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ABSTRACT 

A dual Bhodobacter capsulatus/Bhodobacter sphaerojdes genetic system has been 

used to study the structure and function of a. capsulatus cytochrome c2' In the first 

part of this study. the processing. stability and in. ~ functionality of nine 

site-directed mutants have been examined. Mutations were designed to test various 

structural and functional properties of cytochrome c2 such as redox potential (Y75C. 

Y75F and Y75S). surface charges (K12D. K14E. K32E and K14E1K32E). and protein 

conformation (P35A and W67Y). All a. capsulatus cytochrome c2 mutants. except 

Y75C and Y75S. were overproduced in both a. capsulatus and a. sphaeroides 

suggesting that these mutations had no effects on heme attachment and protein 

stability. Furthermore. all a. capsulatus cytochrome c2 mutants transcomplement 

for photosynthetic growth a cytochrome c2 minus mutant of a. sphaeroides suggesting 

that these mutations function 1o.~. Analysis of the spectroscopic. redox potential. 

kinetic and stability properties of mutants Y75C and Y75F suggested that a. 

capsulatus tyrosine 75 or its equivalent in other species plays an important role in 

formation of a hydrogen bonding network which results in maintaining redox 

potentials and stability of cytochromes C. in general. It was found that the charge 

mutants exhibited small reductions in redox potentials that were consistent with the 

substitution of positively charged groups with negatively charged groups. Kinetic 

analyses of the charge mutant photooxidatlons by a. sphaerojdes reaction centers 
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suggested that the lysine groups surrounding the cytochrome .G exposed heme edge are 

not critical to cytochrome sc. structure and function but play a role in optimal 

molecular orientation for electron transfer reactions. In addition, denaturation 

studies of the charge mutants indicated that lysine groups in the amino terminal alpha 

helix may be important to cytochrome c2 stability. Analysis of the spectroscopic, 

redox potential, kinetic and stability properties of mutants P35A and W67Y suggested 

that proline 35 and tryptophan 67 of B.. capsulatys cytochrome c2 or their 

equivalents in other species are important to stability but not critical to the 

structure, redox potential, and function of cytochromes .G in general. 



Background 

CHAPTER I 
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With their well established chemical and structural properties, the cytochromes 

~ are among the best characterized proteins (for reviews see Meyer and Kamen, 1982; 

Dreyer, 1984; Pettigrew and Moore, 1987; Cusanovich et al., 1988) which 

consequently make them attractive candidates for study of protein structure and 

function. Based upon amino acid sequences and three dimensional structures , the 

procaryotic cytochromes c2 and the eukaryotic cytochromes c are members of a 

structural family termed class I Co-type cytochromes (Ambler, 1977). Members of 

this family typically exhibit greater than 40 percent identity in amino acid sequence 

when Insertions and deletions are Ignored. In Figure 1-1, the amino acid sequences of 

cytochromes c from yeast, horse and tuna have been aligned with the sequences of 

cytochromes c2 from Rhodobacter capsulatus, Rhodobacter sphaeroides and 

Rhodospjrillum rubrum. In all cases the heme group is covalently attached to two 

amino terminal cysteines via thioether linkages and the heme Iron is coordinated by a 

histidine near the amino terminus and a methionine near the carboxy terminus. 

Typically tho cytochromes of this family are 80 to 120 amino acids in size. Moreover, 

comparisons of the high resolution three dimensional structures of eukaryotlc and 

procaryotic members of this family further demonstrates their relatedness {Salemme 
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Figure 1-1: Amino acid sequence homology between class I G-type cytochromes from 
several procaryotic and eukaryotic species where C=R. capsylatus (Ambler et al., 
1979), Saa. sphaerojdes (Ambler et at, 1979), R=a. rybrym (Sletten et at, 
1968), V-yeast Iso-1 (Lederer et at, 1972), T -tuna (Krell, 1965) and H=horse 
(Margoliash et al., 1961). The numbering above is that of a. capsulatys cytochrome 
c2 and the numbering below Is that of horse and tuna cytochromes c. The poSitions of 
the cysteines, which form thioether linkages with the heme group, and histidine and 
methionine, which are extraplanar ligands to the heme Iron, are denoted by asterisk. 
a. capsylatus residues mutated In this study are boxed. 

c: 
s: 
R: 
Y: 
T: 
H: 

1 10 20 
* * * 

GOA A K G EKE F - N~C~T C H S I I A P D GTE I V -
GDPEAGAKAF-NQCQTCHVIVDDSGTTIAG 
GOA A AGE K V S - K K C LAC H T F 0 Q G G - - - -.- -
GSA K K GAT L F K T R C L Q C H T V E K G G - - - - - -
G 0 V A K G K K T F V Q K C A Q C H T V ENG G - - - - - -
G 0 V E K G K KIF V Q K C A Q C H T V E K G G - - - - - -

1 10 20 

30 40 50 

C: K G A~T G~N L Y G V V G R TAG T Y P E F K - Y K 0 S I 
S: RNA K T G P N L Y G V V G R TAG T Q A 0 F K G Y G E G H 
R: - A N K V G P N L F G V FEN T A A H K 0 N Y A - Y S E S Y 
Y: _ P H K V G P N L H G I F G R H S G Q A E G Y S - Y T 0 A N 
T: - K H K V G P N L W G L F G R K T G Q A E G Y S - Y T DAN 
H: - K H K T G F N L H G L F G R K T G Q A P B F T - Y T 0 A N 

30 40 50 

60 70 80 

C: V A L GAS G F A~T E E 0 I A T~V K 0 P G A F L K E K L 
S: K E A G A K G LAW 0 E E H F V Q Y v Q 0 P T K F L KEY T 
R: T E M K A K G L T W TEA N L A A Y V K 0 P K A F V L E K S 
Y: I K - - - K N V L WOE N N H S E Y L T N P - K Y I - - - -
T: K S - - - K G I V W N NOT L HEY LEN P K K Y I - - - -
H: K N - - - K G I T W K E E T L HEY LEN P K K Y I - - - -

60 70 

90 100 110 

* C: D 0 K K A K S G H A F K - L A K - - G G E 0 V A A Y LAS V 
S: GOA K A K G K M T F K - L K K E A 0 A H N I WAY L Q Q v 
R: GOP K A K S K H T F K - L TKO 0 E I E N V I A Y L K T L 
Y: _ - P G - - T K M A F G G L K K E K 0 R N 0 LIT Y L K K A 
T: - - P G - - T K M I FAG I KKK G E R Q 0 L V A Y L K S A 
H: - - P G - - T K M I FAG I KKK T ERE 0 L I A Y L K K A 

80 90 100 



20 

et aI., 1973a). In addition, the members of this class exhibit nearly Identical 

ultraviolet-visible absorption spectra characteristic of low spin heme proteins and 

have positive midpoint redox potentials. Finally, the class I c.-type cytochromes are 

functionally similar in that one role Is to act as soluble electron carriers between 

membrane-bound redox centers with the net result of proton translocation across the 

appropriate membrane. In procaryotic organisms, cytochromes c2 are found In the 

periplasm and function as an electron shuttle between the cytochrome bc1 complex and 

the photosynthetic reaction center or a cytochrome c oxidase comple~. In eukaryotic 

organisms, cytochromes c are found in the mitochondrial Inner membrane space and 

function as an electron shuttle between complex III and complex IV. Furthermore, 

cross reactivity exists between the procaryotic and eukaryotlc members of this 

family. For example, cytochromes ~ can often react with the eukaryotic membrane 

complexes and mitochondrial cytochromes c can often react with the procaryotic 

membrane complexes (Pettigrew and Moore, 1987). 

The class I c.-type cytochromes possess a number of intrinsic properties which 

make them attractive for studies of protein structure and function. One function of the 

protein backbone is to solubilize the hydrophobic heme group by providing a 

hydrophobic environment in the protein Interior while maintaining a hydrophilic 

exterior on the protein surface. The presence of a large hydrophobic heme group 

which is covalently attached to distinctly different regions of the protein backbone can 
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be expected to have a profound effect on the determinants of protein tertiary structure 

and dynamics. Comparisons of the structural and dynamic properties of the 

cytochromes J£ with the traditional determinants of non-heme protein structure and 

dynamics (e.g. hydrophobic effects, hydrogen bonding and structural constraint by 

prolines) can be expected to increase the understanding of the determinants of protein 

tertiary structure and dynamiCS. A second aspect of studying cytochromes J£ is that 

they are electron transfer proteins which exist in either the ferri (Fe+3) or ferro 

(Fe+2) redox states. The equilibrium between these redox states (i.e. redox 

potential) has been optimized by evolution for the physiological reactions of the 

electron transfer cascades. Since differences in the redox potentials of electron 

transfer reaction partners provide the free energy for the reaction (Tollin et aI., 

1986), the physiological electron donors to cytochromes J£ can be expected to possess 

redox potentials that are lower than the cytochrome and the physiological electron 

acceptors can be expected to possess redox potentials which are higher than the 

cytochrome. Thus, it is important to elucidate the effects of the protein environment 

on the cytochrome J£ redox potential to gain a better understanding of the determinants 

of redox potentials in biological systems. Finally, the structures of cytochromes J£ 

have been optimized by evolution to accept and donate electrons from other electron 

transfer proteins In a specific manner that Is partially dictated by their protein 

surfaces. For example, steric and electrostatic factors are known to play Important 

roles in the reactions of electron transfer proteins (Tollin et aI., 1986). Therefore, 
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the cytochromes ~ provide an Important model system to determine the principles of 

protein-protein Interactions. 

Cytochrome C2 from the photo heterotrophic bacterium a.. capsulatus was chosen 

for study in the present work. Under photosynthetic growth conditions, this 

cytochrome Is thought to transfer an electron from a reduced cytochrome 001 complex 

to a photooxidized photosynthetic reaction center (DuHon and Jackson, 1972). Under 

aerobic growth conditions, cytochrome c2 Is thought to transfer an electron from a 

reduced bC1 complex to a cytochrome oxidase (Baccarinl-Melandri et al., 1978). 

Members of the cytochrome c2 family have been purified and characterized from a 

wide variety of bacteria and the high resolution three dimensional structures of 

cytochromes c2 from a.. rubrum (Salemme et al., 1973b; Bhatia, 1981), paracoccus 

denitrificans (Timkovlch and Dickerson, 1976), and 8.. capsulatus (Holden et al., In 

preparation) have been determined. In addition, the cytochromes C2 of 8.. sphaeroides 

and Bhodopseudomonas mJs1Is. have baen crystallized and the determination of their 

high resolution structures are now In progress (Allen, 1988; Mikl et aI., 1986). 

Moreover, the structures of the highly homologous eukaryotlc cytochromes c from 

horse (Dickerson et al., 1971), tuna (Takano et aI., 1973), rice (Olchl ef aI., 1983) 

and yeast (louie et aI., 1988) have been previously determined. 
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In Figure 1-2 stereo-views of tuna cytochrome c and R. capsulatus cytochrome 

c2 are presented to Illustrate the high degree of structural similarity between 

procaryotic and eukaryotic members of the class I ~-type cytochromes. Note that In 

both species the heme group Is attached to the protein by thloether linkages to two 

cysteine groups in the amino terminal region and the Iron Is coordinated by histidine 

and methionine residues of the protein. Further note that the overall folding motif is 

very similar with four alpha helices surrounding the heme group. The primary 

differences between the structures are due to a number of insertions In the R. 

capsulatus sequence which results in a total of 117 amino acid residues versus the 

tuna 103 amino acid residues. 

Additionally, the structural and dynamiC properties of R. capsulatus and R. 

rubrum cytochromes c2 (Gooley et al., 1990; Yu and Smith, 1988) and horse and tuna 

cytochromes c (Wand et al., 1986; Feng et al., 1989; Gao et at, 1989) are presently 

baing studied by NMR techniques. Together, the x-ray and NMR studies provide the 

potential for large amounts of structural and dynamic Information for the cytochromes 

~ which makes them attractive candidates for mutagenesis studies. Finally, the 

availability of the high resolution three dimensional structures of the photosynthetic 

reaction centers from R. ~ (Delsenhofer et aI., 1985) and R. sphaeroldes (Chang 

et at, 1986; Allen et aI., 1987a and b) present the unique opportunity to study the 
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Figure 1-2: Stereo-views of the structures of tuna ferrocytochrome c (a) and a. 
capsulatus ferrocytochrome c2 (b) as determined by x-ray crystallography. The 
alpha carbon backbone, heme group, the sldechains of the cysteines aHached to the 
heme by thloether linkages, and the sidechains of the heme ligands (histidine and 
methionine) have been presented. The coordinates for the tuna structure were taken 
from the Brookhaven data bank and the coordinates for a. capsulatus cytochrome c2 
were kindly provided by Dr. Hazel Holden of the University of Wisconsin. 

(a) 

(b) 

---.. _----
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structural parameters of the Interaction between a soluble protein and its 

membrane-bound physiological partner. 

Development of a Genetic System 

Obviously, structure and function studies of cytochrome C2 would greatly benefit 

from the development of an appropriate genetic system that allows the isolation of 

spontaneous and induced mutations. Examples of genetic systems which have been 

developed to isolate spontaneous mutants include the Escherichia W lac repressor 

(Miller and Schmelssner, 1979), phage lambda repressor (Reldhaar-Olson and 

Sauer, 1988), phage T4 lysozyme (Alber et al., 1987) and yeast iso-1 cytochrome c 

(Hampsey et al., 1986). From these studies as well as from extensive amino acid 

sequence analyses of the globins and cytochromes ~, a number of conclusions about 

protein structure and function are apparent (Bowie et ai., 1990). Single spontaneous 

mutations to surface residues generally have little effect on protein struc~ure and 

function; however, some hydrophobiC substitutions of hydrophilic groups are 

exceptions to this trend. In contrast, substitutions to interior groups often result in 

structural or functional effects. An alternative approach is to use site-directed 

mutagenesis to generate mutations to selected amino acid residues. In this approach, 

residues to be mutated are based upon previous biochemical and biophysical data. For 

example, site-directed mutagenesis has been used to study B aclll u s 
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stearothermophllus tryosyl-tRNA synthetase (Fersht, 1987), rat trypsin (Cralk et 

aI., 1985), phage T4 lysozyme (Perry and Wetzel, 1984), phage lambda repressor 

(Sauer et al., 1986) .E. cgji dihydrofolate reductase (Villafranca et al., 1987), 

staphylococcal nuclease (Shortie and Meeker, 1986), and yeast 150-1 cytochrome c 

(Pielak et aI., 1985). Comparison of the two approaches Indicates that genetic 

systems which randomly generate mutations have the advantage that no assumptions 

are made about the importance of an Individual residue to the protein'S structure or 

function; however, most of the mutations which display a phenotype are 

nonconservative substitutions to Interior groups. In contrast, an advantage of the 

directed mutation approach is that specific questions can be addressed about the role of 

Individual amino acids. Therefore, one goal of the present study was to develop a 

genetic system to study the structure and function of R. capsulatus cytochrome C2 by 

site-directed mutagenesis. Further, If the anticipated R. capsulatus system can also 

overproduce mutant proteins, their tJurlfication and chemical and structural 

characterizations will be facilitated. For example, study of the structure of a 

site-directed mutant by x-ray crystallography or two-dimensional NMR techniques 

requires relatively large amounts of purified protein. 

A prerequisite to either of these approaches is the availability of the structural 

gene of the protein to be studied. Recently, the R. capsulatus eyeA gene encoding 

rytochrome c2 has been cloned and sequenced, and a strain devoid of a functional 
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chromosomal copy of this gene has been obtained (Daldal et al., 1986). This study 

demonstrated that elimination of cytochrome c2 does not prevent aerobic or 

photosynthetic growth of a. capsulatus indicating that alternative pathways of electron 

transfer bypassing this soluble carrier must exist In this species (Daldal et aI., 

1986). Moreover, a later study demonstrated that electrons were directly 

transferred between the a. capsulatys membrane complexes in the absence of 

cytochrome c2, further corroborating the growth experiments (Prince et aI., 1986). 

This situation is in contrast to that of R. sphaerojdes for which similar cytochrome c2 

deletion studies have indicated that a functional cytochrome c2 Is required for 

photosynthetic, but not for aerobic growth (Donohue et aI., 1988). Considering that 

the R. capsylatys/a. sphaerol~ species are closely related (Imhoff et aI., 1984), it 

was reasoned that a dual genetic system using both of these species may be more 

suitable for studying the structure and function of cytochrome c2' The In l£.iY.Q 

functionality of mutant a. capsulatys cytochromes c2 may be evaluated in a. 

sphaerojdes by simple growth tests since the photosynthetic growth of this latter 

species requires the presence of a functional cytochrome 02. At the same time, mutant 

derivatives of a. capsylatys cytochrome c2 may be overproduced and more easily 

tolerated in a. capsylatus without any strong counterselection against them since the 

photosynthetic growth of this species is independent of cytochrome 02. 
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In collaboration with Dr. Fevzl Daldal of the University of Pennsylvania, 

merodiploid strains of B.. capsulatus and B.. sphaeroldes have been constructed which 

overproduced either the B.. capsulatus or the B.. sphaeroldes wild type cytochrome ~ 

Further, It was demonstrated that the photosynthetic growth defect of a B.. sPhaeroldes 

cytochrome c2 minus mutant could be transcomplemented by the B.. capsulatus wild 

type cytochrome c2 (Caffrey et al., submitted to J. Bacteriol.). Consequently, all of 

the prerequisites for development of a genetic system to study B.. capsulatus 

cytochrome c2 structure and function have been met. In Chapter III, preparation of 

nine Site-directed mutants of B.. capsulatys cytochrome c2 and use of the ft. 

capsulatys/R. sphaerojdes dual genetic system will be discussed. The mutants can be 

divided into three classes: the redox mutants (Y75C, Y75F and Y75S), which have 

been designed to examine the determinants of cytochrome ~ redox potential; charge 

mutants (K12D, K14E, K32E and K14E1K32E), which have been designed to test the 

Importance of surface charges to cytochrome ~ Interactions with physiological 

partners; and structural mutants (P35A and W67Y), which were designed to test the 

Importance of structural constraints and hydrogen bonds to cytochrome ~ structure. In 

general the mutations have been directed at evolutionarily conserved residues which 

have a proposed role suggested by structural or biochemical studies. As shown In 

Figure 1-1, mutations to lysine 32, proline 35, tryptophan 67 and tyrosine 75 are to 

- ---------- ---
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Table 1-1: Summary of the R. capsulatus cytochrome c2 mutant positions, 
substituting groups and proposed role of the wild type residue. 

RESIDUE SUBSTITUTION RCl.E 

redox Y75 C, FandS stabilizing oxidized state 

charge K12 D charge complementation 
K14 E not conserved 
K32 E charge complementation 

structural P35 A structural constraint 
W67 y hydrogen bond donor 
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groups that are very highly conserved among procaryotic and eukaryotic class I ~-type 

cytochromes. The mutant position, substituting group, and proposed function have 

been summarized In Table 1-1. Using the proposed function as a guide, all mutations 

were chosen to perturb cytochrome structure or function to a relatively large degree 

by replacement of the wild type residue with a functionally different sidechaln. For 

example, the redox mutations resulted In changes In sldechain size or hydrophobic 

nature (tyrosine to phenylalanine, serine or cysteine); the charge mutations resulted 

In changing the sign of the charge of the sidechain (lysine to aspartate or glutamate); 

the structural mutations resulted In changes of structural constraint and sidechaln 

size (proline to alanine) or changes in hydrogen bonding capacity, hydrophobic nature 

and sldechain size (tryptophan to tyrosine). Finally, as shown by the relationship of 

the mutated groups to the heme group (Figure 1-3), mutations were directed at 

spatially different regions of the protein molecule and thus there was no regional bias. 

In Chapter III it will be demonstrated that the effects of these mutations on processing 

or heme insertion, protein stability and In 3ITm. functionality can be tested in the R. 

capsulatus/.B. sphaeroldes dual genetic system. 

Bw;fgx Mutations 

A second part of this study concerns the furt:'er characterization of two of the 

redox mutants (Y75C and Y7SF). The determinants of ~-type cytochrome redox 
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Figure 1-3: The location of the mutated residues of R. capsulatus cytochrome c2 with 
respect to the heme group. 

14 

~ 32 

75 o 35 

67 
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potentials are especially interesting due to their large diversity of over 800 mV or 17 

kcal/mol (Churg and Warshel, 1986). Among the factors which appear to be 

responsible for the observed diversity In redox potentials of cytochromes ~ are the 

nature of the ligating groups to the heme and their orientation (Xavier et aI., 1981), 

microenvironment of the heme (Kassner, 1972; Kassner, 1973; Schlauder and 

Kassner, 1979; Takano and Dickerson, 1981), and degree of heme exposure to solvent 

(Stellwagon, 1978). As shown by the diversity of redox potentials of cytochromes ~ 

containing the same heme ligands, the protein environment or heme exposure Is 

responsible for over 470 mV of the observed variation (Cusanovlch et al., 1988). 

Interestingly, the cytochromes c2 generally exhibit higher and more variable 

redox potentials than the analogous eukaryotic cytochromes c (Pettigrew at al., 

1978). For example the cytochromes c2 from e. denitrjficans, R. capsulatus and 

8hodopila globjformls display redox potentials of +250 mV, +370 mV and +470 mV, 

respectively (Kamen and Vernon, 1955; Pettigrew et aI., 1978; Meyer et &1., 1983). 

On the other hand, the cytochromes c from yeast, tuna and horse possess redox 

potentials of +260 mV (Pettigrew et aI., 1975a). Comparison of the structures of R. 

rubrum cytochrome C2 to horse and tuna cytochrome c has led to the suggestion that 

differences in redox potentials are the result of a more hydrophobic heme environment 

in cytochrome c2 due in part to the absence of SJn internal bound water molecule found 

In the eukaryotic cytochrome c heme environment (Salemme et al., 1973a). From 
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this standpoint, it can be argued that ferrlcytochrome c2 is more destabilized than 

ferricytochrome c because of the formal +1 charge of the heme Iron atom In the 

cytochrome c interior. Consequently, differences In the stabilities of the cytochrome 

c2 and cytochrome c oxidized states lead to the observed differences In their redox 

potentials. However, in cytochromes c2 the oxidized state is thought to be partially 

stabilized by a dipolar Interaction between an evolutionarily conserved tyrosine 

hydroxyl group and the sulfur atom of the heme ligating methionine (Salemme et aI., 

1973b). As shown in Figure 1-1, this tyrosine Is very highly conserved among 

procaryotic and eukaryotic cytochromes ~ with the only known naturally occurring 

substitution being a phenylalanine substitution iound in Euglena mitochondrial 

cytochrome c, which displays a somewhat low redox potential of 244 mV (Pettigrew et 

aI., 1975b). Thus, this tyrosine must play some important role to be so highly 

conserved and this role may be more Important In cytochromes c2 due to the proposed 

charge interaction. 

In order to better understand the role of this highly conserved tyrosine (tyrosine 

75 in a. capsulatus cytochrome c2) in determining redox potentials, mutants Y75C 

and Y75F have been further characterized. As shown In Figure 1-3, tyrosine 75 Is a 

buried residue located on the methionine side of the heme group. Mutant Y75F, which 

removes the hydroxyl group of tyrosine 75 without removing the hydrophobic core, 
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was chosen to test the importance of the proposed hydroxyl-sulfur dipolar interaction 

in stabilizing the oxidized state of R. ~psulatus cytochrome c2. In addition, to test the 

importance of a large hydrophobic core in this region of the protein, mutant Y75C has 

been generated in which the aromatic group has been replaced by a small nonpolar 

group. In Chapter IV, the effects of these mutations on the R. capsulatus cytochrome c2 

heme environment, redox potential, structural integrity at the active site and relative 

protein stability to denaturant are described. It will be shown that this 

characterization gives insight into the role of this tyrosine in the redox potentials and 

stabilities of cytochromes ~ in general. 

Charge Mutations 

A third part of this study concerns the further characterization of the charge 

mutants. The involvement of conserved lysine groups in the cytochrome " active site is 

well established by a number of methods. Structures of horse and tuna cytochrome c 

and R. rubrum cytoch~ome c2 clearly demonstrate the conservation of Iysines 

surrounding the active site (Dickerson et aI., 1971; Takano et aI., 1973; Salemme et 

al., 1973a). Kinetic study of the reaction between the R. rybrum photosynthetic 

reaction center and cytochromes c from horse, R. rubrum and R. capsulatus Indicate 

that the reaction is Influenced by favorable ionic contacts between the cytochrome and 

its reaction partner (Rickie and Cusanovich, 1979). Chemical modification of the 
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active site Iysines of cytochromes from horse, .8.. rubrum and .8.. sphaeroldes has been 

shown to inhibit the reaction of the cytochrome with the cytochrome bc1 complex and 

the photosynthetic reaction center (Hall et at, 1987a and b; Long et at, 1989). 

Finally, chemical protection studies have demonstrate that the active site Iysines of .8.. 

rubrum cytochrome c2 are protected from modification In the presence of the R. 

rubrum cytochrome bc1 complex (Bosshard et aI., 1987). All of these studies are 

consistent with the idea that complex formation is driven by ionic interactions between 

specific lysine groups in the cytochrome ~ active site and acidic groups on the active 

site of the physiological partners of cytochromes. 

The charge mutants were designed to test the importance of specific lysine groups 

in the reaction between cytochrome c2 and its physiological partners by changing the 

sign of the charge of a number of Iysines surrounding the exposed heme edge. As shown 

in Figure 1-1, Iysines 12 and 32 of R. capsulatus cytochrome c2 are very highly 

conserved among procaryotic and eukaryotic cytochromes~. Consequently, change of 

the charge nature of these residues (K12D and K32E) may be expected to disrupt 

charge complementation between these side chains on cytochrome c2 and acidic 

sidechains on a physiological partner such as the photosynthetic reaction center. On 

the other hand, lysine 14 Is not conserved but, nonetheless, located In the same area, 

and thus mutation K14E tests the Importance of a nonconserved group. Finally, the 

---~ -~~ --
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double charge mutant (K14E1K32E) has been added to Investigate additive charge 

effects. As shown In Figure 1-3, the charge mutants are to surface lysine groups 

located on the histidine side of the heme moiety. In Chapter V the kinetics of the 

reactions between the charge mutants and the structurally determined R. sphaeroldes 

photosynthetic reaction centers will be examined as a function of Ionic strength to 

elucidate the importance of specific and nonspecific charge complementation In these 

reactions. The goal of these analyses is to experimentally test hypothetical models of 

the molecular contacts between a structurally determined soluble protein and a 

structurally determined membrane-bound complex (Allen, 1987b; Tiede et al., 

1988). In addition the effects of surface charge on redox potential and protein 

stability have been examined. 

Structural Mutations 

A final part of this study concerns characterization of the structural mutants 

(P35A and W67Y). Proline 35 of R. capsulatys cytochrome c2 or Its equivalent In 

other species Is absolutely conserved among all known procaryotic and eukaryotlc 

cytochromes " (Meyer and Kamen, 1982; Barker et aI., 1985). As shown In Figure 

1-3, proline 35 of R. capsulatus cytochrome c2 is a buried residue located on the 

histidine side of the heme group. From structures of eukaryotic and procaryotic 

cytochromes ~ (Dickerson et al., 1971; Takano et aI., 1973; Salemme et ai, 1973a), 
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the proposed role of this residue Is to constrain the protein chain around the proline 

carbonyl, which hydrogen bonds to the Na1 of the heme ligating histidine (R. 

capsulatus histidine 18) and thus defines the right side of the cytochrome ~ active site. 

An additional consideration in mutations of proline groups Is that isomerlzations of the 

proline imide bonds are thought to play important roles In the folding pathways of 

proteins (Brandts et al., 1975). This proposition has recently been corroborated by 

mutagenesis studies of thioredoxin (Kelly and Richards, 1987) and yeast lso-1 and 

Iso-2 cytochromes c (Ramdas and Nail, 1986; White et al., 1987). Consequently, 

mutant P35A has been generated to test the Importance of a highly conserved proline 

residue to structural constraint in this region and folding pathways. Substitution of 

proline by alanine at this position Is expected to remove structural constraint and the 

necessity of Imide Isomerization in the folding of the cytochrome. In the first part of 

Chapter VI, characterization of the spectroscopic, redox potential, kinetic and 

denaturation properties of P35A are described. 

As shown In Figure 1-1, Tryptophan 67 of R. capsulatus cytochrome c2 or Its 

equivalent In other species Is very highly conserved among cytochromes c2 with the 

only known naturally occurring substitutions being Isoleuclnes In Rhodosplrlllum 

fulyum lso-1 and Bhodosplrillum mollschlanum Iso-1 (Ambler et al., 1979). 

Interestingly, there are no known naturally occurring mutations of this tryptophan in 

the eukaryotic cytochromes c and the procaryotic exceptions occur In species which 
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contain another iso-cytochrome c with tryptophan at this position. As shown in Figure 

1-3, tryptophan 67 is a buried group located on the methionine side of the heme group. 

From high resolution structures of tuna, horse and yeast cytochromes c and R. rubrum 

cytochrome c2, it has been proposed that the Ne1 of this tryptophan (tuna and horse 

W59; R. capsulalus W67; R. rubrum W62) forms an important hydrogen bond to the 

rear propionate group and thus plays a role in formation and stabilization of the 

heme-binding domain (Dickerson et al., 1971; Takano et aI., 1973; Louie et al., 

1988; Salemme et al., 1973). Further, covalent modification of this tryptophan 

disrupts the hydrogen bond in horse cytochrome c and Is disruptive to structure and 

functional properties (Aviram and Schejter, 1971; Myer and Pal, 1972; Ereclnska, 

1975). Moreover, spectroscopic data suggest that this tryptophan forms a portion of 

the hydrophobic core which is critical to defining the active site (Myer et aI., 1979; 

Schweingruber et aI., 1979). To test the Importance of a hydrogen bond and a 

hydrophobic core provided by this tryptophan to cytochrome k structure and function, 

mutant W67Y has been characterized. In the final part of Chapter VI, the 

spectroscopic, redox potential, kinetic and denaturation properties of mutant W67Y 

will be described. It will be shown that characterization of the two structural mutants 

gives insight into the structural determinants of cytochromes k and proteins in 

general. 
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Enzymes used for molecular biological manipulations which Included DNA 

polymerase Klenow fragment, T4 DNA lig~se, T4 polynucleotide kinase, T7 DNA 

polymerase and the restriction enzymes: Bam HI, Eco RI, Hind III, Kpn I, Pst I and SaIl 

were purchased from New England Biolabs. For DNA sequencing, reaction kits from 

either New England 8iolabs or United States Biochemical Corporation were used with 

[alpha35S]-dA TP (NEN Research Products) as the label. Gel electrophoresis reagents 

included ultra pure agarose and low gelling temperature agarose (BRL), acrylamlde 

(Fisher), ultra pure urea (BRL), Trls base and boric acid (Sigma). Bacterial media 

included Bacto-agar, Bacto-tryptone and Bacto-extract (Difco). Antibiotics were 

purchased from Sigma; IPTG and X-Gal were purchased from Boehringer Mannheim. 

