k 
a + b === c + d (i) 

k' 

Ln 
- AeA 

(A - Ae)A0 
= k[Bo] 

A + 
o e 

A - A 
o e 

(ii) 

where Aq is the initial concentration of a (at time zero), 

Afi is the equilibrium concentration of a, A is the con

centration of a at any time t and Bq is the initial con

centration of b. 

Making the substitutions: AA^AE^ = Aq, (AAQ-AAe)/ 

AE „ = A^ and (AAm + AA -AA )/AE„M = A, where AA_ is the 
mM e T o e mM ' o 

absorbance change if the reaction went to completion, AAe 

is the observed absorbance change at completion, AAT is 

the absorbance change at any time t and AE^ is the delta 
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extinction coefficient at the wavelength used to monitor 

the reaction—equation iii is obtained (see Figure B-l). 

In 
AAt (AAe - AAq) + AAe(2AAQ - AAq) 

AA_AA 
T o 

(2AA - AA ) t 
k[B ] - 2 = k 
° 4A obs 

e /• 

(iii) 

The equation applicable when the reaction goes to 

completion (AAQ = AAg) is given by equation iv. 

m (AVAV = ~kobst (iv) 

where kQbs = 

The application of equation iii is tedious as no 

simple plot can be used to obtain k[BQ], Computer analysis 

can be used, although with hundreds of kinetic traces this 

becomes prohibitively time consuming. However, as will 

be shown below, plots of In AA^ vs. t can be corrected to 

yield a reasonable approximation of k[BQ], 

To ascertain at what point equation iv, derived for 

the specific condition of AAq = AAg, is no longer valid 

for a reversible reaction, equation iii and iv were equated 

in order to determine their relationship to each other. 



201 

A A  

A A  A A  o 
\ / 

o 

Figure B-l. Absorbance diagram. 

AQ, concentration of protein used; AAQ, 
absorbance change if reaction went to comple
tion; Ae, concentration of equilibrium (at 
t = 00) ; AAe, observed absorbance change (at 
t = 0); A, concentration at any time t; 
AAt/ absorbance change at any time t. 
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Therefore, solving equations iii and iv for t and equating 

them yield equation v. 

AAT(AAe-AAQ) + AAe(2AAQ-AAe) 

^ Ao 
In (AAe/AAT) (v) 

At t = 0, AAt = AAg and equation vi is obtained. 

(vi) 

A plot of In AAt VS. time will yield k ks and 

this can be corrected to the true k[BQ] by multiplication 

by AAe/(2AAQ - ^Ae) . To demonstrate the validity of this 

approach sample calculations were made for hypothetical 

data and are discussed below. 

given by equation i, AAe for a particular concentration of 

Bq can be calculated from the equilibrium relation. Further, 

taking values of k at different concentrations of Bq 

(assuming a second-order reaction) AAT at any time t can 

be calculated from equation iii. Figure B-2 presents plots 

of AAT VS. t for data obtained as just described. For the 

example used AAq was taken as 0.06 and K as 0.05 (typical 

values for the reaction of ferrocyanide with HIPIP). The 

Given a value of K and AA for the reaction 
eq o 
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T ime  (Sec )  

Figure B-2. Plots of AA, vs. t at four concentrations 
Of B0. 

— 3 
See text for description. A, 2 x 10 M 
B0;^, 5 x 10"4 M B0; •, 5 x 10"5 M B0; 
o, 10~4 M B0. 
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values of AA£, Bq and k (termed kreai) used are given in 

Table B-l. From the slopes of In AA^ vs. time plots (the 

so-lid lines in Figure B-l) a value of kQks at each con

centration of Bq was obtained (Table B-l). As seen in 

Figure B-2, the plots of AA^, vs. time plots appear linear. 

For examples used here slight deviations of the In AA vs. 

-4 
time plots were observed at concentrations of Bq of 2 x 10 

M and less, although these were within normal experimental 

error at very small AA values (<0.01 AA). The term 

(2AA -AA)/AA^ (in Table B-l) can be used to correct k . 
o e e obs 

and yield k^^^^ in Table B-l. Thus, k _ can be compared 
corr corr c 

to the actual value of k (^rea^ i-n Table B-l). As can be 

seen in Table B-l the value of the ratio k /k „ . does 
corr real 

not deviate substantially from 1.0 at concentrations of 

-4 -4 
B_ above 2 x 10 M. Below 2 x 10 M the value of k 
o corr 

is underestimated slightly (10-30%). 

In general as Ke^ decrease the lower limit of con

centrations of B where substantial differences between 
o 

k and k , occur increases. However, by a careful 
corr real ' J 

choice of reactipn conditions kinetic data can be acquired, 

that within experimental error, can be corrected to yield 

accurate pseudo first-order rate constants. At low 

ferrocyanide the values of kcorr represent slight under

estimates of the pseudo first-order rate constant; however, 

these are weighted less in the calculation of second-order 



Table B-l. Correction of kinetic data for reversible. 