Oligonucleotides for sequencing and mutagenesis reactions were synthesized by 

Synthetic Genetics of San Diego except for the universal 18 mer which was purchased 

from New England Biolabs. Special reagents used for bacterial media and protein 

purifications included LDAO (Fluka), silicone defoamer (Mazer Chemicals) and 

ammonium sulfate (ICN). Chromatography matrices Included CMC52, DEAE52 and Blo 

Rex 70 (50-100 mesh) from Whatman, Sephadex G-50 from Pharmacla and 

AG-1-X8 from Blo-Rad. Special reagents used In protein characterizations included 

lumiflavin (kindly provided by Dr. G. Tollin) , BCA protein assay (Pierce), sodium 



40 

dithionite (Vine Chemical Umlted) and Gdn-HCI (Sigma or United States Biochemical). 

All other chemicals used were reagent grade and used without further purification. 

Genetic procedures 

Escherichia ~ a. capsulatus and a. sphaeroldes strains and various plasmid 

derivatives of pBR322 and broad host range RK2 (Ditta et aI., 1985) are listed In 

Tables 11-1 and 11-2 and described In Chapter III. E . .c2ll strains were grown on LB or 

YT media (Appendix A) supplemented when required with ampicillin, kanamycin or 

tetracycline at concentrations of 50, 25 and 12.5 J1g/ml, respectively. To test the 

presence or absence of alpha-complementation for pUC19 derivatives, the E. mill 

strain 78-18 was used as a reCipient. In these cases, recombinant strains were 

identified on LB plates which were supplemented with IPTG (300 JiM) and X-GAL 

(250 J1g/ml) solutions. Photosynthetic bacteria were grown by respiration (aerobic, 

dark) or by photosynthesis (anaerobic, light provided by 40 W tungsten lamps at a 

distance of 15 cm) on MPYE rich, RCV or RCVB minimal media (Appendix A) for B.. 

capsulatus and on Medium A of Sistrom for a. sphaerojdes species (Appendix A). 

Photosynthetic cultures were supplemented when required with tetracycline (0.5-2.5 

J1g/ml) , kanamycin (10 J1g/ml) or spectlnomycln (10 J19/ml). 
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Table 11-1: E. W, B.. capsulatus and ft. sphaerojdes strains used to Isolate and 
characterize the R. capsulatus cytochrome c2 mutants. 

Strain 

HB101 

JL1245 

JM101 

JM103 

71-18 

Description 

F-proA2,leu, hsdS20(rB-mB-),recA, ara, lac Y1 

du~ ung, thl-1 ,relA,spoTt ,zdd-279::Tn1 OlF'[lysAJ 

ll(/ac pro)thi,supBF'[tram6,proAB,/ac~, 

/acZllM15] 

1l(/ac pro) thi,strA, supE,endA,sbcB,hsdR'IF' 

[tram6,proAB,/ac~, /acZllMl5) 

1l(/ac pro)IF'[proAB,lac~,lacZllMl5) 

B. capsulatus 

MTl131 crtD121,RitR 

MT-G4/S4 crtD121ll1 (cycA::kan),RifR 

a. sphaerojdes 

Ga 

GadC2 

crt 

Source 

Daldal & Applebaum (1985) 

J. Little 

Messing et aI. (1981) 

Felton (1983) 

Messing et aI. (1977) 

Marrs (1981) 

Daldal at al. (1986) 

Sistrom (1960) 

F. Daldal 



Table 11-2: Plasmids used to isolate and characterize the .8. capsulatus cytochrome c2 
mutants. 

Plasmids Source 
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pUC19 
pUC119 
pRK404 
pRK2013 
pRK291 
peDS 

Description 

AmpR 
der. of pUC19 + M13 ORI 
TetR 

Yanlsch-Perron et al. (1985) 
J. Messing 

peDS 

pMC10 
pMC11 
pMC12 
pMC13 
pMC14 
pMC15 
pMC16 
pMC17 
pMC1S 
pMC19 
pMC10-404 
pMC11-404 
pMC12-404 
pMC13-404 
pMC14-404 
pMC15-404 
pMC16-404 
pMC17-404 
pMC1S-404 
pMC19-404 

KanR 
TetR 

AmpR,TetR dar. of pRK404 + Rc. cyt ~ 
AmpR,TetR dar. of pRK291 + Rs. cyt ~ 
der. of pUC19 + K12D 
der. of pUC19 + K14E 
der. of pUC19 + K32E 
der. of pUC19 + K14E1K32E 
der. of pUC19 + P35A 
der. of pUC19 + W67Y 
der. of pUC19 + Y75F 
der. of pUC119 + Y75C 
der. of pUC119 + Y75S 
der. of pUC19 + Y75S 
der. of pRK404 + K12D 
der. of pRK404 + K14E 
der. of pRK404 + K32E 
der. of pRK404 + K14E1K32E 
der. of pRK404 + P35A 
der. of pRK404 + W67Y 
der. of pRK404 + Y75F 
der. of pRK404 + Y75C 
der. of pRK404 + Y75S 
der. of pRK404 + Y75S 

Ditta et al. (1985) 
Figurski & Helinski (1979) 
Ditta et al. (1985) 
F. DaJdaJ 

F. DaJdaJ 

This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 

*AmpR, CamR, KanR, RItA, TetR and SpaR Indicate resistance to ampicillin,chloramphenicol, 
kanamycin, rifampicin, tetracycline and spectlnomycin, respectively. Rc. indicates 8. 
capsulatus and As. Indicates 8. &phaemjdes. 
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Sequencing and Mutagenenic primers 

The sequencing primers and the mutagenic primers corresponding to the 

nucleotide sequence of the cycA gene (Daldal et aJ., 1986) that were used to generate 

site-directed mutants and to sequence the mutant genes are listed in Table 11-3. The 

number given to a mutagenic primer indicates the amino acid residue of a. capsulatus 

cytochrome c2 to be mutated. In most cases, mutagenic primers were used without 

further purification. The necessity for purification was tested by using mutagenic 

oligonucleotides as primers in DNA sequencing reactions. If these reactions yielded the 

expected sequences without the presence of artifact bands, purification was deemed 

unnecessary. When oligonucleotides were purified, they were first dissolved In 20 

J.1I of 1XTBE (89 mM Tris-borate, 89 mM boric acid and 2 mM EDTA), diluted 1:1 In 

formamlde, loading dye was added, and the sample was applied to a 20 percent 

denaturing urea gel. Samples were then electrophoresed at constant power (35 watts). 

The oligonucleotide was visualized by UV shadowing and the oligonucleotide was 

extracted from the gel slice by mashing In 2 ml of 0.5 M ammonium acetate, 10 mM 

magnesium acetate and Incubating at 37° C overnight. Residual gel debris was removed 

by filtration (0.45 Jim). Salts were removed by vacuum drying the sample and 

repeated washing with 100 percent ethanol. Finally, samples were vacuum dried and 

suspended In TE (10 mM Trls/pH 7.5, 1 mM EDTA) buffer. 

-- ------------- ---
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Table 11-3: Oligonucleotides used for sequencing and mutagenesis. 

Oligonucleotide 

sequencing 

mutagenesis 

SP1 
SP2 
U17a 

12A 
14A 

32A 
35A 
67A 

75A 

759 

aUniversal17-mer from New England 9iolabs. 

Sequence (5' to 3') 

-TGTGGTAAAGCGTGGA
~ 
-GT11TCCCAGTCACGAC-

-MAGAATTCAACGlvCGtT TGCAAGACC
..cAPCAN3.Toc,C'~G
~CGtr~ 
~~
-GGGCTTCGCCT.t\trTACCGAGGA-
-ATCGCGACC"c'G/rTGTGM-
-ATCGCGACCTTTGTGAA-
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Mutagenesis 

Single stranded template was prepared as described in Appendix B. For 

site-directed mutagenesis, the phage M13 derivative C2mp19B/S carrying a 

previously sequenced 1.25 kb Sa/l-Bglli fragment containing the cycA gene was used 

(Daldal et al., 1986). Mutagenesis reactions were carried out according to the 

methods of Nisbet and Beilharz (1985) except that uracilated c2mp19B/S, which was 

prepared as described by Kunkel (1985), was used as template. Briefly, 0.2 pmol of 

template and 1 pmol of phosphorylated oligonucleotide (Maniatis et aI., 1982) In 10 

J1I of 15 mM Tris/pH 7.4, 15 mM MgCI2, 75 mM NaCI and 1.4 mM dlthlothreltol were 

heated at 80° C for 5 minutes. Samples were then allowed to cool to room temperature 

for 15 minutes. At this point 30 ul of 20 mM Tris/pH 7.5, 10 mM MgCI2, 4 mM 

dithiothreitol, 0.5 mM ATP, 65 JlM dNTP mix (dGTP, dATP, dTTP and dCTP), 2 units 

T 4 DNA ligase and 3 units of the Klenow fragment of DNA polymerase or T7 DNA 

polymerase were added. This mixture was Incubated at 28° C for 1 hour. After this 

time 10 JlI containing 2 units of T4 DNA ligase, 3 units of replicating enzyme and 190 

JLM dNTP mix was added to the reaction mixture with subsequent incubation at 28° C 

for 3 hours. A 10 JlI aliquot of this mlAture was then added to competent JM101 or 

JM103 cells (prepared as In Appendix C) for transformation reactions. Mutagenlzed 

phages were screened by dldeoxy DNA sequencing using the Klenow fragment of DNA 
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polymerase (Sanger et al., 1977) or Sequenase (Tabor and Richardson, 1987). 

Sequencing gels were 5 to 8% acrylamide In 1 XTSE buffer on a SRL Sequencing Gel 

Electrophoresis System run at a power setting of 60 watts (E-C Apparatus 

Corporation). After electrophoresis, gels were dried 2 hours without fixing and 

exposed 36 to 48 hours on Kodak X-OMAT film. Mutagenic efficiency typically varied 

between 20 and 80 percent. Isolated mutant cycA genes were then rescreened by 

diluting, plating, isolating multiple plaques and sequencing the entire coding regions of 

these mutants. 

Tr;parental Crosses 

The broad host range plasmid pRK404 derivatives carrying the wild type and 

mutant cytochromes c2, obtained as described in Chapter III, were transferred Into 

the appropriate a. capsulatus and a. sphaerojdes strains via triparental crosses (Ditta 

et aI., 1980) using the helper plasmid pRK2013 (Figurski and Helinski, 1979) and 

selecting for tetracycline resistance. Briefly, this consisted of spotting on RCVS 

minimal plates the donor and helper .E. C2.ll strains with the recipient a. capsylatys In 

a 1/1/5 ratio and Incubating them overnight at 350 C. The bacterial mixture was then 

washed and plated on RCVS plates supplemented with tetracycline. Under these 

conditions .E. ~ strains were counterselected by auxotrophy. Recombinant 

photosynthetic bacteria appeared as green-brown colonies after two to three days. 
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Individual colonies were then restreaked on RCVB plates supplemented with 

tetracycline. Glycerol stocks of the photosynthetic bacteria were prepared by 

suspending a 1 ml culture in 1 ml of RCVB with 20 percent glycerol, incubating at 

room temperature for 10 minutes, and subsequent storage at -700 C. 

Small-Scale preparations and. Analyses m ~ Extracts 

Cell extracts were prepared by resuspending cells in 1:4 ratio (wet weight) in 

100 mM P04/pH 7.4 and sonicating 3 X 20 seconds (Branson 200 Sonicator with a 

micro tip probe at a power setting of 30%) on ice. Cellular debris was then removed 

by centrifugation (45,000 rpm for 2 hours in a Beckman 50Ti rotor) at 50 C. Total 

protein concentrations of cell-free extracts were determined by either the BCA method 

(Smith et aI., 1985) or according to Lowry et aI., (1951). Cell-free extracts were 

oxidized with a crystal of potassium ferricyanide and reduced with several crystals of 

L-ascorbic acid. Cytochrome c2 concentrations were estimated from analysis of the 

ascorbate-reduced minus ferricyanlde-oxldized difference spectra with respect to the 

difference spectra obtained using the cytochrome c2 minus mutants MT -G4/S4 or 

GadC2 grown under the same growth conditions. In this case, all absorbance changes 

were first normalized to a total protein concentration of 1 mg/ml and corrected for the 

spectral changes in the absence of cytochrome c2. In these analyses, absorption 

spectra were taken using either Cary 15 or Hitachi U3210 spectrophotometers. 
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Large-Scale Cytochrome preparations 

R. capsulatus strains were grown under photosynthetic conditions In saturating 

light in 11 bottles or respiratory growth conditions in a 16 I fermentor (Vlrtis Model 

43-100) at 30 to 350 C. All large scale cultures were grown on RCVB media 

(Appendix A) with fermentor cultures supplemented with 10 mg/I thlamlne-HCI and 

140 J1g/1 biotin. For fermentor cultures, the medium was further supplemented with 

an acidic nutrient solution to maximize cell yields and maintain a constant pH. This 

solution contained malic acid (1.5 M), ammonium hydroxide (0.35 M), potassium 

phosphate (0.33 M), magnesium sulfate (30 mM), calcium chloride (17 mM), Iron 

sulfate (1.5 mM), 2.5% trace metal solution (Weaver et aI., 1975) and silicone 

defoamer as needed. All cultures containing the eyeA gene In trans were supplemented 

with 2.5 ug/ml tetracycline. For photosynthetically grown cultures, wet cell yields 

were approximately 5 g/l; for aerobically grown cells, wet cell yields were 

approximately 40 g/l. Cell-free extracts were prepared by French press or 

sonication (5X1' of 500 ml aliquots on ice, Heat Systems-Ultrasonics, Inc. cell 

disruptor Model W-220F with a Heat Systems-Ultrasonics, Inc. probe Model H-1) 

followed by centrifugation. Some preparations were initially chromatographed on 

Blo-Rex 70 Resin (before or after removal of cellular debris). In preparations using 

this column, extracts were first acidified to pH 4.8 in 5 mM acetic acid before 
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application to the column which was preequllibrated in 2 mM acetic acid pH 4.8. The 

column was then washed with double distilled H20 and samples were eluted with 1 M 

K2HP04' Subsequent purification procedures were those of Bartsch (1971). Briefly, 

fractions containing cytochrome c2 were desalted on G-50 and applied to DE-52 

equilibrated In 5 mM Tris-HCl/pH 8.0. This column was washed with 10 mM 

Tris-HCllpH 8.0 and then with 10 mM Tris-HCllpH 8.0, 5 mM NaCI. Cytochromes C2 

were eluted in 10 mM Tris-HCllpH 8.0, 15 mM NaC!. The purest fractions were 

combined, diluted 1:5 in 2 mM P04/pH 6.0, and applied to a CMC column equilibrated 

in 2 mM P04/pH 6.0. Cytochromes c2 were then eluted in a 10 mM to 100 mM 

P04/pH 6.0 gradient. Best fractions were pooled and concentrated by ultrafiltration 

(Amicon YM 5 membrane). Residual contaminants were removed by ammonium 

sulfate precipitation (40%, 60%, 80%, 90% and 100% saturation). The 100% 

saturated ammonium sulfate supernatant was then desalted by ultrafiltration and 

stored in 100 mM Trls-HCl/pH 7.3 at -20 0 C. Final protein purity indices 

(A276-ox/A416-red) were 0.18 for wild type and all mutants except for mutant 

W67Y for which the ratio was 0.15. Based upon silver stained SDS gels, this 

corresponded to a purity of >99%. For wild type and mutants Y75C, Y75F and Y75S 

heme type and extinction coefficients at 550 nm were determined by the alkaline 

pyridine ferrohemochrome method (Bartsch, 1971). These analyses demonstrated 

that all three mutants contained c.-type heme groups as expected with 550 nm 
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difference extinction coefficients that were very similar to wild type cytochrome c2 

(19 mM-1 cm-1). Molecular weights and lsoelectric points of wild type and mutants 

Y75C, Y75F and Y75S were determined using the Pharmlcla Phastsystem. In these 

analyses, the mutant and wild type cytochromes possessed lsoelectrlc points (7.1) and 

molecular weights (13.5 KD) that were indistinguishable from each other. 

Preparation Qf B.. sphaeroldes Photosynthetic Reaction Centers 

Reaction centers were purified In the dark from chromatophores of a. 

sphaeroldes strain R-26 (Clayton and Wang, 1971) by suspending 50 9 of 

chromatophores In 430 ml 10 mM Tris-HCVpH 8.0, 1mM EDTA, 100 mM NaCI, 0.8 

% LDAO at room temperature for 20 minutes. Callular debris was removed by 

centrifugation at 40 C (200K X g). LDAO was then added to a final concentration of 

1.1% and the sample was diluted 1.5X In 10 mM Tris-HCl/pH 8.0, 1mMEDTA. 

Reaction centers were then precipitated as the "floating debris" of a 45% saturated 

ammonium sulfate solution. The precipitate was resuspended in 100 ml of TEL buffer 

(10 mM Tris/pH 8.0, 1mM EDTA and 0.1% LDAO), desalted on G-25, and clarified by 

centrifugation (30' 7K). Ammonium sulfate was again added to 45% saturation and 

the precipitated reaction centers were adsorbed to 10 9 cetite, washed with the 45% 

saturated ammonium sulfate TEL buffer, and eluted in 26% saturated ammonium 

sulfate TEL buffer. The elutant was desalted on G-25 and adsorbed to DE-toyopearl 
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equilibrated In TEL buffer. This column was washed with TEL + 30 mM NaCI buffer 

and reaction centers were eluted In a 30 mM to 250 mM NaCI gradient (In TEL 

buffer). Isolated reaction centers were subsequently concentrated by ultrafiltration 

(Amicon PM 30) and stored in TE + 0.025% LDAO at -700 C. Final purity Indices 

(A280/A800) of the purified reaction centers were 1.3. 

Spectroscopy 

Cytochromes were oxidized by a crystal of potassium ferricyanlde and reduced by 

several crystals of sodium dithionlte. Oxidants or reductants were subsequently 

removed by repeated ultrafiltration (Amlcon YM 5) or anion exchange (AG-1-X8) 

followed by ultrafiltration. Visible and ultraviolet spectra (250 to 800 nm) were 

taken on Cary 15, Cary 119 or HP 8452A spectrcphotometers. Circular dichroism 

spectra in the ultraviolet (200 to 400 nm) were taken by an Aviv Circular Dichroism 

Spectropolarimeter Model 60 OS. For visible and ultraviolet spectra, cytochrome 

concentrations were between 5 and 10 J1M In 50 mM P04/pH 7.0 at room 

temperature. For near Infrared spectra, cytochrome concentrations were 60 J1M In 

50 mM P04/pH 6.0 at room temperature. For ultraviolet circular dichroism spectra, 

cytochrome concentrations were 30 J1M in 20 mM Tris/pH 7.5, 40 mM NaCI at 25 °C. 

These spectra were taken as the average of five scans, corrected for baseline and 

smoothed according to the Aviv -Plot- routine. 
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Redox potential Determinations 

Midpoint redox potentials were determined by titration with potassium 

ferrocyanlde and determination of cytochrome reduction by monitoring the 550 nm 

alpha peak absorbance (552 nm In the case of Y75F). Except when noted, redox 

titrations were carried out in 50 mM P04 /pH 7.0 at room temperature using a value 

of 414 mV as the midpoint redox potential of potassium ferro-ferricyanide (O'Reilly, 

1973). In some cases, the redox potential titration buffer was 10 to 300 mM 

Tris-cacodylate/pH 7.0. In these analyses the midpoint redox potentials of potassium 

ferro-ferricyanlde at different ionic strengths were taken from Klothoff and Tomslcek 

(1939). Linear regressions of the logarithm [ferrocytochrome]/[ferrlcytochrome] 

versus logarithm of [ferrocyanide]/[ferrlcyanlde] yielded slopes of 1.00 ± 0.05 and 

correlation coefficients > 0.99. Estimates of errors from replicate analyses are less 

than ± 4 mV. Reversibility was not examined. 

Kinetic Measurements 

Reduction of oxidized cytochromes by lumiflavln semiquinone was analyzed as 

described In Meyer et al. (1983). Protein concentrations were >5 J1M In 50 mM 

P04/pH 7.0, 0.5mM EDTA and 60 IJM free flavin at room temperature. Conditions for 
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the photooxidation of cytochromes c2 bya. sphaeroldes reaction centers were 

performed essentially as In Long et al. (1989). Cytochrome concentrations were 1 to 

50 J.1M and RC concentrations were 0.5 to 1.5 J.1M. The reaction buffer contained 10 

mM Tris-HCVpH 8.0, 0.025% LDAO, 1 mM sodium ascorbate, 100 J.1M UQO and 0 to 

150 mM NaCI at room temperature. Prior to analysis, samples were degassed with N2 

for one hour. Instrumentation consisted of a Laser Photonics Model UV-14 laser with 

Photochemical Research Associates, Inc. C-450 as the dye, Oriel monochomator and 

photomultiplier, and a Gould OSCilloscope. In some experiments a Corning CS3-S0 

yellow filter or a second monochromator set at 550 nm was placed In front of the 

photomultiplier tube to reduce the light scattering resulting from the laser flash. 

Kinetic data were fitted to a Single exponential by hand or by using the KFIT LM-FIT 

routine (On-Line Instrument Systems). 

protein Denaturations 

Guanidine hydrochloride denaturation of the cytochromes was examined by the 

change in the circular dichroism signal at 220 nm on an Aviv Circular Dichroism 

Spectropolarimeter Model 60 OS. Denaturation analyses were performed on oxidized 

and reduced samples with protein concentrations of 2.0 J.1M In 20 mM Tris-HCVpH 

7.5, 40 mM NaCI at 25° C. For denaturation studies, samples were preequllibirated 

20 minutes in denaturant (no change in the 220 nm signal was observed between 5 and 
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60 minutes). Estimates of AGu• (free energy of unfolding In the absence of 

denaturant), m (cooperativlty of unfolding) and Cm (midpoint conoentration of 

denaturant required to unfold one-half of the protein) were obtained as previously 

outlined (Knapp and Pace, 1974; Schellman, 1978). In this analysiS a two state 

equilibrium is assumed with equilibrium constant of unfolding (Ku) being defined as 

(Xobs-Xi)/(Xf-Xobs) where Xobs, XI and Xf are the observed, Initial and final 

circular diohroism signals, respectively. The parameters AGu• and m are estimated 

from linear regressions of the the free energy of unfolding (AGu) versus [Gdn-HCIJ 

using the equations AGu=-RTln Ku=AGu"-m[Gdn-HCIJ. By definition, at Cm AGu=O 

and thus Cm=AGu·/m. Linear regressions of AGu versus [Gdn-HCI] yielded 

correlation coefficients >0.98 demonstrating the validity of the two-state model. From 

replicate analyses, the uncertainties of m and Cm were estimated to be ± 0.19 

kcaH/mol2 and ± 0.06 moVI, respectively. The uncertainty of AGu• Is then ± 0.30 

kcal/mol for the ferricytochrome denaturations and ± 0.86 for the ferrocytochrome 

denaturations. The ferrocytochrome error is larger because the slope error Is larger 

when extrapolated over a larger concentration range (e.g. Cm = 4.5 M for the wild type 

ferrocytochrome and Cm = 1.6 M for the wild type ferrlcytochrome). The parameter 

MGu' Is estimated from the difference In the mutant and wild type AGu values at a 
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Gdn-HCI concentration midway between their Cm values i.e. MGu' = mutant AGu(Cm') 

- wild type AGu(Cm') where Cm' = (mutant Cm + wild type Cm)/2. The uncertainty 

of MGu' is then ± 0.03 kca 11m 0 I for the ferricytochrome denaturations and ± 0.43 

for the ferrocytochrome denaturations. 

Spectrophotometric titrations to determine the pK of the heme-linked ionization 

were performed as previously described (Aviram and Schejter, 1971) at 

ferricytochrome concentrations of 20 J1M in 100 mM glycine (pH 2.0 to 3.2) or 

acetate (pH 3.4 to 5.0) buffers at a temperature of 23° C. Ionization of histidine 17 of 

R. capsulatus cytochrome C2 was followed by the decrease in the absorbance at 522 

nm. Values of pKa were estimated from linear regressions of pH versus the 

equilibrium constant of ionization K using the equation pH = pKa + m log K. In this 

case K=fion/(1-fion) and fion= (Xi-Xobs)/(Xi-Xf} where Xobs, Xi and Xf are the 

observed, initial and final absorbances at 522 nm. 

Computer Graphics 

Graphical analyses of the tuna, a. rubrum and a. capsulatus cytochrome c 

structures were performed on an Evans and Sutherland PS 390 computer using the 

molecular graphics routine INSIGHT version 2.4 or 2.5 (Biosym). In the cases of tuna 
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and R. rubrum cytochromes. coordinates were taken from the Brookhaven data bank 

and in the case of R. capsulatus cytochrome c2 the coordinates were kindly provided by 

Dr. Hazel Holden of the University of Wisconsin. 
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CHAPTER III 

THEB. CAPSULATUS/B. SPHAEROIDES GENETIC SYSTEM 

Background 

In this part of the study, a genetic system was developed to study diverse 

structural and functional properties of a. capsulatus cytochrome c2. Nine 

site-directed mutants were generated and it is shown that the B.. capsulatus/B.. 

sphaeroldes dual genetic system can successfully measure the effects of these 

mutations on their processing, production and in. ~ functionality properties. 

Furthermore, the results of these analyses were used to elucidate the roles of the 

mutated residues In the structural and functional properties of cytochromes ~ In 

general. 

As noted earlier, two prerequisites existed before the a. capsulatus/a. 

<\(. 

sphaerojdes dual genetic system could be exploited. First, the B.. capsulatus 

cytochrome c2 gene (cycA) must be able to direct the synthesis of cytochrome c2 in R. 

capsulatus and R. sphaerojdes. Secondly, the R. capsulatus cytochrome c2 must be 

demonstrated to complement a cytochrome c2 minus mutant of ft. sphaerojdes for 

photosynthetic growth. Previously, the structural gene of R. capsulatus cytochrome 

C2 (cycA) was shown to be confined to a 1.25 kb long Sa/I-Bg/ II fragment of entirely 

known nucleotide sequence, present on the plasmid pBc2 (Daldal et al., 1986). In 
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work done in the laboratory of Dr. Fevzi Daldar (University of Pennsylvania) It was 

. then shown that thl~; fi3gmer!t could be Introduced into the ur.ique Hind III site of the 

broad host range plasmid pRK404 (Ditta et al., 1985) selecting for resistance to .. 

tetracycline and ampicillin after transformation. Plasmid pEDS thus constructed was 

then used to introduce the eyeA gene of 8.. capsulatus into desired strain of R. 

capsulatus which lacks a functional chromosomal copy of the eyeA gene by triparental 

conjugation and selecting for tetracycline resistance (Ditta et aI., 1980). 

Ascorbate-reduced minus ferricyanide-oxidized optical difference spectra of 

cell-free extracts from photosynthetically grown 8.. capsulatus strains MT1131 

(cytochrome C2+), MT-G4/S4 (cytochrome c2-), and pEDS/MT-G4/S4 (cytochrome 

c2+/cytochrome c2-) are shown in Figure 111-1. In these spectra, the presence of 

soluble cytochrome c2 is indicated by the presence of alpha and beta peaks at 550 nm 

and 520 nm, respectively (compare MT1131 to MT-G4/S4). Furthermore these 

spectra clearly indicate that the merodiploid cells containing pEDS overproduced 

cytochrome c2 (compare pEDS/MT -G4/S4 to MT -G4/S4 and MT1131). Moreover, 

amounts of cytochrome c2 similar to those detected in pEDS/MT-G4/S4 were also 

found In MT-G4/S4 cells harboring several related plasm ids containing eyeA gene In 

all four possible orientations with respect to pUC8 and pRK404 plasm Ids. This 

observation indicated that the synthesis of cytochrome c2 on pEDS must be directed by 

the 365 bp long region located 5' upstream to the coding part of eyeA (Daldal et al., 
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Figure 111-1: Normalized ascorbate-reduced minus ferricyanide-oxidized optical 
difference spectra of R. capsulatus cell-free extracts of wild type (MT1131), 
cytochrome c2 minus (MT-G4/S4). and R. capsulatus cycA In trans 
(pED5/MT-G4/S4) grown under photosynthetic conditions. 

pED5/MT-G4/S 

MT1131 

MT-G4/S4 

520 560 
nm 
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1986). Further. that this region carries at least part of the elements directing the 

expression of eyeA was confirmed using transcriptional fusions linking this 365 bp 

long fragment to the f. ~ lacZ gene encoding beta-galactosidase as a reporter enzyme. 

The second prerequisite required the isolation of a cytochrome c2 minus strain of 

R. sphaero;des. Although cytochrome c2 is not essential for photosynthetic growth of 

R. capsulatus (Daldal et al.. 1986). the closely related species R. sphaeroldes (Imhoff 

et al .• 1984) is unable to grow photoheterotrophically in the absence of this electron 

carrier (Donohue et al.. 1988). To test whether R. capsulatus cytochrome c2 can 

complement In. ~ a cytochrome c2 minus mutant of a. sphaerojdes for 

photosynthetic growth. a derivative of a. sphaeroides strain Ga (obtained from Dr. W. 

Sistrom) lacking cytochrome c2 was generated in the laboratory of Dr. Daldal. This 

construction was similar to that reported by Donohue et al. (1988) except that the 

inactivating interposon employed here conferred resistance to spectinomycin instead of 

kanamycin and was polar in both orientations. The R. sphaeroldes cytochrome c2 

minus mutant (called GadC2) was unable to grow photo heterotrophically either on 

minimal or rich medium (compare the average colony sizes of Ga and GadC2 in Table 

111-1). although its respiratory growth was unaffected. Further. as shown In Figure 

111-2. ascorbate-reduced minus ferricyanide-oxidized optical difference spectra of 

cell-free extracts obtained from GadC2 had much less 550 nm-absorbing materials. 

attributed to soluble ~-type cytochromes, than the parental strain R. sphaeroides Ga. 
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These phenotypes of GadC2 were similar to that of the mutant CYC65 reporttld earlier 

by Donohue et al. (1988). Note that in the case of GadC2, the residual alpha peak near 

550 nm is due to the presence of other soluble Q-type cytochromes present In a. 

sphaeroldes which are absent in R. capsulatus (Bartsch, 1971). Expectedly, the TetR 

merodiploid pED8/GadC2 which contains the R. sphaeroides cycA gene In trans was 

competent for photosynthetic growth (Table 111-1). Moreover, difference spectra of 

R. sphaeroldes cell-free extracts clearly indicate that B.. sphaerojdes cytochrome c2 

was overproduced (compare Ga, GadC2 and pED8/GadC2 in Figure 111-2). These 

results demonstrated that the synthesis of R. sphaerojdes cytochrome c2 was driven by 

the 500 bp upstream region of the cycA gene. In addition, the plasmid pEDS 

expressing the cytochrome c2 of B. capsulatus was conjugated into the R. sphaerojdes 

cytochrome c2 minus mutant (GadC2). The TetR merodiploid pED5/GadC2 was able to 

grow photosynthetically on minimal and rich medium (Table 111-1) indicating that the 

wild type R. capsulatus cytochrome c2 complemented the photosynthetic growth defect 

of a. sphaeroldes strain GadC2 i.e. was produced and functional in Y.V&. Further, 

ascorbate-reduced minus ferricyanide-oxidized optical difference spectra of cell-free 

extracts of pED5/GadC2 clearly indicated that cytochrome c2 from B. capsulatus was 

also overproduced in R. sphaero;des (compare pED5/GadC2 to Ga and GadC2 In Figure 
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Table 111-1: Complementation of the photosynthetic growth defect of GadC2 
(cytochrome c2 minus mutant of 8.. sphaerojdes) with 8.. capsulatus wild type and 

mutant cytochromes c2. Growth was measured on rich and minimal media at 350 C as 
average colony size (in mm) on 0.5 J,1g/ml tetracycline containing plates with a light 
intensity of approximately 20 J,1E/sec/m2 (L1-190SA quantum sensor, U-Cor Inc., 
Uncoln, NE) after Incubation for approximately three days. 

Strain 

Ga 
GadC2 

pEDS/GadC2 

pEDS/GadC2 

pMC10-404/GadC2 
pMC11-404/GadC2 
pMC12-404/GadC2 
pMC13-404/GadC2 

pMC14-404/GadC2 
pMC1S-404/GadC2 

pMC16-404/GadC2 
pMC 17 -404/GadC2 
pMC1S-404/GadC2 

cyt c2 

R. sph. wt cyt c2 

cyt c2 minus 

R. sph. wt cyt c2 

R. cap. wt cyt c2 

K12D 
K14E 
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Figure 111-2: Normalized ascorbate-reduced minus ferricyanide-oxldlzed optical 
difference spectra of a. sphaerojdes cell-free extracts of wild type (Ga), cytochrome 
c2 minus (GadC2), a. sphaerojdes cycA in trans (pED8/GadC2), and a. capsylatus 

cycA In trans grown under photosynthetic conditions. 

Go GodC2 pED8/GodC2 pED5/GodC2 
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111-2). Collectively, these results laid the ground work for use of the 8.. capsulatus/8. . 

. sphaerojdes genetic system to study 8.. capsulatus cytochrome c2 by site-directed 

mutagenesis. 

Construction 21 Site-Djrected Mutants 21& capsulatus Cytochrome ~ 

The details of the 8.. capsulatus/8.. sphaerojdes genetic system developed In this 

study are presented schematically in Figure 111-3. The first step consisted of the 

site-specific mutagenesis reactions and screening by dideoxy DNA sequencing (see 

Mutagenesis in Chapter II). Following mutant verification, the 1.25 kb long Hind 

III-Kpn I fragment of the replicative form of mutant derivatives of M13 C2-mp18B/S 

was cloned into the plasmid pUC19 using the same restriction sites, selecting for 

ampicillin resistance after transformation into E. kQli strain 71-18 and screening for 

the loss of alpha complementation (Figure 111-3). This procedure yielded the plasm ids 

pMC10 (K12D), pMC11 (K14E), pMC12 (K32E), pMC13 (K14E/K32E), pMC14 

(P35A), pMC15 (W67Y), and pMC16 (Y75F) (Table 11-1 In Chapter II). For 

plasmids pMC17 (Y75C) and pMC18 (Y75S) (Table 11-1 in Chapter II), the same 

procedure was followed except that the appropriate Hind III-Kpn I fragments were 

cloned into the same restriction Sites of pUC119 instead of pUC19. Subsequently, all 

plasmids obtained were cloned into the broad host range plasmid pRK404 using the 

unique Hind III restriction site and selecting for tetracycline and ampicillin resistance 
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Figure 111-3: Schematic description of the fl. capsulatus/R. sphaerojdes dual genetic 
system for overproduction in B.. capsulatus and determination of in YlYQ functionality 
in a. sphaerojdes of mutant fl. capsulatus cytochromes c2. 
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after transformation into the ,1;.. kQ.Jl strain HB 101. This procedure yielded the 

plasm ids pMC10-404, pMC11-404, pMC 12-404, pMC13-404, pMC14-404, 

pMC1S-404, pMC16-404, pMC17-404, and pMC18-404 (Table 11-1 in Chapter 

II). These pRK404 derivatives were then introduced into R. capsulatus strain 

MT-G4/S4 (cytochrome c2 minus) and a. sphaero;des strain GadC2 (cytochrome c2 

minus) by triparental crosses (see Triparental Crosses in Chapter II). 

production g! a. capsulatus Mutant Cytochromes ~2 ill B... capsulatus 

To quantitate the effects of the various mutations on cytochrome c2 cellular 

concentrations, spectral examination of fl. capsulatus cell-free extracts was pursued. 

Ascorbate-reduced minus ferricyanide-oxidized optical difference spectra taken in the 

SOO to 600 nm region of cell-free extracts prepared from photosynthetically grown 

cells of R. capsulatus strains MT1131 (wild type), MT-G4/S4 (cytochrome c2 

minus) and the MT -G4/S4 derivatives harboring the plasm ids producing the nine 

site-directed mutants are shown in Figure 111·4. As noted earlier, overproduction of 

the wild type cytochrome in the merodiploid strain pEDS/MT ·G4/S4 is clearly 

indicated by the presence of a large absorption at SSO nm (Figure 111-4a). 

Comparison of Figures 111-4a and b demonstrates that all four of the charge mutants 

are overproduced at levels similar to the wild type cytochrome (pEDS/MT-G4/S4). 

From examination of Figure 111-4c, Y7SF is overproduced and Y7SC and Y7SS are 
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underproduced with respect to MT1131. From Figure 111-4d, both structural 

mutations (P35A and W67Y) are also clearly overproduced. Interestingly, the 550 

nm alpha peak of Y75F was shifted from 550 to 552 nm in contrast to the other 

strains which exhibited the expected 550 nm peak. Estimates of the relative amounts 

of cytochrome c2 present in these merodiploids grown under respiratory and 

photosynthetic growth conditions are given in Table 111-2 as the ratio of cytochrome 

produced in a mutant strain with respect to the wild type R. capsulatus strain MT1131 

grown under the same growth conditions. From this analysis, the amount of 

overproduction of the R. capsulatus wild type cytochrome c2 in which the cycA gene is 

In trans can be quantitated to be four-fold under respiratory and photosynthetic 

growth conditions. Furthermore, all strains except pMC17-404/MT-G4/S4 (Y75C) 

and pMC18-404/MT-G4/S4 (Y75S) overproduced mutant cytochromes in amounts 

similar to that of pED5/MT-G4/S4 synthesizing wild type R. capsulatus cytochrome 

c2. In all strains cytochrome c2 production occurred at a comparable ratio under both 

respiratory and photosynthetic growth conditions although the respiratory cells 

displayed greater variation (Table 111-2). As shown earlier in Figure 111-2, similar 

amounts of R. capsulatus wild type cytochrome c2 were observed in a R. sphaeroides 

strain (pED5/GadC2). Furthermore, similar amounts of the nine R. capsulatus 

mutants were also observed in the R. sphaerojdes strains which suggests that the 

effects of the mutations on their cellular concentrations is similar In both B.. 

capsulatus and B. sphaerojdes. 
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Figure 111-4: Normalized ascorbate-reduced minus ferricyanide-oxldized optical 
difference spectra of cell-free extracts of various a. capsulatus strains producing 
mutant a. capsulatus cytochromes c2 under photosynthetic growth conditions. The 
spectra are presented as strains containing: (a) wild type cytochrome c2, cytochrome 

c2- and cytochrome c2-/cytochrome c2+, (b) charge mutants K12D, K14E, K32E 
and K14E1K32E, (c) redox mutants Y75C, Y75S and Y75F and (d) structural mutants 
P35A and W67Y. 
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Table 111-2: R. capsulatus wild type and mutant cytochrome c2 concentrations In R. 
capsulatus strains grown under respiratory and photosynthetic conditions. All 
absorbance changes have been normalized to total protein concentration of 1.0 mg/ml 
and corrected for background absorbance changes of MT -G4/S4 (cytochrome c2 
minus) grown under the appropriate growth condition. Ratios correspond to the 
corrected absorbance change divided by that of MT1131 (wild type strain) grown 
under the appropriate growth condition. 

Strain Respiratory Photosynthetic 

Me Ratio I!.Ac Ratio 

MT1131 wt .024 1.0 .018 1.0 
MT-G4/S4 cyt c2 minus NO NO 
pED5/MT -G4/S4 cycA in trans .095 4.0 .069 3.8 

pMC10-404/MT-G4/S4 K120 .063 2.6 .046 2.6 
pMC11-404/MT-G4/S4 K14E .063 2.6 .039 2.2 
pMC12-4041 MT-G4/S4 K32E .098 4.1 .045 2.5 
pMC13-4041 MT-G4/S4 K14E/K32E .028 1.2 .037 2.1 

pMC14-4041 MT-G4/S4 P35A .032 1.3 .079 4.4 
pMC15-4041 MT-G4/S4 W67Y .061 2.5 .080 4.4 

pMC 16-4041 MT -G4/S4 Y75F .115 4.8 .105 5.8 
pMC17-4041 MT-G4/S4 Y75C NO .003 0.2 
pMC18-4041 MT -G4/S4 Y75S .001 .04 .003 0.2 
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. Growth Propertjes m ~ a capsu!atus aru1 a sphaero;des Merodjp!ojd Strains 

To assay the in ~ functionality of the B. capsulatus cytochrome c2 derivatives, 

the photosynthetic and chemoheterotrophic growth abilities of the merodiploids strains 

described above were determined on rich and minima! medium. In Table 111-1 the 

growth rates of the R. sphaerojdes wild type strain, cytochrome c2 minus strain and 

various merodiploid strains have been listed. In this experiment, relative growth rate 

has been assessed by the colony size at a fixed time after innoculation of an equivalent 

number of cells. Interestingly, the strains harboring the charge and structural 

derivatives of R. capsu!atus cytochrome c2 appear to overcome the photosynthetic 

growth defect of GadC2 as well as R. capsulatus wild type cytochrome c2 (Table 111-1). 

Moreover, the strain containing the Y75F mutation also overcomes the GadC2 growth 

defect. These observations are evidence that these R. capsu!atus mutant cytochromes 

c2 are functional .In ~ at levels similar to the B. sphaerojdes and R. capsulatus wild 

type cytochromes c2' In contrast, strains harboring the genes for the Y75C and Y75S 

derivatives exhibit measurably reduced growth rates. Therefore, mutant cytochromes 

Y75C and Y75S appear to be functional in ~ but at a reduced level with respect to 

the other cytochromes c2' Nonetheless, all nine of the R. capsulatus cytochrome c2 

site-directed mutants are functional in ~ in R. sphaerojdes. 
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CQntrQI Experiments 

Interestingly, the same R. sphaerQjdes strains which exhibited reduced grQwth 

rates, i.e. pMC17-404/GadC2 and pMC18-404/GadC2, alsQ displayed greatly reduced 

or undetectable amounts of cytochrome c2 in B.. capsulatus or B.. sphaeroides cell-free 

extracts (Table 111-2 and Figure 111-4c). Further, the growth rates of the analogous 

R. capsulatus strains, i.e. pMC17-404/MT-G4/S4, pMC18-404/MT-G4/S4, were 

also visibly reduced. At this PQint it is necessary to cQnsider a number of control 

experiments before suggesting that these results are intrinsic prQperties Qf the Y75C 

and Y75S cytQchromes. For example, reduced cytQchrQme levels could be the result of 

mutations to the operator regiQn of the cycA gene, differences in the plasmid vector 

used or tight association of a mutant with the membrane. To insure that the low level 

production Qf cytochrome c2 ill these mutants was nQt the result of accidental 

mutations affecting the expression Qf cycA, the 5' upstream regiQn (apprQximately 

150 bp frQm the initiation codQn) of bQth mutants were resequenced and fQund to be 

identical to that of the authentic 5' upstream regiQn of the wild type cycA gene (Daldal 

et aI., 1986) In addition, to check whether the IQW concentratiQns of cytochromes 

Y75S and Y75C were not caused by a difference between the plasm ids pUC19 and 

pUC119, the Y75S mutation was recloned from the appropriate replicative form of 
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phage M13 to pUC19 to yield the plasmids pMC19 and pMC19-404. Difference 

spectra and growth rate data of strains pMC19-404/MT -G4/S4 and 

pMC19-404/GadC2 were essentially identical to those of strains 

pMC18-404/MT -G4/S4 and pMC18-404/GadC2 i.e. an alpha absorbance near the 

detection limit. Finally, to insure that the mutant cytochromes Y75C or Y75S do not 

associate more tightly than the wild type cytochrome c2 with the cytoplasmic 

membrane, cellular debris from the appropriate strains was incubated in the presence 

of 0.1% LDAO. Spectroscopic examination of these extracts revealed no evidence of a 

newly solubilized cytochrome c2' Therefore, the low level production of Y75S and 

Y75C appears to be an intrinsic property of these specific mutations, although the 

molecular basis of this phenomenon is currently unknown. 

Discussion gf.tb.a a capsulatus/B. sphaeroides .Qual Genetjc System 

At this point it is useful to comment on the advantages of the genetic system 

developed here in which a mutated copy of the cycA gene located on a broad host plasmid 

was introduced into a capsulatus and a. sphaerojdes strains carrying deletions of the 

chromosomal copy of the cycA gene. First it is important to note that mutant cycA 

genes are not expected to mutate further upon introduction into B.. capsulatus or B.. 

sphaerojdes. Mutant cycA genes were introduced into the photosynthetic bacteria by 

conjugation under growth conditions that select for the presence of an antibiotic 
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marker (tetracycline) and not a functional cytochrome (i.e. tetracycline resistance 

under aerobic growth conditions). Further, it was found that in the case of the ft. 

sphaeroldes transconjugants grown under photosynthetic growth conditions, 100 

percent of the colonies which were antibiotic resistant under aerobic growth 

conditions were also competent for photosynthetic growth. If further mutations of the 

cytochrome were necessary to reestablish photosynthetic growth capabilities, only a 

small percentage of the colonies would be expected to grow under photosynthetic 

conditions. 

Another important aspect of the genetic system is that spectroscopic detection of 

mutant derivatives of cytochrome c2 in cell-free extracts is evidence that a mutant 

cytochrome was processed correctly and was relatively stable. For example, 

apocytochrome c is known to be transported across the mitochondrial membrane from 

the cytoplasm with concomitant covalent attachment of the heme group and proper 

folding (Nicholson et aI., 1987; Dumont et aI., 1988). In the cases of the gram 

negative bacteria, cytochromes c are transported across the cell membrane to the 

periplasm. Further, a. capsulatus and fl. sphaerojdes cytochromes c2 possess a 21 

amino acid signal sequence at the amino terminal end which is cleaved during 

processing (Daldal et aI., 1986; Donohue et aI., 1986). In the present system 

mutations which inhibit any of these processing steps would result in apocytochrome 

c2 levels which would be non detectable spectroscopically due to the absence of the 
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heme group. Further, mutations which result in a large increase in turnover number 

(i.e. protein instability) would also result in decreased levels of spectroscopically 

detectable cytochrome c2' Although not very likely, note that mutations which affect 

mRNA production or stability or the efficiency of translation could also affect 

cytochrome cellular concentrations. Consequently, spectroscopic examination of the 

merodiploid strains generated in the R. capsulatus/R. sphaerojdes genetic system is an 

assay for the effects of the mutations on diverse properties such as protein processing 

and stability. 

Yet another important facet of the genetic system is that mutant derivatives of R. 

capsulatus cytochrome c2 can be overproduced in quantities that are amenable to 

chemical and structural studies. For example in a merodiploid· R. capsulatus strain 

such as pMC16-404/MT-G4/S4, the amount of mutant cytochrome Y75F present in 

ceU-free extracts was estimated to be approximately 8% of the total soluble protein. 

The molecular basis of this overproduction in both R. capsulatus and fl. sphaeroldes Is 

presently unknown but the most likely explanation is gene dosage. For example, an 

analogous pRK404 derivative plasmid containing the R. sphaerojdes cyeA gene has been 

shown to be present at five to nine copies per R. sphaerojdes genome (Brandner et al., 

1988). Moreover, these merodiploid strains were shown to possess cellular 

concentrations of a. sphaerojdes cytochrome c2 that were two to five times higher than 

the wild type strain (Brandner et aI., 1988). Note that in the present study the 
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cellular concentration of a. capsulatus cytochromes c2 produced in merodiploid 

strains have been increased by a similar four fold amount. Therefore, a general 

phenomenon of the pRK404 derivatives containing the operon of a gene from a 

photosynthetic bacterium may be their overproduction due to increased gene dosage. 

A interesting aspect of cytochrome c2 overproduction is the apparent lack of 

regulation by growth conditions of the cycA gene in the a. capsulatus constructions. In 

wild type strains of a. sphaerojdes, the cycA transcript level (Donohue et aI., 1986) 

and cytochrome c2 amount (Tai and Kaplan, 1985) are significantly increased under 

photosynthetic growth conditions with respect to respiratory growth conditions. 

Further, in the above mentioned a. sphaerojdes merodiploid strain which possesses the 

a. sQhaerojdes cycA gene in trans, the cytochrome c2 production is regulated by 

growth conditions in a manner similar to the wild type a. sphaeroides strain 

(Brandner et aI., 1988). One possible source of differences between the two systems 

may be the presence of extra base pairs in the upstream region of the a. sphaeroides 

construction (e.g. 500 bp versus 365 bp in the a. capsulatus constructions). In the 

case of the cycA gene, a DNA binding site for a repressor protein present during 

respiratory growth conditions could exist in the upstream region between 365 and 

500. The absence of the binding site in the a. capsulatus constructions would then 

result in constituitive transcription and hence cytochrome production not regulated by 

growth conditions. Alternatively, the regulating proteins of a. sphaerQides may not 
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bind to the upstream region of the R. capsulatus cycA gene. This latter explanation 

. seems unlikely due to the fact that R. sphaeroides and B. capsulatus are closely related 

species (Imhoff et al., 1984). Nonetheless, the source of this regulation or lack of 

would make an Interesting study of transcriptional regulation in photosynthetic 

bacteria. 

A final advantage of the genetic system is based upon the observation that wild 

type R. capsulatus cytochrome c2 could replace that of R. sphaeroldes for 

photosynthetic growth of R. sphaerojdes. This allows for the possibility to assess the 

In ~ functionality of mutant cytochromes by a simple growth test following their 

Introduction into an R. sphaerojdes mutant lacking cytochrome c2. The overproduction 

of many of the mutant cytochromes makes this assay less sensitive to functional 

changes in the cytochromes than a system in which single copies of the mutant genes 

are present, however, photosynthetic growth of the appropriate R. sphaerojdes strains 

indicates that a mutant cytochrome is functional in Y.iY.Q. at some level. Moreover, In 

~ functionality Implies that a mutant cytochrome is 1) present at a noncritical 

cellular concentration (Le. protein processing and stability have not been critically 

impaired); 2) competent to accept and donate electrons from the appropriate 

phYSiological partners (i.e. no drastic changes in the redox potential have occurred); 

and 3) structurally competent to recognize its physiological partners (i.e. large 

structural perturbations have not occurred at the active site). 
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Note that the physiological reductant of R. capsulatus cytochrome c2 is the 

cytochrome c1 of the cytochrome bC1 complex, which exhibits a redox potential of 

approximately 270 mV i.e. approximately 100 mV less than R. capsulatus cytochrome 

c2 (Pettigrew and Moore, 1987). Thus, a decrease of 200 mV in the redox potential of 

a mutant 8.. capsulatus cytochrome ~ would lead to a three order of magnitude decrease 

in the rate constant of reduction In.~. This large decrease in the reaction rate 

constant would be expected to significantly inhibit the growth rate of a mutant strain. 

Further, note that the physiological oxidant of R. capsulatus cytochrome c2 is the 

photooxidized bacteriochlorophyll dimer of the photosynthetic reaction center, which 

exhibits a redox potential of approximately 450 mV i.e. approximately 100 mV higher 

than R. capsulatus cytochrome c2 (Pettigrew and Moore, 1987). Accordingly, an 

increase of 200 mV in the redox potential of a mutant R. capsulatus cytochrome c2 

would lead to a three order of magnitude decrease in the rate constant of oxidation in 

~. Again, this large decrease in the reaction rate constant would be expected to 

significantly inhibit the growth rate of a mutant strain. Consequently, mutant R. 

capsulatus cytochromes c2, which exhibit nonaffected growth rates, may be expected to 

possess redox potentials between 170 mV and 570 mY. 
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Ibe. Significance g! lb.e. .B.e.d.Qx Mutants 

Due to its close proximity to the heme moiety (Figure 1-2) and high degree of 

evolutionary conservation (Figure 1-3), ft. capsulatus tyrosine 75 or its equivalent in 

other species is expected to play an important role in the structural and functional 

properties of cytochromes~. Mutant Y75F was a conservative mutation designed to 

test the importance of the tyrosine hydroxyl to cytochrome c redox potential by 

removing It while maintaining a hydrophobic core of similar molecular volume. 

Mutants Y75C and Y75S were nonconservative mutations which were designed to test 

the importance of an aromatic group at this position to the redox potential and protein 

stability properties of the cytochrome. Firstly, it is not surprising that Y75F was 

processed correctly and was relatively stable (Figure 111-4c and Table 11I-2). It is 

interesting, however, that this cytochrome could function ill. ~ at levels similar to 

the wild type cytochrome (Table 111-1). One aspect of this result is that the redox 

potential of Y75F must not be significantly altered with respect to the wild type 

cytochrome. Together the production and functionality data suggest that this mutation 

has had little effect on the structure and function properties of cytochrome c2; 

however, the observed red shift in the visible spectra suggested that the heme 

environment of this cytochrome has been perturbed to some degree (Figure 111-4c). 

In contrast, mutants Y75C and Y75S were present at much lower levels than the Y75F 

or wild type cytochromes c2 (Figure 111-4c and Table 111-2) suggesting that the 
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removal of an interior aromatic group may interfere with processing (e.g. transport, 

folding or heme attachment) or the stability of the mature protein. The low cellular 

concentrations of Y75C and Y75S have been further corroborated by large-scale 

preparations discussed in the following Chapter. Surprisingly, Y75C and Y75S were 

able to function in~, although at a reduced level (Table 111-1). The reasons for the 

Y75C and Y75S low level of functionality in ~ can not yet be distinguished between 

their low cellular concentrations or possible poor structural or functional integrity. 

Experimental evidence will be presented in the following Chapter that indicates that 

low cellular concentrations of Y75C and Y75S are the primary cause of the observed 

phenotype. Furthermore, it will be suggested that the reason for their low 

concentration levels is inhibition of protein processing and not protein instability. 

Note that an alternative possibility is that these mutations have inhibited translation 

of the cytochrome mRNA due to the introduction of a rare codon at the point of the 

mutation. Indeed, codons which end in T have been noted to be rarely used in R. 

capsulatus (Davidson and Daldal, 1987) and the codons for the mutations at position 

75 all end in T (TCT, TGT and ITT for Y75S, Y75C and Y75F, respectively). However, 

the fact that the wild type codon is TAT and the observed overexpression of Y75F 

appears to argue against this alternative. Nonetheless, the cysteine and serine 

substitutions have not resulted in a critical perturbation of cellular concentration, 

structural integrity or redox potential to destroy their function In. ili2.. 

Interestingly, a mutant of yeast iso-1 cytochrome c, in which the equivalent tyrosine 

67 (Figure 1-3) has been replaced by aspartate, was stable and produced at a normal 
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level in yeast but it was unable to function in ~ (Hampsey et aI., 1986). A possible 

explanation of the nonfunctionality of this mutant is a large degree of stabilization of 

the oxidized state to an extent that its redox potential is lowered beyond that of its 

physiological reducing partner. Apparently, in yeast cytochrome c the introduction of 

a negative charge in the cytochrome interior affects more the in ~ functionality 

than the protein processing or stability in contrast to the cysteine and serine 

substitutions of R. capsulatus. Collectively, the data presented here demonstrate that 

tyrosine 75 of R. capsulatus cytochrome c2 and by analogy the equivalent tyrosine in 

other cytochrome species is not critical to cytochrome ~ structure or function but that 

the aromatic moiety may play a noncritical role in the processing or stability of the 

cytochrome. In Chapter IV in ~ characterization of Y75F and Y75C will support 

this assertion and further suggest that this residue plays a noncritical role in 

determining the redox potential of cytochromes ~. 

Ib.e. Significance Qf 1b.e. Charae Mutants 

The charge mutants were designed to test the importance of specific lysine 

groups to reactions between cytochrome c2 and its physiological partners by changing 

the sign of specific charges from positive to negative. From the available high 

resolution structures of class I cytochromes ~ (Dickerson et al., 1971: Takano et aI., 

1973; Salemme et aI., 1973a), the three R. capsulatus Iysines ( K12, K14 and K32) 
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that were mutated would be expected to be on the protein surface in the vicinity of the 

exposed heme edge. Interestingly, the three single charge mutants (K120, K14E and 

K32E) and the double charge mutant (K14E1K32E) appear to have little, if any, effect 

upon protein processing or stability (Figure 111-4b and Table 111-2). In general, this 

Is the expected effect for mutations to surface residues; however, It Is somewhat 

surprising that the charge substitutions at positions 12 and 14, which are in close 

proximity to the heme cysteine ligands at positions 13 and 16, do not appear to 

perturb heme attachment. Further, it is surprising that all four charge mutants 

function in ~ at a level similar to that of the wild type cytochrome c2 (Table 

111-1), and in the case of K120 and K32E this occurs despite the fact that the modified 

Iysines are very highly conserved residues (Figure 1-3). In a previous study on yeast 

iso-1 cytochrome c, lysine 32 (the equivalent of B.. capsulatus lysine 32) was 

substituted by leucine, glutamine, tryptophan, and tyrosine and it was found that these 

substitutions also do not significantly affect the in ~ functionality of cytochrome c 

as determined by their ability to support the growth of a yeast strain on a 

non-fermentable carbon source such as glycerol or ethanol (Oas et al., 1988). 

Together the yeast and bacterial studies suggest that charge complementation between 

specific basic groups of cytochromes Q. and acidic groups of their physiological 

partners plays a noncritical role at physiological ionic strengths. This may be due to 

the small number of active site Iysines which were modified (e.g. one or two of six 

Iysines) or Ionic shielding effects at physiological ionic strengths. Nonetheless, In 

Chapter V in ~ characterization of the charge mutant reactions with photosynthetic 
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reaction centers will demonstrate that charge complementation does play a role, 

. although not critical, in cytochrome c reactions with physiological partners. 

Furthermore, it will be shown that charge changes have small but measurable effects 

on redox potential and protein stability. 

I.b..e. Signifjcance Qf 1hfl Structural Mutants 

Proline 35 or its equivalent in other species is absolutely conserved among class I 

~-type cytochromes (Figure 1-3). High resolution structural data suggest that the 

proline carbonyl oxygen atom accepts a hydrogen bond from Na1 of the heme ligating 

histidine with the net result of partially forming the histidine side of the cytochrome 

tertiary structure (Dickerson et aI., 1971; Takano et aI., 1973; Salemme et aI., 

1973a). To test the importance of tertiary constraint and hydrogen bonding at this 

poSition, proline was replaced with an alanine, and judging by the amount of P35A 

present in cell-free extracts of B.. capsulatus and B.. sphaeroldes, it was found that 

proline at position 35 was not critical to processing or relative stability (Figure 

111-4d and Table 111-2). Furthermore, the cytochrome P35A was able to complement 

for photosynthetic gro,. .. 1h a cytochrome c2 minus mutant of B.. sphaerojdes indicating 

that P35A was structurally competent to accept and donate electrons and to recognize 

Its physiological partners in ~ (Table 111-1) i.e. no critical changes In redox 

potential or active site tertiary structure). Further, it is somewhat surprising that 
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removal of a conserved proline has not noticeably inhibited cytochrome folding i.e. lead 

to an accumulation of unfolded protein in which the turnover number would be 

increased. These observations are in agreement with a previous study in which the 

equivalent proline residue of yeast iso-1 cytochrome c has been replaced by a 

threonine and the resulting mutant was produced and functional In 3l.iY2. (Hampsey et 

ai., 1986). Conversely, substitution of the same residue of the yeast cytochrome c by 

a leucine yielded a mutant which produced normal amounts of cytochrome c but which 

grew slowly Indicating that the P35L substitution was functional .in. ~ at a lower 

level (Hampsey et aI., 1986). Thus, this mutation has induced either significant 

changes in the redox potential or active site structure. These studies on yeast 

mitochondrial cytochrome c coupled with the data on bacterial cytochrome c2 suggest 

that structural constraint provided by proline at a. capsulatus position 35 or Its 

equivalent in other cytochromes is not critical to cytochrome ~ proceSSing (folding or 

heme attachment), relative protein stability or In Y/.Y.Q. functionality despite the high 

degree of conservation, internal nature and close proximity to the heme moiety. In 

Chapter VI In mm characterization of P35A will be used to suggest that an Important 

function of this residue is to stabilize the protein by providing a hydrophobic core. 

Tryptophan 67 or its equivalent in other cytochrome species is another amino 

acid residue which is highly conserved among the class I ~-type cytochromes (Figure 

1-3). The Ne1 of this tryptophan residue is thought to hydrogen bond to the rear heme 
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propionate group and play an important role in maintaining a proper configuration of 

the cytochrome active site (Dickerson et aI., 1971; Takano et al., 1973; Salemme et 

al., 1973a). To test the Importance of this hydrogen bond to cytochrome tertiary 

structure while maintaining a hydrophobic core, this tryptophan was replaced with a 

tyrosine and it was found that W67Y was correctly processed and relatively stable in 

a. capsulatus and .11. sphaeroides (Figure 111-4d and Table 111-2). Furthermore, 

complementation of the photosynthetic growth defect of a. sphaeroides GadC2 

demonstrated that W67Y was competent to recognize its physiological partners In 3Lb£.Q 

and to accept and donate electrons (Table 111-1). Therefore, despite the internal 

nature and close proximity to the heme group of tryptophan 67, no critical changes In 

redox potential or active site configuration have occurred in mutant W67Y. This 

result is in agreement with the work of Hampsey et al. (1986) on yeast Iso-1 

cytochrome c which has demonstrated that a number of aliphatic and aromatic 

substitutions at this position were successfully produced but only the hydrophobic 

mutants, leucine and tyrosine, could function in ~ at levels similar to the wild type 

cytochrome c. Collectively, these studies suggest that the hydrophobicity of 

tryptophan 67 may be the most critical role of this residue to the function of 

cytochromes Jl In general. In Chapter VI this supposition will be supported by the in 

~ characterization of W67Y. 