B x 104 M AA /AA * k , b XC k d k,e k/k, 
o e' o obs corr real corr' real 

200 .994 10.17 1.01 10.11 10.00 1.01 
100 .984 5.10 1.03 4.96 5.00 .99 
40 .970 2.18 1.06 2.04 2.00 1.02 
20 .935 1.15 1.14 1.01 1.00 1.01 
10 .885 0.61 1.26 0.48 0.50 .96 
5 .810 0.34 1.47 0.23 0.25 .92 
2 .674 0.16 1.97 0.081 0.10 .81 
1 .555 0.11 2.6 0.0423 .05 .85 
0.5 .440 0.065 3.5 0.0185 .025 .74 
0.1 .230 0.028 7.7 .0036 .005 .73 

a. AA /AA represents the extent of the reaction and can be calculated 
from the equilibrium constant for the reaction (k/k, = K ). K for the cal
culation given here was 0.05. 9 9 

b. Obtained from plots of In AA vs. t as drawn in Figure B-l. 

c. Correction factor determined from (2AAo - AAe)/AAe. 

d. Actual rate constant used to calculate AAfc for the particular concen
tration of Bo. 

e. k , = k B , with k = 2 x 105. 
real o 



206 

rate constants (plots of k „ vs.[ferrocyanide]) hence 

do not introduce measurable errors. 



APPENDIX C 

ATOM NOMENCLATURE AND DISTANCE CALCULATIONS 

Atom Nomenclature 

In Tables 43, 45, and 47 the distances between 

two atoms in Chromatium HIPIP are given. The distances 

were calculated from available coordinates derived from 

the x-ray crystallographic structure (Carter, 1972; Carter 

et al., 1974a). The nomenclature used is given below. 

1. CA, 2. CB 

1. CA, 2. CB, 3. CG 

4. CG2 

1. CA, 2. CB, 3. CG, 

4. CDl, 5. CEl, 

6. CZ, 7. CE2, 

8. CD2 9 

1. CA, 2. CB, 3. CG, 

4. OD1, 5. ND2 

1 2 
Alanine C -CH_ a 3 

1 3cH3 
Valine CcT2CH 

4CH 

Tyrosine c -CH9 \ / OH 
8 7 

^-CH, o 01 

4 
x0 

1  2  3  ̂  
Asparagxne C -CH~- C 

\ 
NJH 
5 2 

207 
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Aspartic Acid 
1  2  3  /  
C - C H „ - C  v  2 ^ 

406 

1. CA, 2. CB, 3. CG, 

4. OD1, 5. OD2 

Glutamic Acid 
1 2  3  4 / 

-C -CH--CH--C . 
a 2 2 v, 

5oe 

1. CA, 2. CB, 3. CG, 

4. CD, 5. OE1, 6. OE2 

Lysine 
1 2 3 4 5 6 
C -C-C-C-C-NH, 1. CA, 2. CB, 3. CG, 

4. CD, 5. CE, 6. NZ 

Arginine 

Histidine 

1 2 3 4 5 6 7 
C -C-C-C-NH-C-NH0 a 2 

a H„C 

1. CA, 2. CB, 3. CG, 

4. CD, 5. NE, 6. CZ, 

7. NH1, 8. NH2 

1. CA, 2. CB, 3. CG, 

7. ND1, 6. CE1, 

5. NE2, 4. CD2 

Further, the nomenclature used for the iron and inorganic 

sulfur atoms in the HIPIP cluster are (refer to Figure 2A): 

Fe 1 the iron atom bonded to cys-43; Fe2 to cys-46; Fe 3 

to cys-63 and Fe 4 to cys-77. The inorganic sulfur nomen

clature is: SI the inorganic sulfur bonded to Fe 1, 
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Fe 2, and Pe 4; S2 is bonded to Fe 1, Fe 2, and Fe 3; 

S3 is bonded to Fe 1, Fe 3, and Fe 4; S4 is bonded to 

Fe 2, Fe 3, Fe 4. 

Single Letter Nomenclature Used for the 
Amino Acid Residues 

In some of the tables presented, one letter 

symbols were used as a short hand notation for the amino 

acid residues. The nomenclature used is given below. 

A Alanine L Leucine 

R Arginine K Lysine 

N Asparagine M Methionine 

D Aspartic acid F Phenylalanine 

C Cysteine P Proline 

Q Glutamine S Serine 

E Glutamic acid T Threonine 

G Glycine W Tryptophan 

H Histidine Y Tyrosine 

I Isoleucine V Valine 

Distance Calculations 

The distances given in Table 44 for the sphere of 

influence that would be generated by an amino acid side 

chain freely rotating in solution were derived by assuming 

an extended conformation for the amino acid side chain 

resulting in the greatest angle for A^C^C^. (A^ representing 
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the terminal oxygen or nitrogen atom; C , the alpha carbon; 
(X 

and Cg the beta carbon.) Using sine and cosine laws and 

109° for sp"^ carbon, the distance between the beta carbon 

and the terminal atom can then be calculated. To solve 

this problem (example for lysine) the following assumptions 

were made: (1) NH^, the terminal major atom, was treated 

as a point. (2) The sum of bond lengths from the beta 

carbon was treated as a vector, r, where r is found using 

the cosine law (equation i and Figure C-1A). 

C2 = A2 + B2 + 2AB Cos <5 (i) 

The vector generated has the angular relationships shown in 

Figure C-1B. Therefore, using the sine and cosine laws 

we are able to calculate the altitude (R in Figure C-1B) and 

radius of the cone (x in Figure C-1B) generated. Similar 

procedures were used in calculating these distances for 

aspartic acid and glutamic acid. 
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A 

B  

a 

I*—x —*1 

N o * 

I  9 0  T 
C. 

C R 

U 109  Vp  

b 

Figure C-l. Distance calculations for a freely rotating 
amino acid residue. 

A. Assignment of variables for the sine and 
cosine laws. B. Example for a freely rotating 
lysine residue. 
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