85 

General Observations 

Although the number of R. capsulatus cytochrome c2 mutants Isolated and 

studied is limited, nonetheless, they lend support to the following conclusions for R. 

capsulatus cytochrome c2 and by analogy to other class I ~-type cytochromes: 1) The 

hydroxyl group of the conserved tyrosine plays a noncritical electronic role in 

electron transfer or redox potential while its aromatic moiety may play an important 

role in structure, processing or stability; 2) Changing the sign of one or two surface 

charges near the active site is not enough to destroy its in ~ function; 3) The 

highly conserved proline and tryptophan residues which act as hydrogen bonding 

groups are not critical to structure and function. Most interestingly, none of the 

mutations obtained, even those affecting the highly conserved groups such as K32, 

P35, W67 or Y75, resulted in a loss of function, suggesting that the reasons for 

evolutionary conservation of specific amino acid groups may be quite complex. These 

observations are similar and complementary to those reached by Hampsey et al. 

(1986) on their study on yeast iso-1 cytochrome c. In the following chapters, In 

.ll.i.lm. characterizations of purified mutants will be discussed to further elucidate the 

roles these residues play in cytochrome ~ structure and function and in Chapter VII the 

implications of these results will be discussed in the context of the determinants of 

evolutionary conservation of specific amino acid residues in proteins. 
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In this chapter a number of biochemical properties of the redox mutants Y75C and 

Y75F have been compared to the wild type cytochrome in order to better understand 

the importance of a. capsulatys tyrosine 75 or its equivalent in other species to 

cytochrome ~ structure and function. The properties of mutant Y75S will not be 

discussed at length due to the inability to isolate significant quantities from large scale 

preparations. However, the inability to isolate Y75S reveals something about the 

effects of this mutation I.e. this mutation appears to have Significantly perturbed 

protein processing or stability. Indeed, due to the close proximity to the heme group 

and the internal nature of this tyrosine, all three mutations would be expected to 

perturb the heme electronic environment and the protein stability to significant 

degrees. In what follows, the heme environments of the wild type and mutants Y75C 

and Y75F have been characterized by spectroscopy and measurement of their redox 

potentials. Furthermore, the intactness of the tertiary structure of the active site of 

electron transfer of the mutants has been compared to wild type cytochrome c2 by 

analysis of the reaction rate constants of cytochrome reduction by lumiflavin 

semiquinone and photooxidation by B.. sphaeroides photosynthetic reaction centers. 

Finally, the effects of these mutations on protein stability have been examined by 

guanidine hydrochloride denaturation studies. The results of these studies will be 
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presented and discussed in light of other site-directed and naturally occurring 

substitutions at the equivalent position in the cytochromes ~ of other species and the 

recent high resolution structure of a. capsulatlls wild type ferrocytochrome c2' 

Together these studies suggest that the hydroxyl group of B. capsulatus tyrosine 75 or 

its equivalent in other species participates in a hydrogen bonding network which plays 

a role in maintaining high redox potentials and protein stability of cytochromes ~ in 

general. 

Spectroscopy 

In order to ascertain changes in the electronic environment of the heme, the visible 

wavelength maxima of Y75C and Y75F have been determined and compared to the B. 

capsulatus wild type cytochrome ~ (Table IV-1). In the oxidized state, Y75C exhibits 

a slight blue shift (1 nm) in the Soret peak in contrast to Y75F which displays no 

spectral changes (>0.5 nm) from wild type cytochrome c2' On the other hand, both 

ferrocytochrome mutants display red-shifted alpha and beta peaks (1-2 nm). These 

spectral changes imply that the heme environments of Y75C and Y75F have been 

perturbed with respect to the wild type cytochrome but not to a large degree. 
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Table IV-1: Spectral properties of the wild type and redox mutant cytochrornes. 

cyt WI Y75C Y75F 

Visible Maxima (nm): Fe3+ 4121522 411/522 4121522 

Fe2+ 417/522/550 417/523/551 417/523/552 

CD Transitions (nm): hemel 262 262 262 
hemeN 329 334 329 
W-La 292 292 292 

Y-O+BOOLb 280 280 280 

ES9S (mM-1 cm -1) 1.1 1.0 1.0 
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The heme Land M transitions in the near ultraviolet circular dichroism spectra 

(250-400 nm) of ferrocytochromes k have previously been shown to be more 

sensitive than absorption spectroscopy to perturbations of the environments of the 

heme group and aromatic groups (Myer and Pan de, 1978; Watkins, 1986). In this 

region the .8.. capsulatus wild type ferrocytochrome c2 has a maxima at 262 nm due to 

the heme L transition, a minimum at 329 nm due to the heme N transition, an 

inflection at 292 nm due to the tryptophan La transition, and an inflection at 280 nm 

due to the tyrosine 0+800 lb (Figure IV-1 and Table IV-1). In Figure IV-1a the 

spectra of Y75F can be compared to the wild type cytochrome. The two heme and the 

aromatic transitions occur at the same wavelengths as the wild type cytochrome (Table 

IV-1) indicating that the heme and aromatic environments have not been perturbed. 

Note that the ellipticity of the tyrosine transition is decreased in Y75F which is 

consistent with the removal of one of the five tyrosine residues present in the wild 

type cytochrome. In the case of Y75C, the heme L transition occurs at the same 

wavelength but the heme N transition is red-shifted 5 nm suggesting that the heme 

environment has been perturbed (Figure IV-1b and Table IV-1). Moreover, the 

aromatic transitions of Y75C follow the same trends as observed for Y75F (i.e. a 

similar tryptophan La transition and a decreased tyrosine signal). In contrast to the 

above results on the reduced state, no differences are observed between the wild type 

and mutant near ultraviolet circular dichroism spectra in the oxidized state. 
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Figure IV-1: Comparison of the near-ultraviolet CD spectra of (a) wild type (-) and 
Y75F ( .•.• ) cytochromes c2; (b) wild type (-) and Y75C ( .... ) cytochromes c2. 

Buffer conditions were 20 mM Tris-HCVpH 7.5, 40 mM NaCI and 25 0 C. 
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The presence of an absorbance maximum at ca. 695 nm is thought to reflect both 

ligation and conformation of the methionine sulfur to the heme iron (Schechter and 

Saludjian, 1967). To ascertain the state of the methionine (ft. capsulatus methionine 

96) heme iron bond, the near infrared spectra of the mutants have been compared to 

the wild type cytochrome. Interestingly, both of the mutants display an absorbance 

maxima at 696 nm and extinction coefficients that can not be distinguished from the 

wild type maxima and extinction coefficient (Table IV-1). These findings suggest that 

the methionine 96-heme iron bond is intact and unaltered in both Y75C and Y75F and 

that the presence of a tyrosine or aromatic group at this position does not contribute to 

the position or extinction coefficient of this band. Collectively, the spectroscopic data 

indicate that there are only subtle changes In the heme environments of Y75C and 

Y75F. 

~ potentials 

Since the redox potentials of heme proteins are sensitive to the heme environment 

as influenced by' solvent exposure and the local protein environment (Churg and 

Warshel, 1986), comparison of the redox potentials of wild type and mutants is a 

sensitive assay for changes in the heme environment. In Figure IV-2 redox titrations 

of the Y75C, Y75F and wild type cytochromes have been plotted and their midpoint 

redox potentials listed in Table IV-2. First note that the measured midpoint potential 
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Figure IV-2: Redox titrations of wild type (0) and Y75C (a) and Y75F (0) 
cytochromes c2 in 50 mM P04 at pH 7.0 and room temperature. The slopes ot the 
lines are 1.00 ± 0.05. 
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Table IV-2: Redox properties of the wild type and redox mutant cytochromes. 

cyt 

wt 
Y75C 
Y75F 

AI: (mV) 

367 
348 
308 

8.3 X 107 

6.4 X 107 

5.2 X 107 

2.4 X 108 
2.1 X 108 
2.2X 108 

aSecond order rate constant for cytochrome reduction by lumiflavin semiquinone (LFO). 

bSecond order rate constant for cytochrome photooxidation by B. sphaerojdes photosynthetic 
reaction centers (RC). 

93 
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of the a. capsylatus wild type cytochrome ~ is +367 mV which is essentially identical 

to the previously reported value of +368 (Pettigrew et al., 1975b). Interestingly, 

both mutants exhibit decreased midpoint potentials with the order being 

Y75F<Y75C<wt (Table IV-2). For example, the redox potential of Y75F has been 

decreased by a significantly larger amount than Y75C (e.g. 59 mV versus 19 mV). The 

observation that both mutations exhibit reduced potentials suggests that either the 

oxidized state of the mutants have been stabilized with respect to the wild type 

cytochrome or that the reduced state of the mutants has been destabilized with respect 

to the wild type cytochrome (Churg and Warshel, 1986). Furthermore, the varying 

degrees of changes and the chemical natures of the mutant residues indicate that the 

redox stabilities have been affected to different degrees and presumably In different 

manners. 

Cytochrome Redyction ~ Lymjflayln 

The rate constants for reduction of .c.-type cytochromes by flavin semlquinones 

have been previously used to distinguish between classes of .c.-type cytochromes as 

well as to det~ct significant steric or electrostatic effects within a class (Tollin et. a!., 

1986). To test whether the active sites of mutants Y75C and Y75F are structurally 

analogous to the wild type cytochrome c2, the second order rate constants of 

cytochrome reduction by lumlflavin semiquinone have been examined. In these 
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experiments, a laser flash generates a transient pool of reducing small organic 

moleculss (e.g. lumiflavin semiquinone) which subsequently reduce oxidized electron 

transfer proteins as a function of their redox potentials and steric and electrc3tatic 

effects characteristic of each class. Plots of kobs versus cytochrome concentration are 

presented in Figure IV-3 and the derived second order rate constants are listed in 

Table IV-2. From this analysis it is obvious that both mutants display reduced second 

order reaction rate constants with the order being Y75F<Y75C<wt. In Figure IV-4 the 

second order rate constants of a. capsulatus wild type cytochrome c2, mutants Y75C 

and Y75F and a number of other class I k-type cytochromes from other species have 

been plotted as a function of the difference in redox potential between the lumiflavin 

semiquinone and a particular cytochrome. In addition, a theoretical curve has been 

included that has been previously used to establish a semi-empirical relationship 

between reaction rate constants and redox potential differences within the class-I 

k-type cytochromes (Tollin et. aI., 1986). First, as expected the R. capsulatus wild 

type cytochrome c2 value corresponds closely with the theoretical curve and thus this 

cytochrome behaves kinetically In an analogous manner to the other members of its 

class. Interestingly, when the mutant values are compared to the derived curve, one 

can observe deviations from the theoretical curve which are only slightly greater than 

those of the experimental values of other class I k-type cytochromes. This indicates 
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Figure IV-3: Dependence of kobs on cytochrome concentration for lumlflavin 
semiquinone reduction of wt (e), Y75C (.\) and Y75F (II) cytochromes c2. Buffer 
conditions were 20 mM P04 pH 7.0, 10 mM EDTA, 60 J1M lumiflavin at room 
temperature. 
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Figure IV-4: Second order reaction rate constants of wt, Y75C and Y75F reduction by 
lumiflavin semiquinone as a function of the difference between the reactant redox 
potentials. Included are rate constants for a number of other class I ~-type 
cytochromes and a semi-empirical relationship between rate constant and redox 
potential (Tollin et al., 1986). 

1E9=-------------------------------------------------------------------------------------------~ 

::' 1EB 
I 
(/) ..... 
I 
::E ......... 

N 
~ 1E7 

1E6+------------r------~-----~~-----~--~-------+------~ 
0.000 0.200 0.400 

6Em (V) 
0.600 O.BOO 



98 

that most of the differences in reaction rate constants between wild type cytochrome c2 

and the mutants are primarily the result of differences in their redox potentials and 

not changes in tertiary structure at the active site of electron transfer. 

Photooxjdatjon 2f Cytochromes ~ Photosynthetic Reaction Centers 

Under photosynthetic growth conditions, the physiological role of cytochrome c2 is 

to transfer electrons between the reduced bC1 complex and photo-activated reaction 

centers. Large structural perturbations in the cytochrome c2 active site of electron 

transfer can be expected to adversely affect these reactions. To assay for changes in 

the structure of the redox mutants, the rates of photooxidation of ft. capsulatus wild 

type and mutants Y75C and Y75F by detergent solubilized R. sphaeroides 

photosynthetic reaction centers have been determined at an intermediate ionic strength 

of 75 mM. In this experiment, photosynthetic reaction centers are oxidized by a pulse 

of laser light. The rate of cytochrome oxidation or reaction center reduction is then 

followed by monitoring the signal at 550 nm or 605 nm, respectively. Experimental 

details are listed in Chapter II. The derived second order rate constants for the wild 

type and mutants Y75F and Y75C are listed in Table IV-2. First note that the wild type 

second order rate constant of 2.4 X 108 (M-1 s-1) is very similar to a value of 1.5 X 

108 (M-1 s-1) reported for R. sphaerojdes cytochrome c2 determined under similar 
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experimental conditions (Moser and DuHon, 1988). Thus the cytochromes c2 from R. 

capsulatus and R. sphaerojdes appear to display similar kinetics in their reaction with 

the R. sphaerojdes photosynthetic reaction center which is the expected result due to 

their high degree of amino acid homology and similar redox potentials (Meyer and 

Kamen, 1982; Pettigrew et aI., 1978). Interestingly, both mutant cytochromes 

exhibit rate constants which are very similar to the wild type cytochrome (Table 

IV-2). Consequently, these mutations have not introduced structural perturbations to 

a degree that measurably affects their reaction with a physiological partner. 

Furthermore, the rate constants for these two mutants do not appear to be sensitive to 

their decreases in redox potential. Note that this observation is in contrast to the 

previous lumiflavin experiments in which the wild type and mutant second order 

reaction rate constants were demonstrated to be a function of the cytochrome redox 

potential. Moreover, these results are in contrast to a previous study of c.-type 

cytochrome reactions with the protein flavodoxin (Tollin et al., 1985). In this 

previous study, the rate constants for electron transfer from the semiquinone of 

Clostridjum pasteurjanum flavodoxin to a number of c.-type cytocl1romes (including R. 

capsulatus cytochrome c2) indicated that redox potential, electrostatic and steric 

effects were larger in the flavodoxin-cytochrome reactions (i.e. protein-protein 

reactions) than observed for the flavin-cytochrome reactions (Tollin et aI., 1985). 

In the case of Y75C and Y75F, the effects of redox potential apear to be smaller in the 

reaction center-cytochrome reaction (i.e. protein-protein reaction) than the 
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flavin-cytochrome. One possible explanation is that the steric or electrostatic effects 

are compensating for the redox potential effects. Further study of the electrostatic and 

structural properties of Y75C and Y75F is necessary to elucidate this matter. 

Guanidine Hydrochloridf} penaturatlon 

Protein denaturation studies are useful in studying the effects of site-directed 

mutations on protein stability (for a recent review see Alber, 1989). Due to the 

internal nature of R. capsulatus cytochrome c2 tyrosine 75, mutations to this residue 

may be expected to have significant effects upon the protein stability of the 

cytochrome. In ihe present experiment, the relative stabilities of mutant and wild 

type cytochromes C2 to denaturant were examined by following the circular dichroism 

signal at 220 nm as a function of guanidine hydrochloride concentration (see Chapter 

II for experimental details). The use of this signal, which primarily reflects the 

protein alpha helical content, and Gdn-HCI as denaturant have previously been shown 

to be useful in studies of yeast wild type and mutant Iso-1 cytochromes c (Hickey et 

aI., 1988). In Figure IV-5, the fraction of unfolding (fu) of Y75C, Y75F and wild 

type cytochromes C2 in both redox states has been plotted as a function of [Gdn-HCI]. 

This analysis assumes a two-state equilibrium with an Initial fu value of 0.0 at 0.0 M 

Gdn-HCI and a final fu value of 1.0 at 6.0 M Gdn-HCI (Schellman, 1978). From these 
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analyses, Y75F is more stable in the oxidized state and less stable in the reduced state 

than the wild type cytochrome. On the other hand, Y75C is less stable than the wild 

type cytochrome in either redox state. To quantitate these differences in stability, 

plots of the apparent free energy of unfolding (AGu) as derived from fu are ploued as a 

function of [Gdn-HCI] in Figure IV-6 for the wild type and mutant cytochromes. In 

Table IV-3 the derived thermodynamic parameters: midpoint concentration of 

denaturation (Cm), apparent free energy of unfolding in the absence of denaturant 

(AGu .), and cooperativity of unfolding (m) calculated from linear regressions of the 

data in Figure IV-5 are listed (see Chapter " for descriptions of the analytical 

techniques). In addition, the previously determined values for yeast iso-1, cow, horse 

and Candida.lillJ.s.e.i ferricytochromes c have been included for reference. First note 

that R. capsulatus wild type ferricytochrome c2 is more stable than yeast iso-1 but 

less stable than the cow, horse and Candida ~ cytochromes. Moreover, the R. 

capsulatus cytochrome c2 cooperativity of unfolding is less than the other species of 

cytochromes. Therefore, it would appear that despite the high degree of amino acid and 

structural homolgy among the class I ~-type cytochromes, the determinants of 

cytochrome stability are complex. It is more useful, however, to compare the 

stability properties of R. capsulatus wild type and site-directed mutants in different 

redox states. Note that in the wild type cytochrome, the reduced state is significantly 

more stable than the oxidized state. Comparing the AGu• values indicates that the 
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Figure IV-5: The fraction of unfolding of (a) wt ferri and ferrocytochromes (0 and e, 
respectively) and Y75F ferri and ferrocytochromes (~ and A, respectively); (b) wt 
ferri and ferrocytochromes (0 and e, respectively) and Y75C ferrl and 
ferrocytochromes (~ and A, respectively). Buffer conditions were 20 mM 
Tris-HCVpH 7.5, 40 mM NaCI at 25° C. Theoretical curves for a two-state transition 
are included. 
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Figure IV-6: The dependence of AGu on [Gdn-HCIJ for (a) wt ferri and 
ferrocytochromes (0 and e, respectively) and Y75F ferri and ferrocytochromes (A and 
A, respectively) (b) wt ferri and ferrocytochromes (0 and e, respectively) and Y75C 
ferri and ferro cytochromes (A and A, respectively). The AGu values are derived from 
the data in Figure IV-5 (see Chapter II for experimental details). Lines are linear 
regressions of the data (r2 "" 1.00 ± 0.03) 
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Table IV-3: Denaturation properties of the R. capsulatus wild type and redox mutant 
cytochromes and various cytochromes from other studies. 

cyt 

Oxidized: w t 
Y75C 
Y75F 

yeast iso-l a 

covi' 
horseb 

Candldab 

Reduced: wt 
Y75C 
Y75F 

Cm (M) 

1.57 
1.44 
1.71 
0.88 
2.63 
2.42 
1.89 

4.51 
2.24 
3.23 

m (kcaH/moI2) AGu• (kcallmol) 

2.37 3.71 
2.57 3.71 
2.59 4.42 
3.3 2.9 
3.19 8.38 
3.01 7.27 
3.82 7.24 

1.65 7.45 
1.96 4.40 
1.43 4.75 

AAGU' (kcal/mol) 

• 0.30 
+ 0.35 

• 4.10 
• 1.83 

araken from Hickey et al. (1988). Experimental conditions were identical to those of this 
study. 

braken from Knapp and Pace (1974). Determined at pH 6.5 25° C. 
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ferro state is 3.74 kcallmol more stable than the ferri state. This observation is in 

agreement with experiments on eukaryotic cytochromes c which indicated that the 

reduced state of cytochromes c are more stable and rigid than the oxidized state 

(Takano and Dickerson and references therein, 1981). Presumably this results from 

the removal of a net positive charge in the protein's interior upon reduction. When the 

m values are considered to be equivalent within a given redox state, an alternative to 

comparing the ~Gu· values is to compare the ~Gu values at a concentration near the 

Cm values (Kellis et aI., 1988). This method, which generates a parameter called 

~~Gu' (see Chapter II), has the advantage that it is calculated in the region in which 

the equilibrium constants were actually measured and not extrapolated over a large 

concentration range as is done with ~Gu·. Consequently, errors in estimated stability 

are minimized. For example, the estimated uncertainties in ~Gu· are ± 0.30 kcaVmol 

and ±0.86 kcallmol in the oxidized and reduced cytochromes, respectively. In 

contrast, the uncertainties in MGu' are ± 0.03 and ± 0.43 in the oxidized and reduced 

cytochromes, respectively. Since the m values are within two standard deviations of 

each other (± 0.38 kcaH/mol2) for determinations within a given redox state, the 

parameter MGu' will be employed in subsequent discussion. In the oxidized state the 

order of relative stability toward denaturant as measured by Cm and MGu' Is 

Y75C<wt<Y75F. Substitution of cysteine for tyrosine 75 has resulted in a 0.30 

kcallmol decrease in stability in contrast to the phenylalanine substitution which 

""--_._-----" - ----.---- ._--- ----"-- --
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resulted in a 0.35 kcaVmol increase In stability. Interestingly. In the reduced state 

the order of relative stability has changed to Y75C<Y75F<wt. In the ferro state. Y75C 

is estimated to be 4.10 kcaVmol less stable and Y75F Is estimated to ba 1.83 kcaVmol 

less stable. 

~ Denatured S1a.1a Q.f Eerrocytochromes ~ Am.L&s.s. Exposed m Solvent 

An interesting aspect of the denaturation studies is to consider the m values for the 

denaturation process of the wild type cytochrome in different redox states. Note that 

upon reduction a significant decrease in the m values occur not only for the wild type 

cytochrome but also Y75C and Y75F (Table IV-3). The cooperatlvity of unfolding is 

thought to reflect both the mechanism of denaturation and the number of residues 

exposed to solvent upon denaturation. Considering the former. a change In the 

denaturation process from a two-state to a multi-state equilibrium would be reflected 

In a decrease In the cooperativity. or a change in the denaturation process from a 

multi-state to a two-state equilibrium would be reflected in an increase In 

cooperatlvity. In the denaturation of the B.. capsylatus wild type and mutants 

(including the six other mutants to be discussed in later chapters). there is no 

indication of anything but a two-state equilibrium (i.e. plots of 6Gu versus [Gdn-HCI] 

are linear): however. kinetic characterization of denaturation is necessary to 

completely rule out the presence of multiple equilibria. 
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Increased solvent exposure of the native state or decreased solvent exposure of the 

denatured state would be reflected by a decrease In the m value. Alternatively, 

decreased solvent exposure of the native state or Increased exposure of the denatured 

state would be reflected by an Increase in the m value. The number of sldechalns 

exposed to solvent upon denaturation can be quantitated by dividing the m value by 65 

caH/mol2, which Is an estimate of the exposure of a single peptide unit (Nozakl and 

Tanford, 1971; Myer et at, 1980). This approach suggests that 36 ± 3 sldechalns 

are exposed to solvent upon denaturation of the wild type ferrlcytochrome. In 

contrast, the wild type ferrocytochrome Is estimated to expose 25 ± 3 sldechalns to 

solvent upon denaturation. Therefore, either approximately 11 more sldechalns are 

exposed to solvent in the native ferricytochrome, or 11 less sidechains are exposed to 

solvent In the denatured ferrocytochrome. In light of the small structural 

perturbations occurring upon changing the redox state of the tuna cytochrome c or a. 

rubrum cytochrome c2 native state (Takano and Dickerson, 1981; Salemme et aI., 

1973b), the solvent exposure of the denatured state Is most likely affected. According 

to this model, the sldechalns of 11 more residues are buried In the heme environment 

of denatured ferrocytochrome c2 and thus not exposed to solvent upon denaturation. 

This phenomenon is conceptually a"ractive due to the greater hydrophobicity of the 

reduced heme group and could be a general phenomenon of all redox proteins. Note that 

this phenomenon may present a rare opportunity to visualize the details of the 

denatured state of a protein and may also have ramifications on the folding pathways of 
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redox proteins in different redox states. 

Ib.a. Redox Mutants Am Structurally Similar 12. 11m Wll.d. Ima Cytochrome 

The lumiflavln semiquinone and R. sphaeroldes photosynthetic reaction center 

kinetic studies of Y75F and Y75C indicate that both mutants are structurally analogous 

to the wild type protein at the active site of electron transfer and that R. capsulatus 

tyrosine 75 does not play a critical role In the oxidation or reduction reactions of 

cytochrome c2. These observations are consistent with the results of Chapter III 

which demonstrated that mutants Y75F and Y75C as well as Y75S were functional In 

~ i.e. were competent to accept electrons from reduced cytochrome bc1 complexes 

and donate electrons to photo-activated reaction centers. Moreover, the equivalent rat 

mutant (Y67F) has been shown to react In ~ with cytochrome c oxidase (Luntz et 

al., 1989) and the equivalent horse mutant (Y67F) has been shown to react In ~ 

with cytochrome c reductase (Wa!lace et al., 1989). Furthermore, recent 

two-dimensional NMR and x-ray crystallography studies of wild type cytochrome c2 

and Y75F have Indicated that there are no large structural differences between the two 

proteins (Gooley et aI., In preparation; Holdan et aI., In preparation). Together these 

results suggest that R. capsulatus tyrosine 75 or Its equivalent in other species Is not 

critical to the structure or function of cytochromes .Q. In general and that substitution 

of the tyrosine with phenylalanine or cysteine does not introduce large structural 
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perturbations. 

Mutations m Tyrosine 15 perturb 1Wit.l:f.ame. EnYironment 

On the other hand, the spectroscopic data on mutants Y75F and Y75C Indicate that 

removal of the aromatic group or oxygen atom perturbs the electronic environment of 

the cytochrome c2 heme group. However, the presence of an absorbance in the near 

infrared indicates that these mutations do not measurably alter ligation of the 

methionine to the heme. These observations are consistent with the data for the 

equivalent Y67F mutations of rat and horse cytochrome c which have demonstrated that 

both mutants exhibit spectral changes but an absorbance in the near Infrared (Luntz et 

al., 1989; Wallace et aI., 1989). Moreover, the significant decreases In the redox 

potentials of Y75F and Y75C indicate that their heme environments have been 

perturbed. In the case of Y75F, this result is In agreement with the redox potentials of 

other cytochromes containing the equivalent mutation. For example, the redox 

potential of Euglena cytochrome c In which the equivalent tyrosine has been substituted 

by phenylalanine (as well as other substitutions) is decreased by 16 mV (Pettigrew, 

1973) and the Y67F mutations of rat and horse cytochromes c are decreased by 35 mV 

(Luntz et aJ., 1989; Wallace et aI., 1989). Consequently, a general observation Is 

that substitution of this tyrosine by other residues perturbs the heme environment 

and results In a decrease in redox potential. Note that this phenomenon Is In contrast 

--- --- ----- ... -~ .~-. 
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to the predicted result based on the ft. rybrym cytochrome c2 structure which 

suggested that the oxidized state of cytochromes c2 is partially stabilized by an ionic 

interaction between the tyrosine hydroxyl and the methionine sulfur (Salemme et al., 

1973b). If an ionic interaction was occurring, substitution of the tyrosine by 

phenylalanine would have the effect of destabilizing the oxidized state (i.e. increasing 

the redox potential). Thus, the proposed ionic interaction does not appear to occur or 

is not Important to the ferri state, at least in the mitochondrial cytochromes c and ft. 

capsulatus cytochrome c2. 

Tyrosine Z5. fJ..aY.s. a ~ in protein Stability 

Before discussing the stabilities of Y75F and Y75C to denaturant, it is helpful to 

note that the relative stabilities of mutant proteins are affected by several factors. 

For example, replacement of an amino acid residue with a more or less hydrophobic 

residue may be expected to result in an increase or decrease In protein stability due to 

the hydrophobic effect which results from the favorable energy of shielding a 

hydrophobic sldechain from solvent In the native or folded state (Kauzmann, 1959; 

Tanford, 1980). An estimate of the free energy changes on stability due to 

hydrophobic effects can be obtained from model studies of the free energy differences 

In transferring different amino acid sidechalns from a hydrophobic medium such as 

octanol to a hydrophilic medium such as water (Fauchere and Pliska, 1983). On the 
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other hand, crystallographic studies of lysozyme wild type and site-directed mutants 

have demonstrated that removal of Internal groups often does not result in significant 

structural changes but results In the creation of a cavity within the protein Interior 

(Matsumara et al., 1988) and the creation of internal cavities by site-directed 

mutagenesis have been demonstrated to leael to decreases in the stability of barnase 

(Kellis et at., 1988) and gene V (Sandberg and Terwilliger, 1989) to degrees that can 

not be accounted for by hydrophobic effects alone. To account for these energy 

differences, Sandberg and Terwilliger have suggested the term "packing" effects to 

consist of energies due to changes in close packing between the mutated residue and its 

neighbors (e.g. van der Waals energies), distortions caused In the remainder of the 

protein, and changes in the polarity of the proteins interior. This term can be 

estimated by the difference of the observed stability of a mutant and that expected from 

hydrophobic effects alone (Sandberg and Terwilliger, 1989). Under these criteria, 

the packing effects resulting from the removal of an interior methylene group have 

been estimated to be ca. 1.0 kcaVmol (Kellis et at., 1988; Sandberg and Terwilliger, 

1989). 

Considering hydrophobic effects, Y75F can be expected to be 1.14 kcaVmol more 

stable than the wild type cytochrome due to the more hydrophobic nature of the 

phenylalanine sldechaln (Fauchere and Pliska, 1983). In the present study Y75F was 

estimated to be 0.35 kcaVmol more stable In the oxidized state and 1.83 kcaVmol less 
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stable in the reduced state than the wild type cytochrome. Note that the degree of 

increased stability of Y75F ferricytochrome c2 is in qualitative agreement with that 

reported for the equivalent rat cytochrome c mutation in which urea denaturation 

studies revealed that Y67F was 0.6 kcaVmol more stable than wild type cytochrome c 

(Luntz et al., 1989). The packing effects for this mutation can be estimated to be 0.79 

kcal/mol and 2.97 kcal/mol in the ferri and ferro states, respectively (0.35-1.14 

and -1.83-1.14). Since this mutation is expected to result in a very small change in 

the molecular volume (Clothia, 1975), van der Waals contacts probably do not play a 

large part of the packing energies. Moreover, the NMR and x-ray data indicate that 

large structural perturbations have not occurred. Therefore, the most likely source of 

the packing energy is a change in the polarity of the local environment. In the oxidized 

state, part of the packing energy of Y75F probably results from overestimation of the 

hydrophobic effect for this mutation. For example, the local environment at position 

75 in the oxidized state of Y75F is not as hydrophobic as other interior protein regions 

due to the distribution of a positive charge on the heme. On the other hand, the larger 

packing energy effect of the Y75F ferrocytochrome with respect to the 

ferricytochrome is the opposite of the expected result. For example, one would expect 

that substituting a more hydrophobic sidechain into the hydrophobic environment of 

the heme would result in stabilization of the reduced state with respect to the oxidized 

state due to the increased hydrophobicity of the reduced state heme environment i.e. in 

the reduced state the heme pusseEses a net charge of zero as opposed to the oxidized 
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state in which the net charge is plus one. Therefore, factors other than the polarity of 

the heme group in this region of the molecule appear to be important in determining 

the stability of the reduced state. 

In the case of Y75C, the oxidized and reduced states were estimated to be 0.30 

kcaVmol and 4.10 kcaVmol less stable, respectively. Cysteine has been shown to be 

more hydrophobic than the tyrosine sidechain and thus considering hydrophobic effects 

alone Y75C would be expected to be 0.79 kcal/mol more stable than the wild type 

cytochrome (Fauchere and Pliska, 1983). Consequently, in Y75C the packing effects 

can be estimated to be to be 1.09 kcaVmol and 4.89 kcal/mol in the oxidized and 

reduced states, respectively (-0.30-0.79 and -4.10-0.79). Interestingly, the 

observed packing effects for Y75C ferricytochrome c2 are substantially less than the 

predicted value of ca. 5 kcal/mol (based on the removal of five internal methylene 

groups). This result is consistent with the above mentioned idea that the local 

environment of sidechain 75 is not entirely nonpolar. In this case a packing energy of 

1.09 kcaVmol may reflect that only the equivalent of one interior methylene group 

has been removed. In the reduced case, the Y75C packing energies of 4.89 are 

consistent with the change in molecular volume; however, note that the magnitude of 

the packing energy of Y75C and Y75F ferrocytochromes are similar and thus could also 

reflect perturbations of similar forces which determine the wild type stability. 

Nonetheless, the denaturation data clearly indicate that the equilibrium stability of the 
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reduced states of Y75F and Y75C have been most affected. 

1M. Relationship Between AlWla Helical Stability aru:l B.e..d.Qx. potential 

Note that the relative destabilization of the reduced states of Y75F and Y75C is 

qualitatively consistent with their decreases in redox potential Le. stabilization of the 

oxidized state and destabilization of the reduced state should result in a decrease in the 

redox potential. The free energy of unfolding of a heme protein can be related to the 

redox potential by the equation: 

[ 1 ] 

where aGpp is the free energy of unfolding due to protein-protein interactions (Le. 

sidechain and backbone interactions) and AGph is the free energy of unfolding due to 

protein-heme interactions (Churg and Warshel, 1986). The total free energy can be 

defined as: 

aGu = -nFaE + constant [2] 

where n is the number of electrons (n=1 in this case), F is the Faraday constant 

(23.06 kcal/moVvolt), AE is the redox potential in volts and the constant is dependent 

upon the reference system used. When considering the energy terms of a site-directed 

mutant with respect to the wild type cytochrome, equations [1] and [2] can be 

rewritten as: 



MGu = MGpp + MGph 

MGU == -nFME 

[3] 

[4] 
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The term MGu can be calculated from ME, which is determined experimentally. 

Since the Gdn-HCI denaturations measure the stability of alpha helices (i.e. 

protein-protein interactions), AAGpp may be taken as MGu'ox-AAGu'red 

(determined experimentally). Consequently, MGph can be determined from equations 

[3] and [4]. In the case of Y75F, MGpp is 2.18 kcal/mol (0.35-(-1.83» and ME 

is -0.059 volts (0.308-0.367) and thus MGuu is 1.36 kcal/mol and MGph is 

-0.82 kcal/mol. Thus, the mutation appears to have a stabilizing effect on the 

protein-heme interactions. This could be due to the increased hydrophobicity of the 

phenylalanine sidechain (with respect to the tyrosine sidechain), which is in close 

proximity to the hydrophobic heme group. In the case Y75C, MGpp is 3.80 kcaVmol 

(-.30 -(-4.10» and ME is -0.019 volts (0.348-0.367) and thus MGu is 0.44 

kcal/mol and MGph is -3.36 kcal/mol. In Y75C it appears that the stabilizing 

protein-heme interactions must be due to a favorable rearrangement of the protein 

backbone and sidechains in close proximity of the heme group. Nonetheless, it appears 

that determination of stability of the oxidized and reduced states and the redox potential 

of site-directed mutations of heme proteins is an indicator of the nature of the 

perturbations which the mutation has introduced. The implications of this 
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relationship will be further considered in Chapter VI. 

.MaW1l m 1lui B. capsulatus J:ie.Jrul Environment 

Before discussing the properties of the wild type and redox mutants, it is useful 

to examine a stereo-view of the a. capsulatus cytochrome c2 heme environment 

(Figure IV-7). First note that in the wild type structure the distance between the 

sulfur atom of methionine 96 and the hydroxyl oxygen of tyrosine 75 is 3.9 A. In the 

case of B. capsulatus cytochrome c2, interaction between the methionine and tyrosine 

groups is dampened with respect to the equivalent groups in B. rubrum cytochrome c2 

and tuna cytochrome c in which the distances are 3.0 A (Salemme et al., 1973b; 

Bhatia, 1980; Takano and Dickerson, 1981) and thus this residue is not expected to 

play an important role in stabilization of the oxidized state by an ionic interaction 

between the tyrosine hydroxyl and the methionine sulfur (Salemme et al., 1973b; 

Bhatia, 1980). Furthermore, note that there is a bound water molecule in the heme 

environment of B. capsulatus cytochrome c2 which is similar to the tuna cytochrome c 

structure (Takano and Dickerson, 1981) but in contrast to the more closely related B. 

rubrum cytochrome c2 structure (Bhatia, 1980). Interestingly, the presence of this 

bound water molecule in the heme environment of B. capsulatus cytochrome C2 casts 

into doubt the notion that the generally higher redox potentials of cytochromes c2 with 
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respect to cytochromes c is the result of an absence of this water molecule in 

cytochromes c2 (Salemme et aI., 1973b). Therefore, the differences between the 

eukaryotic and procaryotic redox potentials must be due to other factors. 

In Y75F the hdyroxyl group has been replaced by a proton which would result in 

a very small change in molecular volume of <1 A3 (Clothia, 1975) but a significantly 

more nonpolar sidechain. In the absence of tertiary structural perturbations, the 

distance between the sulfur atom of methionine 96 and the para proton of 

phenylalanine 75 would be expected to be ca. 4 A. In Y75C the aromatic mOiety has 

been replace by a sulfhydryl group which would be expected to result In a relatively 

large change in molecular volume of 98 A3 (Clothia, 1975) and a slightly less polar 

sidechain. In the case of Y75S, the aromatic moiety has been replaced by a hydroxyl 

group which would result in a large change In molecular volume of 105 A (Clothia, 

1975) and a more polar sidechain. In the absence of tertiary structural 

perturbations, the distance between the methionine sulfur and the cysteine sulfhydryl 

or serine hydroxyl groups would be ca. 7 A. Consequently, interactions between the 

two groups would be expected to be prohibited by the large separation distances 

involved. 
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Figure IV-7: Stereoview of the R. capsulatus ferrocytochrome c2 heme environment 
to illustrate a conserved hydrogen bonding network (kindly provided by Dr. Hazel 
Holden of the University of Wisconsin, Madison). Depicted are the heme, water 41, 
Y75, T94 and M96. Dotted lines represent hydrogen bonds. 
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Tyrosine 15 Is Earl m il Hydrogen Bonding Network I.b.a1 Stabilizes ~ Reduced S1ata 

The most surprising result of the characterization of Y75C and Y75F is the 

redox-dependent nature of the mutant protein stabilities. To interpret this 

observation it is necessary to reexamine the a. capsulatus cytochrome c2 heme 

environment. One model is to consider the possibility that the water molecule in the a. 

capsulatus wild type heme environment is involved in a hydrogen bonding network that 

results in stabilization of the reduced state. Considering the location of the water 

molecule, a potential hydrogen bonding network could occur between the water 

molecule and the sidechain atoms of tyrosine 75, threonine 94, and the front heme 

propionate (Figure IV-7). From the high resolution structure, the oxygen to oxygen 

distances are between 2.5 and 2.9 A. Formation of the hydrogen bonding network may 

have the net effect of stabilizing the cytochrome by bringing together distant regions of 

the protein backbone into the heme environment (i.e. the backbone residues near 

poSitions 75 and 94). In Y75F and Y75C ferrocytochromes c2 formation of this 

hydrogen bonding network is precluded by the absence of one of the three hydrogen 

bonding partners. Indeed, characterization of Y75F ferrocytochrome c2 by x-ray 

crystallography indicates that the water molecule is not present (Holden et al., in 

preparation). As a consequence, the absence of the hydrogen bonding network results 

in a relatively large degree of global instability of the reduced cytochrome. Note that 

recent characterization of Y75F ferrocytochrome stability by NMR determination of 
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NH exchange rates Indicates that this mutation has Introduced local Instability and not 

global instability (Gooley et aI., in preparation). Consequently, It appears that local 

instability of the Y75F native state is responsible for the global instability measured 

by Gdn-HCI denaturation. 

Using the Y75F ferrocytochrome packing energy estimate of 2.97 kcal/mol, the 

individual hydrogen bond energies can be calculated to be on the order of 1 kcaVmol. 

According to this model, the residual packing energy of Y75C ferrocytochrome upon 

loss of the hydrogen bonding network Is approximately 1.92 kcal/mol which 

approaches the packing energy estimated In the oxidized state (I.e. 1.09 kcaVmol). 

Consequently, loss of the hydrogen bonding network can account for most of the redox 

dependent packing energies of Y75C and thus structural perturbations are not 

necessary to explain the denaturation data. 

An interesting aspect of the larger degree of destabilization of the reduced states 

of Y75F and Y75C is that tyrosine 75 must not participate In the hydrogen bonding 

network in the wild type ferricytochrome. If the identical hydrogen bonding network 

were present in both redox states, disruption of the network In the mutants would be 

expected to destabilize the oxidized state as well as the reduced state which Is clearly 

not the case. Therefore, in the wild type cytochrome either the hydrogen bonding 

network is reformed between other sidechains upon oxidation or it does not exist. Note 
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that perturbation of the hydrogen bonding network upon oxidation requires a 

mechanism which senses the redox state of the heme group. The observation that the 

tyrosine hydroxyl Is relatively distant from the methionine sulfur Indicates that 

another mechanism Is most probable. The most likely explanation at present is that 

the absence of an electron in the heme group results In a more polar local environment 

of the water molecule which in turn disrupts or reduces the strength of the hydrogen 

bonds present (at least that between tyrosine 75 sldechain and the water). This 

hypothesis is supported by the close proximity of the water molecule to the heme In 

the reduced state (see Figure IV-7). Nonetheless, further characterization of the a. 

capsylatys ferricytochrome c2 structure by x-ray crystallography and NMR 

techniques is necessary to further elucidate this matter. 

Tyrosine Z5..la far! Qf a ~ Conserved Hydrogen Bonding Network 

As depicted in Figures IV-8 and IV-9, the proposed hydrogen bonding network Is 

similar but not identical to those proposed for tuna cytochrome c and a. rybrum 

cytochrome c2 (Taka no and Dickerson, 1981; Salemme et al., 1973b). In tuna 

ferrocytochrome c, the water molecule Is not directly bonded to the ligating methionine 

sulfur; Instead the water molecule Is hydrogen bonded to the sldechains of asparagine 

52, tyrosine 67 and threonine 78 (the equivalents of a. capsulatys Isoleucine 57, 

tyrosine 75 and threonine 94). In the R. capsulatys case, the greater distance between 
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the tyrosine oxygen and the methionine sulfur (3.9 A versus 3.0 A in tuna cytochrome 

c) and the hydrophobic nature of the residue at position 57 (isoleucine versus 

asparagine in tuna cytochrome c) preclude the hydrogen bonding network observed in 

eukaryotic cytochromes~. Nonetheless, the distances between the hydrogen bonding 

groups of the protein and the water molecule observed in the x-ray structures are 

essentially identical in the R. capsulatus and tuna cytochromes (Holden et al., in 

preparation; Takano and Dickerson, 1981). Interestingly, the equivalent water 

molecule is hydrogen bonded to the same sidechains in both redox states in tuna 

cytochrome c (Takano and Dickerson, 1981). The experimental evidence for Y75F and 

Y75C implies that this is not the case in R. capsulatus. Further, note that the idea of 

the phenylalanine mutation disrupting binding of a water molecule in the heme 

environment was previously presented for the equivalent rat cytochrome c Y67F 

mutation (Luntz et aI., 1989); however, this study only considered the stability of the 

oxidized state. Rat Y67F ferricytochrome was determined to be more stable than the 

wild type ferricytochrome and thus the reasons for the high degree of conservation 

were not apparent at the time. In light of the Y75F results, tyrosine 75 (tyrosine 67 

in tuna) is most important to the formation of a stabilizing hydrogen bonding network 

in the reduced state. 
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Figure IV-8: Comparison of the heme environments of R. capsulatus cytochrome c2 
(bold lines) and tuna cytochrome c (light lines). The R. capsulatus structure is that of 
Holden et a!. (in preparation) and the tuna structure is from Takano and Dickerson 
(1981). 
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Figure IV-9: Comparison of the heme environments of R. capsulatus (bold lines) and 
R. rubrum (light lines) ferrocytochromes c2. The R. capsylatus structure is that of 
Holden et al. (in preparation) and the R. rubrum structure is from Bhatia (1980). 
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In R. rubrum cytochrome c2, the water molecule is absent due to the presence of 

tyrosine 52 (the equivalent of R. capsulatus isoleucine 57 and tuna asparagine 52). 

To better illustrate this, the R. capsulatus structure has been overlaid on the R. 

rubrum structure in Figure IV-9. As a consequence of the absence of the water 

molecule, the hydrogen bonding network is between tyrosine 52, tyrosine 70, serine 

89 and methionine 91 (the equivalents of R. capsulatus isoleucine 57, tyrosine 75, 

threonine 94 and methionine 96). Considering the three cytochrome c structures, it 

appears that evolution has conserved similar but non exact hydrogen bonding schemes 

in this region of the cytochrome. In some cases the hydrogen bonding network is 

formed around an internal water molecule (e.g. R. capsulatus cytochrome P2 and tuna 

cytochrome c). In all cases, the conserved tyrosine (e.g. R. capsulatus Y75, R. 

rubrum Y70 and tuna Y67) and conserved hydroxyl (e.g. R. capsulatus T94, R. 

rubrum S89 and tuna T78) are involved in the hydrogen bonding network. However, 

the third hydrogen bonding partner is not conserved (e.g. R. capsulatus heme 

propionate, R. rubrum M91 and tuna MBO). 

Dynamic Mm1W m lli.E 

At this point it is useful to consider the effects of the Y75F mutation on the global 

structure of R. capsulatus cytochrome c2. It was proposed above that the conserved 

hydrogen bonding network stabilized cytochromes c by bringing together distant 
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regions of the polypeptide backbone. This concept is illustrated in Figure IV-10. In 

Y75F the loss of the internal hydrogen bonding network would result in a more flexible 

or dynamic third helix (residues 69-88) as indicated by the double arrow but no 

change in the equilibrium structure. This increase in dynamic fluctuation could result 

in greater solvent exposure of the heme group which was not detectable by the static 

x-ray structure. Further, the increased solvent exposure of the heme group could be 

reflected in spectral, redox potential and stability properties of the redox mutants. 

Interestingly, an increase in third helix dynamics could affect the reduced state to a 

larger degree than the oxidized state, which is consistent with increased 

hydrophobicity of the reduced heme. These observations bring up the Interesting 

prospect that the dynamic properties of cytochrome c family are very important to 

their biochemical properties (e.g. redox potential, stability, kinetics) and further, 

that differences in the dynamic properties within the family are responsible for their 

diverse biochemical properties (e.g. tuna cytochrome c redox potential of 260 mV 

versus the R. capsulatus cytochrome c2 redox potential of 367 mV). In more general 

terms, dynamic properties may be an important determinant of the biochemical 

properties of a wide variety of proteins. 
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Figure IV-10: Representation of the R. capsulatus cytochrome c2 alpha carbon 
backbone of residues 69 to 88. The heme group and the sidechains of H17. Y75 and 
M96 have been Included. The arrow Indicates the region of the proposed Increase In 
dynamic fluctuation. 
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!&Deluding Remarks 

These analyses shod some light on the reasons for the extremely high degree of 

evolutionary conservation of R. capsulatus tyrosine 75 or its equivalent in other 

species. In this study we have demonstrated that the presence of tyrosine at this 

poSition is most important to the stability of the reduced state by participation in a 

conserved hydrogen bonding network In the heme environment. Thus it appears that 

tyrosine has been selected in the course of evolution due to its unique hydrogen bonding 

capabilities, hydrophobiC nature and molecular volume. For example, hydrophobic 

groups such as leucine, Isoleucine and phenylalanine lack the ability to form hydrogen 

bonding networks and groups which possess hydrogen bonding capabilities such 

asparagine, glutamine and tryptophan also possess significantly different molecular 

volumes. 

An Important aspect of the stabilization of the reduced state is that the 

cytochrome c redox potential is raised. The Importance of this tyrosine to maintenance 

of a high redox potential in class I k-type cytochromes is supported by the directed 

mutations in R. capsulatus , rat and horse cytochromes c and the naturally occurring 

substitutions in Euglena mitochondrial cytochrome c. Presumably, substitution of 

tyrosine would alter the redox potentials of cytochromes k to a presumably 

evolutionarily unacceptable degree in most species (with the only known exception 
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being Euglena). That Is to say that mutations which result In a redox potential which 

is too low would Inhibit cytochrome reduction by its physiological electron donor and 

mutations which result in a redox potential which is too high would inhibit cytochrome 

oxidation by its physiological electron acceptor. The end result of either of these 

mutations would result In disruption of the electron transport cycle and hence and 

would be selected against during the course of evolution. Future mutations to 

substitute a. capsulatus tyrosine 75 with other hydrophobic groups such as leucine 

and Isoleucine and potential hydrogen bonding residues such as asparagine, glutamine, 

histidine or tryptophan can better characterize the importance of hydrophobicity and 

hydrogen bonding In this region of the cytochrome. In addition, the high resolution 

structures of wild type cytochrome c2 and Y75F are presently being characterized by 

x-ray crystallography and two dimensional NMR techniques to better understand the 

mechanism for the determinants of redox potential in Y75F. It is anticipated that high 

resolution structures of these profeins and other future mutations at this and other 

positions of a. capsulatys cytochrome c2 and the complementary studies in eukaryotlc 

cytochromes c will give insight into the determinants of the large diversity of redox 

potentials in biological molecules and the reasons for the high degree of evolutionary 

conservation of groups surrounding the heme of cytochrome ~. Finally, It will be 

interesting to see If formation of hydrogen bonding networks between protein 

sidechains and Internal water molecules are a general phenomenon which Is important 

to the structure and stability of other proteins. 
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CHARACTERIZATION OF THE CHARGE MUTANTS 
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The charge mutants K12D, K14E, K32E and K14E1K32E were designed to test the 

Importance of surface charges to the structural and functional properties of 

cytochromes.Q. In this chapter, three diverse properties of the charge mutants will be 

discussed. First, the effects of the charge substitutions on the redox potential of 

cytochrome c2 will be examined. One structural parameter of the heme prosthetic 

group environment which influences redox potential is the distribution of charges on 

the protein surface. For example, in simple iron complexes introduction of negatively 

charged groups results in redox potential decreases of several hundred millivolts 

(George et aI., 1966). Further, random chemical modification of horse cytochrome c 

lysine groups to negatively charged groups has been demonstrated to lower Its redox 

potential, but to a lesser degree (Aviram et aI., 1981). These decreases in redox 

potential are due to Increases in the stability of the oxidized state as a result of 

favorable interaction between the positively charged Iron and the less positive or more 

negative electrostatic field. In the first part of this chapter the effects of the charge 

mutants on redox potential In the -nonbinding- buffer Tris-cacodylate will be 

discussed. It will be shown that introduction of negative charges to the cytochrome c2 
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surface stabilizes the oxidized state and thus lowers the redox potential at low ionic 

strengths but has little effect at high ionic strengths. 

In the second part of this chapter, the effects of the charge mutants on protein 

stability will be considered. As discussed earlier, protein structures are stabilized by 

a variety of forces which include hydrophobic, hydrogen bonding, van der Waals and 

electrostatic interactions. With the advent of site-directed mutagenesis, elucidation of 

the effects of specific amino acid residues on the components of protein stability is 

possible (Alber, 1989). In what follows, the effects of the charge mutants on 

electrostatic stabilizing forces will be characterized by their Gdn-HCI denaturation 

properties. It will be shown that stabilization of the amino terminal alpha helix dipole 

of cytochrome c2 is important to its overall stability. 

In the final part of this chapter, the effects of the charge mutations on he 

formation of the reactive complex of cytochrome c2 and its physiological partners will 

be considered by characterizing the second order reaction rate constants of the 

photooxldation of the mutant and wild type cytochromes by photoactlvated 

photosynthetic reaction centers. The reaction centers were from the closely related 

species B.. sphaeroides (Imhoff et al., 1984) and were chosen because of the 

availability of high resolution structural information (Chang et at, 1986; Allen et at, 

1987). In what follows, the photooxidation of wild type and mutant cytochromes has 
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been examined as a function of ionic strength. It will be demonstrated that charge 

complementation is important to the reaction between cytochrome c2 and the 

photosynthetic reaction center and that the magnitude of the effect is site-specific. 

purification m J.b.a Charge Mutants 

Purification procedures used for the charge mutants were those outlined in 

Chapter II except that different salt concentrations were required to elute the mutants 

from anion exchange columns. For example, R. capsulatus wild type cytochrome C2 

generally elutes from DE-52 at salt concentrations of 10 mM Tris-HClfpH 8.0, 10 

mM NaCI. In contrast, the single charge mutants K12D, K14E and K32E were observed 

to elute at 10 mM Tris-HClfpH 8.0, 30 mM NaCI and the double charge mutant 

K14E/K32E was observed to elute at 10 mM Tris-HClfpH 8.0, 60 mM NaCI. Note that 

the elution characteristics of the charge mutants are consistent with a decrease in net 

positive protein charge (i.e. increase in acidity). The purified charge mutants 

exhibited no spectral differences from the wild type cytochrome c2 in the visible and 

ultraviolet regions. Moreover, all charge mutant ferricytochromes c2 displayed a 

near infrared absorbance (696 nm) which could not be distinguished in wavelength or 

extinction coefficient from the wild type cytochrome c2 indicating that the 

iron-methionine bond was present and unperturbed (Schechter and Saludjian, 1967). 
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Further, recall that the .in. ~ functionality of all four mutants was demonstrated In 

Chapter III. Together these results Indicate that no large structural perturbations 

have occurred in the charge mutants. 

1M Effects g!.1b!1 Charge Mutants QIl ~ potential 

All of the experiments described In this study were performed In the 

"nonbinding" buffer Trls-cacodylate at pH 7.0 to eliminate primary salt effects. 

Moreover, R. capsulatus cytochrome c2 does not exhibit a pH dependence of redox 

potential in the region 4.0 to 8.5 (Pettigrew et aI., 1975c). In Figure V-1 the results 

of the redox potential experiments for the wild type and four charge mutant 

cytochromes have been plotted as a function of Tris-cacodylate concentration. First 

note that the cytochrome redox potential behaviors fall into three groups: the wild 

type, single charge substitutions, and the double charge substitution. The wild type 

potential decreases with increasing buffer concentration (i.e. Ionic strength) to a 

limiting value of 372 mV. The Isoelectric point of R. capsulatus cytochrome c2 Is 7.3 

(Chapter II) and therefore the wild type cytochrome is expected to possess a net 

positive charge at pH 7.0. Consequently, the redox potential of the wild type 

cytochrome Is expected to decrease with Increasing ionic strength due to counter Ion 

shielding of the net positive surface charge which destabilizes the oxidized state. The 

three single charge substitutions exhibit a similar ionic strength dependence of redox 
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Figure V-1: Observed redox potentials of wt (0), K12D (e), K14E (~), K32E (A), 
and K14E1K32E ( c) as a function of Tris-caodylate concentration. Buffer conditions 

. were 10 to 300 mM Tris-cacodylate, pH 7.0 at room temperature. 

420~--------------------------------~ 

400 

380 

6E(mv) 

360 

340 

320+-~-r---+----~--~---r---1----~~ 
o 50 1 00 150 200 250 300 350 400 

[Tris-cacodylate] (mM) 



135 

potential; however, at low Ionic strengths their potentials are significantly decreased 

with respect to the wild type cytochrome. At high ionic strengths of greater than 0.2 

M, the potentials of K12D, K14E and K32E appear to converge toward the wild type 

value of 372 mV. These observations Indicate that at low Ionic strengths the oxidized 

states of these mutants have been stabilized with respect to the wild type cytochrome, 

which Is consistent with substitution of a negatively charged group for a positively 

charged group. On the other hand, at high ionic strength this stabilization is masked by 

the high concentration of counter ions and thus the redox potential of the single charge 

substitutions are more similar to wild type. In the case of the double charge 

substitution K14EJK32E, the redox potential again decreases with Increasing ionic 

strength. At low ionic strengths the potential is lower than the single charge 

substitutions which is consistent with additive effects on the stabilization of the 

oxidized state resulting from substituting two Iysines with glutamates. However, at a 

high ionic strength of 0.3 M, the redox potential of K14EJK32E is still lower by 29 

mV than the wild type and single charge substitutions. Therefore, factors other than 

the charge distribution of K14EJK32E apparently are affecting the redox potential at 

high Ionic strengths. One explanation is that the double charge mutation has Induced 

structural perturbations which have perturbed the local heme environment. For 

example, an Increase in the solvent exposure of the heme group In K14E1K32E would 

result In stabilization of the oxidized state. However, any structural perturbations 

which occur in K14EJK32E must be to a degree that does not perturb Its spectral or In 
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~ functionality properties. 

The dependence of redox potential on Ionic strength at low Ionic strengths has 

been described by the equation: 

eoobs=EO-(2.3RT/F)A(q20x-q2red)F(I) [1 ] 

where EOobs Is the standard redox potential observed at a given Ionic strength; EO Is 

the standard redox potential extrapolated to zero Ionic strength; R is the gas wnstant; T 

is the absolute temperature; A is the Oebye-Huckel constant for water at 25°C 

(0.504); F is the Faraday constant; qox and qr9d are the net protein charges in the 

oxidized and reduced states; and F(I) is the appropriate function of Ionic strength 

(Margalit and Schejter, 1973). Upon substitution of the appropriate constants and 

experimental values, equation [1] simplifies to: 

eo obs=Eo-0.03(q20x-q2red)F(I) [2] 

Previously, the redox potential dependency on ionic strength of various .a.-type 

cytochromes was best fit to equation [2] when the function F(I) was defined as either 

11/2/(1+11/2) (Goldkorn and Schejter, 1976) or 11/2/(1+611/2) (Margallt and 

Schejter, 1973). In the present study the data for R. capsulatus cytochrome C2 were 

best fit (as judged by correlation coefficients) by the first function and therefore that 

function will be employed here. In Figure V-2, the wild type and charge mutant 

potentials have been plotted as a function of F(I) i.e. 1112/(1 +11/2). The parameters 
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EO and qox can be estimated from linear regressions of the data in Figure 2 (Table 

V-I). From analysis of the EO values, the redox potential of a. capsulatus cytochrome 

c2 at zero ionic strength is decreased 22 to 28 mV upon substitution of one lysine with 

an acidic group. The net effect on protein charge for the single charge substitutions Is 

a decrease In charge of two and thus the potential Is decreased by 11 to 14 mV per 

charge. In K14E1K32E, the extrapolated EO is 53 mV lower than the wild type 

cytochrome and the charge effect at zero ionic strength can be estimated to be 13 mV 

per charge, which Is in very good agreement with the single charge substitution data. 

The qox estimates for the wild type protein are consistent for the expected charge of 

+3 from the R. capsulatus cytochrome c2 amino acid sequence (Ambler et al., 1979) 

if the heme propionates and one histidine are considered to be uncharged. Analysis of 

the R. capsulatus cytochrome c2 structure indicates that both propionates are buried 

in the protein interior and thus can be expected to be protonated (Holden et al., In 

preparation). On the other hand, the single charge substitutions exhibit qox values 

that are less than the wild type value but not by the expected value of two. Moreover, 

the double charge substitution qox value Is further decreased but not to the expected 

level i.e. changing the net cytochrome charge by four would be expected to change the 

nl3! ferricytochrome c charge to -1 not +2. Note that use of other functions for F(I) 

(e.g. 11/2 or 11/2/(1+611/2» did not improve this calculation. One potential 

explanation for the inconsistencies In the calculated net charge of the charge 
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Figure V-2: Observed redox potentials of wt (0), K12D (e), K14E (A), K32E (A), 
and K14E1K32E ( c ) as a function Ionic strength where F(I}=11/2/(1+11/2}. 
Experimental conditions were as in Figure V-1. 
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Table V-1: Derived parameters from the ionic strength dependence of ~E as 
determined by the equation EOobs = EO + n F(I) where n=-O.03(q20x-q2red). 

cyt 

wt 
K12D 
K14E 
K32E 
K14E1K32E 

416 
394 
390 
388 
363 

n (mV) 

-165 
-119 
-116 
-113 

-87 

3.3 
2.4 
2.4 
2.4 
2.0 
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substitutions is binding of the Tris-HCI cation at the site of the newly Introduced 

negative charges. Determination of the binding constant5 of the Tris-HCI cation for the 

wild type and charge mutants is necessary to properly estimate the net cytochrome 

charge from this data. Nonetheless, the EO and ctox values are In qualitative agreement 

with the effect of charge substitutions on the redox potential of a ~-type cytochrome. 

IM Importance.Q{ Charge Distribution m1ba~ potentials.Q{ Cytochromes ~ 

At this point it is useful to compare the R. capsulatus data with ~-type 

cytochromes from other species. First note that the decreasing EO and slope values 

with decreasing net charge is in agreement with a previous study on maleylated 

derivatives of horse cytochrome c (Aviram et al., 1981). Interestingly, the 

extrapolated EO values for a series of s£-type cytochromes in which charge effects are 

maximal do not appear to be correlated with the net protein charge. For example 

horse, B. capsulatu's and Euglena cytochromes c possess net charges of +8, +3 and -8, 

respectively and exhibit EO values of 270, 416 and 270 mV (Margalit and Schejter, 

1973; this study; Goldkorn and Schejter, 1976). Further note that at high Ionic 

strengths when the charge effects are minimal, the Euglena value extrapolates to the B. 

capsulatus value of ca. 370 mV and the horse potential drops to 250 mV. These 

observations suggest that factors other than ligand nature or surface charge 

distribution are the controlling factors of redox potential at low and physiological ionic 
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strengths. Indeed, substitution of a highly conserved group in the a. capsulatus 

cytochrome c2 heme environment, tyrosine 75 to phenylalanine, results in a redox 

potential decrease of 59 mV (Chapter IV). 

Denaturation properties m 1b.a Charge Mutants 

To compare the mutant stabilities to that of the a. capsulatus wild type 

cytochrome c2, their denaturation by Gdn-HCI at pH 7.5 has been followed by 

monitoring the 220 nm circular dichroism signal (see Chapters II and IV). In Figure 

V-3 L1Gu has been plotted as a function of [Gdn-HCI] for wild type and charge mutant 

cytochromes. Linear regressions of this relationship yield the parameters L1Gu*, m 

and Cm listed in Table V-2. In addition the parameter MGu' which is the difference in 

the mutant and wild type L1Gu values at a Gdn-HCI concentration midway between their 

Cm values has been included (see Chapters II and IV). Since the m values of the wild 

type and charge mutants do not deviate more than three standard deviations from each 

other under a given set of experimental conditions (Table V-2), MGu' will be used to 

compare the relative stabilities of the wild type and mutants. 
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Figure V-3: The dependence of Gu on [Gdn-HCI] for (a) wt (0) and K12D (4); (b) wt 
(0) and K14E (4); (c) wt (0) and K32E (4); (d) wt (0) and K14E1K32E (4) 
ferricytochromes c2 at pH 7.5. Buffer conditions were 20 mM Tris-HCI and 40 mM 
NaCI at 25° C. 
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Table V-2: Derived stability properties of the R. capsulatus wild type and charge 
mutant cytochromes based upon their denaturation by Gdn-HCI at pH 7.5. 

cyt Cm (moVl) m (kcal·VmoI2) 6Gu * (kcaVmol) MGu' (kcaVmol) 

wt 1.57 2.37 3.71 
K12D 1.20 2.78 3.33 -0.95 
K14E 1.23 2.84 3.50 -0.87 
K32E 1.61 3.01 4.84 +0.11 
K14E1K32E 1.22 2.97 3.62 -0.94 
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From comparison of the wild type and mutant MGu' values, substitution of lysine 

12 by aspartate (K120) results in 0.95 kcal/mol of Instability and substitution of 

lysine 14 by glutamate (K14E) results in 0.87 kcaVmol of instability. In contrast, 

substitution of lysine 32 by glutamate (K32E) results In 0.11 kcal/mol of 

stabilization. In the case of the double charge mutant K14E1K32E, the cytochrome has 

been destabilized by 0.94 kcaVmoJ. These observations can be summarized as follows: 

(1) changing the sign of the charge at positions 12 or 14 destabilizes cytochrome C2 

by 0.9 to 1.0 kcal/mol; (2) the observations for K32E suggest that the cytochrome 

stability is not correlated with the net protein charge; (3) since the stability of the 

double charge mutant K14E1K32E is approximate to that of the sum of the single 

charge mutants K14E and K32E, the effects of charge substitutions Investigated here 

appear to be additive. This latter point is Important for justification of the use of 

MGu' as opposed to AGu*. For example, summation of the AGu* values of K14E and 

K32E relative to the wild type value yields +0.92 kcaVmol (+1.13-0.21) which does 

not approximate the K14E1K32E AGu * value of -0.09 kcaVmol. 

To test the Importance of the Ionization state of the mutant acidic residues to 

their effects on mutant stabilities, we have performed Gdn-HCI denaturations at a pH 

lower than the expected pK values of acidic sidechalns in proteins I.e. pH 4.0 to 4.6 

(Haschemeyer and Haschemeyer, 1974), where the acidic residues are expected to be 
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neutral. In Figure V-4 t\Gu has been plotted as a function of [Gdn-HCI] for the wild 

type and charge mutants at pH 3.9 and the derived parameters from this analysis listed 

in Table V-3. From comparisons of the t\Gu * values in Tables V-2 and V-3, note that 

the wild type stability is Increased from 3.71 to 5.26 kcal/mol indicating that 

protonation of the cytochrome c2 acidic groups results In a significant degree of 

stabilization. Note that at low pH, oxidized cytochromes are expected to be less stable 

due to energetically unfavorable interactions between the positively charged iron and 

the more positive electrostatic field of the protein. This observation may, therefore, 

reflect a change in the denaturation process. Indeed, the wild type m value has been 

increased from 2.37 to 3.29 kcal·l/mol2 at pH 3.9. According to the analysis of m 

presented in Chapter IV, at low pH 51 ±3 sidechain residues are exposed to solvent 

upon denaturation (3290/65) compared to the neutral pH value of 36 ± 3. Therefore, 

at low pH either 15 more residues are exposed in the denatured state or 15 less 

residues exposed in the native state. Protonated acidic groups would be expected to be 

more hydrophobic and thus more amenable to the less solvent exposed regions of the 

protein. Therefore, a decrease In the number of sldechains exposed to solvent in the 

native state appears to be the most appropriate explanation. Interestingly, In a. 

capsulatus cytochrome c2, the number of acidic residues which may be neutralized at 

pH 3.9 is in qualitative agreement with the estimated number of 15 residues (i.e. 

seven acidic residues plus the carboxy terminus). 



146 

Figure V-4: The dependence of Gu on [Gdn-HCI] for (a) wt (0) and K12D (~); (b) wt 

(0) and K14E (~); (c) wt (0) and K32E (~); (d) wt (0) and K14E1K32E (~) 
. ferricytochromes c2 at pH 3.9. Buffer conditions were 20 mM acetic acid and 40 mM 

NaCI at 25° C. 
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Table V-3: Derived stability properties of the a. capsulatus wild type and charge 
mutant cytochromes based upon their denaturation by Gdn-HCI at pH 3.9. 

cyt Cm (moVl) m (kcaWmoI2) AGu• (kcaVmol) MGu' (kcaVmol) 

wt 1.60 3.29 5.26 
K12D 1.46 2.73 3.98 -0.43 
K14E 1.40 3.61 5.05 -0.69 
K32E 1.65 3.45 5.70 +0.18 
K14E1K32E 1.40 2.85 3.98 -0.63 
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According to the MGu' values, mutant K12D is 0.43 kcallmol less stable than 

the wild type cytochrome and mutant K14E is 0.69 kcal/mol less stable. This 

observation is similar to those taken at pH 7.5 although the magnitude of the 

instabilities is less at the lower pH. Mutant K32E is estimated to be 0.18 kcal/mol 

more stable than the wild type cytochrome which is similar to the estimate at pH 7.5. 

Further, K14E1K32E is 0.63 kcallmol less stable which is consistent with additive 

effects and again supports the use of the MGu' parameter. 

Ihe.lmportance Q.{ lila Stability Q.{ lila Cytochroma" Am.1.D2 Terminal Alpha l:ifl.l.Ix 

These results lead to the question of why charge changes in one region of the 

protein destabilize the protein. Two possible stabilizing electrostatic forces could be 

occurring in the wild type cytochrome. Firstly, ionic interactions between charged 

groups are known to play a role in protein stability. Comparisons of the amino acid 

sequences of thermophilic and mesophilic ferredoxins has indicated that ionic 

interactions can be important to the stability of these proteins (Perutz, 1978). 

Moreover, site-directed mutagenesis of a number of charged residues in the lambda 

repressor (Hecht et al., 1983) and T 4 lysozyme (Alber et aI., 1988) have 

substantiated this hypothesis. In the case of a. capsulatus cytochrome 02, Iysines 12 

and 14 could be involved in ionic interactions with different acidic groups which 

result in stabilization the protein. Accordingly, substitution of a basic partner of this 
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interaction by an acidic group disrupts the Interaction and results In destabilization of 

the entire protein. Examination of the R. capsulatus cytochrome c2 structure 

determined by x-ray crystallography (Holden et al., In preparation) reveals that 

lysine 12 could be Involved in an ionic Interaction with glutamate 9 which Is 3 A 

distant. However, there appear to be no possible ionic interactions (i.e. acidic groups) 

within 11 A of lysine 14. Furthermore, note that stability differences of the wild type 

and mutants K12D and K14E are occurring at Gdn-HCI concentrations greater than 1 M 

i.e. high Ionic strength. At high Ionic strengths, electrostatic Interactions between 

charged groups on the protein surface are expected to be masked by the counter ions 

present. Therefore, the instabilities of K12D and K14E appear to require an 

alternative model. Based upon the relative positions of charged residues in naturally 

occurring alpha helices (Chou and Fasman, 1974) and the effects of changing the 

charge distributions on model peptides (Shoemaker et al., 1987), charge distribution 

Is thought to be Important to the stability of alpha helices through energetically 

favorable interactions with the helix dipole. Further, destabilization of a single alpha 

helix has been shown to destabilize the entire protein (Mltchinson and Baldwin, 

1986). Moreover, site-directed mutagenesis studies of T4 lysozyme have 

substantiated the effect of the stability of the alpha helix dipole on the global stability 

of the protein. In this laHer case there are examples of stabilizing (Nicholson et al., 

1988) and destabilizing mutations (Weaver et at, 1989). From the x-ray structure 

of the wild type cytochrome as well as NMR characterization (Gooley et al., 1990), 
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Iysines 12 and 14 are located at the carboxyl end of the amino terminal alpha helix 

found in cytochromes c. According to the helix dipole model, introduction of negative 

charges to the carboxy terminal region of the amino te/minal helix should destabilize 

the helix dipole moment which in turn destabilizes the helix. Further, destabilization 

of this helix could result in destabilization of the entire tertiary structure of the 

protein as previously observed in ribonuclease S (Mitchinson and Baldwin, 1986) and 

T4 lysozyme (Weaver et aI., 1989). Note that the observation that mutant 

instabilities persist at low pH implies that the dipole moments are most stabilized by a 

net positive charge and not a neutral charge which is consistent with the helix dipole 

model. Finally, note that the effects of ionic strength on the helix dipole are unknown 

due to the expected low dielectric constant of the protein backbone (i.e. dipole moments 

may persist at high ionic strengths). Indeed, in model peptide studies the Instability of 

the helix dipole due to unfavorable charge distributions has been shown to persist at 1 

M NaCI (Marqusee and Baldwin, 1987). 

In Figure V-5 the amino acid sequences of the a. capsulatus wild type and horse 

cytochrome c amino terminal alpha helices has been presented. First note that In the 

a. capsulatus wild type sequence the charge distribution is not oriented to maximally 

stabilize the amino terminal alpha helix dipole. The sequence begins with a favorable 

acidic group (aspartate 2) and ends with two favorable basic groups (Iysines 12 and 

14) but does not possess a favorable charge orientation in the middle region. In 
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contrast, the horse sequence begins with two favorable acidic groups followed by four 

basic groups which would be expected to stabilize the helix dipole. As determined by 

two dimensional NMR techniques, the amino terminal helix of R. capsulatys 

cytochrome c2 has been demonstrated to be less stable or more dynamic than the 

equivalent helix of horse cytochrome c (Gooley et aI., 1990; Wand et aI., 1986). 

Moreover, the equilibrium stability of R. capsulatus cytochrome c2 is estimated to be 

significantly less than that of horse cytochrome c. Under similar experimental 

conditions, the stability of the ferricytochrome c from horse has been estimated to be 

7.3 kcal/mol (Knapp and Pace, 1974) versus 3.7 kcal/mol for R. capsylatys 

cytochrome c2 (Table V-2). Consequently, an unfavorable charge distribution in the 

amino terminal helix dipole of R. capsylatus cytochrome c2 may be responsible for 

differences in Its biophysical properties with respect to other ,--type cytochormes 

(e.g. redox potential and stability). Nonetheless, the present study has demonstrated 

that substitution of charged residues with residues of the opposite sign can result in a 

significant degree of instability and that stabilization of the dipole moment of alpha 

helices is an important determinant in cytochrome c stability . 

.. ------- -- ----- --- ------ ----
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Figure V-S: The amino acid sequences of the amino terminal alpha helix of R. 
capsulatus cytochrome c2 and horse cytochrome c (taken from Ambler et at, 1979) . 

. Expected charges present at neutral pH are Included. The symbol @ represents 
acetylation. 
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Theoretical Aspects m Kjnetic Analyses m Cytochrome ~ Photooxjdatjon 

Before describing the kinetic characterization of the wild type and charge 

mutants. it is useful to discuss the theoretical aspects of cytochrome c photooxldation 

by photosynthetic reaction centers. The photooxidation of horse cytochrome c and a. 

rubrum and a. capsulatus cytochromes c2 by LOAO solubilized a. rubrym reaction 

centers have been previously examined as a function of ionic strength (Rickie and 

Cusanovich. 1979). In these analyses. the reactions could be described by the two step 

mechanism listed below: 

Ored + RCox <--> cred-RCox --> Cox-RCred 

In this mechanism. the first step is a second order process corresponding to complex 

formation and the second step is a first order process corresponding to the actual 

electron transfer event. For the three cytochromes studied. the first step was found to 

be sensitive to ionic strength suggesting charge complementation between the 

cytochrome and the reaction center. Interestingly. the second step was Ionic strength 

dependent for a. capsulatys cytochrome c2 but ionic strength Independent for horse 

cytochrome c and B. rybrym cytochrome c2 suggesting that this step corresponded to a 

molecular rearrangement event In the a. capsulalus reaction (Rickie and Cusanovlch, 
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1979). Subsequent work on R. sphaeroldes cytochrome c2 and horse cytochrome c 

with R. sphaerojdes reaction centers In phospholipid vesicles or detergent solubilized 

at lower ionic strengths demonstrated kinetics that were best described by a three step 

mechanism listed below (Overfield and Wraight, 1980; Overfield and Wralght, 1986; 

Moser and Dutton, 1988): 

In this scheme, the first order reactions are best visualized at low Ionic strengths 

«30 mM NaCI) due to significant amounts of complex formation prior to 

photoactivation of the reaction centers. At intermediate and higher Ionic strengths, the 

reaction is described as a two state mechanism due to inhibition of formation of the 

proximal or distal complexes before activation of the reaction center. Interestingly, 

the proximal to distal reaction has been shown to be viscosity dependent which suggests 

that tile proximally bound cytochrome c undergoes a translation or rotation to obtain 

optimal orientation In the distal state (Moser and Dutton, 1988). Consequently, the 

proximal state has been Interpreted as the most electrostatically favorable complex 

and the distal state as the most favorable electron transfer state (Moser and Dutton, 

1988). In light of this work, it would appear that If a proximal to distal reaction 

occurs in the case of R. capsulatus cytochrome c2, it Is Ionic strength dependent In 

contrast to the other cytochromes ~ examined to date. 
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Wlli1:wm Second .Qu1er Bam Constants as a Function 2f ~ Strength 

In this part of the study, the photooxidation rate of the wild type ferrocytochrome 

by detergent solubilized reaction centers has been examined as a function of ionic 

strength. Interestingly, the R. capsulatus wild type cytochrome did not exhibit the 

first order processes previously characterized for photooxidation of horse cytochrome 

c and R. sphaerojdes cytochrome c2 by R. sphaeroides reaction centers (Overfield and 

Wraight, 1980; Overfield and Wraight, 1986; Moser and Dutton, 1988). In these 

previous studies, cytochrome concentration independent reactions with half lifes of 5 

to 20 J1S8C were observed at very low ionic strengths (5 to 10 mM Tris-Hel, pH B.O). 

At present it is unknown whether R. capsulatus cytochrome c2 is unique in this 

respect or if the reactions are occurring with half lifes of less than 5 J1Sec (the time 

limit in the present analysis due to the flash artifact). In Figure V-6, second order 

plots of the wild type cytochromes (kobs versus cytochrome concentration) have been 

presented at ionic strengths ranging from 5 mM to 205 mM. The second order rate 

constants derived from the slopes of these plots are listed ill Table V-4. First note that 

in the concentration range studied (1 to 60 IJ.M cytochrome) the dependence of kobs on 

cytochrome concentration was linear. Thus, there was no indication of kobs becoming 

concentration independent at high cytochrome concentrations (I.e. layover kinetics) as 
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Figure V-6: Second order plots for the photooxidation of R. capsulatus wild type 
cytochrome c2 by R. sphaerojdes reaction centers. Cytochrome concentration were 
between 3.0 and 40 J1M and reaction centers were at 1.5 J1M. Buffer conditions were 
10 mM Tris-HCI, pH 8.0, 0 to 200 mM NaCI, 1 mM sodium ascorbate. 0.1 mM UQo 
at 230 C. 
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Table V-4: Apparent second order rate constants for the photooxidation of wild type 
and charge mutants by 8.. sphaerojdes reaction centers as a function of ionic strength. 

cyt I (M) 

0.005 0.045 0.075 0.105 0.155 0.205 

wt 1.7E9 4.1EB 2.4EB 1.1EB 5.6E7 3.1E7 

K32E 4.4EB 1.6EB 7.9E7 4.0E7 3.5E7 2.1E7 

K14E 2.4EB 6.9E7 4.1E7 3.1E7 1.9E7 7.9E6 

K12D 3.1E7 1.3E7 6.0E6 5.2E6 4.1E6 

K14E/K32E 1.9E7 2.2E7 1.1E7 9.0E6 9.2E6 
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previously observed in the photooxidations of horse, a. rub rum and a. capsylatus 

cytochromes by a. rybrym reaction centers (Rickie and Cusanovlch, 1979). This 

discrepancy most likely stems from not examining the photooxidation rates at high 

enough cytochrome concentrations (e.g. greater than 60 J.lM) where the first order 

process was previously observed (Rickie and Cusanovich, 1979). 

From examination of Figure V-6 and Table V-4, the wild type cytochrome second 

order rate constant decreases with Increasing ionic strength. This decrease of two 

orders of magnitude Is characteristic of electrostatic Interactions and has been 

previously observed in all of the cytochrome c-reaction center reactions examined 

(Rickie and Cusanovich, 1979; Moser and Dutton, 1988). Interestingly, the second 

order rate constant for the a. capsylatus cytochrome c2 at 5 mM ionic strength Is 

approximately two-fold higher than that of a. sphaeroldes cytochrome c2 under 

similar experimental conditions. For example, the photooxidation rate constants of a. 

capsulatys and a. sphaerojdes cytochromes c2 are 1.7 X 109 and 8.0 X 108 M-1 s-1 at 

pH 8.0 (this study; Long et aL, 1989). Moreover, the a. capsulatus rate constant at 

an ionic strength of 45 mM of 4.1 X 108 M -1 s-1 is also two-fold higher than that of 

a. sphaeroldes of 2.1 X 108 M-1 s-1 (this study; Long et al., 1989). Therefore, these 

differences may be intrinsic to differences In the a. capsylatys and a. sphaeroldes 

cytochromes c2' For example, a. sphaerojdes cytochrome c2 lacks basic groups at a. 

capsylatys positions 12 and 14 among other substitutions (Ambler et al., 1979). In 
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the B.. capsulatus case, these Iysines could playa favorable role In formation of the 

cytochrome-reaction center complex. 

Interestingly, the second order rate constants determined for the B.. capsulatus 

cytochrome c2 In the present study at Ionic strengths greater than 5 mM are a factor 

of ten faster than those reported for B.. capsulatus cytochrome photooxldation by B.. 

rubrum reaction centers (Rickie and Cusanovich, 1979). In part these differences 

stem from differences In the pH of the experimental buffer (pH 8.0 In the present 

study versus pH 7.0 In Rickie and Cusanovlch, 1979). Indeed, the photooxldatlon 

second order reaction rates of horse, B. capsulatus and B. rubrum cytochromes care 

known to Increase by factors of two to six upon going from pH 7.0 to 8.0 (Rickie and 

Cusanovich, 1979). The remaining differences in cytochrome second order rate 

constants may be intrinsic to the reaction centers studied i.e. B. sphaeroldes versus B. 

rybrum. 

Charge Mytant Second Qrda[.Ba1a Constants as 11 Function Q! l2nik Strength 

In Figure V-7, examples of kinetic traces at an intermediate ionic strength of 75 

mM are presented for the wild type and mutant cytochromes. A striking result of this 

figure is that all of the charge mutants are photooxidized with reduced rate constants 
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with respect to the wild type cytochrome. Furthermore, there are significant 

differences between the mutants themselves with the order being wt > K32E > K14E > 

K14E1K32E > K12D. In Figure v-a second order plots of the four charge mutants are 

presented at ionic strengths ranging from 5 mM to 205 mM and the derived second 

order rate constants listed in Table V-4. Interestingly, all of the charge mutants 

exhibit the same general characteristics as the wild type cytochrome in that no first 

order processes were observed at low ionic strengths or high cytochrome 

concentrations. Furthermore, the mutants follow the same general trend as the wild 

type cytochrome in that their second order rate constants decrease with increasing 

ionic strength indicating that they are interacting with negative charges on the 

reaction center. Moreover, differences in the second order rate constants are greatest 

at the lowest ionic strengths. For example at the lowest ionic strength examined (5 

mM), the second order rate constants of K12D, K14E and K32E are reduced by factors 

of 50, 7 and 4, respectively. Therefore, changing the sign of the charge at R. 

capsulatus position 12 appears to have a much greater effect than changing the sign of 

the charge at position 14, which in turn has a greater effect than changing the sign of 

the charge at position 32. In addition, changing the sign of the charge at two positions 

simultaneously appears to have an additive effect. For example at the lowest Ionic 

strengths studied, the second order rate constant of K14E1K32E was reduced by a 

factor of 90. These results clearly demonstrate that charge complementation between 

cytochrome c lysine groups near the exposed heme edge is important in its complex 
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Figure V-7: Kinetic traces of the wild type, K32E, K14E, K14E1K32E and K12D (top 
to bottom) photooxldation by B.. sphaeroldes reaction centers. Cytochrome 
concentrations were 10 J1M and reaction centers were 5 JlM. Buffer conditions were 
10 mM Tris-HCVpH 8.0,70 mM NaCl, 1 mM sodium ascorbate, and 0.1 mM UQO at 
230 C. 
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Figure V-8: Second order plots for the photooxldation of (a) K12D. (b) K14E. (c) 
K32E and (d) K14E/K32E cytochromes by a. sphaeroldes reaction centers. 
Experimental conditions were as in Figure V-7. 
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formation with the reaction center. More interestingly, some cytochrome lysine 

interactions appear to be more important than others. 

Ouantjtatjon gf 1M Electrostatic Interactions 

Previously, the effects of electrostatics on macromolecule interactions have been 

shown to be described by a model in which reacting molecules are treated as charged 

parallel plates of a given radius (Tollin et al., 1984; Watkins, 1986). In this 

analysis, the effect of electrostatics on second order reaction rate constants is 

described by the equations: 

Ink (I)= In koo -Vii X(l) 

Vii =A o-1 ZcytZRC r12R-2 

X(l) = (1+KRt1exp(-KR) 

[ 31 

[ 41 

[51 

where k(l) and koo are the rate constants at a given ionic strength and infinite ionic 

strength, respectively. The term Vii is the ion-ion electrostatic energy and is defined 

by the parameters: A, a constant equal to 128.5 at 25° C; D, the effective dielectric 

constant between the reactive plates; Zcyt and ZRC· the charges on the interaction 

domains of the reactant partners (cytochrome c2 and the reaction center, 

respectively); and R, the radius of the interacting plates. The parameter r12 is the 

distance between the reacting plates in the transition state complex. In the case of the 
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reaction center-cytochrome complex, this distance is taken as 11 A which is the 

distance from the reaction center chlorophyll pair to the surface (Allen et al., 1987b) 

The term X(I) is defined by the parameter R defined above, and K which is equal to 

0.3295 11/2. 

In Figure V-9 the second order rate constants of the wild type and charge mutant 

photooxidation reactions have been plotted as a function of the square root of the ionic 

strength. Fits of the data to equations [3] through [5] yield the parameters listed in 

Table V-5 ( k..o, Vii, R, leyt and ZRC). First note that the radius of the reactive 

plates (R) does not vary by more than 10 percent which suggests that the charge 

mutations have not altered the size of the interacting surfaces in the 

cytochrome-reaction center complex. Interestingly, the electrostatic energy of 

interaction appears to vary qualitatively according to the net charge change which is 

consistent with the idea that all three mutated lysine residues are located in the active 

site of electron transfer. Introduction of a negative charge at positions 12, 14 or 32 

results in a decrease of 3.0, 1.6 and 1.7 kcaVmol in the electrostatic Interaction 

energy. This corresponds to 1.5 kcallmol per charge in K12D and 0.8 kcal/mol per 

charge in K14E and K32E. Therefore, charge complementation between reactive site 

Iysines and acidic groups of the photosynthetic reaction center is Important to 

cytochrome c2 photooxidation but not to the same extent for each active site lysine. 

For example, the K12D Vii is almost twice the Vii magnitudes of K14E and K32E. Note 
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Figure V-9: Ionic strength dependence of the second order reaction rate constant of 
photooxldation of (a) wt (e) and K12D (£); (b) wt (e) and K14E (£); (c) wt (e) and 

. K32E (4\); (d) wt (e) and K14E1K32E (4\) cytochromes by a. sphaeroldes reaction 
centers. Data have been plotted as the log k2 versus 11/2. Buffer condition were as In 
Figure V-7 . 
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Table V-5: Derived parameters from the ionic strength dependence of the second order 
rate constant of photooxidation of wild type and charge mutant cytochromes by B.. 
sphaerojdes reaction centers. 

cyt R (A) V Ii (kcaVmol) ZRC koo (M-1 s -1) 

wt 5.6 -7.2 -3.0 +3.0 8.7E6 

K32E 6.0 -5.5 -3.0 +2.2 8.2E6 

K14E 6.4 -5.6 -3.0 +2.1 4.6E6 

K12D 5.8 -4.2 -3.0 +1.7 1.3E6 

K14E1K32E 6.2 -1.9 -3.0 +0.7 5.9E6 



167 

that this occurs despite the higher degree of conseIVation of lysine 32 with respect to 

lysine 12 (see Chapter III). In the case of K14E1K32E, the electrostatic energy of 

interaction has been reduced by 5.3 kcal/mol or 1.3 kcal/mol per charge which is 

qualitatively consistent with the single charge calculations of K14E and K32E. For 

example, summing the reductions in the Vii values of K14E and K32E results in a 

predicted Vii value of 3.3 kcaVmol of ionic stabilization. Thus, the electrostatic effect 

in the cytochrome c2 active site appears to be additive in nature to a first 

approximation, although other factors may be influential. From the Vii estimates, the 

relative charges on the reactive surfaces of B. capsulatus wild type cytochrome and the 

B. sphaeroides reaction center can be calculated from equation [4] and assuming a low 

dielectric constant of 10 (Tollin et aI., 1984). Assuming equivalent charge pairing 

between the wild type cytochrome and the reaction center, the charges on the 

cytochrome and reaction center reactive surfaces are +3.0 and -3.0, respectively. 

The charges of the reactive surfaces of the four charge mutants can be estimated by use 

of the same equation and setting the charge of the reaction center at -3.0. The three 

single charge mutants are estimated to possess charges of +1.7 to +2.2 at their 

interaction domains. According to this model, these mutants possess charges which are 

0.8 to 1.3 less then the wild type cytochrome reactive surface which Is less than the 

expected net effect of substitution of a basic group with an acidic group (I.e. a net 

charge change of two). This discrepency raises the possibility that the single charge 

mutants have altered their orientation relative to the reaction center to avoid 
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electrostatic repulsion between acidic groups. According to this model, a change in 

orientation would result in a reactive site charge decreased by the removal of one 

positive charge as opposed to the introduction of a negative charge. In the case of 

K14E1K32E, the active site charge is calculated to be +0.7 or 2.3 less then the wild 

type reactive surface. Thus, the estimated charge of the double mutant is again less 

than expected. Therefore, it appears that all four charge mutants have compensated for 

charge repulsion by altering the orientation of their reactive surfaces. 

Next it is of interest to examine the k..o values which reflect the rate constant at 

high ionic strengths where electrostatic energies are minimized. Thus, differences In 

koo reflect differences in redox potential (i.e. driving force), orientation and surface 

topology (Tollin et aI., 1geB). Interestingly, the cytochromes examined appear to fall 

into three groups. In the first group are the wild type and K32E cytochromes. 

Consequently, the effects of mutating K32E are primarily electrostatic In nature. The 

next group consists of K14E and K14E1K32E which exhibit k..o values that are reduced 

by 40 percent with respect to the wild type rate constant. Since both mutants exhibit 

redox potentials which have not been changed by more than 30 mV at high Ionic 

strength (see results presented above), this reduction In rate constant most likely 

reflects perturbation of the surface topology of the cytochrome ~ reactive surface or 

a new orientation of the cytochrome in the reaction center complex. Mutant K12D 
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displays yet a lower k"., value which is 15 percent of the wild type value. As in the 

case of the other charge mutants, changes in redox potential do not account for this 

large reduction in rate constant. Therefore, the K12D reactive site surface topology or 

orientation within the transient complex appear to be perturbed. Together these 

results indicate that mutations to Iysines 12 and 14 perturb the surface topology or 

orientation of the cytochrome reactive surface. Note that these perturbations are not 

to a degree which significantly affects the spectral or redox potential characteristics of 

the cytochrome. One possible explanation which is in concert with the denaturation 

data presented earlier is that these mutations have perturbed the stability of the amino 

terminal alpha helix. According to this model the instability of this helix has resulted 

in dynamic changes of the protein backbone in this region of the protein which in turn 

is disruptive to the reactive complex between cytochrome c2 and the photosynthetic 

reaction center. Collectively, the results presented here indicate that the second order 

rate constants of the charge mutants can reflect both electrostatic and orientatio,. or 

surface topology perturbations. At low ionic strengths, the electrostatic effects are 

expected to dominate. This supposition is supported by the data for all four mutants in 

which greater effects on the second order rate constants are exhibited at low ionic 

strengths than at infinite ionic strength. 
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MQdal gf 1b.a Cytochrome ~ React jon SYrface 

Perhaps the most exciting result of studying the kinetic behavior of the charge 

mutations is the possibility to model the a. capsylatys cytochrome ~ interaction with 

a. sphaerojdes reaction centers at atomic resolutions. The availability of high 

resolution structures of both reactants makes this approach feasible. Due to the fact 

that the a. sphaeroldes and Bg,s.. ~ reaction center structures are the only high 

resolution structures of membrane proteins, this part of the present study is 

especially interesting. In Figure V-10, a model of the a. capsylatus wild type 

structure which highlights the modified Iyslnes has been presented (based upon the a. 

capsulatus preliminary coordinates). Based upon the estimated electrostatic energies 

(Vii)' charge complementation between highly conserved lysine 12 and an acidic group 

on the reaction center Is more Important to transient complex formation than charge 

complementation between highly conserved lysine 32 and an acidic group on the 

reaction center. Based upon a previous model of the cytochrome c2-reactlon center 

complex (Allen et aI., 1987), a. capsulatus K12 and K32 would form salt bridges with 

0292 of the M subunit and 0155 of the L subunit, respectively. Interestingly, the 

larger kinetic effect at position 12 occurs despite the fact that lysine 32 or its 

equivalent in other species is more highly conserved (Meyer and Kamen, 1982). 

Furthermore, the kinetic data for K14E1K32E suggest that charge complementation 

has an additive effect which is approximately equivalent to the single charge mutant 
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Figure V-10: Model of the a. capsulatus cytochrome c2 reactive surface based upon 
the kinetic behavior of the wild type and charge mutant cytochromes in their reaction 

. with a. sphaeroides reaction centers. Lysines 12, 14 and 32 which have been mutated 
to acidic groups have been highlighted. 
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K12D which further supports the importance of position 12. Finally. this model of 

the cytochrome c2 reactive surface is consistent with differential chemical 

modification studies of R. rubrum cytochrome 02 which demonstrated that in the 

presence of B.. rubrum bc1 complex. B.. rubrum lysine 12 (the equivalent to B.. 

capsulatus K12) was less exposed in the complex than R. rubrum lysine 27 (the 

equivalent of R. capsulatus K32). Consequently. it appears that R. capsulatus position 

12 or its equivalent in other species is more important to cytochrome c2 complexation 

with two different physiological partners (the bC1 complex and reaction centers) and 

that this may be a general phenomenon among the cytochromes 02. 

Oynamlc Mgs1fl1 gf Mutants Wblch Destabilize 1lle. AIninQ. Jermlnal.l:ieliK 

At this point it is interesting to consider the effects of the charge substitutions at 

positions 12 and 14 on the dynamic structure of R. capsulatus cytochrome c2. Based 

on the stability data and the kinetic data of K12D and K14E (MGu' and koo). it was 

proposed that these mutations resulted in destabilization of the amino terminal helix. 

This instability is Illustrated in Figure V-11 by an increase in the dynamic 

fluctuation of the amino terminal helix. According to this model. increased fluctuation 

of the helix has resulted in decreased global stability as a result of increased solvent 

penetration. Furthermore. the Increased dynamic fluctuation of the helix has 
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adversely affected the second order rate constant of mutant photooxidations by reaction 

centers. Note that the proposed increased dynamics of another region of the protein in 

Y75F (Chapter IV) has not adversely affected the Y75F photooxidation rate by reaction 

centers. It will be of interest to know if future studies of other proteins support the 

importance of dynamics in the protein-protein reactions. Nonetheless, it is proposed 

here that localized perturbations of cytochrome c dynamics can have a significant 

effect on cytochrome c reactions with other proteins. 

Conclusions 

Surprisingly, the kinetic data suggest that substitutions of basic groups in the 

cytochrome c2 active site resulted In perturbations of both electrostatic properties 

and surface topology or orientation effects. The redox potential properties were 

consistent with the expected perturbations of the cytochrome electrostatic field. 

However, the data for mutant K14E1K32E did Indicate that structural (or dynamic 

perturbations) had occurred. Nonetheless, it was demonstrated that charge 

distribution plays a very small role in the determinants of cytochrome c redox 

potential. The denaturation studies of the charge mutants Implied that. charge 

substitutions to positions 12 and 14 resulted in destabilization of the cytochrome by 

destabilization of the amino terminal alpha helix. This proposal can be directly tested 

by determining the dynamic properties of K12D, K14E and K14E1K32E by NMR NH 
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exchange studies (Gooley et al., 1990) and the equilibrium structure by x-ray 

crystallography (provided that the charge mutants do not inhibit crystallization). 

Finally, the kinetic studies revealed that in the formation of the cytochrome-reaction 

center complex, charge complementation between specific residues of the cytochrome c 

reactive surface (i.e. exposed heme edge) are more important than other residues. 

Furthermore, the effects of the mutations at position 12 and 14 on helix stability may 

be detrimental to complex formation as evidenced by their extrapolated koo values. 

Generation of other site-directed mutants and characterization of their kinetiC, 

dynamic and equilibrium structural properties Is necessary to clarify the effects of 

charge substitutions on the electrostatic, equilibrium and dynamic properties of R. 

capsulatus cytochrome c2. However, conSidering the lnma. functionality data 

presented in Chapter III, a reduction of the rate of photooxidatlon by an order of 

magnitude (the relative In mm second order rate constant of K12D at a physiological 

ionic strength of 0.15 mM) was Insufficient to significantly slow the 1n. ~ 

photosynthetic growth rate which again indicates that the reasons for evolutionary 

conservation of amino acid residues is quite complex. 
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Figure V-11: Ribbon representation of the B.. capsulatus cytochrome c2 alpha carbon 
backbone to illustrate the dynamic fluctuation of the amino terminal alpha helix of 
mutants K12D and K14E. Included are the heme group, sidechains of Iysines 12 and 
14 and histidine 17 (above the heme plane). 

14 I 
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CHAPTER VI 

CHARACTERIZATION OF THE STRUCTURAL MUTANTS 
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The structural mutants P35A and W67Y were designed to test the Importance of 

highly conserved residues to specific roles in the cytochrome C. structure. Mutant 

P35A was designed to test the Importance of the structural constraint which is 

characteristic of proline residues by replacement of the constraining proline residue 

with a nonconstraining alanine residue. Mutant W67Y was designed to test the 

importance of a hydrogen bond between the tryptophan Ne1 group and the rear heme 

propionate in maintaining the tertiary structure of the cytochrome by removal or 

perturbation of the hydrogen bond. In what follows, the spectroscopic, redox potential 

and kinetic properties of these mutants will be examined to ascertain their effects on 

the heme environment and active site of electron transfer. Furthermore, the 

denaturation properties of P35A and W67Y will be presented to assess mutational 

effects on cytochrome c stability. Finally, the results of these analyses wlll be 

discussed in the context of the importance of R. capsulatus cytochrome c2 proline 35 

and tryptophan 67 or their equivalents in other species to cytochrome .G. structure and 

function. 
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Spectroscopy 

Comparison of the P35A, W67Y and the wild type visible spectra suggest no 

apparent differences (>0.5 nm) in their spectral maxima in the oxidized or reduced 

states (Table VI-I). Comparison of the purity ratios (A276-ox/A416-red) of the 

structural mutants and wild type cytochrome reveals that W67Y has a decreased ratio 

of 0.15 with respect to the wild type and P35A ratio of 0.18. This decrease In the 

ultraviolet absorbance at 276 nm Is the expected result for replacement of the sole 

tryptophan of cytochrome c2 with a less absorbing tyrosine group. 

In Figure VI-1a, the near ultraviolet circular dichroism spectra of the wild type 

and P35A ferrocytochromes have been presented. In the case of P35A, the heme L, 

tryptophan La and tyrosine 0+800 ~ transitions occur at the same wavelength as the 

wild type cytochrome, however, the P35A heme M transition has been blue-shifted 2 

nm Indicating some perturbation of the heme environment but no perturbation of the 

aromatic groups contributing to the tryptophan or tyrosine transitions (Figure VI-1 a 

and Table VI-I). In the case of W67Y the heme M transition occurs at the same 

wavelength as the wild type cytochrome but the heme L transition has been 

red-shifted 1 nm indicating that some perturbation of the heme environment has 

occurred (Figure VI-1b and Table VI-I). In Figure VI-2, the tyrosine and tryptophan 
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Table VI-1: Spectroscopic properties of the wild type and structural mutant 
cytochromes c2-

cyt wt P35A W67Y 

Visible maxima (nm) Fe3+ 4121522 4121522 4121522 
Fe2+ 417/5221550 417/5221550 417/522/550 

CO transitions (nm) hemel 262 262 261 
hemeM 329 331 329 
W-la 292 292 NOa 

Y-0+800lb 280 280 NO 

E696 (mM-1 cm-1) 1.1 1.2 1.0 

aNot detected 
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Figure VI-1: Comparison of the near-ultraviolet CD spectra of Ca) wild type (-) and 
P35A C···) ferrocytochromes c2; (b) wild type (-) and W67Y C···) ferrocytochromes 
c2. Buffer conditions were 30 JiM cytochrome in 20 mM Tris-HCllpH 7.5, 40 mM 
NaCI at 25° C. 
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Figure VI-2: Magnified view of the near ultraviolet region of wild type (-) and W67Y 
( ... ) ferrocytochromes c2. Buffer conditions were as in Figure VI-1. 
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regions of the wild type and W67Y cytochromes have been expanded. Clearly, the 

tryptophan La transition has disappeared in W67Y which is consistent with removal of 

the sole tryptophan of cytochrome c2. Interestingly, the tyrosine 0+800 Lb 

transition of W67Y has been significantly reduced in intensity suggesting that the 

newly introduced tyrosine 67 does not contribute to this transition (or has the 

opposite sign) and that the transition of another tyrosine of cytochrome C2 has been 

perturbed. In light of the observations of Chapter IV which suggested that tyrosine 75 

is a major contributor to the 0+800 lb transition, the environment of tyrosine 75 

would appear to be perturbed in W67Y. 

To investigate the state of the methionine 96 heme iron bond, near infrared 

spectra of the structural mutants have been compared to the wild type cytochrome. In 

the case of P35A, the absorbance maxima occurs at the same wavelength as the wild 

type cytochrome. On the other hand, in W67Y there is a 5 nm red shift of this 

absorbance maxima to 700 nm as shown in Figure VI-3. Both mutations possess 

extinction coefficients in this region that are similar to wild type cytochrome c2 

(Table VI-1). These results imply that the methionine 96 heme iron bond is present 

in both mutants but that the environment of this bond has been perturbed significantly 

in the case of W67Y. This observation is in agreement with the near ultraviolet 

circular dichroism results which indicated that the environment of tyrosine 75, which 
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is very near the methionine 96 sulfur, has been perturbed in W67Y (see Chapter IV). 

Together, the spectroscopic results suggest that the tryptophan 67 mutation has 

altered the heme environment. In contrast, there were only slight suggestions of an 

altered heme environment in P35A . 

.Bru;IQx potential 

In Figure VI-4 redox potential titrations of the structural mutants and wild type 

cytochromes have been plotted and the results of the titration listed in Table VI-2. 

Mutant P35A exhibits a midpoint redox potential which has been decreased by a small 

but reproducible 8 mV indicating a very small degree of stabilization of the oxidized 

state (or destabilization of the reduced). In contrast W67Y exhibits a redox potential 

which can not be distinguished from the wild type cytochrome. Since the protein 

environment surrounding the heme group of cytochromes ~ has been shown to have a 

large effect upon redox potential (Pettigrew et a!., 1978; Churg and Warshel, 1986), 

the heme environment of W67Y as ascertained by redox potentials is very similar to 

wild type cytochrome c2 and the heme environment of P35A is slightly perturbed. 
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Figure VI-3: Near Infrared spectra of wild type C-) and W67Y C···) ferrlcytochromes 
c2. Buffer conditions were 60 JiM cytochrome In 50 mM P04/pH 6.0 at room 

. temperature. 
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Figure VI-4: Redox titrations of wild type (0), P35A (~) and W67Y ( IJ) cytochromes 
c2 in 50 mM P04/pH 7.0 at room temperature. The lines correspond to n .. 1.1 ± 0.1. 
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Table VI-2: Redox properties of the wild type and structural mutant cytochromes c2. 

cyt 

wt 
P35A 
W67Y 

~E (mV) 

367 
359 
369 

2.4 X 108 
2.4 X 108 
2.8 X 108 
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Photooxjdatjon ~ Photosynthetic React jon Centers 

As demonstrated In Chapters IV and V, photooxidation of mutant cytochromes P2 

by flash-activated R. sphaeroldes photosynthetic reaction centers Is a sensitive test of 

structural perturbations in mutant cytochromes. In Table VI-2 the second order rate 

constants of the wild type and mutant photooxidations by reaction centers have been 

listed. Note that the P35A and W67Y second order rate constants of 2.4 X 108 and 2.8 

X 108 M-1 s-1 can not be distinguished from the wild type value of 2.4 X 108 

M-1s-1. Therefore, the kinetic data indicate that the active sites (reaction domains) 

of P35A and W67Y have not been perturbed. 

Guanjdjne Hydrochloride Denaturation 

Due to the internal nature of proline 35 and tryptophan 67 of a. capsylatus 

cytochrome c2, mutations at these positions may be expected to result in changes in 

protein stability. As in Chapter IV the relative stabilities of the wild type and 

structural mutant ferri and ferrocytochromes to denaturant have been examined by 

following the circular dichroism signal at 220 nm as a function of guanidine 

hydrochloride concentration. In Figure VI-5, fu has been plotted as a function of 

[Gdn-HCIJ for wild type, P35A and W67Y cytochromes in both oxidation states. To 

quantitate differences in stability, plots of .6Gu are plotted as a function of [Gdn-HCIJ 
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In Figure VI-S. The derived thermodynamic parameters Cm• m, AGu" and MGu' are 

given in Table VI-3 (see Chapters II and IV). First note that the cooperativltles of 

unfolding (m) for P35A and WS7Y have not changed significantly (less than one 

standard deviation) from the wild type value in the appropriate redox state. 

Therefore, the parameter MGu' will be used here to compare the relative stabilities of 

the mutants to the wild type cytochrome (see Chapter IV for further discussion). 

From this analysis, substitution of proline 35 by alanine has resulted In 

destabilization of cytochrome c2 by 1.57 kcaVmol and 2.07 kcal/mol In the ferri and 

ferro states, respectively. Thus, both redox states of P35A have been significantly 

destabilized with the reduced state being destabilized slightly more than the oxidized 

state. In WS7Y the mutation has destabilized cytochrome c2 by 1.72 kcaVmol and 

3.17 kcal/mol In the ferri and ferro states, respectively. Thus, In WS7Y both redox 

states have been significantly destabilized with the reduced state destabilization 

strikingly more affected than the oxidized state. From these analyses both of the 

structural mutants have significantly decreased the stability of the cytochrome 

although to different degrees. 
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Figure VI-5: The fraction of unfolding of versus [Gdn-HCI] for (a) wild type (0) and 
P35A (A) ferricytochromes and wild type (e) and P35A (A) ferrocytochromes; (b) 
wild type (0) and W67Y (A) ferricytochromes and wild type (G) and W67Y (A) 
ferrocytochromes. Buffer conditions were 20 mM Tris-HCVpH 7.5, 40 mM NaCI at 
250 C. 
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Figure VI-6: The dependence of AGu of [Gdn-HCI] for (a) wild type (0) and P35A (A) 
ferricytochromes and wild type (e) and P3SA (A) ferrocytochromes; (b) wild type 

. (0) and W67Y (A) ferricytochromes and wild type (e) and W67Y (A) 
ferrocytochromes. The AGu values have been calculated from the data In Figure VI-S 
(see Chapter II). 
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Table VI-3: Denaturation properties of the wild type and structural mutant 
cytochromes c2. 

cyt Cm(M) m (kcaH/mo(2) I.!.Gu * (kcaVmol) MGU' (kcaVrnol) 

Oxidized: wt 1.57 2.37 3.71 
P35A 0.92 2.43 2.22 -1.57 
W67Y 0.83 2.31 1.92 -1.72 

Reduced: wt 4.51 1.65 7.45 
P35A 3.35 1.93 6.48 -2.07 
W67Y 2.64 1.72 4.52 -3.17 
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~ Denaturation m YJ.fJI:l 

Previously, It was demonstrated that cytochrome c undergoes a low spin to high 

spin transition at low pH with a pK of 2.5 (Theorell and Akesson, 1941). This 

transition has been called the "heme-linked ionization" but will be called the acidic 

transition In the present discussion. The acidic transition Is thought to reflect 

protonation of the histidine heme ligand which concomitantly leads to breaking of the 

bonds between the fifth and sixth heme ligands (histidine 17 and methionine 96 of R. 

capsulatus cytochrome c2) and partial denaturation or greater solvent exposure of the 

heme (Babel and Stellwagon, 1972). Consequently, mutations that affect the stability 

of the local environment of the heme may be expected to alter the pK of this transition. 

In Figure VI-7, spectrophotometric titrations of W67Y and wild type cytochromes 

have been plotted to determine the pK of the acidic transition. From this analysis, the 

wild type value of 2.65 corresponds well with the horse cytochrome c of 2.5 

(Theorell and Akesson, 1941). Interestingly, the pK of the W67Y transition Is 3.41 

which Is 0.76 pH units higher than the R. capsulatus wild type value. Consequently, 

W67Y ferricytochrome Is less stable to acid denaturation than the wild type 

cytochrome. 
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Figure VI-7: Spectrophotometric titration of wild type (0) and W67V (4) 
ferrlcytochromes at 530 nm to determine the pK of the acidic transition. Solid lines 
correspond to theoretical fits of the data. Buffer conditions were 20 JiM cytochrome In 
100 mM glycine (pH 2.0 to 3.2), or acetate (pH 3.4 to 5.0) buffers at 230 C. 
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Ib.ft. Relationship Between AlPha Helical Stability and B.e.dQX Potential 

At this point it is interesting to consider whether the redox potentials of P35A 

and W67Y are coupled to their relative stabilities in both redox states. According to 

the arguments presented in Chapter IV, the redox potential and Gdn-HCI stability of 

cytochromes c are related by the equations MGu = -nFME, MGpp=MGu', and MGu 

= MGpp + MGph' For P35A the redox potential has been decreased by 8 mV and thus 

~~Gu is equal to 0.18 kcal/mol. Since ~~Gpp is equal to 0.50 kcal/mol 

(-1.57-(-2.07», ~~Gph is estimated to be -0.32 kcal/mol. Therefore, this 

mutation has decreased the stability of the protein-protein interactions while 

increasing the stability of the protein-heme interactions to a lesser degree. In the 

case of W67Y, the redox poientia: has not been affected and thus MGu is taken as zero. 

Note that the redo)( potentials were determined at pH 7.0 and the stabilities were 

determined at pH 7.5 and thus ::>H effects could influence comparisons between the two 

parameters. To elucidate tnis matter, the redox potential of W67Y was determined at 

pH 7.6 and 8.1 and found to be 3fi5 mV. Thus there is no pH effect in the W67Y redox 

potential in the pH range studied. This result is consistent with a previous study of R. 

capsulatus wild type cytochrome c2 which observed no pH effect on redox potential in 

the range 4.0 to 8.5 (Pettigrew et aI., 1975c). Consequently, MGph Is estimated to 

be -1.45 kcal/mol (-1.72-(-3.17». Therefore, substitution of tryptophan 67 by 
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tyrosine appears to have a large destabilizing effect on the protein-protein 

interactions and the equivalent stabilizing effect on protein-heme interactions. Thus, 

a general observation is that mutations that destabilize protein-protein Interactions 

tend to result in stabilizing protein-heme interactions. Future B.. capsylatus 

cytochrome c2 mutations, which affect the redox potential, are necessary to test the 

validity of this model. 

MQd.el.at 1lul proline aa EnYironment .at B. capsulatys Cytochrome ~ 

A useful first step in interpreting the characterization data of P35A is to 

examine the B. capsylatys ferrocytochrome c2 heme environment as shown in Figure 

VI-S. In the cytochromes c, proline 35 or its equivalent in other cytochromes is 

thought to play an important role in orienting its carbonyl toward the N01 group of the 

heme-ligating histidine 17 to form an important hydrogen bond (Salemme et al., 

1973b). Indeed, in the a. capsylatus structure the oxygen-nitrogen distance is 2.6 A 

which is consistent with expected distances for hydrogen bonds. In the case of P35A, 

the structural constraint provided by the prOline is removed but the carbonyl is still 

available as a hydrogen bonding partner. Furthermore, mutation P35A would be 

expected to result in a relatively large decrease in molecular volume of the sidechain 
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Figure VI-8: Model of the R. capsulatus cytochrome c2 heme environment. Depicted 
are the heme group and sidechain atoms of histidine 17, proline 35, phenylalanine 51 

. and tyrosine 53. 

-17 35 

V 
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ca. 37 A3 (Clothia, 1975). 

Previously, Wood et al. (1988) noted that an equivalent mutant, P30T of yeast 

Iso-2 cytochrome c, was functional In ~ but could not be isolated. This result 

Indicates that the presence of a threonine at this position either significantly decreases 

cellular concentration of this mutant which may be due to inhibition of heme Insertion, 

perturbation of protein folding, or the Introduction of a large degree of Instability. 

This is not the case for P35A of B. capsulatus which has been shown to be functlonalln 

~ (Chapter III) and successfully isolated in large quantities (this chapter). It has 

been demonstrated by the spectroscopic, redox potential and kinetic results that this 

mutation causes no large structural perturbations but subtly alters the heme 

environment. This Interpretation is supported by two-dimensional NMR studies which 

indicate that no large perturbations of the P35A backbone conformation have occurred 

(Gooley and MacKenzie, 1990). 

proline 3.5. Stabilizes Cytochrome ~ ~ Excluding Solyent Emm lb.a protein Interior 

From the denaturation data, substitution of proline 35 by alanine resulted In a 

significant degree of Instability of the protein in both redox states. Note that the 

degree of Instability introduced by this mutation Is Insufficient to disrupt cellular 

function by a critical reduction in the cellular concentration (Chapter III). To 
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estimate the hydrophobic component of the folding energy of P35A, previous studies on 

model compounds are employed as in Chapters IV and V. By~~::iID~lon, P35A would 

be predicted to be ca. 0.24 kcaUmol less stable due to the less hydrophobic nature of 

the alanine sldechaln (Fauchere and Pliska, 1983). In the present study It was 

determined that P35A ferri and ferrocytochromes are 1.57 and 2.07 kcaUmol less 

stable, respectively. The packing effects of P35A are estimated to be 1.33 

(1.57-0.24) and 1.83 kcal/mol (2.07-0.24) in the oxidized and reduced states, 

respectively. Recall that the packing effects consist of energies due to close packing 

between the mutated residue and its neighbors, distortions caused In the remainder of 

the protein, and changes In the polarity of the mutated region (Sandberg and 

Terwilliger, 1989). Based upon the stability of site-directed mutants which create 

Internal cavities, the packing effects of an Internal proline would be expected to result 

in ca. 3.0 kcal/mol of instability due to the removal of two methylene groups on 

replacing proline with alanine (Sandberg and Terwilliger, 1989). Clearly, the 

Instability of P35A ferri and ferrocytochromes are somewhat less than the expected 

value of an internal group. This discrepancy implies that proline 35 is not entirely 

an internal residue. Indeed, upon examination of the surface of the R. capsulatus 

cytochrome c2 structure it Is apparent that part of the proline moiety is partially 

exposed to solvent. Nonetheless, it is of interest to consider the determinants of the 

packing energy in P35A. One Interpretation Is that the packing energy Is reflecting 

the energy due to the hydrogen bond between the carbonyl of residue 35 and the Nd1 of 
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histidine 17 I.e. disruption of this hydrogen bond results In 1.33 to 1.83 kcaVmol of 

instability In P35A depending on the redox state. However, characterization of P35A 

by NMR indicates that the hydrogen bond between these to groups Is not only present 

but stronger In the mutant (Gooley and MacKenzie, 1990). An alternative 

interpretation is that the instability of P35A is the result of changes In the local 

polarity. These changes In polarity could stem from either changes in the dynamics of 

the local protein backbone due to the absence of structural constraint or decreased 

solvent exclusion to the protein interior due to the loss of molecular volume. As noted 

above, the equilibrium structure of P35A appears not to be largely perturbed and the 

solvent exposure of the backbone atoms is unchanged except for those near position 35. 

Consequently, removal of structural constraint which may be expected to cause global 

changes in structure or solvent exposure does not appear to be important In P35A. 

Therefore, the Interpretation in which proline stabilizes cytochrome c by providing a 

bulky group which excludes solvent from the protein interior appears to be more 

appropriate. According to this hypothesis, this exclusion of solvent results In 

increased protein stability. This model Is supported by NMR characterization of P35A 

which indicates that the local environment In the region of residue 35 exhibits an 

increase In solvent exposure as Implied by the increased flip rates of aromatic rings of 

F51 and Y53 (see Figure VI-8) and an Increase in the exchange rate of the histidine 

17 N01 H with respect to the wild type cytochrome (Gooley and MacKenzie, 1990). 

Furthermore, the relative stabilities of the oxidized and reduced P35A are consistent 
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with the expectation that solvent exposure of the heme group is more destabilizing to 

the reduced state in which the heme environment is more hydrophobic. 

Mg.cUU m 1b.e. T'Yptophan §Z Enyironment m a. capsulatus Cytochrome C,2 

A useful first step in interpreting the characterization data of W67Y is to model 

the a. capsulatus wild type and mutant local environments as shown in Figure VI-9. 

Based upon the structures of tuna cytochrome c and a. rubrum cytochrome c2, the Ne1 

of a. capsulatus tryptophan 67 is expected to form a hydrogen bond with the rear heme 

propionate and thus playa role in the formation of the heme binding site (Takano et al., 

1973; Salemme et al., 1973b). Indeed, in a. capsulatus cytochrome c2 the distance 

between the tryptophan 67 Ne1 atom and the 01 A of the heme propionate Is 2.9 A 

which is consistent with hydrogen bonding distances (Holden et aI., in preparation). In 

the case of W67Y, the hydrogen donor Is replaced by another potential donor but in a 

nonoptimal geometry. For example, a model of the W67Y heme environment can be 

made by replacement of the a. capsulatus tryptophan 67 with tyrOSine and assuming no 

change in conformation (Figure VI-9). In this model, a more favorable distance of 2.6 

A occurs between the tyrosine hydroxyl and the heme 01A atom; however, the angle of 

the hydrogen bonding pair has been perturbed to a nonoptimal angle (a OH-O angle of 

90° versus a NH-O angle of 180°). Note that the tyrosine aromatic ring may rotate to 

form a more optimal angle. Finally, mutation W67Y would be expected to result in ca. 
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Figure VI-9: Model of the R. mJpsulatus wild type and W67Y heme environments. 
Depicted are the heme group and the sidechain atoms of methionine 96 and those of the 
residue at position 67. 

67~ 
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34 A3 decrease in molecular volume of the sldechaln (Clothla, 1975). 

Considering the spectroscopic, redox potential and kinetic results, the structure 

of W67Y is similar to wild type cytochrome c2 but the heme environment has been 

perturbed to a small degree. Most interesting Is the red shift of the near Infrared 

absorbance of W67Y which Indicates that the Iron-sulfur bond Is In a different 

environment. However, the observation of an unchanged redox potential suggests that 

the iron-sulfur bond length has not significantly changed In W67Y (Moore and 

Williams, 1977). Together these observations suggest that the structure of W67Y Is 

very similar to wild type cytochrome c2 but that the mutation has perturbed the 

environment in the region of the iron-sulfur bond. 

I.he. Jmportance m Tryptophan m 1bf:. Stabilities m Cytochromes 1£ 

Based upon previous visible spectroscopic and NMR studies, the pK of the acidic 

transition of cytochrome c has been attributed to exposing the heme to solvent, 

ionization of the heme ligating histidine and subsequent loss of the fifth and sixth 

ligands of the heme group (Kaminsky at at, 1972; Babel and Stellwagon, 1972; Gupta 

and Koenig, 1971). Consequently, the increase in pK for the W67Y acidic transition 

Implies that substitution of the cytochrome tryptophan which hydrogen bonds to the 

burled heme propionate Increases the susceptibility of the cytochrome P2 to opening of 
I 
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the heme binding site and subsequent histidine ionization and heme ligand loss. This 

observation is in agreement with previous chemical modification studies on horse 

cytochrome c in which the equivalent tryptophan nitrogen atom has been formylated or 

oxidized to remove the possibility of hydrogen bond formation with the buried heme 

propionate (Aviram and Schejter, 1971; Myer and Pal, 1972). In both studies, the 

pK of the low spin to high spin transition has been raised to similar pH values 

observed for mutant W67Y (e.g. formyl-cytochrome c displays a pK of 3.5 and the 

oxidized analogue displays a pK of 3.0). However, in contrast to W67Y the 

iron-sulfur bond of chemically modified versions appeared to be disrupted as indicated 

by the disappearance of the near infrared absorbance in the formylated analogue 

(Aviram and Schejter, 1971) and a large reduction of the absorbance in the oxidized 

analogue (Myer and Pal, 1972). Further, the formylated analogue displays a large 

decrease In redox potential from +265 mV to +85 mV (Ereckinska, 1975) in contrast 

to W67Y in which the redox potential Is unchanged. Together, these observations 

suggest that substitution of tryptophan 67 by tyrosine disrupts the hydrogen bond 

between the sidechain at position 67 and the rear propionate but does not result In the 

degree of structural perturbation observed in the chemically modified forms of 

cytochrome c. 

The most striking property of W67Y is the relative instability of the reduced 

state as revealed by the Gdn-HCI denaturation studies. Based on hydrophobic effects, 
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W67Y would be predicted to be 1.n kcal/mol (Fauchere and Pliska, 1983) less 

stable than wild type In both redox states. The packing energy is estimated to be 0.05 

(1.72-1.77) and 1.40 kcal/mol (3.17-1.77) in the oxidized and reduced states, 

respectively. Therefore, packing energies do not appear to playa significant role In 

W67Y ferricytochrome which indicates that no large changes in local structure or 

polarity have occurred and that the presence of a hydrogen bond is not Important to 

cytochrome stability in this redox state. In contrast, tr.'"~ packing energy of the ferro 

state is significant. The most likely source of Instability of the reduced state Is 

perturbation of the local heme environment by Increased solvent exposure which Is 

most energetically unfavorable in the reduced state in which the heme group is 

hydrophobic. According to this model, the hydrogen bond between the sldechaln at 

position 67 Is most important to stabilizing the reduced state by excluding water from 

the heme binding site. The hydrogen bond could accomplish this by reducing the 

dynamic fluctuation of the backbone i.e. opening and closing of the heme binding site as 

depicted in Figure VI-10. Finally, the correspondence between an opening of the heme 

binding site as indicated by the increase in the pK of the low spin to high spin 

transition at low pH and a decrease in protein stability as Indicated by the denaturation 

data is consistent with another study on a mutant of rat cytochrome c (tyrosine 67 of 

rat cytochrome c substituted by phenylalanine) which reported the Inverse effect I.e. 
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closing of the heme binding site as indicated by a decrease in the pK of the acidic 

transition and an increase in protein stability as indicated by denaturation data (Luntz 

et aI., 1989). 

Concluding Remarks 

In this chapter it has been found that the determinants of protein stability and 

redox potential are complex. For example it has been demonstrated that 

protein-protein and protein-heme interactions are important to these properties. 

Based upon the data for P35A, it has been suggested that increased solvent exposure in 

the heme environment leads to instability but does not result in a large decrease in 

redox potential. Furthermore, it has been demonstrated that prolir~ residues in 

cytochromes (and perhaps proteins in general) do not always play a role in structural 

constraint but can act as bulky hydrophobic groups. Moreover, discussion of the 

W67Y data supported the hypothesis that the ferro state of cytochromes c is less 

dynamic than the ferri state. Future mutations to R. capsylatus residues 35 and 67 as 

well as mutations to other highly conserved residues in the heme anvironment will no 

doubt further elucidate the role of conserved residues in the structural and dynamic 

properties of cytochromes c. 
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Figure VI-10: Representation of the effects of W67Y on the dynamic properties of the 
wild type cytochrome. Depleted is the wild type alpha carbon backbone, heme group, 
and sldechains of histidine 17, tryptophan 67 and methionine 96. 
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At this point it is valuable to summarize the properties of the R. cagsulatus 

cytochrome c2 mutants in order to relate the in ma. and in mm properties. In Table 

VII-1 selected properties of the wild type and mutant cytochromes have been listed. 

These include: the In ~ functionality, cellular concentration, redox potential, 

protein stability, and second order rate constant for photooxidation by a physiological 

partner. The redox mutants (Y75C, Y75F and Y75S) were designed to test the 

importance of a highly conserved tyrosine in the heme environment to the cytochrome 

c redox potential. All three mutants were demonstrated to function In = but the 

functionality of mutants Y75C and Y75S was measurably reduced. Further, the 

cellular concentrations of Y75C and Y75S were significantly reduced and in the latter 

case to a point which led to a failure to isolate amounts necessary for the In lll1m 

characterizations. Not unexpectedly, mutations Y75C and Y75F resulted In a change In 

redox potential although the direction of the change was unexpected from the previous 

hypothesis of Salemme et al. (1973a) based on the R. rubru m cytochrome c2 

structure. Nonetheless, a 59 mV decrease In redox potential of Y75F did not 

significantly Inhibit Its In= functionality. This supposition was further supported 

by the lack of an effect on the Y75F and Y75C photooxidation rate constant by R. 
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Table VII-1: Selected properties of the a. capsulatus cytochrome c2 wild type and 
site-directed mutants. 

cyt 1n~1 [cytj2 E03 
0 MGu·4 k2 5 

wt +++ +++ 367 2.4 X 108 

redox: Y75C + + 348 -0.30/-4.10 2.1 X 108 
Y75S + + ND6 NO NO 
Y75F +++ +++ 308 +0.35/-1.83 2.2 X 108 

charge: K12D +++ +++ 369 -0.95 !NO 6.0 X 106 

K14E +++ +++ 350 -0.87IND 4.1 X 107 

K32E +++ +++ 368 +0.11IND 7.9 X 107 

K14E1K32E +++ +++ 350 -0. 941N 0 1.1 X 107 

structural: P35A +++ +++ 359 -1.57/-2.07 2.4 X 108 
W67Y +++ +++ 369 -1.72/-3.17 2.8 X 108 

1 Relative In ~ functionality of mutant a. capsulatus cytochromes c2 in the a. sphaeroldes 

cytochrome c2- strain GadC2. In this case three symbols indicates growth rates which are 

indistinguishable from strains producing the a. capsulatus wild type cytochrome c2 and one 

symbol indicates reduced but measurable growth. Data have been taken from Chapter III. 

2Relative cytochrome concentration present in a. capsulatus strains containing the 
appropriate eyeA derivative. In this case three symbols indicates concentrations which are 
indistinguishable from strains producing the a. capsy .... ,us wild type cytochrome c2 and one 

symbol indicates reduced but measurable concentrations. Data have been taken from Chapter 
III. 

3Midpoint redox potentials in 50 mM P04/pH 7.0. Units are mV. Data have been taken from 

Chapters IV. V and VI. 

4Estimate of the difference in the free energy of unfolding of oxidized and reduced 
cytochromes as determined by guanidine hydrochloride denaturations. Units are kcal/mol. 
Data have been taken from Chapters IV. V and VI. 

5Second order rate constants of photooxidation of cytochromes c2 by a. sphaerojdes reaction 

centers at an intermediate ionic strength of 75 mM. Units are M-1s-1. Data have been taken 
from Chapters IV. V and VI. 

6Not determined. 
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sphaerojdes photosynthetic reaction centers. Consequently, cytochrome c2 activity 

with physiological partners in ~ is not highly sensitive to redox potential. The 

Gdn-HCI denaturation studies of Y75C and Y75F suggested that the role of this tyrosine 

is to stabilize the reduced state of the cytochrome by participation in a highly 

conserved hydrogen bonding network. It is proposed that hydrogen bonding networks 

which include internal water molecules are important to the stabilities of other 

proteins. 

The charge mutants K12D, K14E, K32E and K14E1K32E were designed to test the 

Importance of charge complementation in cytochrome c2 reactions with physiological 

partners. The kinetic results indicated that charge complementation between the basic 

groups at position 12 Is more important to formation of the transient complex with the 

reaction center than at positions 14 and 32. Interestingly, all four of the charge 

mutants were stili functional In ~ despite decreasing the second order rate constants 

of photooxidation by photosynthetic reaction centers by up to a factor of 30 at moderate 

ionic strength. Therefore, although charge complementation h~s boen demonstrated to 

have a large effect on cytochrome c2 reactions, a net charge change of minus four at the 

active site (e.g. K14E/K32E) does not result in a measurable effect 1o.~. 

Surprisingly, charge substitutions at poSitions 12 and 14 resulted in structural or 

dynamic changes which were suggested from both the kinetic and Gdn-HCI denaturation 

studies. It is proposed that charge substitutions in the amino alpha helix destabilized 
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the helix through unfavorable intemctions with the helix dipole. Therefore, the 

reasons for conservation of charged residues in cytochromes .Q and perhaps proteins in 

general could be either preservation of charge complementation between the protein 

and its physiological partners or stabilization of helices. 

Finally, the structural mutants P35A and W67Y were designed to test diverse 

structural determinants such as structural constraint and hydrogen bonding. The in 

3LbLo.. functionality, cellular concentrations and reaction rate constants of 

photooxidation of these mutants indicated that both mutations had small effects on 

cytochrome processing and structural integrity. In both cases, the redox potential was 

not significantly altered but the stability was decreased in both redox states. Based on 

the stability properties of P35A, it is suggested that the role of the conserved proline 

of R. capsulatus cytochrome c2 is to exclude solvent from the protein interior and not 

to provide structural constraint or direct protein folding. Further, it is proposed that 

conserved proline residues in other proteins may in some cases play hydrophobic roles 

as opposed to the generally accepted role in structural constraint and folding. In the 

case of the conserved tryptophan of R. capsulatus cytochrome c2, it appears that the 

role of the tryptophan is to stabilize the heme binding site of the ferro state by 

decreasing the dynamic fluctuation of the cytochrome backbone. 
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Correlation Between Cellular Concentration arui Stability 

It is interesting to consider the effects of protein stability on protein cellular 

concentrations. This analysis is based on the expectation that unstable proteins are 

degraded or turned over at rates which are greater than stable proteins and hence their 

cellular concentrations would be reduced with respect to more stable proteins. In the 

present study, this analysis can be accomplished by comparing the amount of the wild 

type and mutant cytochrome present in the cell (Chapter III) to the cytochrome 

stability measured In ~ (Chapters IV, V and VI). The former value is listed in 

Table 111-2 as the ratio of cytochrome present in cell-free extracts with respect to the 

R. capsulatus wild type strain MT 1131 which possesses a chromosomal copy of the 

cycA gene. The latter parameter can by estimated from Table VII-1 by adding MGu' of 

each cytochrome to the wild type stability aGu * in the appropriate redox state (Table 

IV-3). In Table VII-2 the ratio of the cellular concentration in cells grown under 

respiratory and photosynthetic growth conditions and the estimated stability of the 

oxidized and reduced species have been listed for each of the cytochromes. Clearly, a 

correlation exists between a cytochrome'S cellular concentration in aerobically grown 

cells and its estimated stability in the oxidized state as shown in Figure VII-1. In fact, 

if mutants Y75S and Y75C are ignored, the correlation coefficient between the two 

parameters of the remaining eight cytochromes is 0.85. In the case of Y75C and Y75S, 

it is suggested in Chapter '" that the cysteine and serine substitutions may be 
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Table VII-2: The amount of wild type and mutant cytochrome c2 present in cell-free 
extracts versus the cytochrome stability. The cytochrome amounts are taken from the 
ratio present in aerobically (RatioOX) or photosynthetically (Ratiored) grown strains 
producing the wild type or mutant cytochromes (Table 111-2). The 4Gu• values for a. 
capsulatus wild type cytochrome c2 in the appropriate redox state are taken from 

Table IV-3. The 4Gu• values for the mutants are calculated by adding mutant MGu I 

(Table VII-1) to the wild type 4Gy • of the appropriate redox state. Units for 4Gu• are 
kcal/mol. 

cyt RatioOX 4Gu·(OX) Ratiored 4Gy *(red) 

wt 4.0 3.71 3.8 7.45 

Y75C 0.0 3.41 0.2 3.35 
Y75F 4.8 4.06 5.8 5.62 
Y75S 0.0 NO 0.2 NO 

K120 2.6 2.76 2.6 NO 
K14E 2.6 2.84 2.2 NO 
K32E 4.1 3.82 2.5 NO 
K14E1K32E 1.2 2.77 2.1 NO 

P35A 1.3 2.14 4.4 5.38 
W67Y 2.5 1.99 4.4 4.28 
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Figure VII-1: Correlation between cytochrome stability and cellular concentration In 
cell grown under respiratory and photosynthetic growth conditions (values have been 
taken from Table VII-2). Symbols are ferricytochrome/respiratory growth (0) and 
ferrocytochrome/photosynthetic growth (e). The line corresponds to linear 
regression of the ferricytochrome/respiratory growth values excluding V75C (see 
text). 
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deleterious to heme Insertion and thus the lack of correlation between cellular 

concentration and stability is due to other reasons. Interestingly, the x Intercept 

corresponds to a ~Gu * value of 1 kcal/mol which indicates that 1 kcal/mol or 

approximately 25 percent of the wild type value is the minimal stability (as measured 

by Gdn-HCI denaturations) for cytochrome c2 derivatives to be present in detectable 

amounts in the cell. Accordingly, mutations which are less stable than this value will 

be turned over at rates which limit their cellular concentrations to nondetectable 

levels. Interestingly, as shown In Table VII-2 a correlation does not exist between the 

cytochrome cellular concentration in cells grown under reducing or photosynthetic 

growth conditions and the in illJ:Q. stability of the wild type and mutant 

ferrocytochromes (wt, Y75C, Y75F, P35A and W67Y). One possible explanation for 

this lack of correlation is that the cytochromes exist in the cell In the oxidized state 

even under reducing growth conditions. However, substitution of the ferrlcytochrome 

stability for the ferrocytochrome stability does not Improve the correlation. 

Moreover, examination of the cell-free extracts revealed that the redox state of the 

wild type or mutant cytochrome present in freshly prepared extracts corresponded to 

the redox state of the growth condition i.e. ferricytochrome c2 Is the primary 

component In aerobic cells and ferrocytochrome c2 Is tile primary component In 

photosynthetic cells. A more attractive explanation is that the mechanisms for protein 

turnover (e.g. proteases) are different under different growth conditions. 

Accordingly, unstable proteins are more m<ely to' be degraded under aerobic growth 
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conditions. It will be Interesting to see If the above correlations are supported by 

future mutations to 8.. ~ cytochrome c2 as we" as other protein systems. 

Questions Arising Emm Ibi.a ~ 

Perhaps the most surprising result of this work is the In ~ functionality of a" 

nine site-directed mutants. This observation Is especially intriguing when one 

considers that lysine 12, lysine 32, proline 35, tryptophan 67 and tyrosine 75 of R. 

capsulatus cytochrome c2 or their equivalents in other species are very highly 

conserved. This leads to the question of what mutations could be made In cytochromes ~ 

to completely disrupt their structure and/or function? The most likely candidates are 

mutations to the two cysteine groups which form thioether linkages to the heme group, 

the histidine and methionine heme ligands, placement of charged groups Into the 

protein interior, or placement of hydrophobic groups on the protein exterior. The 

study of yeast Iso-1 cytochrome c mutants has provided the most data relevant to this 

question (Hampsey et al., 1986). First, tyrosine, tryptophan or phenylalanine 

substitution for either of the two cysteines resulted in nonfunctional (judging by 

growth studies) cytochromes present below the detection limit (Hampsey et aI., 

1986) Implicating the Importance of these residues to cytochrome c structure and 

function. Interestingly, there are naturally occurring substitutions for one of the 

cysteine heme ligands (e.g. alanine In Euglena mitochondrial cytochrome c) so at least 
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substitution of one of the cysteine groups may not be deleterious in all cases. In thi;) 

yeast study, replacement of the histidine heme ligand with tyrosine or asparagine again 

resulted in nonfunctional and nondetectable amounts of cytochrome (Hampsey et at, 

1986). However, there is a report of a site-directed mutation of the histidine ligand 

in which it is replaced by an arginine residue (Sorrell et aI., 1989). In this case, the 

structure of the cytochrome has not been disrupted Oudging by its low spin spectra) 

but the functionality has been destroyed due to a dramatic decrease of ca. 300 mV in the 

redox potential (Sorrell et al., 1989). Finally, in the yeast study substitution of the 

methionine ligand by arginine and isoleucine led to a nonfunctional but detectable 

cytochrome in the first case and a functional and detectable cytochrome in the latter 

case (Hampsey et at, 1986). The structural effects of these substitutions are 

consistent with the amino acid sequence data for the class II and class III ,--type 

cytochromes which are naturally occurring exceptions to the methionine heme ligand. 

In the class II ~-type cytochromes, the methionine is often replaced by a nonligating 

group and in the class III ~-type cytochromes, the methionine is replaced by a ligating 

histidine (Meyer and Kamen, 1982). The observation that these two classes of 

cytochromes c exhibit significantly lower redox potentials (Meyer and Kamen, 1982) 

implies that mutations to the methionine heme ligand could result in nonfunctional but 

structurally unchanged cytochromes. Nonetheless, even mutations to the heme ligands 

may not destroy the structure and function of cytochromes ,-. Interestingly, in the 

yeast study all of the other deleterious mutations occurring to non-heme ligands or the 
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cysteines could be explained by placement of a charged or bulky group in place of a 

hydrophobic or small residue or introduction of prolines (Hampsey et aI., 1986). 

Therefore, the final answer to the question of evolutionary conservation is that almost 

all of the cytochrome k. residues can be replaced by certain other residues. 

Furthermore, it Is proposed here that almost all residues In all proteins can be 

replaced by other certain other residues. 

This discussion leads to the even more intriguing question of what are the reasons 

for the high degree of evolutionary conservation of residues in cytochromes ~ and, by 

analogy, protein families in general? One likely answer to this question Is that the 

experimental growth conditions of the various mutant strains does not accurately 

reflect their environment In nature. In a natural setting, the light, nutrient 

conditions and temperatures are more variable and less optimal than those of the 

laboratory setting. Furthermore, In nature organisms are competing against other 

organisms both in the short and long term. Therefore, the fact that the B.. capsulatus 

site-directed mutations or those generated in the yeast studies are not deleterious to 

cytochrome k. structure or function in the laboratory does not mean that these 

mutations would not be highly deleterious in nature and therefore selected against. 

Consequently, a lesson to be learned from these types of studies is that only the most 

disruptive mutations will be observed to be nonfunctional in ~ in the laboratory and 

to understand the subtle nature of most mutations to highly conserved groups, the 
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mutant proteins must be further characterized In ~ by standard biochemical and 

structural techniques. 

Concluding Remarks 

In the present study, the a. capsulatys site-directed mutations have led to some 

expected results (e.g. charge complementation plays a role In protein-protein 

interactions and buried hydrophobic residues play a role in protein stability) and 

some unexpected results (e.g. the In ma. functionality of all of the mutations, the 

decreased redox potential of Y75F, and the redox dependent nature of cytochrome 

Instabilities). It is hoped that this study will stimulate more research by posing more 

questions than It answered. Furthermore, it is hoped that the most useful 

demonstration of this dissertation is the power of combining diverse scientific 

disciplines such as molecular biology, genetics, biochemistry, kinetics, x-ray 

crystallography, and NMR techniques. Indeed, the impetus for study of the a. 

capsylatus wild type cytochrome c2 by the high resolution structural techniques of 

x-ray crystallography and NMR was provided by the promise of site-directed mutants. 

From a combination of these disciplines in many different protein systems, It is 

anticipated that a better understanding of the molecular bases for protein structure 

and function will be accomplished. 
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Appendix A: Media 

.La: Per liter in grams 
bacto-tryptone extract 10.0 
bacto-yeast extract 5.0 
NaCI 10.0 
titrate to pH 7.5 

YI: Per liter in grams 
bacto-tryptone extract 8.0 
bacto-yeast extract 5.0 
NaCI 5.0 
titrate to pH 7.5 

MYeE: Per liter in grams 
yeast extract 3 
peptone 3 
CaC12'H20 0.15 

MgCI2 0.2 
sodium pyruvate 5 
dextrose 6 
titrate to pH 7.0 

.BQ)l: Milliliters of stock solution per liter 

10% (NH4)2S04 10 
10% DL-malic acid 40 
1%EDTA 2.0 
20% MgS04'7H20 1.0 
trace elements 1.0 
7.5% CaC12'2H20 1.0 

0.5% FeS04'7H20 2.4 
0.1% thiamine'HCI 1.0 
0.64 M KP04 15 
titrate to pH 6.8 

*.Bm!a = RCV + biotin (15 Jl9/1) 

RCV stock solutions: 

10% (NH4)2S04 50g1500 ml 
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10% DL-malic acid: per 500 ml 
10% DL-malic acid 
NaOH 
titrate to pH 6.8 

1%EDTA 

trace elements: per 250 ml 
MnS04'H20 

H3B03 
Cu(N03)2'3H20 

ZnS04'7H20 

Na2Mo04'2H20 

0.1% thiamine·Hel 

0.64 M KP04: per 500 ml 

KH2P04 

K2HP04 
titrate to pH 6.8 

Plate Agar: 15 9 bacto agar per liter of media 
Top Agar: 7 9 bacto agar per liter of media 

50g 
30g 

1.0g/100 ml 

20 9 1100 ml 

0.40g 

0.70g 

0.10g 

0.06g 

0.19g 

7.5 9 1100 ml 

1 .25 9 1250 ml 

0.10 9 1100 ml 

20g 

30g 
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Agpendjx e.: Template Preparations 

1. Grow appropriate strain (e.g. JM1 01, JM1 03 and XL-Blue) overnight in YT. 

2. Dilute strain 1 :50 in YT and grow 90 min at 370 C with shaking. 

3. Add 100 J1.I phage supernatant or 1 plaque to 10 ml of strain in 125 ml flask and 
grow 5 to 6 hours at 370 C with shaking. 

4. Pellet cells by centrifuging 10 mlnl10 K in 14 ml polypropylene tubes. 

5. Transfer supernatant to fresh tube containing 2 ml of PEG/NaCI (20% 
polyethylene glycol 6000 and 2.5 M NaCI) and precipitate phage 1 hour (overnight is 
OK). 

6. Pellet phage by centrifuging 10 rninl10 K and discarding supernatant. 

7. Resuspend phage In 1 ml H20 and transfer to 1.5 rnl eppendorf tubes containing 
100 J1.I PEG/NaCI. 

8. Precipitate 5 min at room temperature, centrifuge 5 min/14 K In microcentrifuge 
at room temperature and discard supernatant. Remove last drop with kim-wipe rolled 
up as a candle wick. 

9. Resuspend pellet in 400 J1.I10 mM Tris/pH 7.6,1 mM EDTA. 

10. Extract protein by adding 400 J1.I phenoVchloroform and vortexlng 5 min at room 
temperature. Add aqueous layer (top) to fresh tube and repeat extraction. 
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11. Add aqueous layer to fresh tube and add 400 J.1.I chloroform, vortex and add aqueous 
layer (top) to fresh tube. 

12. Add 50 J1.I3.0 M sodium acetate pH 5.2 and 1 ml1 00% ethanol. 

13. Precipitate at least 30 min, pellet 10 minl14 K in microcentrifuge, pour off 
supernatant, and wash pellet with 1 ml 80% ethanol. 

14. Dry 1 hour In roto-evaporator and resuspend template In 20 Jl.I H20. 

Generally 1 J1.I of this is suffICient for sequencing reactions (template concentration 
can be tested by applying 2 Jl.I to a 1 % agarose gel which should yield a bright band). 
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Appendlx.c.: Preparation of competent cells 

1. Cells to be transformed are diluted 1 :100 in LB media and grown to an 00600 of 0.3 
to 0.4 (2 hours) at 37° C with shaking (e.g. 0.5 ml to 50 ml) 

2. Pellet cells for 7 min at 3000 rpm (1600Xg) at 4° C. 

3. Pour off supernatant and resuspend in 1/5 volume of ice-cold sterile CaCI2 buffer 
(e.g. 10 ml). 

4. Pellet cells for 5 min at 2500 rpm (11 OOXg) at 4° C. 

5. Pour off supernatant and resuspend in the same volume of ice-cold CaCI2 buffer 
(e.g. 10 ml). 

6. Incubate on ice for 30 min and then pellet cells for 5 min at 2500 rpm. 

7. Discard supernatant, resuspend in 1/5 volume of ice-cold CaCI2 buffer (e.g. 2 
ml), aliquot 100 J1I to prechilled sterile 1.5 ml eppendorf tubes, and store at -70° C. 

·CaCI2 Buffer: 60 mM CaCI2 
15% glycerol 
10 mM PIPES/pH 7.0 



A~pendix 0: Reduction by lumiflavin semiquinone (see Chapter IV). 

[wt] (J,LM) 

12.1 
24.2 
36.1 
47.8 
59.5 

[Y75F] ijJ.M) 

10.5 
15.7 
21.0 
26.3 
31.5 
36.8 

[Y75C] ijJ.M) 

13.0 
25.7 
32.0 
38.2 
44.4 

kobs (s-1) 

1070 
1800 
2800 
4100 
5300 

kobs (s-1) 

613 
785 

1020 
1400 
1730 
1920 

786 
1590 
2140 
2450 
2810 

222 



Ap,pendlx E: Photooxldation of Y75C, Y75F, P35A and W67Y by B. sphaemJQas. 
reaction centers at 1=75mM (see Chapters IV and VI). 

[Y75F] (J,LM) kobs (s-1) [Y75C] (~M) kobs (s-1) 

0.35 124 0.29 59 
1.04 393 0.58 146 
1.73 445 0.87 1n 
2.76 491 1.45 347 
4.14 730 2.32 484 

3.48 710 

[P35A] (~) kobs (s-1) [W67Y] (~M) kobs (s-1) 

0.60 144 0.18 49 
1.19 337 0.36 114 
1.80 450 0.54 163 
3.00 533 0.90 260 
4.80 1210 1.43 340 
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AggaDdi~ E: Photooxidation of the wild type and charge mutants by B.. sphaeroidas 
reaction centers (see Chapter V). Cytochrome c 2 concentrations are J.lI11olar and kobs 
are s·1. 

1=5mM 

[wt] !cobs [K120] kobs [K14E] !cobs [K32E] !cobs [K14E1K32E] koos 

2.35 3800 2.63 90 2.93 690 2.35 1060 3.02 50 
3.53 5100 5.26 181 8.79 2200 4.70 1900 6.04 100 
4.70 9300 7.89 211 11.7 2400 7.05 3300 9.06 170 
7.05 1.1E4 13.2 371 15.6 ~oo 9.40 4200 12.1 240 
9.40 1.6E4 21.0 701 23.4 5500 14.1 6300 18.6 360 
14.1 2.4E4 31.2 7600 18.8 8000 31.5 590 

32.9 1.3E4 

I =45mM 

[wt] !cobs [K120] kobs [K14E] !cobs [K32E] !cobs [K14E1K32E] koos 

2.94 3800 2.63 29 2.93 210 2.82 470 3.02 72 
5.88 5100 5.26 75 8.79 600 5.64 830 6.04 139 
8.81 9300 7.89 104 11.7 810 8.46 1300 12.1 159 
11.8 1.1E4 10.5 161 17.6 1200 11.3 1700 18.1 260 

15.8 241 23.4 1600 14.1 2400 
26.3 310 

1=75mM 

[wt] !cobs [K120] kobs [K14E] !cobs [K32E] !cobs [K14E1K32E] koos 

0.58 116 2.63 15 2.93 110 2.82 211 3.02 29 
1.15 266 5.26 34 5.85 230 5.64 421 6.04 65 
1.74 445 7.89 50 8.79 360 8.46 641 9.0S 91 
2.90 677 10.5 59 15.S 640 14.1 990 12.1 131 
4.06 1170 21.0 119 19.5 850 18.8 1400 1S.4 201 
5.80 1340 27.3 1100 23.5 1730 22.9 231 

29.4 361 
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1= 105mM 

[wt] kobs [K120] koos [K14E] kobs [K32E] kobs [K14E1K32E] koos 

0.57 57 1.16 6 2.93 89 1.74 n 3.02 26 
1.15 147 3.74 18 5.85 181 3.05 114 6.04 54 
2.30 236 6.56 36 8.79 271 5.65 262 9.06 79 
4.57 SOO 10.1 52 11.7 361 9.96 370 12.1 111 
7.97 805 13.5 70 15.6 481 14.2 525 16.4 149 
19.1 1920 19.5 611 18.5 664 22.9 208 

27.3 881 29.4 266 

1 = 155 mM 

[wt] kobs [K120] kobs [K14E] kobs [K32E] kobs [K14E1K32E] koos 

1.64 89 2.63 11 2.93 55 2.82 101 3.02 28 
3.28 169 5.26 22 5.85 111 5.64 211 6.04 57 
6.55 400 7.89 29 8.79 151 8.46 281 9.06 82 
8.52 480 10.5 45 11.7 201 11.3 382 12.1 111 

15.8 61 15.6 291 14.1 521 16.4 151 
21.0 85 19.5 381 18.8 661 22.9 215 

28.9 120 27.3 531 31.5 291 

1=205mM 

[wt] kobs [K120] kobs [K14E] kobs [K32E] kobs [K14E1K32E] koos 

3.93 102 2.63 90 8.32 72 4.70 98 
7.86 243 5.26 181 16.6 140 9.40 204 
11.8 323 7.89 211 25.0 186 14.1 253 
18.3 600 13.2 371 37.4 259 23.5 518 
28.8 1030 21.0 701 
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Ap,pendlx G: The fraction of unfolding (f) of the wild type and redox mutants as a 
function of [Gdn-HCg (see Chapter IV). [Gdn-HCI] is molar concentration. 

[Gdn-HCg fWlox fWlred fY75Cox fY75Cred fY75Fox fY75Fred 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.40 0.00 
0.60 0.00 
0.80 0.06 0.07 
1.00 0.10 0.00 0.08 0.00 
1.20 0.17 0.25 0.11 
1.40 0.34 0.43 0.25 
1.50 
1.60 0.59 0.63 0.18 0.33 0.00 
1.70 0.39 
1.80 0.64 0.81 0.59 
2.00 0.87 0.00 0.94 0.32 0.84 
2.20 0.40 
2.40 0.99 1.00 0.69 0.96 0.18 
2.60 0.79 
2.80 1.00 0.00 0.84 0.99 0.23 
3.00 0.34 
3.20 0.92 
3.40 0.95 0.51 
3.60 0.65 
3.80 0.74 
4.00 1.00 0.23 1.00 1.00 1.00 
4.20 0.29 0.91 
4.40 0.42 0.97 
4.60 0.46 1.00 
4.80 0.71 
5.00 0.83 1.00 
5.20 0.96 
5.60 1.00 1.00 
6.00 1.00 



Agpendjx.l::l.: The fraction of unfolding (f) of the oxidized charge mutants as a function 
of [Gdn-HCij (see Chapter V). 

pH = 7.5 

[Gdn-HCI] fK12D fK14E tK32E tK14E/K32E 

0.00 0.00 0.00 0.00 0.00 
0.40 0.00 0.00 0.00 0.00 
0.80 0.06 0.00 0.05 
1.00 0.27 0.24 0.03 0.24 
1.20 0.53 0.51 0.14 0.49 
1.40 0.71 0.67 0.22 0.70 
1.60 0.88 0.86 0.50 0.87 
1.70 0.91 0.90 0.54 0.92 
1.80 0.92 0.92 0.72 0.95 
2.00 0.94 0.96 0.90 0.97 
2.40 1.00 0.98 0.97 1.00 
2.80 1.00 1.00 1.00 1.00 
4.00 1.00 1.00 1.00 1.00 

pH =3.9 

[Gdn-HCij fWl fK12D tK14E tK32E fK14E1K32E 

0.00 0.00 0.00 0.00 0.00 0.00 
0.60 0.00 0.00 0.00 
1.00 0.00 0.00 0.00 0.00 0.00 
1.20 0.08 0.14 0.23 
1.30 0.27 0.36 0.36 
1.40 0.24 0.45 0.48 0.15 0.51 
1.50 0.36 0.61 0.65 0.30 0.66 
1.60 0.54 0.67 0.78 0.50 0.72 
1.70 0.64 0.76 0.60 0.80 
1.80 0.74 0.80 0.85 0.70 0.84 
1.90 0.78 
2.00 0.84 0.87 0.92 0.85 0.90 
2.20 0.92 0.90 
2.60 0.96 0.95 0.96 0.92 0.95 
4.00 1.00 1.00 1.00 1.00 1.00 
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Ar;UHmgi~ 1: Redox potential of wild type and charge mutants as a function of 
Tris-cacodylate concentration (see Chapter V). The symbols [TC] and F(I) refer to the 

. Tris-cacodylate/pH 7.0 concentration in mM and Ionic strength function (see text), 
respectively. L1E values are in mV. 

[TC] F(I) Eo'wt Eo'K12D Eo'K14E Eo'K32E Eo'K14E1K32E 

10 0.088 401 383 380 376 355 
25 0.152 395 380 374 375 351 
50 0.214 385 374 372 368 348 
75 0.263 381 370 365 365 345 

100 0.303 378 366 363 360 342 
200 373 364 358 363 344 
300 372 365 359 364 343 
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Appendix J: The fraction of unfolding (f) of P35A and W67Y as a function of 
[Gdn-HCq (see Chapter VI). 

[Gdn-HCI] fP35Aox fP35Ared fW67Yox fW67Yred 

0.00 0.00 0.00 0.00 0.00 
0.20 0.08 
0.40 0.00 0.17 
0.60 0.08 
0.80 0.35 0.45 
0.90 0.46 
1.00 0.64 0.00 0.60 
1.20 0.81 0.84 
1.40 0.85 
1.60 0.93 
1.80 0.07 
2.00 0.98 0.97 
2.10 0.19 
2.20 0.08 
2.40 
2.50 0.41 
2.80 1.00 0.14 1.00 0.64 
3.00 0.23 0.71 
3.20 0.39 
3.40 0.55 0.97 
3.60 0.69 
3.80 0.80 
4.00 1.00 0.95 1.00 1.00 
4.40 1.00 
5.60 1.00 1.00 
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Appendix K: Denaturation of wild type and W67Y ferricytochromes c by acid (see 
Chapter VI). The symbol f represents the fraction of high spin cytochrome present. 

pH fWl fW67Y 

2.03 1.00 1.00 
2.26 1.00 1.00 
2.43 0.90 
2.53 0.69 
2.64 0.46 0.99 
2.85 0.25 0.98 
3.13 0.15 o.n 
3.19 0.58 
3.50 0.36 
3.79 0.06 0.27 
4.13 0.17 
4.45 0.00 0.11 
6.00 0.00 0.00 

~~-~- .. -~.- -- --~-------- ---
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